Epidemiological studies of influenza
A(H1N1)pdmO09 virus infections in the
Norwegian pig population

Thesis for the degree of Philosophiae Doctor (PhD)

Jwee Chiek Er

o U
M+
. [f—
2016

Department of Production Animal and Clinical Science
Faculty of Veterinary Medicine and Biosciences

Norwegian University of Life Sciences

Veterinaerinstituttet

—————= Norwegian Veterinary institiate



Figure 1 Electron micrographs of influenza viruses
(http://www.nationalgeographic.com/125/the-smallest-world/#/5)



Table of Contents.

Preface......... eereartaaetaaretatrarr e reerrreareerraa. ererneaeiaaaans VORI veremmaeseennees I, 5
Acknowledgement................oooeoiiiiiinns SO USRI 4
ABBTBVIBEHIONS ..o oot ee e et e e e s eeeae e e see s eneesesees reereeeanena .9
LISE OF PAPEIS ..ottt e e e e e e e e e e n s e b e e e et a e nanes 10
sSummary.................i. rerenieraitieeanas rveeranan e eeerenasereesreseanrRzesessseseennasrrieeeeraniaeannnnns 12
Sammendrag (summary in Norwegian).................... eeveees RO,
Introductton...._ ...... B T SN T raeerens e S crreeenaeeies 10

The Norwegian pig productlon and the pig health status ................... errrrrreas SU .16

Background on influenza A virus in pigs........c......... et ev et s e ia e n e seiennanes 1 8

Emergence of H1N1pdm09 and introduction info the Norwegian pig popula’uon 20

Pathogenesis and clinical signs....... SOUTUUPPUPIIRTUso R e 28
Immunity and diagnosis.............cceeevenneeee. e FUSIURTTOTOTN rrimrerereeeaenennn 2D
Interspecies transmission and emergence of new strains .......... emeeena eininenneeen: 28,

In herd introduction, persistence, prevention and confrol .....................cooi 28
Impact on production ... i e ——— e 30
European surveillance of influenza'in pigs......... errrenrannnneeaan et rerereereann 31
Aim and ObJectiVes ..o reeerna i eieernnereeranteesaannaes .32
Materials and methods......... O O SRR PR 1 |
Paper 1 — Clinical impact of infection........c..cccoeeiiieii - ererenee. O3
Paper 2 — Main fransmission route ........... VDO &
Paper 3— Adverse effecis on growth _per.ft:rmanc_e ............ erereeenrna ie e, 34
Paper 4 — Production impact...........cccccuvecreinnncccnennnnn, R O 35
Paper 5 — Spatial and temporal patterns..................co..oeeeae SRR 1
Main resulS ......oooovee et e SN TNUUPUPURIUR e 37
Paper 1 — Clinical impact of infection........... rrrranns et ererae e aeanees 37
Paper 2 — Main transmission FOULE .........ccco.coieiivviveciericceeecivieseisnesissessassraeseenenn 37
Paper 8 — Adverse effects on growth performance........................ rreererennnrerennn 38
Paper 4 — Production impact........c.cccoecveeerrveveeneen. et eirreieiienns. 38
Paper 5 ~ Spatial and temporal patterns.......icocoiviennnn, TS PPPROPR 1.
DISCUSSION ..ot ettt ee ettt s et s g sae s e e eneraesemsn s 40



Paper 1 — Clinical impact.of Infection ...........cocooiiiiniiniivinnicnnnnn e 40

Paper 2 — Main transmission route .............. fee e aeeereraareraraeerenaearns JUUTTSUTRTRUTTURRRY - 3 |
Paper 3 — Adverse effects on growth performance. ..o oveeevecoeeeeeeeaenn, 44
Paper 4 — Production iMPact. ... ciiicisseieeie e s ren st e sasssssassemnnnnns 47
Paper 5 — Spatial and temporal PAtEINS..........cocieesieeereiee e ceeessiee e ss e eneee 48
Conclusions............ccoee e, S fmereearevrnraa e e rr e e e rrraa s rreenaeeae .52
References..........ccoeeune.. VSO SO s S ST ceeeees rrtertenneeecianieneans D4
ENCloSed PAPETS 1-5 «..iviiiecei ittt e .....B3



Preface

Abundant research, past and ongoing, has elucidated much on the influenza virus. It
is an age-old yet ever evolving pathogen for many species where pigs, poultry and
man as hosts have elicited the most attention. New subtypes emerging from time to
time, such as that of the recent pandemic 2009 strain, have ushered in new research
and surveillance activities in pigs and humans worldwide, including Norway.
Subtypes that affect poultry and human health have grabbed headline news because
they have been the most devastating in terms of morbidity and mortality. Influenza
infections in pigs without coinfections of other respiratory pathogens are usually
much less severe clinically. Nevertheless, pigs are regarded widely and uniquely as
nature's ‘mixing vessel' because RNAs from different strains of influenza virus of
avian, human and pigs can be mixed and matched within the pig host to produce new
strains including fearsome pandemic strains. Even though the world has well-
established influenza surveillance and network alert system for human influenza,
sustained and systematic surveillance of influenza virus in pig populations are scant
or absent worldwide because animal health sectors do not usually get funding to
carry out such work. In some countries, the US for example, there is a disincentive to
detect influenza viruses in domestic livestock if clinical disease is absent because it
can cause needless concern among consumers. Norway is an exception because
influenza A virus infection in pigs is a notifiable disease. Annual influenza A virus
serosurveillance for its pig population has been in place since 1997 as part of a
greater surveillance for other important viruses that are exotic to pigs in Norway.

Before 2009, the Norwegian pig population was naive to all strains of influenza A



virus: It was the emergence of ‘influenza A(H1N1)pdm09 virus as human cases in
April 2009 and the subsequent incursion in pigs in Norway that presented the golden
opportunity for a series of exciting observational studies under Norway's unique
conditions. The goals have been to uncover aspects in epidemiology related to this
new influenza A virus. and investigate its impact on the Norwegian pig population.
Findings on negative impact on growth performance of pigs in this thesis may have
been the first time the adverse effects of influenza A virus infection on growth
performance of pigs was quantified in such -a large scale and shared with the
scientific. community. | therefore hope that the endeavours in this thesis have
contributed somewhat to the scientific community, a greater understanding of the
epidemiology; production impact and ecology “of influenza A(H1N1)pdm09 virus
infection in pigs. As the investigations had focused on the Norwegian pig population,
research findings may be especially valuable for Norwegian pig farmers and the
Norwegian Food Safety Authority. Despite all, there remain many exciting aspects of
influenza virus infection in pigs waiting for discovery, whereby | hope my work can

provide a springboard for further research.

Chiek Er
Oslo, S8eptember 2016
“And you will know the truth, and the truth will sét you free”

The Gospel of John chapter 8 verse 32.
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Summary

On October 10 2009, influenza A(H1N1)pdm09 virus (H1N1pdm09) was confirmed
as the first influenza A virus (IAV) to infect the Norwegian pig population since 1998

when H3N2 antibodies were detected in a dead end infection on a pig farm.

One year after the outbreak, a case control study involving 115 breeding herds (47
nucleus herds, 68 multiplier herds) reinforced the belief that infected people had
transmitted the virus to the pigs during the initial phase of the outbreak. The
ineffective conventional biosecurity measures in preventing pig herds, including

closed nucleus herds, from being infected were further corroborating evidence.

Pigs in serologically positive herds did not always have detectable clinical signs. Of

the 48 positive herds, only 19 or 40% reported clinical signs of swine influenza.

Although the clinical effects appeared mild or absent in infected herds, a longitudinal
study (n=1955 pigs) at a boar testing station demonstrated that the infection had
adverse effects on the growth rate of growing pigs. An infected pig consumed
between 6 — 8 kg more feed and required additional 1.6 — 2.4 days to grow from 30

kg to 100 kg body weight as compared with uninfected pigs.

In an attempt to extrapolate these results to a commercial farming situation,
stochastic models predicted the summed extra feed and protracted production time in
an infected batch of 150 fattening pigs. Apart from the variability between individual
pigs, time point of batch infection (first pig infected), age of pig at infection, and the
final prevalence of infected pigs in the batch were variability and uncertainty factors in
the model. Simulations found that an infected batch of 150 pigs could require

additional feed of between 0.8 tons (fifth percentile) to 1.4 tons (95" percentile) and
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protraction of production time by 194 days (fith percentile) to 334 days (95"

percentile) to grow from 30 kg to 100 kg body weight.

The final part of this thesis was a study on the spread and survival of H1IN1pdm09 in
the Norwegian pig population by using the data from the active national
serosurveillance program for virus infections in pigs from 2010 to 2014. Since its
incursion in 2009, temporal, spatial and farming demographics analysis found that
the virus has established itself in the Norwegian pig population as evidenced by
ongoing new and recurrent herd infections. The overall running mean of national herd
se_ro_prevalence_, and annual herd incidence risks fiuctuated narrowly around the
means of 45% and 32%, respectively. In 50 % of positivé herd tests, > 60 % of the
sampled pigs in each herd had antibodies against H1N1pdm09. Spatially, the levels
of herd seroprevalence and incidence risks were highest in the heaviest pig farming
counties of Rogaland, Nord-Trgndelag and Hedmark, in descending order. Herd
prevalence and incidence risks also varied amongst the five production classes. At
the end of 2014, sow pool herds registered the highest herd seroprevalence of >90%,
followed by multiplier herds ~ 55%, conventional sow herds ~40%, nucleus ~40%
and fattening herds ~8%. This investigation indicated strongly that HIN1pdm09 has
established itself as a widespread endemic infection in the Norwegian pig population

at the end of 2014.
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Sammendrag (summary in Norwegian)
Den 10. oktober 2009 ble (H1N1)pdm09 pavist for ferste gang i en norsk

svinebesetning. Med unntak av ett tilfelle i 1998 da antistoffer mot H3N2 ble pavist
hos griser i en enkelt besetning, hadde ikke infeksjon med influensa A virus veert

diagnostisert hos norske griser tidligere.

Ett ar etter introduksjonen av H1N1pdm09 ble det gjennomfert en kasus-
kontrollstudie som omfattet 115 avisbesetninger (47 foredlings- og 68
formeringsbesetninger). Studien viste at infiserte personer var en viktig arsak til
introduksjon av H1N1pdmOQ9 til nye besetninger. Tradisjonelle smitteforebyggende
tiltak hadde ikke hindret at virus ble spredt til nye besetninger, inkludert til

foredlingsbesetninger som ikke hadde hatt kontakt med griser i andre besetninger.

Griser i serologisk positive besetninger viste i liten grad kliniske tegn pa sykdom. Fra
48 positive besetninger ble det rapportert kliniske tegn pa svineinfluensa fra bare 40 %

(n =19) av besetningene.

Selv om kliniske tegn pa influensa var milde eller fravaerende i infiserte besetninger,
viste en stor longitudinell (n = 1955 griser) pa Norsvins testingsstasjon for raner at
infeksjon med H1N1pdm0Q9 resulterte i redusert forutnyttelse og tilvekst. Infiserte
griser spiste 6-8 kg mer fér og brukte 1,6 til 2,4 dager lengre tid fra 30 kg til 100 kg

kroppsvekt sammenlignet med ikke infiserte griser.

| et forsok pa a ekstrapolere disse resultatene til kommersiell svineproduksjon, ble
det laget en stokastisk modell som estimerte forventet gkning i foérforbruk og lengre
produksjonstid i en gruppe med infiserte slaktegriser. | modellen ble de tatt hensyn til
variasjoner mellom individer og usikkerhet og variasjon i tidspunkt for infeksjon, alder

pa grisene nér de ble infiserte og prevalensen av infiserte griser i gruppen. Modellen
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viste at en infisert gruppe pa 150 slaktegriser brukte mellom 0,8 tonn (5% percentilen)
og 1,4tonn (95% percentilen) mer for enn en ikke-infisert gruppe, og trengte meliom
194 (5% percentilen) og 334 (95% percentilen) flere dager for & vokse fra 30 til 100

kg kroppsvekt.

En studie basert p& det nasjonale overvakingsprogrammet for virusinfeksjoner hos
gris for &rene 2010 til 2014, viste at H1N1pdm09 var vidt utbredt i den norske
svinepopulasjonen fem ar etter at viruset ble introdusert. Det skyldtes bade
vedvarende infeksjon i allerede smitta besetningeér, og stadig s'_p_red'n'ing' av smitte fil
nye besetninger. P4 landsbasis varierte forekomsten av positive besetninger lite fra
ar til &r, med et middel pa 45 %. | 50 % av de positive besetningstestene hadde over
60 % av undersgkte griser antistoffer mot H1N1pdm089. Forekomsten av seropositive
besetninger var hgyest i fYIk’er med sterst tetthet av svinebesetninger det vil si
Rogaland, Nord-Trgndelag og Hedmark i avtagende Tekkefelge. Forekomsten av
positive besetninger varierte mellom fem ulike produksjonskategorier. Ved utgangen
av 2014 var-prevalensen av positive besetninger hayest (>90 %) blant purkeringer,
fulgt av formeringsbesetninger (55 %), bruksbesetninger med purker (40 %),
foredlingsbesetninger (40 %) og flavest hos slaktegrisbesetninger (9 %).
Undersgkelsen viser at H1N1pdm09 var etablert som en- utbredt, endemisk infeksjon

i den norske svinepopulasjonen ved utgangen av 2014,
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Introduction

The Norwegian pig production and the pig health status

In 2014, there were ~ 2000 pig herds registered in Norway. With minimal live imports
across its borders, the Norwegian pig production is a pyramid self-sufficient system of
unidirectional flow of semen and gilts from breeding herds to conventional sow herds

before ending with fattening herds at the base level (Figure 2).

Nucleus herds n~40

_ Olo
Multiplier herds n~60
o I o I o

v v

Conventional sow herds (integrated and piglet
producing herds) n ~ 1000

@ 0 ©¢ 06 0 0 0

— .|

Fattening herds n ~ 900
1l N N N B N TTY QX |
2 N 1 N BN N B N N

Figure 2. The Norwegian pig production pyramid (n~annual figures in 2014) (original
drawing).

Closed nucleus herds are at the top (n ~ 40, of which 4/5 are pure Landrace and 1/5 pure
Duroc) with the highest biosecurity amongst production types and where pure genetic lines
are constantly improved. Expanding in the next level are multiplier herds (n ~ 60). Some
multiplier herds are ‘closed’ but the majority are associated with one nucleus herd. They
produce maternal lines of Landrace-Yorkshire (LY) cross and supply gilts to conventional sow
herds (n ~ 1000) which includes both integrated and piglet producing herds.

Unique to Scandinavian countries with their small sow herds, the sow pool system in
Norway involves a cooperation of between 10 to 20 pig producers where one central
gestation herd supplies other producers (satellite units) with pregnant sows in a

leasing system [1].
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A few of these breeding herds (including some closed muitiplier herds) are specific
pathogen free (SPF) herds. SPF pigs are free from important animal diseases such
as sarcoptic mange, swine dysentery, pleuropneumonia and enzootic. pneumonia
(EP). Commercial pig production includes piglet producing herds, farrow-to-finish sow
herds (for both types n ~1000), and fattening herds (n~ 900). With ~ 1.5 million
fattening pigs produced annually for slaughter, Norway is self-sufficient for pork. On
average, each herd has ~ 60 breeding sows, small-scaled in comparison with
standards of industrialized pig production in other countries. Piglets weaned at ~ 33
days of age (1 week longer than EU standards) or at body weight of ~ 10kg. Sows
have on average three parities before replacement with gilts. Concession limits
restrict each piglet-producing herd fo 105 breeding sows per year, and the number of

fattening pigs to about 2100 per year in a fattening herd.

The Norwegian pig population has a very good health status. Since 1990s, the
annual surveillance of all pig herds in Norway has shown them free from Aujeszky’s
disease, transmissible gastroenteritis, porcine respiratory coronavirus, porcine
respiratory and reproductive syndrome (PRRS) and swine influenza A virus (swiAV)
[2]. Enzootic pneumonia (EP) caused by Mycoplasma hyopneumoniae, was
eradicated by 2009. Swine dysentery (Brachyspira hyodysenteriag) and scabies
(Sarcoptes scabiei) are close fo eradication. Atrophic rhinitis, rarely reported in pig
herds, are absent in nucleus herds and SPF herds. Pleuropneumonia caused by
Actinobacillus pleuroneumoniae, Glassers disease caused by Haemophilus parasuis,
proliferative enteropathy (Lawsonia intraceliufaris) and diseases caused by PCV2-
infection are sporadically reported at the herd level. The pig population also has a
very low prevalence (<0.1%) of Salmonella [3]. The above-mentioned pig diseases

are, however, common in the. rest of the world. Nevertheless, in spite of having a
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closed pyramidal pig farming system and no import of live animals, introduction of
new infections may still occur at all levels in the pyramid as shown by the outbreak of

H1N1pdmO09 during the fall of 2009.

Background on influenza A virus in pigs

H1N1pdm09 belongs to the highly contagious IVAs genus of the Orthomyxoviridae
family of viruses that can cause respiratory disease in birds and some mammals
including man [4]. Records show that influenza epidemics stretching several
centuries back to present times would occur periodically when new strains of
influenza evolve molecularly by either antigenic drift or shift [5]. Antigenic drift in the
influenza virus, because of a lack of viral RNA polymerase proofreading activity,
involves a high rate of mutations within the genes that code for antibody binding sites
that are immunologically significant [6]. Antigenic shift occurs when different strains of
the virus exchange genetic materials, usually during co-infection in the same host, to
produce a new subtype that has a mixture of surface antigens from the progenitor
viruses [7]. Polymorphic and enveloped, IAV is a negative-sense, single stranded,
segmented RNA virus. It is a highly efficient pathogen because its core eight genetic
segment forming the ribonucleoprotein complex can encode all the major proteins
needed for productive infection [8]. The eight separate segments in the influenza
genome also allow re-assortment between two viruses by exchanging RNA segments
during viral replication. The envelope, a lipid membrane derived from the host cell,
carries two important glycoproteins that give the virus a distinctive spikey appearance
(Figure 3). The hemagglutinin (HA) is the attachment protein that mediates the entry
of virus into the host cell by binding to sialic acids receptors on the host cell surface
and initiating fusion of the cell and viral membranes. The neuraminidase (NA) is an

enzyme that facilitates cell-to-cell spread of the virus by cleaving sialic acids from the
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glycan elements on the host cell surface, thereby facilitating the release of budding

progeny viruses [9, 10]. The variations in these two nucleoprotein antigens (HA and

NA) classify influenza viruses into different subtypes.

Figure 3 Schematic diagram of an influenza virus (original drawing).

It has a nucleocapsid of two distinctive proteins, Hemagglutinin (HA) and Neuraminidase (NA), which
are keys to the nomenclature of subtyping influenza viruses. Encased are eight loose strands of RNA
that code information for all the processes for productive infection.

With humans, pigs, birds and horses as the main hosts, Type A influenza viruses
(IAVs) have been the most important influenza subtypes. The last four pandemics
were all caused by IAVs. Wild aquatic birds (Anseriformes and, Charadriiformes) are
nature’s reservoir. They carry a diversity of influenza A subtypes designated H1-16
and N1-9 according to their HA and NA proteins. Only IAVs, specifically H1 and H3,

can successfully infect the pig hosts and propagate themselves in the pig population
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for long periods of time [11]. Preceding the emergence of H1IN1pdm09, there were
already three established swlAVs in Europe. The first report of a major swiAV
infection in pigs in Europe was in Belgium in late 1970s after transmission from wild
ducks to pigs [12, 13]. This ‘avian like’ H1N1 virus has since become established as
the dominant H1NI swlAV strain in the European pig population [14, 15]. Since the
early 1970s, the second established swlAV is A/Hong Kong /68-like H3N2 virus of
human origin. Reassortant strains between these two subtypes appeared in mid-80s
[16]. The third established swlAV in the European pig population is a ‘triple re-
assortant’ H1N2 virus that has been isolated frequently from pigs throughout Europe
since the mid-1990s [17]. All three subtypes are endemic in regions of Europe with
high pig density, and unvaccinated sows frequently have antibodies (AB) to two or all
of the three subtypes [18]. Amongst the three strains, H3N2 has been the more
virulent subtype in causing respiratory disease in pigs leading to greater economic

impact [19, 20].

Norway’s nearest neighbour, Sweden, has also recorded swlAVs infections of the
European subtypes in its pigs since 1983 [21]. Even though Norway shares a long
border (>1000 km) with Sweden, Norwegian pigs have managed to remain free from
all European swlAVs [2]. For the rest of the world, swlAVs infections in pigs are
considered to be one of the most important primary pathogens of pig respiratory
diseases [17] and are key pathogens in causing porcine respiratory disease complex

[22, 23].

Emergence of HIN1pdm09 and introduction into the Norwegian pig population
In April 2009, HIN1pdm09 emerged first in humans in Mexico and North America
before its detection in the pig population several weeks later [24]. It was first named

‘swine-origin” influenza A (H1N1) virus, because the virus theoretically had evolved
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and circulated in pigs before crossing species barriers to infect humans [25]. This

‘was never proven and the name “swine-origin’ was dropped eventually.

Genetic analyses demonstrated that H1N1pdm09 orig'in_a_ted evolutionarily from a
unigque “intercontinental”’ re-assorfment between swine-like infiluenza viruses of North
American and Eurasian lineages [26]. Hence, H1N1pdm09 is a “quadruple-
reassortant” virus because it contains gene segments from Eurasian swine influenza
viruses; North American swine inflienza viruses, human-origin, and avian-origin
viruses. The emergence of influenza H1N1pdm09 in 2009 reminded the world that
pigs play a pivotal role in influenza virus evolution and generation of potential
pandemic strains. However, this remains a theory because of the lack of systematic
'surveillance of influenza in pigs in most countries to confirm time precedence that the
virus had evolved in pigs first before crossing species to infect humans. The initial
human cases also had no history of contact with pigs [27]. Systematic surveillance of
influenza virus in pigs could have provided evidence ‘that natural mixing of genetic
elements in swine had either taken place or not causing the emergence of the virus
[28]. It could also rule out notions that human manipulation created the virus under

laboratory conditions, an ability that alarmingly has already been proven possible [29].

The first human cases of pandemic influenza in Norway began to surface very quickly
in May 2009. It became increasingly clear that the prevailing exposure factor
amongst these human cases were recent trips abroad. The number of human cases
in Norway increased gradually through the summer and peaked in July 2009. By 26

October 2009, the number of verified human cases in Norway exceeded 3,300 [30].

The first report of H1N1pdm09 in Norwegian pigs was on 10 October 2009 when a
farrow-to-finish pig herd with 85 sows and 850 fattening pigs in Nord-Trgndelag

County tested positive for the virus [31]. Nord-Trgndelag County is one of the most
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intensive pig producing regions in Norway. On 4 October, the aftending local
veterinarian at Farm Zero noticed some pigs were coughing in the farrowing unit, but
not other sections in the herd. He suspected an influenza infection (list B disease)
outbreak and reported to the Norwegian Food Safety Authority (NFSA). NFSA
confirmed the -suspicion by taking nasal swabs from 20 pigs from the index herd
whereby 12 pigs were tested positive for HIN1pdm09 using RT-PCR [32]. Further
investigation on-six more pig herds in close proximity or with contact history with the
index herd revealed a second positive pig herd, a fattening herd with 500 finisher
pigs. A critical finding on elucidating the possible route of infection was that a farm
worker on the index farm had been ill with influenza-like symptoms (IL]) since 1%
October 2009. The second positive herd also had the same owner as the index herd.
Suspecting a risk of potential airborne spread of the virus to the neighbouring farms
in this heavy pig farming zone [33], NFSA ordered depopulation of this second
positive herd by sending the pigs to the slaughterhouse. Depopulation of the index
farm was also follow next because the policy of the NFSA was to eradicate the
infection arid regain Norway's freedom status of all influenza viruses. in its pig
population. However, NFSA abandoned the eradication strategy when more: pig
herds.in the-area tested positive within the next few days. In addition, accumulating
data suggested that-humans carrying the virus had infected their pig herds rather
than by animal contacts or by airborne spread from infected herds, indicating that
depopulation of infected herds would have little effect in preventing this initial spread

of the infection to pig herds.

Within a few months: after 10 October, H1N1pdm09 was detected in more than one
third of the swine herds in the country, including closed nucleus herds with the

highest levels of biosecurity [34]. This influenza outbreak was the first IAV infection
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detected in Norwegian pigs since 1998 when antibodies for influenza H3N2 virus was
detected in a dead-end infection in one pig herd [2]. HIN1pdmO09 has so far been the
only IAV detected in Norwegian pigs that was able to propagate itself beyond one
farm successfully. Six years after the incursion in 2009, the herd prevalence of

H1N1pdmO09 in Norwegian pigs remained above 40%.
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Figure 4 Spatial distribution of pig herds, tested herds and pig herds positive at least once
during surveillance from 2010-2014 (original drawing).

Pathogenesis and clinical signs

Generally, the pathogenesis of influenza virus in pigs is similar to that in human
infections [35, 36] . Experiments have shown that infecting pigs take place easily via
intranasal, aerosol or intratracheal inoculation and the virus can be isolated within 24

hours post inoculation and for up to 7 days. Virus replication takes place chiefly in the
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epithelial cells of the respiratory tract of pigs (nasal mucosa, ethmoid, trachea, and
lungs) with a predilection for the lower instead of the upper respiratory tract. The
inoculating viral dose and the extent of replication in the host thereafter determine the
severity of lung -inflammation. and disease. Lower viral doses during inoculation
produce a slower escalation of viral burden on the lungs resulting in milder lung
inflammation and ¢linical sighs such as nasal discharge, sneezing, low-grade fever or
subclinical infection [37-39]. Conversely, a high enough viral dose can trigger enough
release of cytokines during the acute stage of infection fo elicit more severe clinical
signs. The array of more severe clinical signs an infected pig may display includes
high fever (40.5-41.5°C), anorexia, inactivity, huddling, tachypnea, and coughing.
Labored ‘abdominal breathing and dyspnea are most typical [19]. The onsét of the
disease 'Es sudden, after an incubation pericd of 1-3 days. The infected pig also
begins to shed virus in nasal ‘secretions for 4-7 days, during which it is highly
contagious. Morbidity in the herd can reach 100%, but mortality is low (<1%) in
uncomplicated infections. Recovery is rapid (5-7 days). Acute outbreaks of clinical Sl
are limited to fully susceptible seronegative pigs of all ages [20]. Infections with H1N1,
H1N2, and H3N2 subtype viruses could clinically be similar and viruses of all
subtypes and lineages have been associated with acute respiratory episodes [20, 40-
43]. In addition to viral dose, host factors such as immune status, age of pig at
infection and coinfections. with other respiratory pathogens also influence the course
and severity of the disease [19]. Commonly in field situations, other respiratory
pathogens &ct in concert with swlAV to cause respiratory disease. in the pig host.
Many studies have confirmed that secondary infections with bacteria, such as
Actinobacillus pleuroneumoniae, Pasteurella multocida, Mycoplasma hyopneumoniae,

Haemophilus parasuis, and Streptococcus suis type 2, enhance the severity and
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course of infections with swlAV [19, 44]. Bacteria can raise the pathogenicity of
swlAVs because bacteria can supply proteases that may bring about cleavage
beyond that which normally occurs in the respiratory epithelium thereby extending the

cell tropisms of the influenza virus [45].

As with swlAV, other respiratory disease causing viruses such as PRCV and PRRSV
frequently infect the older grower pigs (>16 weeks). This is also the time point when
maternal antibodies they carry have waned sufficiently to make them vulnerable to
infection [46]. Among these pathogens, PRRS-virus, PCV2, EP-virus and swilAV
infect pigs frequently giving clinical signs of porcine respiratory disease complex
(PRDC) [47, 48]. Several experimental infection studies in pigs with swlAV in
combination with EP-virus, PRCV, or PRRS-virus have shown more severe disease

under dual or more types of infections as compared to single virus infections [44].

Beyond the respiratory tract, there is little evidence that swlAVs can spread to the
other tissues. Virus excretion and transmission are via the respiratory route
exclusively. To assuage the initial fears of the public on the unknown risk with pork
consumption, pig infection studies H1N1pdmO09 under experimental conditions
demonstrated no virus in pig muscle or that virus positive cells existed outside the

respiratory tract [49, 50].

Immunity and diagnosis

Adaptive immune response to Sl infection includes both the production of AB and
cell-mediated immunity. Immune response to S| infection is rapid and efficient and
commonly results in complete elimination of the virus form the respiratory tract within
one to two weeks post inoculation [51]. Haemaglutination inhibiting AB will first

appear by 7-10 days’ post-inoculation and peak by 2-3 weeks post inoculation [36, 40,
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51 -57]. Concurrent circulation of different subtypes of swiAVs would expose pigs to
multiple;, antigenically different swlAVs during their lifetime and produce cross-

protective immunity against different influenza viruses [56, 58, 59].

Although maternally derived serum IgG AB to S! can protect young pigs against
antigenically related viruses, they decline in the pig over a period of about 4-14

weeks making them susceptible to new infection by 16 weeks of age or earlier [60].

Clinical diagnosis is difficult because there are no pathognomonic signs for swlAV
infection, especially when there are other respiratory pathogens on the differential
diagnosis list. A definitive diagnosis is possible with IAV-specific [aboratory tests such
as isolation of virus, detection of viral antigens or nucleic acid, or the demonstration:
of virus specific antibodies [26, 61-63]. The sensitivity of these approaches will
depend on the specialized reagents used within the assa_yﬂzand. their “degree of match”

to circulating field strains.

In virus [solation, the first step is to isolate the virus. in chicken embrycs or Madin-
Darbycanine kidney (MDCK) cells [64]. Next is the:subtyping procedure by using HI
test and neuraminidase inhibition tests [65]. Although the cell culture method is
sensitive, it requires viable virus. The more common method is using the molecular
technique of reverse transcription-polymerase chain reaction (RT-PCR) to detect
virus antigens or nucleic acid in samples: of mucus obtained by swabbing the nasal
passages of pigs. The virus is usually present in nasal and pharyngeal secretions
during the febrile phase of the illness. The World Health Organization (WHO) has
published a protocal for the detection and characterization of H1N1pdm09 by RT-
PCR [32]. RT-PCR assays are highly sensitive and specific in detecting viral nucleic

acid.
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As Norwegian pig farmers do not vaccinate their pigs against 1AVs, diagnosis by
serology is therefore possible by demonstrating the presence of 1AV AB in pigs if the
herd is infected. Norway's surveillance program screens as many as 500 to 700 pig
herds (~ a quarter of pig herds in Norway) every year for a number of pathogens inter
alia IAV infection by using enzyme-linked immunosorberit-assays (ELISA). ELISA
detects AB to a conserved core antigen of influenza resultingin a high test sensitivity
[66]. For ELISA positive sam_p[es, the second step is to identify the subtype of the IAV
by using Hi assay test. Elsewhere, the existence of multiple IAV sirains circulating
geographically in the same place can complicate serological diagnosis. For example,
in Western Europe where the swlAV of H1N1 subtype is endemic, H1N1pdm09 could

escape detection by ELISA or HI assay testing because of cross-reactions [67].

At'the herd level, the probability of a correct diagnosis of an infected herd depends
on the test sensitivity, the animal prevalence and the number of pigs tested [68, 69].
The probability of detection increases with increasing animal prevalence and sample
size. Serological interprefation of ELISA screening test could, however, be
complicated by HI results because of cross-reactions against multiplé antigens. Four
antigens are routinely used for Hl tests at NVI, namely H1N1pdm09, H1N1, H1N2
and H3N2, following a positive ELISA test. Careful iriterpretation of serological results
at the herd level is therefore necessary not to miss an actual infection from a new
subtype. In-depth discussion of serological results is beyond the scope of this thesis.
Suffice to say that there is a high probability that HIN1pdm09 was the only 1AVs
infection circulating in the pig population during the period of study (2009 - 2014) for

this thesis.
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Interspecies transmission and emergence of new strains

Interspecies transmission of IAVs occurs between pigs and other species including
man [19, 70-73]. Termed as reverse zoonosis or human-to-animal transmission, this
phenomenon has occurred with human strains of influenza such as HIN1 and H3N2
influenza viruses [42, 74-79]. There is a molecular explanation to the greater ease for
human influenza viruses to infect pigs rather than the reverse. The respiratory
epithelium of pigs possesses surface cell receptors for the widest range of influenza
viruses, including the human influenza viruses and avian influenza viruses [80, 81].
With this ability to bind a diversity of viruses, pigs can harbour and potentially
increasing the diversity of influenza viruses through genetic re-assortment [7, 27, 80,
82]. Although there is no proof that pigs had harbored the H1N1pdmO09 first before
transmitting it to humans, theoretically pigs is nature’s most likely ‘factory’ for
pandemic strains of influenza [83, 84]. A country conducive for studying the pig’s role
in increasing influenza diversity is China because it has many densely populated
areas of humans living in close proximity with live poultry and pigs such as live
markets and backyard-farming situations. It is therefore not surprising that many
studies in China have demonstrated co-infection of avian and human IAVs in the pig
host [85-90], which gives China the dubious honor of being the hypothetical epicenter

for the genesis of influenza pandemics [91, 92].

In herd introduction, persistence, prevention and control

Outbreaks of influenza generally appears with the introduction of carrier pigs into a
herd, through either the movement or mixing of infected pigs with susceptible animals
and through human-to-pig transmission in situations when the subtypes have both

humans and pigs as hosts (Figure 5) like with HIN1pdm09.
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Pig has host receptors to influenza A viruses of swine, birds and human /
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Constant introduction of susceptible new pigs into
an infected herd leads to persistence of infection
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Figure 5 Origin and perpetuation of influenza A viruses in pig herds (original drawing).

The primary route of virus transmission between pigs or between humans and pigs is
direct contact via the nasopharyngeal route whereby the viruses are shed in nasal
secretions, disseminated also through aerosols, and eventually inhaled by a
susceptible host [19]. Close contact between pigs because of high stocking density
typical of pig production, stressful situations, meteorological and environmental
factors are conducive to increasing infection dose and the spread of influenza viruses.
The persistence of the infectivity of influenza virus in aerosols is optimised under low
humidity (15 - 40%) and have been demonstrated for 24 hours using infection in mice
as detection method if the relative humidity was 17% - 24% [93]. Although there is no
direct study on the long range aerosol spread between pig herds, a study in
Queensland, Australia showed that equine influenza virus will routinely spread over 1
- 2 km via wind-borne aerosol [94]. Such studies have inferred that airborne

transmission, given the right conditions (humidity, wind speed, temperature, dilution
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factor), could contribute to the spread of swlAVs in areas densely populated with

large herds of pigs, even with farms that have high biosecurity standards [19].

The virus can persist in an infected herd through the continued production of
susceptible piglets and the introduction of new stock (Figure 5), often leading to the

herd becoming infected endemically or recurrently [95, 96].

A recent study of H1N1pdm09 isolates from Norwegian pigs indicated that
transmission from humans to pigs was still responsible for some new infections in

2014 [97].

For prevention and control of swlAV infection in pigs, some countries vaccinate the
pigs, usually the sows, intramuscularly with inactivated vaccines so that piglets are
born with protective maternal antibodies. As the virus does not survive very long
outside the living hosts, the introduction of the virus into the herd is via a living host
carrying the virus. Biosecurity measures preventing carrier pigs or infected humans
having close access to the pigs can prevent the infection of a herd of susceptible pigs.
Measures adopted by Norwegian farmers include getting timely flu vaccinations and
to avoid working with pigs if they have ILI. Use of facemask and gloves are measures
to minimise human-to-pig transmissions by aerosol spread or by fomite. Countries
such as in Canada, pig farmers also received recommendations of similar

precautionary measures especially just before the human flu season [98].

Impact on production

SwlAVs infections in naive herds typically has a high morbidity (up to 100%) but the
mortality is low (less than 1%) [19]. There is little information on the primary
economic impact of influenza such as retarded growth rate and increase in days

needed to reach market weight [99]. Published information on measurements of
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negative effects caused by swlAVs as a single pathogen on a pig's growth
performance is hard to come by. More often, the reports on negative effects of Sl are
in the presence of concurrent viral respiratory infections like PRRSv infection or
secondary bacterial infections like EP or as part of the PRDC [19, 100-102]. The
economic effects of swlAV infection on a pig herd would therefore vary between
herds of different health profiles. Conversely, Norway given its freedom status of
these respiratory pathogens, it was possible to study the production impact of

H1N1pdm09 in the pig population unencumbered by coinfections.

European surveillance of influenza in pigs

Other than in Norway, there is no long-term active surveillance of influenza infection
in the pig population elsewhere. Influenza surveillance in pig population, such as in
Europe, is ad hoc or passive. A surveillance from 2011 to 2013 in 17 European
countries detected |AVs in 31% of the 9000 herds examined. The dominating
subtypes were the three European endemic swlAVs: avian-like swine H1N1 (53.6%),
human-like re-assortant swine H1N2 (13%) and human-like re-assortant swine H3N2
(9.1%), as well as H1IN1pdm09 (10.3%) [70]. The remaining 13.9% of the viruses
represented re-assortant varieties of these four lineages, with prevalence of
H1N1pdmO09 and its re-assortant on the rise [70, 103]. These four lineages of viruses
co-circulated in different relative levels in different countries. Areas free of H3N2
viruses exhibited highest frequencies of circulating H1N2 viruses. HIN1pdm09 has
been isolated at an increasing frequency in some countries from 2010 to 2013,
indicating that this subtype has become established in European pig population as a

new enzootic lineage [15].

This early detection of IAV incursion in the Norwegian pig population was a result of

ongoing disease-free-status national surveillance, the low occurrence of other
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respiratory diseases and the awareness among veterinarians and farmers of

influenza as a list B disease [2].

The incursion of HIN1pdmO09 in Norway’s naive pig population with its high health
and welfare status created a unique research opportunity to fill knowledge gaps and
provide supporting evidence for decisions and management routines for the industry

and the competent authority.

Aim and objectives

The overall aim of this thesis was to describe the epidemiology of H1N1pdm09
infection in pig herds, its impact on pig production and the ecology of the virus in the
pig population by using a series of observational population studies conducted in the

Norwegian pig population, a previously naive population to all IAVs infections.

To achieve this, the following specific objectives were fulfilled by five observational

studies:

1. Clinical impact of infection. Describe the clinical impact of introduction of
H1N1pdm09 infection in the Norwegian pig population (Paper 1).

2. Transmission route. Identify the main transmission route for pig herds during
the outbreak in 2009 (Paper 2).

3. Adverse effects on growth performance. Quantify the adverse effects on
growth performance in fattening pigs (Paper 3).

4. Production impact. Estimate the production impact in a batch of 150
fattening pigs (Paper 4).

5. Spatial and temporal patterns. Describe the spatial and temporal patterns of
herd incidence and prevalence for the H1N1pdmO09 infection in the Norwegian

pig population from 2010 to 2014 (Paper 5).
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Materials and methods

Paper 1 — Clinical impact of infection

This was a case-control study for the one-year period after the incursion of virus in
October 2009. With herd as the unit of analysis, the study sample was the entire
source population of 115 nucleus (n=47) and multiplier herds (n=68). Surveillance
data from the Norwegian Veterinary Institute allowed us to differentiate positive from
negative herds by serology or molecularly. A positive herd was one with at least one
rRT-PCR-positive sample, or had at least three of the blood samples tested positive
for AB against influenza A virus. One researcher conducted all telephone interviews
with the pig herd owners or managers between November 2010 and January 2011.
Descriptive statistics and standard graphical methods presented the information from

the interviews on observed clinical impact.

Paper 2 - Main transmission route

From the descriptive study of Paper 1, the case-control study proceeded to identify
risk factors for transmission of the virus to a naive herd. The telephone survey with
pig farmers also collected information on herd characteristics, occurrence of influenza
like illness in humans and pigs, time invariant and variant biosecurity measures,
reception of human flu vaccination and chronological relationship between all the
time variant variables. The focus of this research was to answer whether humans had
transmitted the influenza virus to the 48 H1N1pdm09-positive breeding herds. The
study also examined other variables that may have predisposed these herds to
infection and the protective effects of existing or newly introduced biosecurity
measures. With the collected data, we sought answers by using univariable and
multivariable logistic regression by forward selection strategy guided by the plausible
causal diagram [104]. After including the primary predictor (infected humans in
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contact with pigs), we used the Wald statistics to test the significance of secondary
predictors as they entered the model. We did not evaluate newly introduced
biosecurity measures that could be effective against aerosol transmission and close
contacts, such as facemasks and use of gloves, because very few farms (n=13) had

adopted such time variant measures near the time outbreak.

Paper 3 — Adverse effects on growth performance

We investigated the negative effects of H1N1pdmOQ9 infection on growth performance
of grower pigs (33 kg — 100 kg bodyweight) by analysing the growth rates, feed
intakes and laboratory data of 1955 pigs. The study sample were pigs from all active
43 nucleus herds in Norway, tested at a boar testing station between 2009 and 2012.
Each pig had automated daily recordings of feed intake and body weight for its
duration of stay at the station. We used serological tests and PCR testing of nasal
swabs to ascertain the Infection status of each pig to classify the five groups of pigs.
They were; seronegative pigs at 100 kg bodyweight (n = 887); seropositive pigs
before 100 kg bodyweight (n = 874); positive for virus at bodyweight between 33 kg
and 60 kg (n = 123); pigs positive for virus at bodyweight between 61 kg and 80 kg (n
= 34); and pigs positive for virus at bodyweight between 81 kg and 100 kg (n = 37).
The longitudinal data with clustering of data in the herd and pig allowed a multilevel
statistical analysis. With herd ID and pig ID as random effects, infection status and
birthdate, breed, and appetite as four fixed effects covariates, a mixed level
regression analysis assessed the adverse effect of infection on growth performance.
Multi-level linear regression estimated the marginal effects of the virus infection on
the outcomes, which accounted for known fixed effects (breed, birthdate, average
daily feed intake and growth phase) and random effects (cluster effects of pig and

herd).
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Paper 4 - Production impact

Based on the findings of Paper 3, the fourth paper projected the effects of reduced
growth efficiency in individual pig to the batch level. In the model, a batch size of 150
fattening pigs was the representative of a typical batch in Norway. In this
observational longitudinal study, analysis of growth performance data from 728
control pigs and 193 infected pigs with known viral shedding time points went into
mixed linear regression models to give estimates of the marginal effects of infection.
Normal distributions describing the variability of the estimates at the individual pig
level were the fundamental inputs to the stochastic Monte Carlo models. The models
simulated the summed negative effects of the infection at the batch level of 150
fattening pigs growing from 33 to 100 kg. Other inputs of variability and uncertainty
were 1) batch transmission points, 2) pig infection points to reflect the disease
transmission dynamics of the virus, and 3) final prevalence of infected pigs in the
batch. Monte Carlo random sampling gave 5,000 estimates on the outputs of the
marginal effects for each pig. Summing the individual effects of 150 pigs gave
estimates for a batch size of 150 pigs. After model simulation, sensitivity analyses by
Tornado charts ranked the variability inputs in terms of their impact on the conditional

means and variance of the outputs.

Paper 5 — Spatial and temporal patterns

We used descriptive and trend analysis on the five years of active serosurveillance
data collected from 1 January 2010 to 31 December 2014 study the spatial and
temporal patterns of infection in the Norwegian pig population since its incursion in
the previously naive pig population. The study sample involved 1567 pig herds (~ 75%
of the total 2000 pig herds in Norway) which had undergone 5643 herd tests

involving 23026 blood samples from individual pigs. The pig herds in the sampled
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popu[at_’ion represented the five -produ'ctionn classes (fattening; nucleus; multiplier;
conventional sow herds and sow pools). Graphical, temporal and spatial analysis
were undertaken using the lowess smoothing function in Stata to plot the running
means of the herd infection status (seropositive=1, negative=0) with-sampling day as
time point. Siratifying herd seroprevalence over the 19 counties, with different pig
farmifg densities illustrated the spatial variability in the distribution of infected herds.
Further analysis included observation of variations amongst the five production
classes. To find the potential effect of proximity to neighbouring farms, the lowess
smoothing function plotted the running mean herd seroprevalence with the mean
distance of each farm with the four nearest pig herds (proxy for pig density). For
within herd seroprevaience investigation, the analysis of 1028 positive herd tests with
at least five pigs involved enabled a cumulative probability plot for animal prevalence
observed. Further investigation proceeded on the variations relative to the three fixed

effects.namely, year of test, production class and size of hierd.
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Main results

Paper 1 - Clinical impact of infection

The Norwegian pig population has been free from IAVs until 2009. The H1N1pdm09
outbreak during the autumn 2009 provided an opportunity to study the clinical impact
of this infection in an entirely naive pig population. This paper describes the results of
a case-control study on the clinical impact of HIN1pdmO09 infection in the nucleus
and multiplier herds in Norway. The infection spread readily and led to
seroconversion of 42% of the Norwegian nucleus and multiplier herds within a year.
Forty percent of the positive herds reported clinical signs in all age groups with
varying morbidity and duration of respiratory disease. Some also reported reduced

reproductive performance in the affected sows.

Paper 2 — Main transmission route

Following a widespread infection in the human population in Norway, H1IN1pdm09
was introduced to the influenza A immunologically naive Norwegian pig population,
and within a few months, pigs in more than one third of Norwegian pig herds had AB
against the virus. This chronological pattern led to the suspicion that the infected
humans had transmitted the virus to the pigs. The incidence of serologically positive
pigs was similar in both multiplier herds (41%) and closed nucleus herds (43%).
Multivariable logistic regression showed that presence of farm staff with influenza-like
illness (IL1) (OR=4.15, Cl 1.5-11.4, p=0.005) and herd size (OR=1.01, Cl 1-1.02,
p=0.009) were risk factors for infection. The rapid and widespread seroconversion for
AB against HIN1pdmO09 in the Norwegian pig population can be explained by the
emergence of a novel virus that is readily transmitted between people and swine in a

largely susceptible population of humans, and an entirely naive population of pigs.
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Paper 3 - Adverse effects on growth performance

The seropositive and virus positive pigs had decreased (p< 0.05) growth
performance compared to seronegative pigs even though feed intake did not
decrease. Reduced feed conversion efficiency led to lower average daily growth,
additional feed requirement and longer time needed to reach the 100 kg bodyweight.
A pig infected between 33 and 100 kg bodyweight would consume between 6 to 8 kg
of additional feed compared to an uninfected pig to grow to 100 kg bodyweight.
Despite increased feed intake observed in the virus positive pigs, their growth rates
were lower and they took more time to reach 100 kg bodyweight compared to the
seronegative pigs. An infected pig will have their production time extended by 1.6 to
2.4 pig days compared to an uninfected pig. The study rejected the view that
predominantly subclinical infections with H1N1pdm09 have negligible adverse effects

on growth performance of Norwegian pigs.

Paper 4 - Production impact

For a batch of 150 fattening pigs randomly selected from the population, the marginal
effects of the infection were 1) 835 kg to 1,350 kg (595" percentile) increased feed
intake and 2) 194 to 334 (5™-95" percentile) days in excess of expected figures for
an uninfected batch. A batch infected during growth phase 3 (81 to 100 kg BW) gave
the worst results since the longitudinal study showed that a pig infected during growth
phase 3 required more feed and a more protracted production time compared to pigs
infected at a younger age. Sensitivity analysis showed that the final prevalence had
the greatest impact on the conditional mean and variation of the marginal effects of
infections. The batch transmission point was the next most influential factor. Lowering
the final prevalence will have the greatest benefit in saving feed cost and reducing

delay in getting the pigs to the market.
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Paper 5 — Spatial and temporal patterns

Norway, with her long-standing active serosurveillance for swlAV since 1997, was
efficacious in detecting the incursion of H1IN1pdmO09 of its pig population in 2009.
Since then, surveillance data from 2010 to 2014 revealed that 54% of 5643 herd
tests involving 1567 pig herds and 28% of 23036 blood samples were screened
positive for AB against influenza A virus and confirmed to be H1N1pdm09 infection
by HI. In 50% of positive herd tests, = 60% of the sampled pigs in each herd had AB
against H1IN1pdmO09. This within-herd animal seroprevalence did not vary amongst
types of production, herd size or year of test. The overall running mean of national
herd seroprevalence, and annual herd incidence risks fluctuated narrowly around the
means of 45% and 32% respectively with the highest levels recorded in the three
densest pig-producing counties. The probability of a herd being seropositive varied
amongst the five production classes, which were sow pools, multiplier herds,
conventional sow herds, nucleus, and fattening herds in descending order of
likelihood. Large herds were more likely to be seropositive. Seropositive herds were
highly likely to be seropositive the following year. The study shows that H1N1pdmO09
is established in the Norwegian pig population with recurrent and new herd infections
every year with the national herd seroprevalence in 2014 hovering at around 43% (95%

Cl 40-46%).
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Discussion

The discussions with reference to methodological challenges presented here follow

each paper respectively and sequentially.

Paper 1 - Clinical impact of infection

We observed high infection rates of HIN1pdmO09 in the immunologically naive
Norwegian pigs and pig herds, but interestingly many newly infected herds did not
have detectable clinical signs attributable to influenza. Studies in other European
countries [105] have reported that H1N1pdmO9 infection in pigs follows similar
pathogenic course as the longer existing swlAVs [106, 107] where morbidity is close
to 100% but mortality is negligible. A study in Australia also reported the subclinical
picture or low morbidity in the infection of one naive pig herd with a low disease
burden [108]. A UK study in 2009 by Brookes et el. [49] investigated the clinical
impact of HIN1pdm09 by a Randomized Clinical Trial (RCT) in which she infected
eleven landrace-cross pigs through intranasal inoculation of specific doses of
H1N1pdm09 and subsequently another eight pigs by contact with the eleven infected
pigs. They achieved 100% incidence and morbidity with their 19 pigs. Our
observations in the field clearly contrasted with the RCT because the viral doses that
Norwegian pigs experienced in the field under Norwegian conditions may be lower.
Even if we compare field infections in Norway to countries with more endemic strains
of swlAV, the clinical picture would probably differ because of differing matrix of
factors important in disease manifestation. These factors include the viral dose, the
immune status of the host pig, co-infecting respiratory pathogens, animal welfare
standards, and husbandry practices such as the pig's age of weaning (~5 weeks in

Norway, 3 - 4 weeks in EU [109]).
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Cytokines produced by the host during the acute stage of infection determine the
difference between subclinical infection and disease [110-1 14]. Lower doses of viral
infection producing milder or absence of ciini'c-:_é! signs is a phenomenon seen also in.
pigs for non-influenza type viruses [115, 116]. It therefore follows logically that by
altering conditions to lower infection doses of virus will also decrease the rate of viral
increase in the lungs, and hence result in milder lung inflammation with less specific
signs, i.e. nasal discharge, sneezing, a low to moderate fever, or subgclinical infection
[37, 39, '40]. Conditions that will interact with the viral dose include room ventilation,
immunity, or ‘sanitary measures. o reduce infection pressure, are thus likely to
dampen the severity of clinical signs because of the lower immune response such as.

the activation of a cytokines storm [117]..

In Norway like our Scandinavian neighbours, the mild or absence of clinical iliness in
the pig herds could also be attributed to low levels of diseases and high animal
welfare: standards [118] [109]. Therefore, although H1N1pdm09 is widespread. in

Europe [70], the validity of our findings to the rest of Europe is limited.

We chose nucleus and multiplier herds because they kept better health records than
the conventional sow herds or fattening herds. Being at the top of the pig production
pyramid (Figure 2), they are high-priority herds that participate in the national
serosurveillance at least once a year. During the outbreak in 2009, these high priority
herds tested before others (cenventional sow herds and fattening herds), so their

infection statuses were available earliest.

To collect information on exposure factors from the farm, only one interviewer
solicited information by telephone with personnel working directly on the farm, which
allowed clarification during the interview if something was unclear. Confidentiality of
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identity encouraged willingness to share information. Al interviewees received clear
and simple definitions. of influenza-like illness (fever, malaise, coughing and sore
throat) and other technical terms. Although the interview was 1 year after the
outbreak, we believe recall bias was minimal because this was a newly emerged
disease in both pigs and humans concurrently with tremendous news coverage and
involvement of the NFSA to heighten awareness. This was critical because timing of
our main risk factor, humans with ILI, had to precede the pigs getting sick to make it a

valid exposure factor.

To ascertain the infection status of each herd, the NFSA decided to double the
number of pigs tested per herd to 20 pigs and thus reduced the misclassification bias.
This was necessary because many farmers of positive herds did not detect any
clinical signs. The probability of a correct diagnosis of a positive herd was very high
at >85% probability based on an animal prevalence of at least 13%, a very
conservative figure. Influenza virus fransmits easily in a herd of pigs kept in close
proximity to one another [19]. Our later studies in Paper 3 and 5 supported that
H1N1pdm09 prevalence in an infected herd is generally much higher where 50% of

infected herds would have >60% of animal prevalence.

Our clinical impact findings in the nucleus and multiplier herds were valid for the
target population given that all pig herds in Nomay'h‘ad uniform naive status before
the ouibreak. They have similar husbandry, welfare, environment conditions and
health. profiles. A practical implication in H1N1pdm09 being a subclinical infection is
that it makes movement restrictions of pigs or any biosecurity measures based on
detection of clinical signs ineffective to conirol the spread of the H1N1pdm0g by

animal contacts between herds.
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Paper 2 — Main transmission route

Our case-control study with all 115 nucleus and multiplier pig herds gave strong
evidence for human-to-pig transmission route during the early period of the outbreak
in Norway. Not only was there strong statistical evidence, with a large study and OR
>4, but also the simultaneous explosive detection of positive pig herds over great
distances in a short period ruled out animal contacts and wind borne spread [19, 35].
As infected humans were the primary source of HIN1pdmO09 in Norway, we believe
that humans-infecting-pigs was the main route of infection for the target population of
conventional sow herds, fattening herds and sow poos (~95% of pig herds) during
the initial phase of the outbreak (October 2009 to October 2010). Successful genetic
matching of the pig strain with the circulating human strain reinforced our findings
[34]. An earlier publication from Canada had also suggested that human-to-pig
transmission based on anecdotal evidence had also occurred on a Canadian farm
[119, 120]. Subsequent to our study, more publications on human-to-pig
transmission appeared [108, 119, 121, 122], confirming further the validity of our
findings. This study was time sensitive in validity because humans were the only
source of H1IN1pdmO09 before the outbreak occurred in the immunologically naive

pigs of Norway.

The extensive testing executed quickly and simultaneously by the NFSA allowed us
to conclude that there was no spatial evidence of a point source type outbreak that is
typical of disease spread by animal-to-animal contacts. Positive herds surfaced in
Norway long distances apart with no history of animal contacts between the herds.
Furthermore, 43% of closed nucleus and some multiplier farms that self-recruit their
replacement stock also tested positive, rulling out animal-to-animal introduction of
H1N1pdm09 to the first pig. The probability of infection was also similar in farms with
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or without conventional biosecurity measures such as the practice of quarantine of
new pigs, personnel changing overalls before entering the premises, physical barriers
and scheme of clean movement of animals and personnel. In recent years, many
reports have also documented that humans had transmitted H1N1pdm09 to pig herds
[70, 123-125]. Nelson’s review stated that IAV transmission from humans-to-pigs is
actually far more frequent than the sporadically reported pigs-to-human zoonosis [62,
126-130]. The biological explanation to this phenomenon is that pigs have a wider
range of receptors for IAVs on their respiratory epithelium. Whether it was humans-
to-pigs, or pigs-to-humans or horizontal spread between humans or between pigs, it
is well documented that that all IAVs are spread via contacts and aerosols [19], but
perish quickly once outside the hosts. Soon after the outbreak, NFSA quickly advised
pig farmers on the use of facemasks, receiving timely influenza vaccinations, and for
pig farmers with ILI to refrain from working with pigs. Although farmers were generally
compliant in taking advice, the spread of the highly contagious infection was too rapid
for new biosecurity measures including human vaccination to be effective for the
initial phase of the outbreak. Nevertheless, even though H1N1pdm09 is now endemic
in Norway in both human and pig population, pig farmers should continue biosecurity
measures to prevent recurrent or new herd infections by the current H1IN1pdm09 and
other future IAVs. This advice is useful not just for pig farmers but by other livestock
farmers as well. In March 2016, Norway recorded the first subclinical infection of
H1N1pdmO09 in a turkey flock. Like pigs, humans-to-turkeys was concluded to be the

likely route of infection [131].

Paper 3 — Adverse effects on growth performance

Our study proved convincingly that H1N1pdmO09 infection could cause an overall drop

in the growth rate of pigs even though they would consume more feed than their
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uninfected counter pars. This is because the H1N1pdmO09 infected pigs experience
poorer feed conversion ratios. Although we did not find breed differences between.
Duroc and Landrace in the marginal effects of H1N1pdm09, the magnitudes varied
depending on the age of infection of the pig. However, due to the sample sizes of the
virus positive groups, the power was limited to ascertain which age group was most
severely or least affected.

Our Norwegian field study was. unique net just for H1N1pdm08, but for all swlAVs,
because elsewhere in the world it is very difficult to replicate the conditions of our
study. IAVs infection in pigs in other countries invariably exist as coinfections with
different strains of IAVs or with other respiratory pathogens such as EP and PRRS or
both [132]. Van Reeth did, in.a RCT [133], demonstrated retardation in mean daily
growth in four SIV inoculated pigs-in comparison. with eight control pigs. Our study
was much larger with 193 naturally infected pigs and 887 control pigs to give greater
precision to the results. In addition to comparing growth rate, our study went further
by measuring daily feed intake and calculating the feed conversion ratio so that we

could compare the feed :_efﬁci'en'_cy between infected and confrol pigs.

The source population in our study were fattening pigs from ali nucleus herds born
between 2008 and 2012. There were forty-three active nucleus herds during this
period that had sent grower boars to Neorway's only boar testing station for
performance testing. Although th_e- study focused on .a very specialised group of pigs
at the boar testing station, we fried to achieve a high external validity with minimising
confounding bias with the uniform. conditions in both housing and pigs (matching),
study design and use of mixed effects regression analysis. Furthermore the focus
was on the marginal effects of H1N1pdm09 (coefficient) and not .on outcome (growth
performance), thus making the variance component analysis key in extending validity
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-of our resuits externally. The atitomated daily recording of growth performance data
for each pig eliminated human error in data collection. Given the longitudinal nature
of the data, there was clustering of observations in each pig and in each nucleus
herd. The result was a hierarchical data structure where the assumption of statistical
independence of observations was invalid because there were correlations of the
multiple observations ift the same pig and in the same herd. We used mixed effect
regression model as the robust analytical approach to deal with the hierarchical data.
To investigate if the virus acted differently between breeds (Duroc or Landrace) or if
the effects of infection varied between time of infection related to body weight,
interaction terms (virus*breed and virus*growth phase) were included in the model.
Investigating these differential effects of the virus on breed has a biological basis
since Landrace has a better feed-efficiency compared to the Duroc. Similarly as the
pig grows, it undergoes anatomical and physiological changes, -includin_g digestive

functions [134].

The birth date of the pig was an important fixed effect in the model because the
growth performances of the pigs have improved with every generation. We also
controlled the effects of changing feed efficiency and feed intake as the pig grows by

including growth phase as another fixed effect in the model.

In comparing the feed efficiency of uninfected pigs with infected pigs, errors in
classifying the pig’s infection status could have biased the results particularly towards
the null, especially if there was high enough proportion of misclassification, in our
setting a low sensitivity, but a very high specificity. Misclassification could have
occurred in three ways. Firstly, the less-than-perfect sensitivity of the ELISA test (93%
by manufacturer's data). Secondly; some control pigs tested by serology before they

reached 100kg (13%. of control pigs). Thirdly, there is a lag period of 7 to 10 days

46



before antibodies appear from the point of infection [67, 135]. On hindsight, we
should have been more stringent in selection of pigs for the control group by picking
only pigs tested negative for antibodies at least 10 days after reaching the targeted

bodyweight of 100 kg.

Paper 4 — Production impact

The stochastic models predicted that if the batch of 150 pigs was infected, it would
consume extra pig feed ranging from 0.8 tons to 1.4 (5™ - 95" percentile) tons. In
proportion, that was an additional four to six percent of the normal average ~22 tons
of feed requirements to grow the pigs to market weight. The farmer must also face
additional two to three percent increase in production time because H1N1pdm09
infection depresses the overall growth rate of his infected pigs. This study was done
to make the results of Paper 3 more relevant and practical for the farmers. Using
stochastic models, we derived predictions on the extra feed and the extended
production time a pig farmer may face if his fattening herd was infected. We preferred
stochastic models over deterministic ones because they gave a spectrum of the
outcomes (additional feed and increased production time) based on probability

distributions of the variables related to H1N1pdm09 infection in a pig herd.

The usual difficulty in building good stochastic models is in deriving and inputting the
correct probability distributions. Fortunately, we were able to derive some of these
probability distributions based on our actual field experiment in Paper 3; namely the
individual variability between pigs, the variability of infection dynamics of HIN1pdm09
in a newly infected batch of pigs; and the final animal prevalence variability. We had
one uncertainty variable; at which time point the virus infects the first pig, which we
presented as three equal scenarios in the results. When comparing the cumulative

probability plots for increased feed requirement and additional production time
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between the three groups of viral positive pigs (Early, mid and late), one must be
aware that the 5000 Monte Carlo sampling for each pig in the 150 pigs sized batch
from the three Gaussian distributions for each group. The mid (n=34) and late (n=37)
infected groups were smaller groups that had much larger SE than the early group
(n=123). Correspondingly, the cumulative probability plots amplified the effects of

greater variability of a greater SE.

We used the batch size of 150 fattening pigs to represent a typical fattening herd in
Norway, which is small by world’s standards. Another advantage of using stochastic
model was we could perform sensitive analysis to see which variable had the
greatest impact as their values change. This has an obvious advantage in cost
benefit analysis of interventions to pick the right measure to reduce the most impact
of HIN1pdm09. Our study provided key quantitative information for an economic
evaluation that will help the farmer in deciding the best profitable approach to give
him maximum producer surplus. For example, if NFSA changes its policy to allow
vaccination in pigs, farmers may consider the expense of vaccination vis-a-vis
avoidance of extra feed and shorter production time. Of course, introduction of
vaccination will also render the national surveillance ineffective in detecting future

incursions of new IAVs in its pig population.

Paper 5 - Spatial and temporal patterns

H1N1 has become endemic in Norwegian pig population as evidenced by the
recurrent and new herd infections every year. Overall, the herd seroprevalence and
herd incidence of HIN1pdmO09 have stabilized at ~ 45% and ~ 32% respectively,
without showing decline even at the end of 2014 [2]. In the rest of Western Europe,

H1N1pdm09 has also become widespread in the pig population [70, 95, 125].
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However, in contrast to Norway, Europe has other established swlAVs. Hence, it is
fiot surprising that re-assortant subtypes have already appeared in Europe involving

H1N1pdm09, most likely from coinfections with the existing swlAVs [70].

The seroprevalence trend for the fattening herds stood out in showing the greatest
fluctuations amongst the five production classes, rising gradually from 2010, peaked
in 2011 with subsequent declining before swinging up again in 2015, giving the
appearance of a sine curve. The rise ‘and fall paralieled with the rise and fall of the
herd prevalence of conventional sow herds in Nerway. As more sow herds acquired
active immu_nity- through infection, weaner pigs from them would increasingly benefit
from protective maternal antibodies.. This is. critical as pigs move to fattening units,
usually at 10 weeks of age which is before maternal antibodies wane below
‘protective levels (1'6 weeks) [60]. The stress from moving and the mixing of pigs from
different piglet producing herds increases the risk of infection if matemal antibodies
are absent, Generally, the incidence rates of fattening herds were consistently lowest
amongst the five production classes. This was partly due to the age bias as fattening
pigs test at a younger age ~ 6 months of age at the slaughterhouse. Other herd types
tested older sows with higher probability of successful infective exposure to the virus
during their extended lifetime. In addition, fattening herds with fewer human-pig
contacts by virtue of their operations will have less chance of reverse zoonosis taking
place. Infections from humans as a route of infection for pig herds continued to be
possible because HIN1pdm09 has remained to be the dominant AV in the
Norwegian human population since 2009 [136]. Virus comparisons of isolates from
pigs and humans also proved that human-to-pig transmissions were still’ active in
2014 [97]. With H1N1pdm09 remaining as the dominant strain in the human

population, it would make it even more difficult to control or eradicate the disease
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from the pig population, even if public health or economic reasons become

compelling.

The annual serosurveillance of swiAV in the Norwegian pig population that began in
1997 has since 2009 become an annual monitoring program for the endemic
H1N1pdmO09 infection in pig herds. The original aim of the national surveillance
program was to ascertain disease freedom and for early detection when there is an
incursion of exotic pig diseases into-the Norwegian. pig population. The aims remain
the same. It is, however, not ideal for measuring herd prevalence given the uneven
sampling of pigs per herd test and hence variation of sensitivity of herd tests between
pig herds. In 2011, there was a change in sampling strategy such: that many herd
tests involved only one pig. This happened especially with conventional sow herds..
Since herd sensitivity is equivalent to the apparent animal prevalence in an infected
farm, the likelihood of wrongly classifying a positive herd as negative increases at

lower animal prevalence and with fewer pigs sampled per herd test.

Despite the underestimation of the prevalence and incidence rates especially in.
conventional sow herds, paper 5 presents a relevant picture of the factors that
determine distribution and trend of Hi1N1pdm09 infection in pig herds vis-a-vis
livestock environments and human activities. It investigated the persistence of I1AVs
by examining: the variation in frequency of the disease in d_iff_er_en_t- strata of the
population e.g. production type, 'reg'i'ona'l_ difference and herd characteristics such as
size. The variance patterns of the. prevalence and incidence between the different
production systems give important clues on the infection dynamics of the virus, and
variations of biotic and. abiotic between production types. Knowledge of biotic and
abiotic factors for IAV survival in environmental matrices (e.g.; air, soil, feces, water

and fomites) are critical in forming effective control or preventive measures against

50



the infection [137]. These can be quarantine, downtime, setback distances, or
eradication programs. in livestock production systems [138]. In the absence of other
strains of swiAVs, H1N1pdm09 would likely continue as a stable lineage of IAV in
Norway. The incidence of H1N1pdm09 in humans wolild decrease when new strains
of human influenza strains replace it as the next dominant strains. Although unknown
when this will happen, we must review issues of control and eradication of

H1N1pdm09 in the pig population in this new context when it happens.
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Conclusions

H1N1pdm09 has adapted well in the Norwegian pig population. It will possibly persist
as a relatively stable lineage in the absence of intervention measures and absence of
other swlAVs exerting either selection pressures or competitive exclusion. The
persistence in the pig population has appeared to parallel the situation in the human
population. Since its incursion in 2009, the prevalence in pig herds has stabilized
between 40 and 50 percent with new or recurrent herd infections from animal
contacts and most probably also from human-to-pig transmission annually. The rapid
turnover and introduction of new and susceptible pigs facilitate the persistence and
propagation of the virus. While infected pig herds largely show subclinical patterns,
they suffer reduced growth performances resulting in increased feed requirements
and longer production time. IAVs infection is very contagious, and once established,
is very difficult and expensive to eradicate. Most countries have voluntary
vaccinations at the farm level to reduce severe effects of confections of swlAVs and
other respiratory pathogens but none has attempted to eradicate it at the country

level.

H1N1pdmQ9 represents a one-health situation involving humans and pigs. It is more
likely that HIN1pdmO09 remains in the pig population for a longer time than in the
Norwegian human population. The average Norwegian travels quite frequently and
may contract new strains of human influenza viruses overseas. Visitors to Norway
may also bring new human IAVs to Norway. These new human IAVs could eventually
replace HIN1pdm09 or make it less dominant in the Norwegian human population.
With respect to the Norwegian pig population, the one-health challenge would be to
prevent Norwegians from transmitting another human IAV strain to the pigs. A

second strain of IAV to infect Norwegian pigs will most likely come from humans, if
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Norway continues not to import live pigs. If a second strain of IAV does infect the
Norwegian pig population or if the level of HIN1pdm09 in humans subsides, the
question begging an answer would be should Norway then continue to adopt a 'to do
nothing” approach’ or consider control measures such as vaccination of pigs? In that
-scenario, a comprehensive. economic evaluation and risk analysis would be

necessary to guide decision makers on alternative options.
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The Norwegian pig population has be¢n free from influenza viruses until 2009. The pandemic influénza outbreak during the aut-
‘umn 2009 provided an opportunity to study the clinical impact of thi§ infection in an entirely naive pig population. This paper
desciibes the results of a case-comtrgl study on the clinical impact of pandennc mﬂuenza (HIN1).2009 infection inthe nucleus.and
multiplier herds in Norway. The infection spread readily and led to-seroconversion of 42% of the Norwegian nucleus and multlpller
herds within a year: Positive and fregative herds were identifiéd based on surveillance data from the Norwegian Veterinary Inistitute.
Telephone interviews were conducted with pig herd owners or managers ‘between November 2010 and January 2011. Pigs with
clinical signs were:reported from 40% of the case herds with varying morbidity and duration of respiratary disease and reduced

‘feproductive performance. Clinical signs were reportcd in all age groups:

1. Introduction

Pandemiic influenza A (HINL) 2009 virus wag first recorded
in Norwegian pig herds in October 2009 [1]. Beforé that,
documentation on freedom from several specificviral dis-
cases in the pig populition was provided by the sutveillance
and control program, where swine influenza {subtypes
HIN] and H3N2) has-been. included since 1997 [2]. All the
nucleus and. multlp]ylng herds-are included in this program.

The Norweglan pig. population, is also documented free
from porcine reproducnve and respiratory syndrome virus,
-Au;eszkys disease, porcine respiratory corona virus, and
transmissible gastroenteritis [2]. In 2009 the pig. population
in Norway was -declared .free from enzootic pneumoma
(Mycop!asma hyopneumomae) [3]. Porcine circovirus- type 2
is, however, presimed to be present in all Norwegian swine
herds, including nucleus and multiplier berds:

In.contrast o Norway, the pig popu.latlons in maost other
countries are endémically infected with different swine

adapted subtypes of influenza A virus [4-6}. Typical. clinical
signs associated with influenza inféction are characierized
by an acuté onset of fever of short duration, inappeténce,

lethargy, coughing, dyspriea, and nasal discharge. Morbidity

within infected herds is high {approaching 100%), but-mor-
tality is typically low (less than 1%) [7). In recent experi-

‘mental stiudies with pandemic influenza (FEIN1) 2009 virus,

a similar clihical picturé has been described [8, 9]. Influériza
viruses can also act synergistically with other viral and bac-

‘terial pathogens to cause porcine: respiratory disease complex

[10-12). The course and severity-of an influenza virus infec-
tign in pigs are influenced by co-infecting agents, the pig's
age, overall health and immune status, and potentially the

strain of influenza virus involved [7]. Tt has been suggested

that influenza infections may lead to reduced reproductive
petformance in - affected animals [13]. However, there is
insufficient data to conclude that influenza viruses have
a 'specific and direct relationship to the occurrence of
reproductive problems im-pigs [7].



The favorable health situation provided a unigue oppor-
tunity to study the clinical unpact of infection with pandemic

influenza (HIN1) 2009 virus, and this paper describes the

restilts of a case-control study performed on a naive Nor-
wegian pig. subpopulation consisting of all nucleus and
multiplier herds.

2. Materials and Methods

2.1, Study Population and Laborarary Methods. The study-

populatlon comprised all 118 Norwegian nucleus and multi-
plier herds, which were all farrow-to-finish herds. The herds
were tested serologically for Influenza A specific NP antibod-
ies by ELISA (ID Screen Influenza A Antibody Competition
test, IDVET, according to manufacturer’s instructions) and
for hemagglutinating antibodies ‘using hemagglutination-
inhibition {HI} assays- accordlng to-the method described in
the OIE Manual of Diagnostic Tests and Vaccines for Ter-
_restnal Animals [14]. In addition some ‘herds were tested
for presence of viral RNA by real-time reverse transcription
polymerase.chdin reaction (rRT-PCR) durmg the risk period
(30th Septenmiber 2009 until 31st October 20 10) [15, 16].

2.2.:Study Desigti and Data Collection. The study was design-
ed as.a case-control study: A case. (positive herd} was defined
as a herd with at Teast one rRT-PCR-positive sample, ot if
three or more of at least 20 blood samples were positive for

antibodies against influenza A virus. If only one or two of

the first 20 samples from 2 herd were positive with ELISA,

the herd was retested with bleod samples from 20 previously -

untested pigs and. concluded positive if at least-one of these
samples were positive.

A questionnaire of 137 questions (123 were closed) was
created to record demographics;, husbandry information on
the herds, and variables of interest. All farmers, irrespective
of whether they represented case. or control herds, were
asked to- report if they had observed signs of coughmg,
sneezmg, depression, decrease in feed intake, or increase
in reproductive disturbances in their pigs. Farmers who
reported clinical signs were.asked to estimate the proportion
of affected pigsin different age groups. In Norway all niacleus
and miultiplier herds must keep written records (herd health
cards)" of all treatments irrespective: of whether théy were
performed by @ veterinarien or herd personnel. Farmers were
asked to review the herd hiealth cards for all veterinary or
farrier treatments initiated during the study pericd.

The animals in the herds were grouped into four age
groups: piglets (suckling piglets before weaning at apprax-
imately 5 weeks/10kg), weastets (piglets afier weaning,
until .approximatély 30kg), growers/finishers/recruit sows
{from approximately 30kg to- sIaughter weight or breeding
age/weight), and sows, This age grouping was ¢hosen because
this is the way pigs are most-commenly grouped and housed
in the Norweglan herds. The transition from on¢ group to
the next is in most cases synonymous with a change in the
pigs environment, '

The inferviewees were asked to indicate the occw-
rence of all observed clinical signs. It was emphasized by

Influenza Research and Treatment

the interviewer that the occurrence of _cIi.nica__l_ signs should

be reported as a deviation from the herds’ normal clinical
situation to lessen the risk of attributing regularly occurring
clinical signs to-the outbreak of pandemic influenza A (2009)
virus. Farmers were asked to indicate the severity of observed
clinical signs, but difficulties precisely defining degrees. of
severity between mild, moderate, or severe signs based on
farmers subjective observahon led to a simplified binomial

‘classification where signs were classified as either present or

absent. In addmon, they were asked to estimate the duration
of clinical signs in the different age groups of animals. The

-aniswer alternatives for duration of clinical signs were less

than oneweek, one to two weeks, or more than two weeks:

The. questionnaire was distributed by surface mail in
the middle of November. 2010, A letter was enclosed with

the questionnaire encouraging the farmers to. familiarize

themselves with the questions and informing them that they
would be-asked to answer the questionnaire in a telephone

‘interview within the followmg weeks. The interviews were

performed by telephone over @ period of 7 weeks-between,
November 2010 and January 2011 by the first author. A paper
copy of the questionnaire was used to. register the answers
for eachinterview: The data’ collected were later enteted into
a purpose-built form usmg_Micro_scft ‘Excel 2010 (Microsoft

‘Corporation, Redmond, WA, USA). Basic data analyses were

performed in this database.

2.3, Statistical Methods. Inference statistics were done by
calculating the 959 confidence interval (CI) of the binomial
proportions; except when numbers were too.small for statis-
tical significance, in which case only descriptive statistics are
presented:

‘3, Results

Al 118 herds answered the questionnaire; giving a response
rate-of 100%: Three herds were later excluded on the basis
of uncertain infection status at the time of the study, leaving
the study with 115 herds comprising 47 nucleus herds and
68 multiplier herds. A total of 20 (43%) nucleus herds and
28 (41%) mudtiplier herds were classified as positive for
pandemic influenza (HIN1) 2009 by the case definition.
This gave 48 case herds and 67 control herds for the study,
which gave a herd prevalence of 42% (95% CI of 33-51%).

‘The.-distribution :of herd categories in the study is shown
inr Figure 1. In the study population, 100 herds (87%) had

batch farrowing, and the disiribution of number of weeks
betweeri batches was 1 (1'herd), 2 (1 herd), 3 (32 herds), 5.5
(19 herds), and 7 (47 herds). The.number of weeks between
batches is the period of time -elapsed between each time

another group of sows is moved to the farrowing unit. The
‘remaining 15 farms practiced continuous farrowing. .

Nineteen (40%) {95% CI of 26-55%) of the 48 positive

Jherds reparted clinical signs of pig ILI (mﬂuenza like illness)
and/or increased reproductive disturbances in one-or more
‘age groups. The: distributions and the type of observed

clinical signs in the different age groups in clinicaily affected
herds dre shown in Table 1, Seventeen herds repojr.ted clinical
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TaBLE 1: Dlstr:but:on of ebsérved clinical signs in different:age groupsin clinically positive herds. The number in brackets refers to-percentage.

of herds with these signsiin different. age groups of pigs,

Growers, finishers,

Clinical signs Spws_.(%), Unweaned piglets (%);. Wean_ed. piglets (%), recruit sows (%),
n=17 n=23§ n=~a n=8

Coughing 5{29.4) 5(62.5). 6(100) 5(62.5)
Snieezing 4(23.5) 4 (50.0) 5(833) 4 (50.0)
Lethargy 7 (41.2). 3 (37.5) 2:(33.3) 2.(25.0)
Fever 6(353) ' 2(333) 2 (25.0)
Decreased feed intake' 12:(70.6) 2(25.89 2(33:4) 4 (50.0)
Abortions 8 (47.0)

Stillbirths. 5(29.4)

Reduced litter sizes. 8 (47.0}

Reéturns to estrus 9 (53.0)-

118 hetds
i
115 included 3 excluded
R
) . 67 control
48 case herds Herds
K_.__i—_../
19 herds 29 herds 1herd 66 herds
Teporting ~ without reporting without
clinical signs ¢linical signs clinical signs clinical signs

Freure 1; The distribution of the herds in the study population.

TABLE 2: Ptoporticn of animals showing clinijeal signs of influenza,
like variousage groups (1= number of herds, Cl= confidence intei-

val),
Min. Max: Mean 95% CI
% % % Lower Upper
Sows.{n =17) 10 100 433 284 582
Piglets (n = 8) 10 50 246 146 346
Weanets (# = &) ‘10 80 41 18.1 63.9
Growers, finishers, 4 s 37 12.3 417

recruit sows (# = 8§}

signs in sows while 8, 6, and 8 herdsreported signsin piglets,
~weaners, and/or growersfﬁmshersr‘ recruit sows, respectwely'

With the exception of six herds reporting clinical signs only
‘in sows, and one herd reporting clinical signs-only in grow-

ersfﬁmshersr’recrult sows the remaining 12 herds reported

signs in two or more age groups of animals. Three herds re-
ported clinical signs of ILI in all age groups -of animals.

The proportions of .affected -ahimals in the respective age

‘groups are shown in Table 2. Two interviewees were unable-

10 ‘estimate a proportion of affected animals by age. group.

‘One of the control herds: reported clinical ‘signs of pig ILL

as a mild, transient sneezing in approximately 5% of the
sows. The remaining 66 (98.5%) negative herds and 29 (60%)

positive herds reported no typical disease signs of pig ILI in-

anyage groups.

Clinical signs were reported in similar proportion from
all age groups (13~17%), with the exception of ‘decreased
feed intake, which was reported with a higher number of:
observations (25%) in sows. Some farmers also reported

fever in weaned piglets, growers/finishers/recruit sows, and
sows, Twelve interviewees reported an increase in reproduc-

tive disturbances, specifi¢ally an increase in returns to estrus,-
abortions, afid decreased litter sizes. Inicreased numbers of
stillbirths were less frequently reported.

The duration of observed clinical signs varied between
herds and between age groups. The results for sows are
divided in two groups, one group for herds that reported
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TasLe 3: Duration of dinical signs in herds with reported signs'of pig-influenza-like illness.

Total no. of herds

with-obs. clinical Oneweekorless  One to two weeks. Two weeks or more Uhcfuré e}hout'
s . ne to tw 5 . . uration
‘Sows 17 6. 0 & 3
(i) Reproductive signs 12 % 0 7 3
{ii) Only other dliriical signs 5 4 0 1 0
Piglets 8 4 0. 4 0
Weaners 6 Z ¢ Z 2
Growers, finishers, recruit 8 3 2 9 1

SOWS

reproductive disturbances-and one group for herds that did
not feport reproductive disturbances. The results of the re-
ported duration in different-age groups are shown in Table 3,

4, Discussion

Thisstudy shows.that 40% of positive nucleus and multiplier
herds reported clinical signs-of pig ILI and/or increased re-
productive disturbarices. The low morbidity is surprising as
one might expect higher morbidity rate given the ndive pop-
ulation :and the nature of the disease. The low miorbidity,
however, corresponds well with another study carried out by
the Norwegian Pig Health Seivice (personal communication
Anne ' Jorgensen} where 51% of infected herds (mc!udmg-
non-breeding herds) reported clinical signs. The: high health
status of pigs-in Norway could have resiilted -in the lower
morbidity, as some herds might have experienced subclinical
infection or mild disease that was not registered nor- reported
by the farmer. Farmers were chosen as respondents in this
study because they are more likely to.have the most complete
observations of an influenza outbreak: accurring in their
farm. While veterinarians are undoubtedly more -qualified
to perform clinical examinations and evaluations; they nor-
mally spend'a limited ‘amount of time.on each farm, and
typically do not observe the animals in a given. hierd as
frequently and- regularly as the farmer.

‘Recall bias is a potential weakness-in-this Tetrospective
study-as the interviews.took place approximately ‘one year
after the ‘first incursion  of pandemic influenza A (2009)
virus. Given the Norwegian situation with an outbreak of
a ‘previously undidgnosed infectious disease, one would
expect fartiiets to have a heightened awaréness and, thus, be
more likely to remrember and report clisiical signsbeyond the
normal situation. The awateness of pig farmers was also likely
affectéd by the attention given to.thie outbreak of pandemic
influenza A (2009) virus by the public-and véterinary health
anthorities and the media; In addition, the mucleus and
mulnpher herds in Norway ‘are obliged to keep written
records of all tréatments of ‘animals, and farmers. were
encouraged o teview these records in a letter enclosed
“with the questiohnaire before the interview. Thus, the high
proportion -(60%) -of positive herds reporting no clinical
-signs of IL1 or increase in réproductive disturbances indicateés.
a ‘high proportion of subélinical infections in - cases. fiot

complicated by concurrent infections with other respiratory-

pathogens. The fact that the Norwegian pig population is free-
from many of the most severe infectious respiratory diseases

mightlead toa clinical picture less likely to be confounded or

masked by concurrent infectionis. Tn the present study, only

one of the control herds teported clinical signs of [LL.

The low morbidity emphasizes the need for a continued-
active survejllance program to monitor the status of infection
in a naive pig population: Passive surveillance based on re-
ports of clinical disease would have a low sensitivity as many

positive herds would be missed. It also poses challenges when

trying to prevent herd-to-herd transmission -of pandemic
influenza A {2009) virus,.as the risks of unintentionally intro-

‘ducing virus-shiedding animals to seronegative. recipient

herds are- hkely to be increased ‘when the animals are not
dlsplaymg signs of disease, It also increases the potential risk

of pig-to-human transmission. Low morbidity in pos1t1ve
herds indicates. a limited economic imipact of infection in

these herds.

Thepropartion of infection was approximately the same
in both closed; self-feplacihg nucleus herds and multiplier
herds that buy replacernent sows from nucleus herds. This.

supports that infroduction of new pigs was unlikely to be the

primary source-of infection on farms; as previously described
by Hofshagen et al. [1].

Information bias is 2 weakness when.open questions are.
used, especially errors that result from a- misunderstanding
of questions by respondents. The risk. of information bias
is, however, reduced in an interview situation by the oppor-

tunity to’ clarify any misunders’tandings.and by having one
‘person conducung all interviews.

Clinical signs typical of swine influenza were observed.in
all age groups of animals. Not all infected pigs showed signs

even though all were susceptlble in the initial phase of infec-.

tion. Acute outbreaks of swine infliienza are more likely to

give sighs of disease in fully. susceptlble, seronegative animals.

In the présent study, the interviews were focused on the.
alterations in observed signs of disease in the initial phase.
of the pandemic influenza A (2009) virus outbredk. As des-
ctibed, the Norwegian swine population was free from swine
influenza {subtypes HIN1 and H2N3) before the.outbreakin:

2009 [2]. The observation of dinical 51gns in all age groups

of anithals. might be the case only in the initizl phase of’
infection in previously naive herds. When a herd has experi-
enced an infection and subsequent seroconvérsion, later
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reintroductions. or persistence of infections ‘might lead to:

'clmical signs bemg observed only i 1n age groups of p1gs pre:

the: spec1ﬁc virus. For mstance, the morbidlty and ‘duration.

of clinjcal signs in piglets and weaners could potentidlly be
affected by maternally derived immunity against influenza
{17].

Ty more than half of thé clinically affected hierds, dec-

reased feed intake and/or increased reproductwe disturban—

ces-was reported in sows. These parameters are. easﬂy moni-
tored, and farmers use them as referenice parariéters of per-

formance. As a result, farmers could be more sensitive to.

alterations ink these parameters: None of the control herds re-
‘ported- an increase in reproductwe disturbarices in sows.
The direct role of swine influenza virus in aborticns. is un-
clearyand it is commonly believed that the reproductive pro-

bléms caused by influenza viruses in pigs are due.to high

fever [18]. Fevér was reported in sows, weaners, and
growers/finishers/recruit sows, but in this study pyrekia
was. fiot emphasized as #t was uncléar how many farm-
ers routinely checked ‘the rectal temperature of the
s, . :

‘The proportion of observed clinical signs varied between
‘herds ‘and. age groups, although the numbers of obser-
vations were too smiall to show statistical 51gn1ﬁcance

This, difference could be explainied ‘by several factors, the’

‘ost relevant’ bemg herd health status, concurrent infec-
‘tions, differénces in sow management, true cllﬁ'erences,
or recall bias (sows in. farrowing unit might. “represent”
the entire sow population}, In addition, .some clinical

signs (e.g., coughing or sneezing} aré more apparent and,.

therefare, more likely to be recorded iand influerice the
-proportion.

In contrast to the low herd. morbldlty seen in our
study;: influenza in nonimmune pigs is usually considered
to be a disease with high morbidity, Tow mortality, and

with a sudden and remarkable recovery that usually begins-:

within 5-7° days after onset [7). Experimental infection
studies using. pandemic-influenza (HINI) 2009 virus have
shown a similar. clinical picture [8, 9] and TEpOILS | frotn
natural inféctions also support this, bit with varying
morbidity [19, 20]: :A recent Australian study in pigs nat-
urally infected with pandemic influénza (H1N1) 2009 virus
showed low morbidity -and mainly mild clinical signs
[21]. '

This present study. show that néarly 509 (95%. CI of
'29-77%) of the respondents reported a duration of clinical

signs. of two. wéeks or more. The: reported duration most

likely reflects on presesited clinical signs within a herd level
or épidemiological. unit, so one would: expect thére to be

a ‘prolengation because” of pig-to-pig transmission after-

introduction of virus and incubation time. Reproductive dis-
turbances .subsequent to an .dutbreak of TLI will often be
observed and. recorded for some timeé aftet the acute signs

have subsided.. This was the case.in the present study where:

88% of recorded clinical signs in sows lasting two:weeks or
longer were reproductive-disturbances. Coneurtent or com-
plicating infections, like: bacterial infections, can also prolong
the clinical manifestation of respiratory fllness.

5. Conclusion

This study shows the clinical impact of acute infection with
panidemic ‘influenza (HI1N1) 2009 virus in a paive pig
population. Typical sigris of influenza-like illness and/or
increased reprodictive disturbances  were reported from
40% of ‘herds where infection with pandemic influenza
(HIN1} 2009 has been documented. Clinical signs were
reported from all age groups of animals. The proportion of :
animals affected, duration, and type of clinical signs varied
betweer herds. Further studies are needed to investigate thie
reported reproductive disturbances in sows and to evaluate
the €conomic impact of pandemic-influenza A {2009) virus
infection in the Norwegian pig population. '
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Influenza A viruses cause respiratory infection in hurmans and pigs, and some serotypes can
be transmitted between these species. The emergence of influenza A(HIN1)pdm09 virus
infections in the spring of 2009 quickly led to a worldwide pandemic in humans, with sub-
sequent introduction of the virus to pig populations. Following a widespread infection in
the human population in Norway, influenza A(HIN1)pdm09 virus was introduced to the

Keywords: . y . © i Ly

m"f’[u:;za A(H1N1)pdm08 virus influenza A naive Norwegian pig population, and within a few months pigs in more than one
Risk factors third of Norwegian swine herds had antibodies against the virus. A cross-sectional study
Biosecurity was performed on all swine nucleus and multiplier herds in Norway to analyze risk factors

Pandemic influenza for introduction of infection, and the preventive effects of recommended biosecurity prac-
Pigs tices. A surveillance program provided information on infection status of the study herds,
and a questionnaire was administered to all 118 nucleus and multiplier herds to collect
information on herd variables. The surveillance program revealed that pigs in 42% of the
herds had antibodies against influenza A(H1N1)pdm09 virus. The incidence of serologically
positive pigs was similar in both multiplier herds (41%) and closed nucleus herds(43%). Mul-
tivariable logistic regression showed that presence of farm staff with influenza-like illness
(ILI) (OR=4.15, CI 1.5-11.4, p=0.005) and herd size (OR=1.01, Cl 1-1.02, p=0.009) were
risk factors for infection. The rapid and widespread seroconversion for antibodies against
influenza A(H1N1)pdmO09 virus in the Norwegian pig population can be explained by the
emergence of a novel virus that is readily transmitted between people and swine in alargely
susceptible population of humans, and an entirely naive population of pigs.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction

In April 2009, a novel subtype of influenza A(HI1N1)
virus was detected in people in Mexico and the United
States (Dawood et al., 2009). The new virus contained gene
segments from both American and Eurasian swine lineages
of influenza virus (Garten et al., 2009; Smith et al., 2009).

* Corresponding author. Tel.: +47 22964961; fax: +47 22597083.
E-mail address: carl.grontvedt@nvh.no (C.A. Grentvedt).

0167-5877($ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.prevetmed.2013.02.016

The virus spread rapidly in the human population within
the following months, and on 11 June 2009 the World
Health Organization (WHO) declared the first pandemic of
the 21st century (Chan, 2009).

The initial evidence on human-to-pig transmission of
the novel influenza A subtype (H1N1)pdm09 virus was
reported from Canada as early as April 2009 (Howden
et al,, 2009; Weingartl et al.,, 2010). During the next few
months, spread of the new virus to pigs was described
from countries all over the world, and several studies have
shown the reverse zoonotic potential, i.e. transmission
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from infected humans to pigs, of influeriza A(H1N1)pdm09

virus (Hofshagen et al.; 2009; Lange et al., 2009; Brookes.

et al, 2010; Forgie et ak, 2011). In a recent study. 49 dif-
‘ferent intreductions of HIN1pdmO9 virus froin Humans
into. swine were identified globally during 2009-2011
{Nelson et al., 2012). Furthermore, experimental studies
‘have shown that pigs are highly susceptible to infection
with influenza A(HTN1)pdm09 virus, and that the virus
istransmitted readily between immune-naive pigs {Lange
et al., 2009; Brookes et al;; 2010

Influénza vitus infection of pigs is associated with high
morbidity within infected herds (up to 100%); but fnortal-
ity is typically low (less than 1%) (Van Reeth et al., 2012}
Ex_panmental studiés with influenza A(Hl N1 demOQ virus
have shown the clinical sigris of infection to. ificlude a
sudden onset and short cowrse of fever, ‘inappetence,

lethargy, coughmg. dyspnea; and nasal discharge (Lange-

et al,, 2009; Brookes et al., 2010).-Recent reports of pigs
naturally ‘infected with -influenza A(HINT)pdm08 virus
have shown more variation in morbidity and signs of dis-
ease (Howden et al,, 2009; Forg:e et al,, 2011; Holyoake
et al, 2071). In a Norwegian field study clinical signs
of disease were generally miild, and in .moré than half
of the infected herds no clinical signs were observed by
the farmers {Grentvedt et al, 2011). Influenza viruses
can act -synergistically with other viral and bacterial

pathogens to.cause porcine respiratory disease coinplex’

(I’RDCJ (Thacker, 2001; Kim et-al, 2003; Hansen et al.,

2010} The observed inter-herd variation of clinicdl signs of'
influenza-like illness {IL1) reported from Norway may have.

been. influericed by synergistic co-infections, although the
Norwegian pig population has, documented freedom from
important respiratory pathogens-like Porcine’ Reproduc-

tive and, Respiratory Syndromeé Virus, Porcine Respiratory’
Coronavirus and Mycoplasma hyopreumonige (Lium et al.,

'2012)
‘The first human cases of infection with influenza
A(HIN1)pdm09 virus in Norway were recorded in early

May 2009 among travelers returning from countries. where -

the virus was c1rcu[atmg ‘A minor epidemic of infection iti
the human population occurred between July and August,
and the peak of infection was reached during October
and November the same year. Ffrom December onwards,
the number of cases steadily decreased. (Herradur et al.,

2012). The first occurrence of influenza A(l-ﬂ_m pdm09
virus in a Norwegian. swine herd was recorded on 10
October 2009 (Hofshagen etal,, 2009). Prior to this the Nor-
‘wegian pig population was documented frée from swine
influenza subtypes H1N1 and H3N2' (Liurn et al,,"2010),
Wlth!l‘l a few months. the'influenza A(HINl)pdeB virus
had spread to more than oné third of swine hetds in the
country, including closed nucleus-herds with high levels
of biosecurity {Gjerset et al., 2011} “This indicated risk fac-
tars for infection other than the import of five pigs into
thé closed mucleus herds. The national survetllance pro-
gramme for specific vitus infections in swine for 2010
showed-that 41% of herds tested had antibodies against
influenza A(H1N1)pdm09 virus, while 48% were seropos-
itive in 2011 (Liurh et alk, 2012), This stmng[y indicates
that influenza A(HT: NI)pdmOQ virus is established as an
endemlc mfect:on in the Norwegian swine population.

The aim of this study was to identify risk factors asso-
ciated with the introduction of influenza A{H1N1 JpdmO9
virus. into. naive ‘Norwegian nucleus and ‘multiplier pig
herds during the outbreak in 2009/2010, and to evaluate

-thé preventive effects of commonly praciiced biosecuritiy

measures in'the initial phase of the outbreak.

2. Materials and methods

2.1 Study population

The. study population included all 118  Norwegian
nucleus.and multiplier herds and was identified using a
computenzed data: hase from the Norwegian Pig Health
Service. They were all farrow-to-finish herds,

2.2. Laboratory methods:

-All herds in the-study population were tested sero-
logically for influenza A $pecific NP antibodies by ELISA
(I Screer® Influenza A Antibody. Competition test,
IDVET; Montpellier, France, according to manufacturer's
instructions) and samples. tested positive in. the ELISA

‘were retested for hemagglutmatmg antibodies- using..

hemagglutination- inhibition {HI) assays according to the
method described in the GIE Manual of Diagnostic Testsand
Vaccines for Terrestrial Animals (Office International des’
Epizoottes 2008). In addition, where there was suspicion

.of an active infection due te reported clinical signs in pigs

arhumarns with  pig contact, herds were tested for presence
of viral RNA by real-time reversg¢ transcription polymerase.
chain‘reaction {rRT-PCK) (World Health Organization. The
WHO Collaborating Centre for influenza at CDC Atlanta,
2009; Robert Koch-Institut, 2011).. '

2.2.1. Study design and case definitions

The study was designed as a cross-sectional study,
and the observation period (30 September 2009 until 31
October 2010) Jasted from before the detection of the first

case to the distribution of the questionnaires. The national

surveillance program prowded documentation on the ‘his-
toric freedom from swine influenza viruses (Lium ét al,

2010). The outbreak of influenza A(H1N1)pdmO3 virus
prompted an extraordinary surveillance program, where
a larger screening of the population was. initiated using.
serclogical [aboratory methods to monitor the virus expo-

surein -l;he herds. All the nucleus and multiplier herds were
inctuded in this serological screening. In additions, herds

with suspicion of an active infection were tested ‘for the.
presence of viral antigens. The main diagnostic criterion
for a positive herd was having at least one virus positive
sammple or three or more blood samples (out of 20 or more)
pasitive for antibodies against influenza A virus. If only one
or two of the first 20 'samples from a herd were SEropos-
itive;-the herd was retested with blood. samples from 20
previousiy untested pigs, and coriciudied positive if at least

‘one-ofthese samples were positive. The nimber of samples
‘collected from each herd was based on'an expected within-

herd prevalence of 20%, Data from the initial phase of the:
Norwegian outbregk showed within.—he"rd prevalénce ran-
ging-from 5'te 100% (mean 59%) (Gjerset et al., 2011). The
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Table 1

Classification and dESI:I"I]Jtan of vanables inthe questlonnalre collectéd by telephong interviewin a cross:sectional study from118 Nenwegian nucleus and

miiltiplier farms.

Variable group '\{é;i_ablg' subgroup _\-f_ari_able:_des_cﬁptfan
Demiographics Farm details Coiitact nformation of farmer, address; contact information of°
veterinariin.
Herd characteristics Type of production ‘Nucleus herd {self-réplacement), multiplier herd {self-replacemient,
) ) pur:hase réplacement), .
Size of pieduction. Nimber of bréeding dnimals, numiber of litters per herd and year,
number of litters dunng study period- of 18-manths.
Managemenit: Farruwmg system, type-of batch farruwmg all in-all out practice:in

Trade of five animais

Health status. Pig health status
Human health status
Humar va ccination

.Biasecpﬁtg- .L'iire__ani'mal transport

Brevention of pathagen introduction by
Farmer statT vetennanan andfor visitors

Prevention of pathiegen introduction by
animals

different stages of production. )

From nucleus herds to multipliers (replacement gilts) and commercial
herds (growers or fatteners). From multipliers.to commercial herds
‘only {replacement gilts, grawers or fatteners).

Disease status as perceived by the.-farmer; occlirrence, severity,
duration and proportion af coughing, sneezing, depression, fever. loss
‘of appetiteé and/ar increase in reproductive distartiances.

Date and occurrente of human infiuenza-like illness in farmer, closé
Family, staff; veterinarian andfor visisors:.confirmation-on diagnosis b_v
-physician, confirmarion on-diagnosis by laboratory testing.

Date of vaccination agdinst influenza A(HIN1 ]pdeQ in farmer, close
family, staff, veterinarian andfor sitors; vaccination before orafter
observatioii-of clinical signsin Digs..

Farmer owned vehicle, slaughterhouse swned vehicle, co-transport
tojfrom différent herds, routines of washing and disinfection of
~ehicles between transports (every time, occasionally, never),
presence of live animals in transport vehicle on arrival at farm,
Separate roomi for animals before loading dnto transport, Separation of
animals sold as live animals, ot sold for slaughtér. Ramp for loading
anitals onfo transport vehicle,. with at least one door closed to
rematning anfmal housing,

Extent and frequisncy of animal contact by farmer, saff, veterinarian
and visitors. Design and-use of physical hygiene barrier in pig house
‘entrance: change of footwear andjor coveralls; handwashing andfor
hand disinfaction; disposable glovas; disposahle facemask; use and
duration of human quarantine affer travel abraad, Alterations’in any of
‘these measures befare: and aftermﬂuenza outbreak.

Type, duration and extenrofquaranune of introducad ammals
muliisite quarantine, separate ventilation,; separate manure handImg

samp]e size selected provides a 94% confidence of detec-
ting & within-herd prevalence: of 0.2 by using a test withi
95% sensitivity (Tse'et al,, 2012).

2.3.. Herd dita

A guestionnaire of 137 questmns {123 were cIosed) was
created:to record ‘nagie and contact information for the
farmer, husbandry mformatlon on the herds, the heaith
statts of humans.and pigs, and blosecunty Mmeasures prac-
ticed. All variablesicollected by questicnnaire are shown i in
Table1,

The questmnnalre was distributed by surface: mail in
‘mid-November 2019, Enclosed with the questionnajre was
a lettér encouraging the farmiers to familiarize themselves
with the questions, and informing therm that they wouldbe
invited to answer the- questionnidire in 3.télephone inter-
view within the weeks that followed. The interviews were
petformed by the first-author durmg a penod of 7 weéeks
betwean. November 2010 4nd January 2011, A paper.copy
of the guestionnaire was used to register the answers for
each interview. -

2.4, Data analysis

24.1.. Software

Unless otherwise specified, all data handling and ‘sta--
tistical analysis were conducted using Stata Version 12
{Stata-Corp, College Station, TX, USA). |

2.5, Statistival analysis

2.5.1. Definition of the outcome and-explanatory
variables

The herd was the unit 6f analysis and status of influenza.
A(HIN1)pdmo09 virus infection was the binary cutcome:
variable for the statistical analyses.. A -causal diagram
was constructed, hypothesizing humans with influenza-
like fllness in close contact with pigs as the primary
predictor, with secondary and potentially Ainteractive pre-
dicters grouped under herd characteristics and bioseécurity,
Umvar:able analysis was performed for these predictors
(Table 1) to.measurethe association with the cutcome vari-
able. by calenlating odds ratios (OR) and their statistical
significance (Fisher exact test). Continuous variables were
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tested by univariabie logistic regression after their linear-
ity with the logit of the outcome were confirmed using
Jowess cirves; and normality Was assessed.using: graphlcal'
methods.

252, Variables without values

Missing- values occurred. for some of the -valfia_bles.'-

because they were not applicable to a particular herd.
‘For example, questions on' rélief workers had no values.
recorded in hgrdswhere reliefworkerswere hotemployed.
Such a variable-was combined with other similar variables

‘to form a combined variable: for the multivariable model

10 preserve maximum degrees of freedom-and represen-
tation, For example, farmers were-combined with workers
-and relief workers to.form a new variable called “humans
in frequent direct contact with pigs”.

2.5.3, Building the multivariable logistic regression
rmodel: S

‘A multivariable logistic regression model ‘was con-
steucted to. predict the likelihood that a herd would be
'mfected (Dohoo eral. 2009} The parmmonrnus model was
‘built by forward selection. Irctusion.criteria for buildingthe
-multivariable model were predictors:that showed.signifi-

cant association (Wald statistics) with the binary outcome-
in the univariable analysis. Due to the large number of

risk factors evaluated, in order to decrease the Type 1
error rate, the alpha level for significance was lowered
to 0.01.-Confounding.was checked by observing whether

there was a change of at léast 30% to the ORs or coefﬁc;ents .

of existing predictors when a new predictor was added. To

-assess-the quality of the final mogel's.fit with the data, the

Hosmer-Lemeshow goodness of fit-diagnastics and LROC
curves were-used.

3. Resulis
Farm' personnel {mdinly: farm- owners) from all 118

herdsansweredthe quesnunnalre giving a responserate of
100%, Three herds were excluded from the statistical anal-

yses because of uncéértain infection status-at thé time of

‘the study, leaving the study with 115 herds comprising 47

nucleus herds and ‘68 muiltiplier herds. A total of 20 (43%)

nucleus herdsand 28 (41%) multiptier hierds were classified
as, positive for influenza A(H1N1)pdm09 by the diagiiostic

criteria previously described. This gave 48 positive Herds

_and 67 negative herds for the study, Chronoluglca! data on
presence of élinical signs of LI fromm: both hurnans and pigs.

‘were reported from 14 of the 48 pasitive herds. Twelve:
(85.7%) ofthese 14 herds had ILIin humans cccurring before-

the pigs began to show’ typ:ca[ signs of tnﬂuenza infection,
‘The mediin: time: between occutrences of clinical signs in
hismans and in pigs-was 21 days,

3.1. Multivariable analysis

In the final logistic regression mdade), the primary pre-
dictor-of humzan-1LI in farm staff (farmer, farm: worker or
rellef farm-worker) {OR=4.15, £ 1.5-114, p=0005) was
assoaated with positive herd status. In addition; risk. of

infection increased with herd size (OR=1.01, C1 1-1.02,
p=0.009) represented by number of sows per year. _
“The area under the ROC curve was-0.71.and goodness of

-fit statistics such as Pedrson {Chi-square = 49, p=0.52) and

Hosmer-Lemeshow {Chi-square =6.72, p=0,56)suggest an
acceptable fit of the model. At the predicted probability

-of 0.5 as cut point, about 65% of the farms.were correctly
-classified, which indicated that the model had limited pre-
-dIEtIVE ablhty

4. Discussion

Before the introduction of influenza A{HIN1)pdm09
virus the Norwegian pig population was documented naive

‘to influenza A viruses and pigs were not vaccinated against

mﬂuenza infection {Lium et al.,.2010). Thus no protective

or cross~pmteclwe immunity was present at the time of

introduction.of the riovel virus. and the.pigs were assitmed

‘to be highly susceptible to the infection. The following

routes of intreduction of influenza A virus into pig herds

‘have to be considerad when identifying and assessing pos-

sible risk factors: direct or indirect contact with infected

“host (animal of human), animate or inanimate vector or

potentially airborne spread of virus by aerosols (Tellier,
2006, 2009; Torremore!l et al 2012). There is noevidence

‘that influenza virus in pigs is transmitted through semen

(Torremiorell et al,, 2012).
The sesults of this study show-that ILI among farm staff

was-identified as the most lmportant risk factor. associ-

ated with introduction of influenza A(H1N1)pdm09 virus.
to the swine herds in the initial phase of the putbreak. The
hypothe51s of people as the primary-source of infection to

‘the Norwegiah nucleus and multiplier herds'was strength-

ened by chrondlogical m_formatmn In 14 herds with dates
on pccusrence of ILL in both humans and pigs, 12 herds
reported human ILt preceding signs of infection inthe pigs.

Size of production (as indicated by the number of sows)

'was the only other risk factor{OR1.01, p< 0. 01} remaining

after mujtivariable analy5|s indicating anincreased risk

‘of infection by increasing herd size, Typically, the siumber
:of contacts (people, vehicles, and animals) increases with

herd size, In the reverse zoorotic sitisation; an increase in
human to-pig contacts might be one of the possible expla-
nations on the effect of herd size.

“Therelativeimpertance of imans as the main source of
introduction is likely reduced asthe circulationof infleenza.
A(H‘l N1 Jpdm09 virus'in the humanr population in Norway
has beenlow in the two influenza seasons that have passed
since 2009710 (Folketielseinstituttet, 2011, 2012). In- addi-

-tion; human immunity rapidly increased due to vaccination

arid natural infections, In herds where a positive diagnosis

‘ofinfection withH1N1pdim09wasestablistied by detection
‘ofvitus orsuspected by the presence of clinical signs of pig

1L, restrictions on-animal movement weye implemented by,
the Norwezian Food. Safety Authonty This might alse have

‘contributed toreducing spreadof disease betweenindivid-

ual herds. However, the preventive effects.of restrictions on
animal movement was likely to bé limited at the population
level because in'60% of positive herds, farm personnel did
notdetect or report any-signs of influenza in pigs, and thus.
were not subject to restrictions (Grantvedt et al., 2011):
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Biosecurity practices and pig vaccination are considered
the pnmary means.- of preventmg Or minimizing, trans-

missionl of influenza A virus in pigs and from pigs to.
ather species (Torremorell et al,, 20:12). in the Norwegian
pig popu]anon the documented freedom ‘from influenza,

infectioh and the presence of an active serologlcal surveil-

TJance -program has led to a strict no-vaccination policy

determined by the Norwegian Food Safety Authority, The-
multivariable analysis in this study failed to find any sta-
tistically-significant protéctive éffectdf the recommended
‘biosecurity measures, This -apparent lack of profective

effécts may have several explanations.in addition to the-
possibility of actual failure in protectiveness, The degree of

compliance and implementatieh of recommenided biose-
‘curity measures varied, especially recommendations given
in context with the disease outbreak like the use of dispos-

able gloves:and dlsposable facerndsks. ln addition, reliable:
information on the time of impleméntation of such biose-
curity measures relative to the time of herd infection was:

dlfﬁ_cu]t to ascertain (Grentvedt et al., 2011);

‘The herd sizes in Nor'way-are'general[_yﬁ smal] and they

have few farm personnel. This may. in-turn lead to-diffi-
culties having substitute farm workers available in cases
of illness in‘the reguiar staff and thus forcing staff with ILI

1o work in ¢lose contact with susceptible animals despite

their illness, challenging the biosecurity routines. This

impression was verified by respondents’ remarks durmg_

the, telephone interviews in this study. ‘Human vacci-
nation in Norway started on 19 October 2009 with an
ASD3 - adjuvanted monovalent vaccine against influenza

(HlNl)pdmOQ (Pandemru(@ GlaxoSmithKtine. Biologi-

‘cals 5.4, Rixensart, Belgium). Vaccination of personnel in-

close: contact with swine production was recommended

by the Norwegian Institute of Public Health on 23 October
.(Folkehelsemstltuttet 2009; Herrador et a] 2012) By 26

Qgtober, a p051twe diagnosis for influenza A{HlN‘l Jpdm0S
‘had been verified for 23 out of 51 {45, 1%) tested herds
(Hofshagen etal,, 2009). By ihe end of 2009, 35.8 per cerit
(91/254) of ali herds tested.in Norway were positive for
A(HIN1)pdi09 virus (Gjerset et al.,, 2011). Although there
‘was a. h:gh campliance of vaccination among farm person-

nel in the. present study {range 70.4-91,2%), the ‘possible

protective effects on human-to-pig transmission was likely

reduced due 6 late :mplem_er_nta_tmn For preventive prac-

tices to have effect, they. need to be established in advance
‘6 éxposure,

The questionnaires were conducted by & single inter-
viewer with .persotinel workmg dlrectly on the farm
to reduce information bias, Information. bias was also

reduced in the interview by the opportunity to clarify
misunderstanding of questions. Corifidentiality of results-

‘was guaranteed to reduce information bias, as information
on relevant variables was reported by the- respondents.and
not by disect observation. The respondénts were given a
pre-defined ¢ase definition of influenza-like iliness {fever,

malaise, coughing and sore throat) at the appropriate time..

during the telephione interview to reduce misclassification
of human ILL"The outcome.criteria 45 positive and hega-
tive were based mainly on serological data, where positive
ELISA tests for influenza A virus antibodies were confirmed
with a'HI test for influenza A{H1N1)pdm09 virus specific

antibodies to. optmuze speuﬁu:lry In addition, detection of

“viral: antlgens was used to strengthen the dlagn0315 inherd

with ¢linical signs.of ILIin pigs or humans with pig contact.
Recall bias is a potential chaliénge in retrospective
studjes; and. the interviews in this study were performed

.apprommate]y 1 year dfter the disease outbreak: However,
the incursion of a previcusly undiagnosed infecticus dis-

ease in the Norwegian pig population, combined. with a

:concurrent pandemic outbyeak in humans-and the contin-

ved attention by public and veterinary health authorities

.and media would likely lead to a heightened awareness
and recollection among farmers. In-addition, the nucleus

and multiplier herds are obliged to keep written records
on all medical treatients of pigs.

5. Coenclusion
The introduction of influenza A(HIN1)pdm09 virus to

Norway led to.a unique situation where highly suscepti-
ble human and naive pig popu[atlons were exposed to a

virus that readily transmits: between humans and: pigs:

conclusion, this study shows that-the most important risk
factor in the initial phase of the epidemic was farm per-
sonnel withi LI, with herd size as a secondary risk factor.

Therefore, the critical pfeventive measure to-aveid iktro-
duction-of influenza A(H1N1)pdm09 viris was to enforce
strict prohibition of access for people with ILL The results
of this study could indicate that transmission from infected

‘huinans in direct contact with susceptible pigs was likely to.

occur irrespective of the implementation of recommended,
bigsecurity measures in the initial phases of the influenza

A(HIN1)pdmO9 outbreak.
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( Abstract

and random effects (cluster effects of pig and herd).

bodyweight compared to the seronegative pigs.

growth performance of Norwegian pigs.

Background: Influenza A(HTN1)pdm09 virus infection in Norwegian pigs was largely subclinical. This study tested
the hypothesis that the infection causes negligible impact on pigs’ growth performance in terms of feed
conversion efficiency, daily feed intake, daily growth, age on reaching 100 kg bodyweight and overall feed intake. A
sample of 1955 pigs originating from 43 breeding herds was classified into five infection status groups;
seronegative pigs (n = 887); seropositive pigs (n = 874); pigs positive for virus at bodyweight between 33 kg and

60 kg (n = 123); pigs positive for virus at bodyweight between 61 kg and 80 kg (n = 34) and pigs positive for virus
at bodyweight between 81 kg and 100 kg (n = 37). Each pig had daily recordings of feed intake and bodyweight
from 33 kg to 100 kg. Marginal effects of the virus infection on the outcomes were estimated by multi-level linear
regression, which accounted for known fixed effects (breed, birthdate, average daily feed intake and growth phase)

Results: The seropositive and virus positive pigs had decreased (P value<0.05) growth performance compared to
seronegative pigs even though feed intake was not decreased. Reduced feed conversion efficiency led to lower
average daily growth, additional feed requirement and longer time needed to reach the 100 kg bodyweight. The
effects were more marked (P value<0.03) in pigs infected at a younger age and lasted a longer period. Despite
increased feed intake observed, their growth rates were lower and they took more time to reach 100 kg

Conclusion: Our study rejected the null hypothesis that the virus infection had negligible adverse effects on

Keywords: Growth performance, Daily growth, Feed conversion efficiency, Longitudinal study, Multi-level regression
analysis, Random intercept model, Pigs, Feed intake, Influenza A(HTN1)pdm0Q9 virus
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Background

Respiratory diseases in pigs are serious concerns for pig
producers worldwide because they cause substantial eco-
nomic losses from increased mortality, reduced feed effi-
ciency and growth rate, increased time to reach market
weight, increased carcass condemnation at slaughter and
costs of treatment and vaccination [1]. Among the many
respiratory pathogens in pigs, swine influenza viruses
(SIVs) are ubiquitous in intensive pig farming, and can
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Full list of author information is available at the end of the article

( BioMed Central

be primary agents in causing respiratory disease [2-4]. In
April 2009, a new influenza A virus, named influenza A
(HIN1)pdmO09 emerged in North- and South-America.
It spread rapidly in humans and pigs and soon became
endemic in pig populations worldwide including Norway
[5-7]. Like other SIVs, this A(HIN1)pdm09 virus spreads
easily between pigs and can cause acute respiratory dis-
ease [8-10] characterized by high fever, depression, loss
of appetite, tachypnoea, abdominal breathing and cough-
ing [7]. Uncomplicated SIV infections cause low mortal-
ity (usually less than 1%), but morbidity can reach 100%
[7]. Respiratory disease caused by SIVs can be exacerbated

© 2014 Er et al; licensee BioMed Central, This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http//creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
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by concuitent inféctions of other respiratory patho-
gens of which Porcine Reproductive and Respiratary
Syndrome virus (PRRSVY), Mycoplasma hyopneymo-
niae, Pasteurella multocida, and Actinobacillus pleur-
-opituemoniae are -the ‘most common. Such. respiratory
diseases are most frequently detected in 10- to 22-weék-old
pigs and are termed the porcine respiratory disease
complex [1,11]. ' '

As compared to.other .pig populations in the world,
Norwegian pigs have the favourable condition of bemg
free from many. respiratory pathogens like PRRSV, por-
cine respiratory coronavirus and .M. hyopreumoniae,
which are serious respiratory pathogens in-almost all
pig producing cointries. Up urnitil 2009, the Norwegian
pig pop'ulafidh had also been free from SIVs. However
‘in the autumn of 2009, the Norwegian pig population
experienced the first outbreak of influenza virus infec-
tion [12]. Pig farmers and farm workers infected with
influeénza -A(Hl_-Ni}pdmOS’“vi'rus transmitted the virusito
the .pigs _[1'3',-14-']'. Within a few months, one third of
Norwegian pig heids were positive for -antibodies
‘against the virus [15]. Subsequent arinual national ‘sur-
veillance from 2010 to 2012 revealed that 41-50% of pig

herds were seropositive, indicating: that the virus had

‘become endemlc in.the Norweglan pig populatlon [12]
Farmers of positive herds reported mild or absence. of
clinical signs in their pigs [16] in Norway and. in other
parts of the world [7).

Although there have ‘been studies investigating the

clinical signs, pathology and immunology. related to

SIVs, mcludmg influenza A(HlNl)pdm09 -virus infection.
in pigs [2,9-11,17,18], there is little information available
on ‘the adverse. effects of influenza virus infection on
growth performance of pigs in the field. We therefore
aimed by using-a field study to investigate the adverse ef-
fects of influenza A(HINI)pdm09 virtis on pig production
-performance. with longitudinal growth: performance data
fiom a pig testing station between 2009 and 2012. Given
the mild clinical picture presented in previous studies
from Norway [14-16], the ‘present study tested the hypoth-
esis- that. influenza A(HIN1)pdm09 virus has little or no

impact on growth performances in infected -grower pigs.

The study also investigated whether the virus-infection
had- different impacts on Landrace and Durec breeds, on
pigs infected at different ages, and the duratiof of the: ad-
‘verse effects if present.

Methods

Boar testing-station

Dunng our period of investigation between 2009 and
2012, the boar testing station in:Norway [19] had a cap-

acity of testing 1152 pigs in 16 sepaiate rooms at the:
same time: Each room housed a cohort of 72 pigs

-grouped by breed (Landrace or Duroc) into six groups:
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of 12 pigs and placed in pens of 14 m® in size, The sta-

tion received weekly, 72 growing pigs (11-12 weeks old
with a mean bodyweight of 33 kg) from 46 breeding
herds in- Nc»l.".va}r to monitor thelr growth performances

until they reached a bodyweight of 100 kg, Electronic feed-
ing stations in all pig pens uséd FIRE (Feed Intake Record-

ing-Equipment, Osboume Ltd, UK} to record daily: feed
intake and daily weight gain of each pig individudlly. Pigs
fed cne at a time. adf libitum from one electronic feed dis-

penser in each pen on: conventional concentrate contain-
:mg 161 g and 136 g digestible protein, 9.68 MJ, and
950 MJ ‘et energy/kg before. and after 50 kg live weight,

respectively, with 1 month of mixing the two feeds to fa-

cilitate the feed change,

Study sample

The study sample consisted of 1955 pigs {55% Landrace,
45% Duroc) from 43 breeding herds that were perform-

ance: tésted at the testing station betwéen 2009 and
2012. All pigs were tested for antibodies against influ-

enza A virus by cELISA before leaving the station. Dus-
ing a clinical outbreak of influenza at the boar station
between 1% April 2011 and 31% July 2011, nasal swabs

and blood samples- were collected from a total of 375 of
these pigs (three pigs per pen) to test for presence of
~virus and antibodies against the virus, respectively. The
testing miethods have been described previously [15].

Based on laboratory findings, the 1955 pigs were classi-
fied inta five infection status groups (INFGP). The sero-

negative group (SERONEG) with 887 pigs was defined

as pigs tested negative for antlbodm's against-influenza
A{HIN1}pdm09 virus at the end of their performance

‘testing period. The seropdsitive group (SERQPOS)

with 874 pigs was defined as pigs tested positive for

antibodies against. influenza A(HINL)pdm09 virus but

with ‘unknown point of infection. Most (n = 859) of
these pigs were tested at the end of the performance
testing period when they were about 100 kg in weight
thus ruling out maternal antibodies in cELISA test re-
sults. The virus positive group one (VIR1) with 123
pigs was. defined as pigs tested positive for influenza A
(HIN1)pdm09 vifus by RT-PCR when their body-
weight ‘was between 33 kg and 60 kg (growth phase
one or GF1). Of these VIR1 pigs, twenty-twe were in

the upper weight range of between 51 kg and 60 kg

when they were tested positive for the virus. The virus

_p051twe group two. {V_[Rz), with 34 pigs, was defined

as’ pigs tested positive for influenza A(HINI)pdm09
virus by RT-PCR when their bodyweight was between
61 kg-and 80 kg (growth phase two of’ ‘GF2). The virus
positive .group: three (VIR3), with 37 pigs was defined
as pigs that tested positive for influenza A(HINI)
pdm09 vifus by RT-PCR ‘when their bodyweight was
between 81 kg and 100 kg (growth phase three or
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GF3). Figure 1 is a histogram showing the distribution
of the bodyweights of these 194 virus positive pigs when
they were tested. These pigs were then classified into
three groups to ensure that there were at least 30 pigs
in each group.

During the period when the station experienced a
clinical outbreak of influenza A(H1N1)09pdm virus,
the staff intensified the clinical observation of the
2045 pigs that stayed at the station during this period.
The source of the outbreak was not investigated as the
infection has become widespread in the Norwegian
pig population since its incursion into Norway in
2009 [15].

Statistical analysis

Growth and feeding performances were represented by
five outcomes; average daily growth (ADG, weight gain
in kg/day), feed conversion efficiency (FCE, kg feed/kg
weight gain), average daily feed intake (ADFI, feed intake
in kg/day), age of pig when they reached 100 kg
(Agel00kg) bodyweight; and the overall feed intake
(OFI) of the pigs to grow from a mean starting weight of
33 kg to 100 kg. Besides the infection status groups
(INFGP; SERONEG, SEROPOS, VIR1, VIR2 and VIR3)
as the main predictor of interest, important control pre-
dictors were birthdate (BD), breed (Br), ADFI, and GF.
For each of the three outcomes of ADG, FCE and ADF],
every pig had three measures aggregated for the three
stipulated growth phases. The SERONEG pigs were the
reference group for comparison with the SEROPOS
group and the three virus positive groups. The data was
structured longitudinally on daily measures of growth
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and feed intake [19] and was hierarchical with three
levels. The observations for each outcome were nested
in the 1955 pigs, which in turn were nested in the 43
herds. To estimate the negative effects of the virus in-
fection on growth performance, we used multi-level
random-intercept regression models to control for
other important predictors, while accounting for clus-
tering or random effects at the pig and herd levels [20].
We used analysis of covariance to determine the statis-
tical significance (P value<0.05 for level of inclusion) of
predictors for each of the five outcomes. Predictors BD
(proxy for improvement over time from 2009 to 2012)
and ADFI were continuous variables while INFGP, Br,
GF and two interaction terms of GF*INFGP and
Br*INFGP for stratification were categorical variables.
The INFGP*GF interaction term was included in the
regression model to investigate the modifying effect of
age of infection on the virus [21]. The INFGP*Br inter-
action term was tested for statistical significance to see
if the impact of the virus infection was different be-
tween Landrace and Duroc. The two outcomes,
Agel00 kg and OFI, were single measures for each pig’s
overall performance when they reached 100 kg body-
weight. The predictors for them were the same as for
FCE and ADG, but without GF since the measures
were aggregated over all the 3 growth phases. To select
the best multi-level models for the five outcomes with
the selected predictors, we used Akaike Information
Criterion (AIC). We selected the model with the lowest
AIC value. To determine the significance of additional
predictors for each of the five models (one outcome
per model), a difference of +2 of the AIC value was

Frequency
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weight of viral positive pigs (n=194) when tested

L Figure 1 Histogram of weight of virus positive pigs (n= 194) when they were tested positive for virus shedding.
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regarded as non-significant and the most parsimonious
model wasthen chosen [22].

Multi-level random-intercept regréssion models

Yujur = BatBaXapgiito  +8, XK 0 T vig Yeun-

Where:.

Y is one of the five outcomes in this study (ADG, FCE,
ADFI, Agel00kg, of OFL). Yy is the value of the re-
sponse for ith (i =1,2,3) observation for jth pig {n; =
1655) nested within the &th (= 43) herd.

/5 is a vector of coefficients for predictors.and. their in-

teracuons. and X, ik is the vector of explanatory vari-.

ables for the ith observation of the jth pig and th herd.

# is a vector of random intercepts unique to each pigin.

each hierd, where uy. ~N{0 oglg} and v Is a vector of ran-
dom intercepts unigue to each herd; where vy ~N(0; 0 -
gk i5 the vector of efror terms wherte g~ N{y, 02)

Predictors _
Apart from BD and ADEFI that are continuous predic-
tors, the following are categorical predictors:

INFGP: SERONEG; SEROPOS; VIR]; VIR2; VIR3.
Br: Landrace; Duroc

GF:'GF1 (33 kg to 60 kg); GF2 (61 kg to 80 kg); GF3
(81 kg to°100 kg). ' ) "

Quantitative bias analysis. by Episens (23] was used to
estimate the magnitude of misclassification bias for
adverse effects on _FC_E-_gi\_r'en that the cELISA: test-had a
respective sensitivity and specificity of 93.7% and 99.1%
{manufacturer’s data sheet). A small number of ‘mis-
classification of the 887 seronegative pigs and 874 sero-
positive pigs may have been possible. This required
dichotomizing. the coatinuous outcome FCE into high
and low with median FCE value of 2.54 for the seronega-
tive pigs chosen for the dichotomy.

We used software SAS Enterprise Guide 4.3. (SAS
Institute Inc, Cary, NC, USA) and STATA version 12.0
(StataCorp- LP, College Station, TX, USA) for data hand-
ling ‘and stafistical analysis. We plotted the predicted
marginal. effects of the five infection status groups of
pigs (INEGP} for each of our five outcomes based on

our regression: models by keeping the other covariates at

the sample mean values;

Ethics

This was a field study that involved pigs at a commercial
pig testing station. No pigs were harmed during the col-
lection .of blood samples from the jugular vein or, nasal
swabs to ascertain their infection status.
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Results

Statistical models

Based. on AIC values: and the. parsimony principle,
Table 1 shiows the firial multi-level models for the five
outcomes. For gutcomnes ADGE; FCE and ADFL, there
were three levels (5,865 observatlons, 1955 pigs, and 43
herds) in the hierarchy. For the remaining two out-
come_s,.Age_l_OQ kg-and OFI, there were two levels (1955
observations and 43 herds) in the hierarchy, Only one
interaction term of interest, between infection status
and growth phase (INFGP*GF) was statistically signifi-
cant indicating that the effect of the virus varied with
the different growth phases. The sécond interaction of
practical interest between infection status and breed
(INFGP*Br), was found statistically insignificant during
model selection indicating that that effects of the virus
infection on Landrace and Duroc were similar or the.
power was insufficient to reject the null hypothesis.

ADG and FCE

Tables 2, 3 and 4 show that with SERONEG pigs as the
reference, there were statlstlcally significant marginal ad-
verse' effects. on ADG and FCE in all infected groups
(SEROPOS ‘and VIRs 1-3). The marginal plots. in
Figures 2 and 3 show the predicted means of ADG and
FCE while the covariates of BD, ADFI and Br were kept
at the sample means. Only GFand INFGP were allowed
to vary so that the effect of the virus infection on ADG
and INFGP could be studied in the three strata of
growth: phases, The differences in the predicted FCE and
ADG" between the five groups of pigs in each of the
three growth phases can then be attributed to infection
status of the pig.

For SEROPOS pigs, the negative effect on growth per-
formance was seen during GF3 where FCE was reduced
by +0.029 kg feed/kg weight gain. Correspondingly,
ADG also decreased by ~0.015 kg/day.

For VIR1 pigs, adverse growth performance effects
were not seen until GF2 even though these pigs were
positive for virus during GF1. _During GF2, FCE was re-
duced by +0.058 kg feed/kg weight gain, which led to a
lower ADG by -0.033 kg/day. These negative effects ex-
tended into GF3 where FCE was reduced by +0.125 kg
feed/kg weight gain and a cotresponding lower ADG
by -0.058 kg/day:

Removing twenty-two oldes pigs in VIR1 pigs to to leave
101 younger pigs (ViR1a) that were viral positive when
they were 50 kg or less did not make any difference to the
results we saw in Table 3 in that the delayed adverse
effects were seen in GF2 and worsen in GF3 (Table 4).

For VIR2 and VIR3 pigs; the negative effécts were
confined to the same growth phase that they were posi-
tive for virus, For VIR2 pigs during GF2, FCE was re-
duced by +0,122 kg feed/kg weight and ADG was lower
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Table 1 Akaike information criterion (AIC) and the parsimony principle were used to select the best model for

‘sach outcome

Outcoma  Predictors {fixed effects) Random  AIC ApC
' affécts

Group INFGP) (8 Phase (o BItate B e eres rabrcr fonm mkapeay 718 Herd
ADG: x ' X % % ® 3 X x ¥ 71578 -17

X X X % X S X X -71325 236

X x % x X x ® X 71478 83
- ® X X X X. X X X 71561 0

X X % X % X x X -7150 0 83

b2 X x® % ® X X AR CEEA
FCE X X X % * % X x x  -1888 37

1 b ¥ X W ¥ x X 1765 1237

* X x x % % % % -1878. 147
— x X x X X x X X <18927 0

X X X ¥ X X X X -1864 287

X X bt X X %% 867 257
ADF} X ® b X x X X XX 32998 28

® X X b3 x X X X 3564 267

X x X X X X x b 3307 10
= X X X % X x X X 3297 0

¥ X % X * X O 4 3304 ?

X X % % X X ox 3302 5§
Age 100 kg X X X X X x 13111 5

X % b X X 132055 995
- X x X X b 13106 O
OFt b % % X X X 15281 3

b x % % X 15362 84
— X X X x X ‘15278 ©

Abbreviations: ADG average daily grewth in kg/day, FCE feed conversion efficiency in-kg feed/kg weight gain, ADF! average daily féed intake i ka/day, Age 760 kg
age of pig whenthey’ teached 100 kg, OFl averall feéd intake in- kg frong 33. kg ta 100 kg bodyweight,
Selected model s indicated by (—). Marking X indicates predictor was included in the model. AAIC = difference in-AIC between the tested madels and the

selected model given in bold:

by -0.053 kg/day correspondingly. The FCE and -ADG
of VIR2 pigs returried to the same levels as seronegitive
pigs during' GF3: For VIR3' pigs during. GFB the FCE
was reduced by +0.091 kg feed/kg weight gain and ADG
was lower by +0.045 kg/day correspondingly.

Average daily feed intake

Surprisingly we saw in Table 5 that there was no signifi-
cant decréase in ADFI for the four infected groups
(seroposnwe group-and the three virus positive groups)
since anorexia was. listed as one of the clinical signs in
pigs infected with S1Vs. Tt was also interesting.to observe
that VIR1 pigs had increased feed intake: during the post
viral sheddmg period. Their average daily feed intake in-
creased by 71 gl/day and 0.104 I(g!day during GF2 and
GF3 respectively.

Age of pigs at 100 kg

.Consequent to the reduced FCE and hence lower ADG,

the virus positive pigs required longer time to reach the

“bodyweight of 100 kg {Figure 4 and Table 6). The VIR,

VIR2 and VIR3 pigs were slower by 1.6 days, 1.8 days-and

24 days; respectively, in reachirig 100 kg bodyweight. Al-

though VIR2 was statistically insignificant (? value = 0.12),
it was on similar trajectory as VIR and VIR3.

Overall feed intake _
Consequent to the reduced FCE experienced by the four

Jinfected groups, Figure 5 and Table 7 show that all four
-infected groups needed additional feed to reach 100 kg

bodyweight. The SEROPOS, VIR, VIR2 and VIR3 pigs
needed 2.3 kg, 8.0 kg, 5.9 kg and 7.2 kg additional feed,

respectively.
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Table 2 Multilevel regression of average dally growth In pigs infected with influenza A(HTN1)pdmo09 virus

Average Daily Growth {ADG)

Pradictors Casfficients "SE P values 85% Ci

Breed

tandrace Referance

Duroc -0028 01006 <0001 —~0.039 0016
Growth phase-

GF1 (33_60 kg Reference

GF2 {61_80 kg) 0062 adofr <0001 ~008 —005
GF3 (81_100 kg) ~0.134 00083 <0.001 ~0.135 ~0.12
Birthdate 0.00006 0000006 <0001 0.00005 0.00007
Average daily-feed intake 031 0.0953 <0001 030 032
Interaction term: (NFGP*GF.

SERONEG*GF{1-3} Reference

SEROPOS'GF1 8.006 00064 037 =001 802
SEROPOS*GF2 0004 0.0064 054 -002 001
SEROPOS*GF¥ -0015 0.0064 002 002 0.00
VIRI*GF1 0.008 00127 851 002 003
VIRY*GEZ. 0033 00127 om ~006 ~001
VIRT*GF3 ~0.058 0127 <0001 -008 -0.03
VIR2*GF1 Q002 00230 094 —004 0.05
VIRZ*GE2 —0053, 00230 002 -0,10 041
VIRI*GE3, -5 0.0230 051 -0.06 003
VIRI*GF1 0014 0022y 052 -003 006
VIRF*GE2 ~0020 o022 037 -006 0.02
VIR3*GE3. 0945 0022t 0.04. ~009 0.00
Constant (Ba) —0746 o113 <0001 09 —(53.

- Abbreviations: SERONEG Seronegative pigs; SEROPOS Seropositive pigs {not tested for vivus), VIRT pigs viral posltive batween bodyweight 33 kg and 60 kg,
ViR2 plgs virel positive between’ bodywelght 61 kg and 84 kg, VIR3 plgs viral positive betwgen bodyweight 51 kg and 100 kg
‘The mpdel B hlerarchlca! with three Ievels, observatlons {n = 5865); plg {n =.1955) and herd {n =43}, *denotes-intefaction term.

Other predictors (covariates or control-variables) in

the models

The predictors birthdate, breed and growth phase were
highly significant {P value<0.001} in our regression.models
. for ail five outcomes). For bi;thdat_e' asa predictos I_:hc out-
comes of ADG, FCE, ADFI, Agel00kg and OFI of pigs
improved each: year -ar every 365 days by 0.022 kg body-
weight/day, -0.055 kg feed/kg bodyweight, ~0.007 kg
feed/day, —2.2 days and -6.2 kg feed respectively.

On breed differences, Landrdce pigs grew fister (ADG
of +0.028 kg/day), had better efficiency in feed conversion
(FCE was improved by -0.043 kg feed/kg ‘bodyweight),
reached the targeted weight seven days earlier, and required
Tess feed (~5.9 kg feed) to reach 100.kg bodyweight.

Clinical observations between: April-and July 2011

During.a clinical outhreak-at the station.from April 2011
to July 2011, a group 2045 pigs present at the station
were monitored closely for clinical signs, These pigs

entered the station. at different time since the station re-
ceived 72 new pigs on a weekly'basis Influenza-like ill-

-ness was observed in 137 pigs, giving a crude morbidity-

of 7%. Clinical signs observed were transient anorexia or

lethargy (45%), respiratory signs (coughing, laboured

breathing or nasal discharge, 39%), and pyrexia (above
39°C, 27%). The prevalence of these clinical signs re-
corded within' each of thé 16 rooms ranged from 0% to

17%. For group specific morbidity, clinical signs were not:

detected in VIR1 pigs, while one (3%) out of 34 VIR2 pigs
and five (149%) out of 37 VIR3 pigs had. r.‘hnlcal signs re-
ported. In the seropositive group, 39 (10%) out.of 381 pigs

had clinical signs of influenza-like illness during the test-

ing period. No-clinical signs were reported in the SERO-
NEG pigs.

Discussion
The findings in our study support the alternate hypoth-

‘esis that despite being a largely subclinical disease {<4%
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Table 3 Multilevel regression of feed conversion
efficiency in pigs infected with influenza A(HTN)pdm09
virus '

Feed Conversion Efficiency {FCE}

Predictars ‘Coefiicients SE Pvalue 95% Cl
Breed

{andrace’ ‘Referénce

Durag 00426 0010 <000 00230 00622
Growth phase

GF1433_60 ko} Reference

GF2(61 80°kg) 02865 0011 <0001 026 031
GF3(81_100 kg) 0:5442 8074 <0001 052 857
Birthdite- -0.0002 000001 <0001  -0.0002 -0.0001
Ave_ragt__a daily feed

intake 00238 0010 G010 0OD4 0044
Interaction term; INGP*GF

SERONEG*GF{1-3) . Reference’

SEROPUS*GF1 0015 0011 0456 -0037 0006
SEROPO_SfGFZ 0002 0010 0849 -0018 0022
SERQPOS*GF3 0029 0010° 0004 0010 0049
VIRI*GF1 0001 0023 0851 -0046 0043
VIRTGF2: 0058 0020 0004 0018 Q097
VIRT*GF3 0125 0020, <0001 0086 0165
VIRZ'GF1 0049 0037 0489 0121 007
VIRZ*GF2 0122 0036 0081 0OST 0192
VIRZGFS 0433 0036 0367 0038 0.103
VIRI*GF1 -0016 0037 0859 D08 0056
VIR*GF2 0145 0035 039 0023 012
VIR3*GF3. 0097 0035 0008 0023 03159
Constant {f) 46605 01934 <0001 4282 5040

Abbrewat:onr SERONEG Seronegatwe pigs, SEROPOS Serapositive. pigs {not:
tested for virus), VIRT- pigs viral positive Between bodyweight 33 kg and 60 kg;
ViR pigs viral positive between bodyweight 61-kg and 80 kg, ¥IR3 pigs viral '
positive hetween bodywaight 81 kg. arid 100 kg, The madlel is hierarchical
with three Ievels, observations {n ='5865); pig {h = 1955)and hérd tn = 43},
*denates interaction tem.

morbidity in 194 viral positive pigs), influenza A(HINT)
pdm09-virus infection reduced the pigs"growth perform-

ance in terms of FCE and hence ADG. Consequently the-

infected pigs fiegded more time to reach 100 kg and
additional feed was.also ‘conisumed. The negative growth

performance effects were most evident in the pigs’ thiat’

were infected at a young age, as shown by the VIRI pigs.
The negative effécts.of reduced FCE and ADG in VIR1
extended into growth phases two and three. That was
beyond the viral shedding periad of SIVs of about seven
days 7]. We have no explanation ‘why adverse effects in
growth performance appeated. only during the post viral
petiod and lasted longer in these VIR pigs that were ini-
fected at bodyweight before 60 kg bodyweight. The dur-
ation of negative éffects were shorter ini the pigs infected
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at alater age as represented by VIR2 pigs. Negative effects
in these pigs were limited to GF2, the same growth phase-
that they were tested positive for the virus. Twenty two of
the: 123 'VIR1 pigs were in'the upper weight range of 50.kg
and 60 kg.. If these pigs were in the early viral shedding
period-of 7 days during testing, shedding of virus and pre-
sumably the manifestation of adverse effects on growth
performance could cross over to the next growth phase
(61-80 kg). Misclassication bias-could then result in con-
cluding the delayed and extended negative effects of the
virus infection on FCE in VIR1 pigs-{Table 3). However in
our bias analysis (Table 4), the removal of these twenty-
two heavier pigs; from VIRI and leaving 101 younger pigs.
(VIR1a) that shed virns between 33 kg and 50 kg did not
change the tesult. Just as in the. original VIR1 group of
123 pigs, the adverse effects on growth performance of
these 101 younger pigs' (VIR1a) appeared during the post.
viral period.of growth phase two (61 <80 kg) and deterio-
rated during growth phase three (81 -100 kg).
Interestinigly, none of the infected groups had depressed
average feed intake in any of the three growth phases as
Wwe expectéd because anorexia is listed as one of the clin-
ical sigans in pigs infected with the classical-SIVs. Instead
the pigs infected at a young age (VIR1} ate more during

growth phases two.and three, which were the post viral

shedding period for VIR1 pigs. Even: though they increased.
their feed intake, it was insufficient to compensate for the
reduced. FCE during. growth phases 2. and 3 to raise their
daily growth higheniough to catch up’ with the seronega-

tive pigs. Consequéritly the overall feed intake of these

VIR pigs increased .by ‘8 kg but were still slower. by
1.6 days-in getting to 100 kg bodywelght Despite their
Iower FCE, the increased appetite of VIR1 pigs during the
post viral shedding period of GF2 and GF3 was-enough to-

“allow thiem to.reacli:the bodyweight of 100 kg earlier than

VIR2 and VIR3 pigs which were infected at a later age.
Landrace -and Duroc are the two major bieeds in
Norway. The proportions.-of both breeds were almost
equal in -our study. Even though there were intrinsic
breed differences in growth profile with Landrace having
a better feed conversion efficiency and higher daily feed
intake and hence higher daily growth, our. investigation

“found no differential adverse effects'on-growth perform-
dnee caused by this virus infection on the two breeds.

Although the time period of infection for the 874 pigs in

the SEROPOS group were unknown, these pigs could have
“been infected at any time during their growth phase before
or after arriving at the boar station. Blood for ¢cELISA tests
were collected from these pigs: when they were about

100 kg With the exception of five pigs (67 days for the

‘youngest) in the SEROPOS group, the: remaining 869 pigs

wereolder than 12 weeks when they were tested for anti-.

‘bodies. It was therefore unlikely that they harboured de-

tectable _:mat_emal_' antibodies [24-26] at the time of testing,
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Table 4 Multilevel regression of feed conversion-efficiency in pigs infected with infiyenza A{HTN1)pdme9 virus

Feed Conversnnn Efficiency. (FCE)

Predictors Coefficients SE P values 95% 1

Breed.

Landrace Reference

Duree 0.042 0010 <000} oo o062
Growth-phase

GF1(33_60 kg} Reference

GF2(61_80 kg) 0287 0ot <0001 0264 0309.
GF3{81_100 kg} 0544 0014 <0007 0517 0571

Birthdate -0.0002 000001 <000 0000 Q000
Average daily feed intake 0024 0010 002 0004 0044

fntéra‘c'tipn term: IN'i?GP

SERONEGYGR(1-3) Reference

SEROPOS!GFY D015 a0m 01570 0037 0.006:
SEROPOS*GF2 0002 0010 08560 -0.018 0022

SERQPCSH*GF3 0029 4010 00040 0009 0049
VIR1Z*GF1 0008 0028 0.7510 -0.057 o041

VIR12"GF2 0050 0022 00230 0.007 0.093.
VIR1a"GE3: 0114 0022 00000 0071 0157

VIRTE*GF] 0.026. 0.049. 05930 -0.070 0122

VIRIb*GEZ Do 0044 0.0390 0.005 0.178:
VIRILYGF3 0176 0045 0.0000 0.087. 02265

VIRZGF1 049 0037 01870 02 0,024
VIRI*GE2 0121 0036 00010 0051 0.192.
VIR2*GF3 0033 0036 013640 -0038 0103

VIR3*GF] 0016 0037 06550 -0.089 0056

VIR3*GF2 0,045 0035 0.1970 0023 0112

VIR3GF3: 0.001 0035 00090 0023 0159

Constant [fg) 4658 0193 <000 4374 5037

Abbrewatmns SERONEG Seronegatlve pigs, SEROPOS Seropositive’ pigs (not tested forvirus), ViR Ta-pigs viral positive between budywetght 33 kg.and 50 kg, VIR1b
pigs viral positive between bodyweight 51 kg:and. 60 kg, VIR2 pigs viral [positive bietween. bodyweight 61 kg and B0 kg, VIR3 pigs: ‘viral positive. betiveen
.budyweight 8% kg- and 100 kg. The model is hierarchical with three lavels; observatlons {n-= 5865); pig (h'= 1955) and. herd (n = 43). *denotes intéraction: term.

The observation that the SEROPOS pigs had. simiilar re-
sults to the 37. virus. p051t1ve pigs'in the VIRS group in:that
the adverse effect on ECE and ADG occurred during GF3
points_to: the possibility that the. majority of seropositive
'pigs were infected at the older age like VIR3 pigs. Al-
though these SEROPOS pigs reached 100 kg bodyweight
at the'same time 2s the SERONEG pigs, these SEROPOS
pigs had reduced FCE dunng growth phase three which
‘resulted in these pigs consuming an additional 2 kg, feed
to reach the. bodywelght of 100 kg

Bias analysis.on misclassification

‘The ¢ELISA test had a sensitivity and ‘specificity of
193.7% and 99.1% (Manufacterers. data’ sheets). Although
these values are considered high for test performance,
given the largely lack of clinical picture in this disease

for corroboration, ‘there- could. nevertheless be a small

number of SERONEG and SEROPOS pigs that were

mig¢lassified and hence biased the adverse effects to-
wards the-null. Our quantitative bias analysis using Epi-
‘seris {23] for adverse effects on a dichotomized FCE

showed that the odds ratio for a poorer FCE if the pig
was SEROPOS versus SERONEG was. 1.13. The odds ra-

tio" after -adjusting for misclassification bias was 1.3, a

change of 2 percent, The small bias of 2 percent in our
study was towards the null (OR=1}.

The literature [7] states that SIVs in general' cause near
if not 100% morbidity when they infect naive pigs. An ex-

_perimeéntal study: with influenza A(HlNl)pdrnOQ virus by

Brookes et dl. in 2010°[9]: reported 100% morbidity involy-

ing. 19 pigs in theix experimental study, where 2 pigs were
infected by ceritact. In contrast, we found in our feld
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between groups were made for each growth phase since ADG vary with age. As depicted in the graph, the younger pigs would hypothetically
have a higher ADG because they have a better FCE (see Figure 2 and Table 3) if feed intake is fixed at the same level. The gradient of the lines
Joining the means of each group and the confidence intervals indicate whether there were differences between the groups. Abbreviations:
INFGP = Infection status group; SEROPOS = seropositive pigs, SERONEG = seronegative pigs, VIR1 = PCR-positive pigs at bodyweight between

33 kg and 60 kg (GF1); VIR2 = PCR-positive pigs at bodyweight between 61 kg and 80 kg (GF2); VIR3 = PCR-positive pigs at bodyweight between
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Figure 3 Marginal plots for feed conversion efficiency (FCE) and adverse effects of influenza A(H1N1)pdm09 virus infection. Based on
the model presented in Table 3, the mean FCE was predicted for each of the five infection status groups and the three growth phases (GF) while
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groups. Comparisons were made for each growth phase since feed efficiency decreases with age. The gradient of the lines joining the means of
each group and the confidence intervals indicate whether there were differences between the groups. Abbreviations: INFGP = Infection status
group; SEROPOS = seropositive pigs, SERONEG = seronegative pigs, VIR1 = PCR-positive pigs at bodyweight between 33 kg and 60 kg (GF1);
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Table 5 Multilevel regression of average daily feed intake in pigs infected with influenza A(HTN1)pdm09 virus.

Average daily fead intake (ADFI)

Predictors Coefficients SE P values 95% ¢l

Breed

Landrace” Reférence:

Buroc ~0,10 00157 <0.001 -013 007
G'row'_(h Phase

GF13 3 _B0KG) Reference

GF2{61_80 kg 071, 00136 <0501 068 0.74
GF3(81_100.kg) 108 00136 <0001 105 110
Birthdate 000062 0.00002 0257 —000005. 0:00001
Interaction term: INEGP*GF-

SERONEGGF(1~3) Reference.

SEROPOS*GF —0003 00186 0851 —0034 0028
SEROPQS*GF2 0022 0016 0,166 —0005 0053
SEROPOSGRY 0017 0016 0278 ~0014 0.049
“VIR1*GF? -0.024 ‘0032 Oidds -0.086 0.038
VIRI'GF2 0071 0032 0025 0.009 0.133
VIR1'GF3 0.104 0032 0001 0842 0166
VIRZ'GF? 0077 0057 0176 -0035 0.190
VIRZ'GF2 0.032 0057 0574 —0.080 0.144
VIRZ*GF3 8070, 0057 0223 ~0.042 0.182
VIR3*GF1 0059 0.055 0283 —0.049 0.167
VIR3*GF 2 0077 8055 0.164 -0031 0184
VIRI*GF3 -0.085 0.035 0,122 =0.193 0023
Constant (g} 1897 03107 <0001 1.288 2,506

- Abbreviations: SERONFG Seronegative pigs, SEROPOS Seropositive pigs (nat tested for virus), VIRT pigs. viral positive bietiveen bodyweight 33 kg and:60 kg,
VIRZ pigs viral positive between bodyweight 61kg and 80 kg, VIR3 pigs. viral positive betweeh bodyweight 81 kg and 100 kg,
“Thiemade) Is hierarchical with-three levels; observatiofis-{n = 5865) pig {h =1955} and herd (n = 43}, *denates Interaction term.

study -that influenza- A(HIN1}pdm09 virus infection. of
Norwegian pigs was largely subclinical, with only six
(<4%) in-a samplé of 194 virus positive pigs reported to
have clinical signis, Apart from coughing, clinical signs, like
nasal dlscharge, were'so mild that only through closer b-
servation or handlirig of the Ppig, for example nasal swab-
bing;, could the signs. be detected. The mild clinical signs
and low morh:sty recorded during the observation period
were similar to- the morbidity expetienced by other
Norwegian pig farms infected with influenza A(HINI)
pdm09 virus for the first tirne [15, 16]. This shows. that
despite Norwegfan pigs having no cross- protect:we im-
-munity [27] to other strains of SIVs; the. A(HlNl)pdm09
virus experienced in Norwegian pigs appeared to be of low
'pathogematy that caused no or only mild clinical signs.

It recording the clinical signs at the pig testing statior
possible bias of focusmg on pigs with anorexia; (shown on:
the computer records) may have led to underestimating
the morbidity of the- disease because we found no statisti--
cally significant decrease in appetite in the infected pigs in

the stipulated three growth phases. A transient drop in ap-

__p_etite ‘for one or'tW_b days wou__ld be mask_e_d by the three
-growth phases since the intervals in :each growth phase

were longer than two days and if there were.compensatory
increases in feed intake following one or two days-of de-
pressed feed intake.

-Favourable conditions in our study

Pigs in -our study did not kave co-infections of other sub-
types of inflienza A viruses; M. hyopnéeumoniae, PRRSV,

Aujesky's disease virus -and porcine respiratory. corona-
virug, given- Norway’s d_isease.free status for these pathoa

gens [12]. Secondly, the daily recordings -of feed intake
and bodyweight for each pig were computerised: without
the presence of human interference. This ruled out human
bias or error in-making measurements to provide accurate
calculations of the perforimance parameters, Thirdly, the
repeated measures allowed. the study of progressive effects
of the virus. in pigs infected at different ages and also the
duration of the negative effects on growth performarce,
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“predicted Age {days)

VIR3

Figure 4- Margmal p!ots of mean age at 100 kg and adverse effects of influenza ﬁ(H‘t N1)pdm03 virus infection. The plots show the

predicted mean ages of pigs &t 100 kg for the five groups.of. pigs based. on the triodel presented in Table 6, The gradient of the line joining the

mean far-each group and the confidence intervals indicate Whetherthere is any difference-between the groups due fo-their infaction status:

Comparisons were made between the four infected groups and-the reference seronegative group: Abbrewauons INFGP = Infection status. groug;

SERQROS = seropositive pigs, SERONEG = serdnegative pigs, VIRT = PCR-positive pigs at bodyweight batween 33 kg arid 60 kg {GF1; VIR2 = PCR-
positive p|gs at bodyweight between 61 kg and 80 kg (GE2); VIR3 = PCR-positive pigs at bodyweight bétwaen 81 kg dnd 100 kg (GF3).

S

Validity of study design and statistical models
With 34 or more pigs-in each of the five giups of pigs,
the sample sizes .are considered large. for multi-level
modéls. [28]. The five statistical models were based on.
maxifum likelihood in ‘éstimating the predictors that
allow for inferenice to the Norwegian pig population.

It was appropriate to use multi-level analysis because
of the hierarchical nature of the data. The data, ha\ﬂng
5865 observatmns nested in the 1955 pigs, which in-turn

were nested in the 43 herds, were handled td accourit.
for the variations between individual pigs and between
the various herds. including unmeasured confounders
like other.infections at the herd or individual level. Pigs
from the study sample of 43 herds were represented in
the-. reference group of 887 seronegative pigs. Conse-
quently, the effects of virus infection {primary predictor
of interest) and the known covariates (predictors we
wanted to control) were more accurately estimated. Such

Table 6 Muitilevel regression of pig's age at 100 kg if they are infected with influenza A(HIN1)pdm09 virus

Age of pig at 100°kg

Predictors Coefficients SE P values 95% (I

Breed

Landrace’ Reference

Durac 73 083 <0001 57 90
Birthdate. ~0006- 00005 <0001 0,007 0005
Average daily feéd intake —285. 0.94 <0.00_1 -30.3 266
infection' status group

SERONEG Reference

SEROPOS 04 034 0292 ~10 03
YIR1 16 067 0017 03 25
WIRZ 18 120 0129 =05 4.2
VIR3. 24 115 0038 0.1 46
Constant: [M 3168 g4 <0.00 2983 ‘3353

Abbraviations: SERONEG Seronegatlve pigs, SEROPQS Séropositive pigs. {not-tested for virusj, VIRT pigs viral positive between bodywelght 33 kg and 60 kg;
VIR3= pigs viral posifive between bodywmght 61 kg-and 80 kg, ViR3 pigs viral positive between bodywsight 81 kg and 100 kg.

The model is hlerarch:cal with two levels; pig {n = 1955) and herd (n=43)
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Figure 5 Marginal plots of overall feed intake and adverse effects of influenza A{H1N1}pdm09 virus infection. The plots show the

—

predicted mean overall féed intakes for the five groups-of pigs based 'on the hddel presénted i Table 7. The gradient of thé linejoining the
mean.-fdr each group and thé confidence iitervals !ndlcate whether there is any difference between the groups due tortheir infection status.
‘Coinparisotis were, made betweer the faur infetted grougs and-the reférence seronegative group. Abbreviations: INFGP = Infection status group;
SERQPOS = “sefopositive pigs, SERONEG = -seronegative pigs, ViIRT = PCR-positive pigs at bodyweight between 33 kg and 60 kg.{GF1); ViRZ =

PCR-postiive pigs.at: bodyweight betwedn 61 kg and 80 kg (GF2); VIR = PCR-positive plgs at- bodywe:ghr between 81 kg:and 100 kg (GFS)

hierarchical ‘models solved somie of the. problems ‘men.-
tioned in a similar study by Straw: et al.. [18], in that this
study was designed to control heterogerieities due o the
environment, héfd health status; host characteristies and
management conditivns inherent at the pig and herd
level-to reduce if not ellmmate confoundmg [29,30]. Fur-
thermioré, keeping the pigs at one location in a nniform
‘environment and hu_sb_andcy eliminated these factors. ds

-potential confounders in our model. Qur modéls also

proved to. have ‘a relatively high explanatory ability on

the variance as the achieved adjusted R® were 51%

(ADG), 59% (FCE), 51% (Age100 kg), 66% (ADFD and

20% (OFI), which were proportions of variation that

were explained by the predictors in the models. The Jon-
gitudinal nature of the data for each pig allowed the statis-

‘tical models to accourt for charigés”td FCE, ADFI and

Table 7 Multilevel.regression for overall feed iritake. of pig infected with influenza A(H1 N1)pdm09 virus

-Overall feed intake of pig growing from 33 kg to: 100 kg {OFI)

Predictors Coefficients SE P values 95% CI

. Breed

Eandrace Reference
“Burac 589 16 <0401 28 ‘94
- Birthdate ~02 00009 <0001 0020 ~0016
‘Average daily feed intake 1174 16 <0001 85 14.9
Infaction group.

SERONEG Reference

SEROPOS: 23 06 <000 1 35
ViR g0 12 <0001 57 103
VIR2 58 21 0005 18 100
VIR3 22 20 <0001 i3 iz
Constant {8;) 4450 165 <0001 427 4772

._Abbrewanans SERONEG Serdnégative pigs, SEROPOS Seropcsltwe pigs (ot tested for virus), VIRT pigs viral positive between badyweight 33 kg and 60 kg,
_WR.? plgs viral positive between! bcdywelghl: 61 kg and 80 kg, ViA3 pigs viral posiiive between. bodywelght 81 Kg-and 100 k.

Growth phase was from 33 kg hiod 100 ka bodywe!ghr_ The model is hlerarch{cal with two levels; pig (n'=

1955) snd herd (n=43).



Er et al. BMC Veterinary Researchi (2014) 10:284

hence ADG with respect to the stage in the pig’s gmwfh
phase by including growth phase (GF) as a dummy vari-
‘able in the statistical models thus controlling for con-
foutiding due to normal variation of feed <conversion
efficiency and daily féed intake with stage in growth phase,

QOur samples of 1955 pigs included. pigs tested at the
station over four years from 2009 and 2012, We saw in
our models that bitthdate was a significant covariate be-

cause. pigs: horn later: had better growth performance as a.

result of improvement over time due to genetic selection,
.1mproved feed, -and . ‘management improvement, Pigs be-
longing to the five‘infection status groups were dispropor-
tionately distributed over these four years. sinice all 194

vifus. positive pigs ‘were sampled in a $ingle year (2011)
‘while 560"pigs from seronegative and seropositive group:

were sampled in 2009 and 2010. Despite these dlspropor-
tHons, we: were-able to:account for the marginal effects at-
tributed to improvement. over time by- inchiding birthdate
as‘a covatiate in our multi-level regression models. This
allowed ‘us to increase the -study sample and hence the
‘power.of ouit study..

A$ normal occurrence and ‘also-seen in our study, the
feed intake incredses-and FCE declines as a: plg grows. Des-

pite the reduced FCE-in an older pig, its ADG is still hrgher-

‘because it consumes a higher amount of feed than the

younger pig. Hyporhetlca]ly, if older pigs ate the same’
amotinit of feed as the younger pigs, their ADG would be:

{ower because of a reduced FCE as depicted by the coeffi-
cients of GF for outcome ADG and FCE in Tables 2, 3 and

4. This.is also depicted in .our tharginal plots at Flgures 2

and 3. This ‘again underlines the importance of having
growth phase a5 a dummy variablein our models €o ensure
‘comparisons ‘of our outcomes between the 5 infection-
status groups were valid because comparisons between
groups were nade in the samie growth phase.

The coefficietits of covariates breed, birthdate, growth
phase and -average daily feed intake.in all five models
were useful for the validation of our statistical models by
compaing. their values with other sources of- pig per-
formance. data; An improbable coefficient would have
ralsed a red flag on the models.

All five outcomes’ in ‘our models were coirelated. The

calcalation: of feed conversion: efﬁmency wis based. on.

average daily feed intake-and average daily growth re-
cordmgs They in tiirn -determiited. the remaining 2 out-
comes on overall growth performance, which were age
of pig at 100 kg bodyweight and overall feed intake.

These latter 2 outcomes.on overall growth performance

are especially useful in evaluating ' economic conse-
quences. of the infection for farmets, Cost of extra feed
and a delay in getting the pig to the miarket will lead fo
highier - averheads (feed and veterinary costs) and. lower

income for the farmer since fewer pigs-are sold in the-

fixed time period. We found that pigs ‘infected when
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they were young (33 kg - 60 kg) requiited an additional
8 kg. feed and were 1.6 days slower in.reaching 100 kg
bodyweéight. Farmers. can.estimate. the added operational
costs if they know that their pigs were infected at a young
or:older age,

‘In other parts of the world, SIVs seldom actalone, but
with concurrent infections to cause porcine respiratory

disease complex where SIVs are the most common pri-

mary pathogens [1,2,7,31,32]. Hypothetlcally, the severity
of - influenza A(HlNl}pd_mOQ. virus infection in ‘térms of
growth performance would be aggravated by conciirrent
infection of these other respiratory pathogens [7]. On: the
other hand, these pigs could also be- protected from influ-
enza A(HlNl)pdmOQ virus mfectlon because of presence
of protective immunity against other strains-of SIVs: [27),

Conclusions _

Our study shows that influenza A(HIN1)pdmO09 virus
infection: in Norwegian pigs differs from the classical
swine influenza experienced in other paits of the world
because of the low morbidity and mild clinical signs. Al-
though largely: subclinical, the infection in Norwegian
pigs __dl_d_.experlence__adverse effects on growth performance
primarily because of reduced FCE. This. is an important
consideration for farmers because it directly influences the
profitability of the pig. production in terms higher over-
heads in terms of feed costs and additional time needed
for infected pigs-to reach market welght leading to lower
income. The adverse effects were more severe and lasted
longer in pigs-infected at a younger age.
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ABSTRACT: Newly emerged influenza A(HINI)
pdm09 virs infection in Norwegian pigs, although
-often. observed in-a subclinical form, can lower the
pig’s growth performance by reducing feed efficiency
in terms of a poorer feed conversion ratio. Infected
pigs would consume more feed and require. pro-
tractéd production time to reach market weight. In
our observational longitudinal study, growth perfor-
mance data from 728 control pigs and 193 infected
pigs-with known viral shedding time points were ana-
lyzed using miked linear regression models to give
estimates of the: marginal effects of infection. Gauss-
fan curves describing the variability of the estimates
at the individual pig level formed the fundamental
inputs ‘to our stochastic. models. The models ‘were
‘constructed to simulate the summed negative effects
of'the infection at the batch level of 150 fattening pigs
growing from 33-to 100 kg. Other inputs-of variabil:
‘ity:and uncertaitity were 1) batch transmission points,
2) pig infection points to reflect the disease transmis-
sion dynamics of the virus, and 3) final prevalence of
infected pigs in the batch. Monte Carlo random sam-
pling gave 5,000 estimates on the outputs.of the'mar-
ginal effects for each pig: These results were summed

up to provide estimates for a batch size of 150 pigs.
This figure was: adjusted by our final prevalence dis-
tribution function; which was also. derived from the

longitudinal study with 12 cohorts of infected pigs.
Fora 150-fattening-pig herd randomly selected from

the population, the marginal effects -of the infection.

were 1) 835 kg (fifth percentile) to- 1,350 kg (95th

percentile) increased feed intake and 2) 194 (fifth per-
centile) to 334 (95th percentile) pig days in excess
of expected figures for an uninfected batch. A batch
infected during growth phase 3 (81 to 100 kg BW)

gave the worst results since the longitudinal study
-showed that a. pig infected during growth phase 3

required more feed and a greater protracted produc-:
tion time compared to younger- infected pigs. Sensi-
tivity analysis showed that final prevalence had the

greatest impact ot the conditional mean and variation
.of the marginal effects of infections. Batch transmiis-

sion point was the néxt most influential factor, Low-
ering the final prevalence and preventing older- fat-
tening pigs from being infected will have the greatest
benefit in saving feed cost and reducing delay in get-

ting the pigs to thie market.

Key words: feed conversion ratio, feed efficiency, influenza,
mixed linear regression model, stochastic
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INTRODUCTION

In April 2009, influenza ACHIN1)pdm09 virus

(pHIN1Y) emerged in North and South America

as human infections (Centers for Disease Control

and Prevention, 2009) before it became-established
in pig populatlons worldwide, including in Norway

(Hofshagen et al., 2009; Torremorell et al., 2012; Van.
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Reeth et al., 2012). It was Norway’s first influenza. A
virus infection in its pig population since the active
national serosurveillance started in 1997 (Lium et al,,
2014). A case control study (Grontvedt ‘et al., 2013)
revealed that the outbreak in pigs was likely caused
by cross-speciés transmission from hiiman to pigs. Al-
though pHINtv appeared highly contagious in. naive
pigs like other swine influenza viruses {SIV; Brookes
etal., 2010; Er et al., 2014), the virus appeared to be of
low vu’ulence since infection. manifested 1tse1f mostly
in the subclinical form in naive Norwegian. pig herds
{Grontvedt et al., 2011; Lium etal., 2014). Despite the
subclinical state, a. longltudmal study at the Norwegian
boar testing station (Er et al., 2014) showed that infect-
ed growing pigs had reduced feed efficiency because 6f
a poorer feed conversion ratio. Consequently, infected
pigsrequired additional feed and protracted production
time compared to their unlnfe_cted counterparts. These
findings, when considered at the batch level, -are use-
ful for economic analysis of a farm’s profitability and
for decision making with regard to disease eonirol and
biosecurity measures. However, to consider the sum
total effects at the batch level, an undérstanding of fac-
tors that will vary the outcome is important for realistic

estimations. It is therefore the aim of this paper to pres-
ent a stochastic model for assessment of the produc-.

tion impact of pHI1N1v infection in Norwegiain pigs.at
the batch level. The stochastic model, based on a field
observational study; will: account for the variabilities
and uncertainties that influence the individual impact
of each pig for the summation at the batch level,

MATERTALS AND METHODS.

‘The field study at the commercial boar testing sta-
tion was purely observational. No pig was harmed
during the process. of taking blood samples from the
jugular vein or taking nasal swabs.

Data

We conducted an observational longitudinal study
on pigs that were performance tested at the Norwegian
boar testing station between 2009 and 2012, The boar
testing ‘station (Wetten et al., 2012) had a capacity of
testing 1,152 pigs in 16 separate rooms at the same
time. Each room housed a cohort of 72 pigs grouped
by breed (Landraoe or Duroe) into 6 pens (14 m? in
size) of 12 pigs each. Weekly, the station received 72

growing pigs (12 to. 14 ‘wk old with a-mean BW of

33 kg) from 46 breeding herds in Norway to monitor

their growth performances until they reached a BW of

100 kg, Electronic féeding stations in all pig pens used
FIRE (Feed Intake Recording Equipment, Osbourne

Litd., Newcastle, "UK).-tO' record daily feed intake and

daily- weight gain for each pig individually. Pigs fed 1
at a time ad libitum from 1 electronic-feed dlspenser

in each pen on conventional concentrate containing

161 and 136 g digestible protein, 9.68 and 9.50 MJ net

-energy/kg, before and after 50-kg live weight, respec-
tively, with 1 mo of mixing of the 2 feeds to facilitate

the feed change. Blood samples for pHIN1v antibod-
ies testing were routinely taken from pigs at the end of
their stay at the boar testing station. Most of these pigs
were at least 100 kg BW or more..

Study Sample

The study -sample consisted of 921 pigs (53%
Landrace, 47% Duroc) from 43 breeding herds that
were performance tested at the testing station between

2009 and 2012. The control group of seronegative pigs

(n="728) inchuded pigs tested by cELISA to be nega-
tive for-antibodies against pH1NIv when they were at
100 kg or greater BW before leaving the station.
Dﬁrin‘g an acute onset of clinical influenza
pHINI1v infection at the station in April 2011, we in-
vestigated the pattern of disease occurrence in 12 co-
horts of pigs housed in separate rooms at the station by

-using serology-and PCR testing of nasal swabs taken
from 375 pigs over a period of 4 mo. Real-time PCR
{RT-PCR) identified 193 wrus—pos;tlve pigs of vary-

ing ages (or BW). This group of viruspositive pigs(n =
193) was stratified into 3 subgroups according to their
age (or BW) at moment of infection. Virus-positive

group 1 {VIR 1, n = 122) included pigs'that tested

positive for pHINIv by RI-PCR when they weighed
between 33 and 60 kg (growth phase 1[GF 1]). Virus-
positive group 2 (VIR 2, # = 34) included pigs that
tested positive for pHIN1v by RT-PCR when they
weighed between 61 and 80 kg (growth phase 2 [GF
2]). Virus-positive group 3 (VIR 3, » = 37) included
pigs that tested positive for pHINI1v by RT-PCR when

they weighed between 81 and 100 kg (growth phase 3

[GF3]).

Impact Measureés for Reduced Feed Efficiency
in Infected Pigs

Our impact measures for reduced -.fe'ed -e_ﬂiciency
due to the infection were the increased feed require-
ment and increased production time of an infected pig

‘to-grow from 33 to 100 kg BW compared to an unin-

fected pig. We used STATA version 14.0 (StataCorp
LP, College Station, TX) to execute the mixed linear
regression’ analysis on the hierarchical data (Nyo 4. =

43, N = 021). The marginal effects attributed to the
mfectlon were represented by. the coefficients of virus
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infection status in_ the mixed-model regression anhaly-
sis. Besides the infection status being the predictor of
interest, variance component anaiy51s identified breed,

‘birthdate (BD); and ADFT for the regression model.

Birthidate was an important covariate in the model be-
cauise.a’pig bom:in 2012 performed better than-a pig

born in 2009 because of production improvement over
time. Average feed intake was also an important co-
variate because it accounted for the effects of appetite
on the outcomes. '

Likelihood ratio tests and the Akaike information
criterion (AIC) were used for model selection, We se-
leeted the model with the lowest AIC value and with.
the greatest likelihood in fitting the data: To détermine
the significance of additional predictors for the 2 mod-
els, a différerice of +2 of the AIC value was- regarded
as nonsignificant, and the most parsimonious model
was. chosen (Burnham and Anderson, 2002). Scat-
terplots, postmodel residual analysis, and graphical
methods were used to check the continuous variables
for linearity and for influential outliers. One very in-
fluential outlier was detected and removed from -the
final analyses. The continuous variables BD and ADFI
were centered to focus on the average: pigs in the study
sample. Modifying -effects by -covariates .on the pre-
dictor.of interest (mfectlon status group) were inves-
tigated by testing interactions between them in the
regression analyses.

Mixed Random-Intercept Regression Models.
Our mixed linear regression was represented by the
following equation:

Yigg =By + BiXypy +
* B iyt e

where ¥, ik is:the observation for the ith pig (n =921)

nested w1th1n the jth (i, = 43) herd for the kth outcome
(n,=2, where 1 = age of pig at 100 kg and 2= overall
feed intake of pig (33 fo 100 kg BW), B.is a vector of
coefficients for: predictors and their interactions, X
is the vector of explanatory variables. for the ith {)
servation of the ith pig and jth herd, u; is-a véctor of
random  iftercepts umque to-each. herdl where U ~N
(0, O‘zherd), _and g is the vector of error terms, Where
&~ N(p, 6%,

Predictors. Apart from BD and ADFI, which aie
‘continuous predictors, the followmg are categorical
predxctors 1) Infection status group includes sero-
negative, VIR 1, VIR 2, and VIR 3. Seronegative pigs.
are negative for antibodies agamst pHIN1vat 100:kg
BW, VIR 1 pigs are positive for pHIN1v between 33
and 60 kg BW, VIR 2 pigs are positive foi pHIN1v

between 61 -and 80 kg BW, and VIR 3 pigs are posi-
tive for pHIN 1v between BW 81 and 100 kg. 2) Bréed
includes Landrace and Duroc.

Sitochastic Modeling

Yariability and Uncertainty Inputs. To construct
our stochastic models, we considered the variabilities
and uncertainty of 1) uncertainty point of transmission
to batch (batch transmission point) with respect to the
growth phase, 2) age-dependent variability between pigs
at moment of infection (pig infection point) revealed by
the regression analysis, 3) fransmission dynamiics of a
contagious pHIN1v with a short infective cycle (5'd) in
a batch of immunologically naive pigs, and 4) the final
animal prevalence in the batch when pigs have reached
100 kg in BW. Variabilities 3 and 4 were based on obser-
vations durmg the clinical outbreak at the testing station
from April 2012-t0 July 2012.

Batch level stochastic summation. To give the
batch level production effects caused. by the infection;
150 infected pigs were sampled and summed up by a
Monte Carlo samplmg of 5,000 times per pig in relation
to the-variabilities and uncertainty mentioned. Model-
Risk (version 5.3, Vosesoftwate, Gent, Belgium). was

‘used to perform the stochastic simulations.

Infection dynamtc_s determine the patterns of
infection within the batch. Given that the regression
analyses (Tables I and 2) revealed that the marginal
effects of the infection varied with the pig infection
point (GF 1,-GF 2, or GF 3), it is important to include
variabilities related to-the infectious disease dynasmics
in'the stochastic model. Qur observational data baged
of serology and PCR testing of nasal swabs taken from

375 pigs overa period of 4 mo revealed a steep spike in

the epidemic curve neat the beginning of the outbreak
of pHIN1v infection, indicating a very contagious in-
fection with a very short.incubation penod This te-
sult was consistent with influenza A virus infections
in a Batch of nnmunologlcally naive: plﬂs {Rose et al.,
2013). One hundred and twenty-two pigs. or 63%. of '
our 193 virus-positive- pigs belonged to VIR 1. The re-
‘maining virus-positive pigs belonged to VIR 2 (n.=34,
or 18%) and VIR 3 (2 = 37, or 19%). Reflecting these
3 proportions of each-of the pig infection points, Mod-
elRisk-fitted a discrete probability distribution for the:

pig’s infection point to be ZTPoly(41563.8, 0.000027).

This discrete probability distribution was input into-our
stochastic model to describe the infection dynamics of
an infection such that when a virus enters a batch of
susceptible pigs, the bulk (63%) of the. pigs would in-
fected within a short time (<d).
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Table 1. Mixed linear regression of overall feed ititake
(kg) in pigs infected with influenza A(HIN1)pdm09
ol
virus

‘Table 2. Mixed linear regression for age (days) of a

100-kg pig infected with influenza A(H]Nl)pdm09
virus

‘Ovarall feed inake of a pig . Age of pigai 100 ke 95%
growing from 33t0. 100 kg . 9% ——— — . Confidence
—— -Confidence Prediciors Coefficicits SE  P-value interval

Predictors: Coefficienmts SE P-value, interval | —
— - - . lnfection groups
Infectidn groups o
T Seronggative 1] —_ — — —
Seronegative -0 * - R, Viespositve 165 0700 002 027 302
Viispositve 898 LIS <0000 672 UM T35 0 ke ‘ ' ' ‘ ‘
{33-60-kg) o _ _
Virus ]}qsi_'tivc 763 202 <0.001 3,66 1159 Vinis posl'tlve 1.89 1.23 013 _ps2 4.30
(61-80kg) (61-80 k)
Virus.positive 038 195, <0001 557 1319 Virus positive 2:4% 119 0.04 .17 48
(81100 ke} (31-100kg)y
‘Breed Breed
Landrace. v) _— — — — Lmd_r_a‘c‘e i — — — —
Durot 547 135 <000L 277 806 ‘Duroe 615 098  <0.001 424 807
.ADFI (centered) 6.81 220 0002 249 1013 "ADFI {cenitered)-  —31.81 134  <0.001 -3444 -2018
Birfidate (centered)  —0.02 000 <0001 —00.023. —00.019  Birthdate (centered) —0.006  0:0006 <0.00 —0.008 ~0.005
Constant B2 13441 080 <0001 132385 13597  Constant 2 144.54 055 <0001 14347 145.61

I'Fhe coéfficients and standard errors of the virus positive. pigs-were the
‘pararieters. far. Gaussian curves describing the variability between pigs on’
the imarginal &ffects of infection at.each of the three pig infection. points:
Virus positive during growth phise-1 (33 kg to 60 ke, gmwth phase 2 (61
ke to 80 kg) and growth phase 3-{81 kg to:100 kg).

2Constant répreseitts thie overal) feed intake of a scronegative Landrace.
pig bomn on'3 October 2008 with an ADFI of 2.04 kg/d,

Compansons between Batches with 3 Different.
Time Points of Virus Transmission

With the simulated-batch level results from 5,000
iterations for each of the. 150 pigs sampled, we used
ModelRisk to plot cumulative probability plots to-
compare the batch level production impacts for the
three p0551ble batch transmission ‘points.at-GFsl, 2 or
3).-An additional plot was constructed for a batch in-
fected during GF 3 with 100% animal prevalence to
investigate the exteént of overestimation if variability
of animal prevalence was excluded.

Sensitivity Analysis.to Rank Influence
of the Variabilities

Tomado charts generated by ModelRisk were used.
to rank the:variability inputs for the stochastic models
in terms of theif itnpact on the conditional means and
variancé of the outputs, '

RESULTS
Batcl Transrission Point.
The time point at which the virus camé inito con-

tact with.a susceptible batch of pigs was treated as an
uncertainty since we had no information on the prob-

IThe coefficients and standard ctrars of virus positive pigs were the
parameters for Gaussian curves. desgtibing the vanabﬂlty between pigs.on
the marginal effects.of mfcctmn at each of the three pig. infection points:
Virus positive: during grovwth phase 1 (33 kgt 60 kg, growth phase 2.(61
kg 16:8C-kg) and growth phase 3(81 kgto 100 kg).

2Ci:mst.ant fepresents the age (days) at 100 kg'of a seronegative Land-
‘race pig ‘bornon 3 October 2008 with an ADF1 of 2,04 ke/d.

abilities of batch transmission points on a national
basis. We assumed all three bateh transmission points
of GFs 1, 2 and 3 had equal probabilities of taking.
place and therefore used the discrete probability dis-
tribution function ZTBinomial (3, 0. 42) generated by
ModelRisk to match our assumption.

Individual Pig Variability
The linear regression analysis in Tables 1 and 2

showed that besides infection status as the main pre-
dictor, covaridtes breed, BD, and daily feed intake

‘were significant in predicting the outcomes of total.

feed intake-and age of pig at 100 kg BW. The absence
of significant interactions between the covariates and
the main predictor suggested that the covariates did
not-modify the effects of the virus infection. For ex-
ample, the negative effects of the infection were equal.
between the Landrace -a_h_d_' Duroc given that inferac-

‘tion between breed and infection was absent. The

coefficients and SE of the 3 infection groups of pigs
(VIR 1, VIR 3, VIR 3) were the parameters for Gauss-
ian dlstrlbutlons describing: the variability between

individual pigs.
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Figure 1. Cumulative probability plots of the additional feed requirement (kg) for a batch (n = 150) of fattening pigs infected with influenza A(HINT)
pdm09 virus growing from 33 to 100 kg. Based on the stochastic model, Monte Carlo of 5,000 sampling for each pig summed up to 150 pigs for batch level
effects were executed for each of the 3 batch transmission points (GF 1, 2, and 3). In addition, variabilities in the stochastic model were 1) individual pig
variability, 2) infection dynamics of a short cycled contagious pathogen, and 3) final animal prevalence. To show the extent of overestimation of the effects
if variability of final animal prevalence was ignored, the right most s-curve (purple s-curve) represents a cumulative probability plot of batches infected

during GF 3 with 100% animal prevalence.

Increased Feed Requirement: Batch Level
Stochastic Simulations

Cumulative probability plots based on the sto-
chastic model in Fig. 1 show that an infected batch of
150 pigs required additional feed ranging from 770 to
1,470 kg. A batch infected during GF 3 required the
greatest amount of additional feed, whereas a batch
infected during GF 2 required the least. The plots cor-
responded with the regression models in Tables 1 and
2. A majority of pigs infected during GF 2 would give
the lowest marginal effect for the infection. A batch in-
fected during GF 3 would cause only VIR 3 pigs to be
infected, which would give the worst marginal effects
of the infection compared with having younger infect-
ed pigs. Assuming a 100% prevalence of infection in
the batch of pigs could overestimate the increase in
feed requirement by as much as half a ton of feed in
the case of batches infected during GF 3.

Increased Production Time: Batch Level

Infection Dynamics of Virus in a Cohort of
Naive Pigs. Cumulative probability plots in Fig. 2
show that infection by pHIN1v in a batch of 150 fat-
tening pigs can prolong production time by as much as
430 d in a batch of pigs with transmission point at GF
3. This was no surprise since a VIR 3 pig performed
worst in prolonging production time by 2.5 d (Table 2).
Assuming a 100% prevalence of infection in the batch

of 150 pigs could overestimate the protracted produc-
tion time by as much as 120 d in the case of batches
infected during GF 3.

Final Prevalence. The longitudinal study at the
boar testing station revealed a highly contagious infec-
tion with the final animal prevalence of 12 cohorts of
pigs housed in close proximity in 12 separate rooms
ranged from 62% to 100% (Table 3). ModelRisk fit-

Table 3. Final prevalence based on infectious status of
12 cohorts of pigs housed in 12 separate rooms when
the pigs reached a BW of 100 kg!

Seronega- Seroposi-
tive at Virus tive at Final
Room  100kg positive 100kg Infected Total prevalence

1 2 21 24 45 47 96%
2 4 11 12 23 277 85%
3 1 21 8 29 30 97%
4 1 11 15 26 27 96%
5 2 28 50 78 80 98%
6 6 25 45 70 76 92%
7 2 18 48 66 68 97%
8 25 10 31 41 66 62%
9 20 12 27 39 59 66%
10 10 15 33 48 58 83%
11 0 14 i 21 21 100%
12 9 6 14 20 29 69%

By using ModelRisk (version 5.3, Vosesoftware, Gent, Belgium), a
probability distribution of Beta4 (0.96,0.56,0.62,1) was fitted to the twelve
final animal prevalence figures for the 12 cohorts of pigs.
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Figure 2. Cumulative probability plots of the increased production time (days) for a batch (n = 150) of fattening pigs infected with influenza A(HINI)
pdm09 virus growing from 33 to 100 kg. Based on the stochastic model, Monte Carlo of 5,000 samplings for each pig summed up to 150 pigs for batch
level effects were executed for each of the 3 batch transmission points (GF 1, 2, and 3). In addition, variabilities in the stochastic model were 1) individual
pig variability, 2) infection dynamics of a short cycled contagious pathogen, and 3) final animal prevalence. To show the extent of overestimation of the
effects if variability of final animal prevalence was ignored, the right most s-curve (purple s-curve) represents a cumulative probability plot of batches
infected during GF 3 with 100% animal prevalence.
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Figure 3. Sensitivity analysis ranking the variability and uncertainty contribution to the conditional means of additional feed intake in infected batches
of 150 fattening pigs growing from 33 to 100 kg. For final prevalence in infected batch, the prevalence of infection when a batch of pigs has reached 100
kg BW is a variability input in the stochastic model and is described by a discrete probability distribution of Beta(0.96, 0.56, 0.62, 1) derived from data
in Table 1. For batch infection point, 3 batch infection points (GF 1: 33 to 60 kg; GF 2: 61 to 80 kg; and GF 3: 81 to 100 kg) were assumed to have equal
probability and were described by the discrete probability function ZTBinomial(3, 0.42). VIR 1 pigs are pigs infected when BW were between 33 and 60
kg, VIR 2 pigs are pigs infected when BW were between 61 and 80 kg, and VIR 3 pigs are pigs infected when BW were between 81 and 100 kg.
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Figure 4. Sensitivity analysis ranking of the variability and uncertainty contribution to the conditional mean of the increase in production time in an
infected batch of 150 fattening pigs growing from 33 to 100 kg. For final prevalence in infected batch, the prevalence of infection when batch of pigs has
reached 100 kg BW is a variability input in the stochastic model. It is described by a discrete probability distribution of Beta(0.96, 0.56, 0.62, 1) derived
from data in Table 1. For batch infection point, 3 batch infection points (GF 1: 33 to 60 kg; GF 2: 61 to 80 kg; and GF 3: 81 to 100 kg) were assumed to
have equal probability and were described by the discrete probability function ZTBinomial(3, 0.42). VIR 1 pigs are pigs infected when BW were between
33 and 60 kg, VIR 2 pigs are pigs infected when BW were between 61 and 80 kg, and VIR 3 pigs are pigs infected when BW were between 81 and 100 kg.

ted the bounded continuous probability distribution to
these 12 values with Beta4(0.96, 0.56, 0.62, 1) to de-
scribed the likelihood of the final animal prevalence in
an infected batch of pigs.

Sensitivity Analysis of Infected Batches Randomly
Sampled from the Population

The Tornado charts in Fig. 3 and 4 show that the
final prevalence contributed most to the conditional
mean and variance. Batch transmission point with a
lower magnitude was the other important uncertainty
input that had a considerable impact on the conditional
mean and variance.

DISCUSSION

Growth performance indicators such as feed con-
version ratio and feed intake are important parameters
when studying the economic effects of endemic dis-
ease in finishing pig production (Losinger, 1998; Jen-
sen et al., 2008). Keeping pigs longer than necessary
also requires additional costs for fuel, electricity, labor,
etc., and can affect the number of fattening rounds in
a year. Although many papers have stated that respira-
tory disease infection in pigs can reduce feed efficien-
cy and lead to lower growth rates and hence delays
in the pigs getting to market weight (Kothalawala et
al., 2006; Van Alstine, 2012; Van Reeth et al., 2012),
the negative impacts on growth performance have not

been properly quantified and published. Conversely,
by using stochastic models in our study, we have quan-
titatively estimated the impact of the newly emerged
influenza A(HIN1)pdm09 virus infection on growth
performance in pigs in terms of increased feed and
protracted production time. The models accounted for
the heterogeneities between pigs and between batches
to predict the likely variation between herds in Nor-
way. The production impact of a subclinical disease
like influenza A(HIN1)pdm09 virus for a batch of 150
naive Norwegian pigs growing from 33 to 100 kg can
be as much as 1.5 t of extra feed and 420 pig days of
longer production time if most of the pigs are infected
as older pigs during GF 3. This would occur if the
batch transmission point was at GF 3, which explains
why sensitivity analysis in Figs. 3 and 4 identified
batch transmission point as an influential uncertainty.
Overall, the upshot of protracted production time of
infected pigs means that the number of possible cycles
of fattening pigs would be reduced if farmers choose
to keep their pigs until they reach the desired market
weight. However, in all-in—all-out operations like fat-
tening pig herds, farmers do not have the option to
keep pigs longer than the designated market day and
must sell their pigs at lighter BW than desired to clear
the farm for the next batch.

Our stochastic models were built to reflect the in-
fluenza A(HIN1)pdmO09 virus as a short-cycle patho-
gen with a short incubation period. This is consistent
with other studies that have showed that the influenza
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A(HIND)pdm09 virus is transmitted efficiently be-
tween pigs, including subclinical pigs, by aerosol or
direct contact with secretions of infected individuals
or contaminated fomites (Brookes and Brown, 2011)..
It is highly possible that all pigs within a batch-could
eventually beé infected in the worst-case scenario. This
is also trise for other SIV (HIN1, HIN2, and H3N2)
currently circulating in most pig-producing countries,
where all susceptible pigs in a herd are likely able to
becomg infected and transmit the virus (Tellier; 2006,
2009; Torremorell et al., 2012). The sensitivity analy-
sis of our stochastic models showed that reducmg the
final prevalence and keeping the propartion of pigs
infected during GF 3 the smallest (or avoiding batch
transmission point at GF 3) would have the greatest
impact in teducing the negative effects 6f the infection.

The final prevalence and infection dynamics prob-
ability distributions:in ‘our model were’ dependent on
and reflected: the indoor environmental conditions
such as: temperature; humidity, air quality, and stock-
ing density at the boar testing station. Although such
environinerital conditions may ot vary much for fat-
tening herds in Norway given that most, if not all, pigs
are’ kept indoors under the Nordic conditions, they
could be different in other pig. productlon countries.
Herice; it would be interésting for- fuither studies to
gorrelate the effect of housing and husbandry condi-
tions on the final prevalence of this disease. within a
batch of pigs. Such studies could elucidate nonvaccing
types of interventions such as altering the pig’s envi-
ronment with the aim of reducing the final prevalence
of the infection or helping older pigs avoid infection.
‘The ultimate goal is-clearly to reduce the negative im-
pact -of the virus ‘infection on production without re-
sorting to vaccination. :

We have chosen a batch size of 150 plgs to refigct
‘the average batch size of fattening pig herds in Norway,
which. is small by international standards. However,
exirapolation to other batch sizeés is possible becalise
the production impact is directly proportional to batch
size assuming identical epidemiological patterns arid
similar production conditions in extrapolated Herds:

Although influenza A viruses are ubiquitous in-an-
imals and endemic in most pig. populatlons worldwide
(Brown, 2000, 2013; Kothalawala et al., 2006; Van

Reeth et al., 2012; Valls and Luque, 2015) a produc~

tion impactsuchas the one we have presented fromless
virulent diseases: like influenza A(HIN1)pdm09 virus
infection in pigs could-easily be overlooked, especially.
in countriés where swine influenzas are classed upder
passive surveillance systems (Bowman et al., 2012)
Norway is:a rare exception.in that it has ongomg active:
national serological surveillance for influenza A virus
infection in its population of unvaccinated pigs. In the

last 5:yr from 2010 to 2014, Norway’s herd prevalénce
for influenza A(HINI)pdm09 virus infection has sta-
bilized in the range of 41% to 50%,. thus indicating
that the infection has established itself in the pig popu-

lation. Even though infection would confer long-term

active immunity to a pig that recovered from infec-

-tion, the quick turnover of fattening pigs whose lifes-

pan is less than 7 mo ensures that large populations of

‘immunologically naive pigs are ¢onstantly produced,

making the. continuous propagation of influenza infec-
tion possible (Van Reeth et al., 2012). In addition, any
maternal antibodies a fattening pig may have would
dectease by the time the pig reaches 12 to 14 wk, or
about 33 kg in BW (Loeffen etal.. ,2003), makmg them
suseeptible to infection. Hence, fattenmg pig herds in

‘Norway constantly present themselves. as susceptible
for influenza virus. infection: and reduced growth per-

formance from lower feed efficiency:

The Norwegian model may be too simplistic to
estimate the impact of swine influenza on growth per~
formance in pigs for other countries becanse it reflects

Norway’s p_m'd:uction_ system and unique pig disease
-profile (Lium et al., 2014). The situation it other coun-
tries 1§ different because they have various strains of

SIV, including the influenza A(HIN1)pdm09 virus,

that exist as coinfections (Maes et al., 2000; Song et
-al.,, 2010; Simon et al., 2014) and. resplratory pathgo-
gens, such as: the porcine reproductlve and respiiatory
syndrome virus, the porcine respiratory coronavirus,

and Afycqplasma hyopneumoniae (Crisci et al.,, 2013),
which would. undoubtedly complicate the picture.

In any case, given that the influenza A(FIINT)
pdm09 virus is established in the Norwegian pig popu-

lation, a Norwegian farmer or the national food safety

-authority may find our production impact model useful

in estimating the burden of the infection at-the farm and

‘at.the natid_n'al level for economic analyses. Eco nom-

ic.analyses to-estimate producer surplus can help the
farmer in making decisions on whether to implement
‘biosecurity measures with regard to keeping a herd
from getting infected during the next production cycle

-or keeping the prevalence in the batch as low as pos-
-sible if infection occurs, assuming an ali-in‘and all-out

production system. It would inake sense to implement
effective biosecurity measures if the costs of these mea-
sures.do niot exceed the cost of the negative effects of

‘thie disease, thus.giving a motivating producer surplus.
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SUMMARY

The incursion of influenza A(HIN1)pdm09 virus was detected by Norway’s active
serosurveillance of its pig population in 2009. Since then, surveillance data from 2010 to 2014
revealed that 54% of 5643 herd tests involving 1567 pig herds and 28% of 23 036 blood samples
screened positive for antibodies against influenza A virus. Positive herds were confirmed to have
influenza A(HIN1)pdm09 virus infection by haemagglutination inhibition test. In 50% of positive
herd tests, =60% of the sampled pigs in each herd had antibodies against influenza A(HINI)
pdm09 virus. This within-herd animal seroprevalence did not vary for type of production, herd
size or year of test. The overall running mean of national herd seroprevalence, and annual herd
incidence risks fluctuated narrowly around the means of 45% and 32%, respectively, with the
highest levels recorded in the three densest pig-producing counties. The probability of a herd
being seropositive varied in the five production classes, which were sow pools, multiplier herds,
conventional sow herds, nucleus herds, and fattening herds in descending order of likelihood.
Large herds were more likely to be seropositive. Seropositive herds were highly likely to be
seropositive the following year. The study shows that influenza A(HIN1)pdmO09 virus is
established in the Norwegian pig population with recurrent and new herd infections every year
with the national herd seroprevalence in 2014 hovering at around 43% (95% confidence interval

40-46%).

Key words: Active serosurveillance, influenza A, pandemic HINI, pig, temporal and spatial.

INTRODUCTION

Influenza A viruses (IAVs) are ubiquitous in both
humans and animals, and are endemic in most pig
populations worldwide [1-6]. Several short-term
influenza virus surveillance systems in the last two dec-
ades [7-13] revealed that the dominant circulating
swine influenza A viruses (sWIAVs) in European pigs
were: the Eurasian avian-like HIN1 [14], human-like

* Author for correspondence: Dr C. Er, Norwegian Veterinary
Institute, P.O. Box 750, 0106 Oslo, Norway.
(Email: Chiek.Er@vetinst.no)

H3N2 [15], and triple assortant (swine, human, avian)
HIN2 [4]. The most recent virus being influenza
A(HIN1)pdm09 virus (HIN1pdm09), which joined
the ranks of the preceding three subtypes with
increasing incidence from 2010 [13, 16]. Subtype
HINIpdm09 was first reported in humans in April
2009, in North and South America [17]. Following
outbreaks in humans, pig-producing countries world-
wide increased their surveillance activities and also
reported the detection of HINIpdm09 in their pig
populations [1, 18-20].

However, such coordinated surveillance activities in
pig populations were short term and on an ad hoc
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basis, usually undertaken when funding was available.
While prominent organizations like the Centers for
Disease Control and Prevention (CDC), the
European Influenza Surveillance Network (EISN)
and the World Health Organization (WHO) have
well-developed and continuous human influenza sur-
veillance systems [21], sustained influenza virus sur-
veillance in pigs is absent in most countries because
swine influenza typically is neither a reportable nor a
regulated pig disease. Although influenza surveillance
in pigs since the emergence of HINIpdm09 has
improved around the world, including Europe [16],
surveillance of TAV in pigs remains passive for the
most part [22, 23]. The major shortcoming of a passive
surveillance system is that infections like HIN1pdm09
in pigs can pose a problem because subclinical cases
are often missed. A case-control study involving 118
nucleus and multiplier herds in Norway showed that
only 19 (40%) of 48 seropositive herds had detectable
clinical signs [24]. As such, the study of prevalence, in-
cidence risks and temporal trends for a largely subclin-
ical infection like HINIpdm09 is difficult under
passive surveillance systems. Herd prevalence, inci-
dence and temporal trends of HINI1pdm09 infection
in pigs, could, however, be studied in depth in
Norway because swine influenza is a reportable dis-
ease and vaccination of pigs against swIAV is not
practised. From the ~2000 pig herds in Norway
(Fig. 1), about one third (500-750) of the herds are
selected every year for screening against IAVs and
other reportable diseases [25].

The ongoing annual active serosurveillance of
swIAVs in Norway that began in 1997 [26], more
than a decade before the outbreak of HIN1pdm09 in-
fection in pigs, ascertained that its pig population had
been free from all IAVs prior to the incursion of
HINIpdm09 in October 2009 [18]. This occurred a
few months after the first human cases caused by the
same strain of influenza virus were diagnosed in
Norway [18, 27]. The same case-control study on clin-
ical impact of the infection mentioned earlier also
revealed that infected humans had transmitted the
virus to the pigs by reverse zoonosis while working
in close proximity with the pigs [28]. A ramped-up
risk-based surveillance, following diagnosis of the
index case herd, discovered that the infection had
quickly become widespread in pig herds throughout
Norway [27]. Ninety-one out of 215 herds tested posi-
tive serologically or by PCR testing within a 3- month
period. The simultaneous detection in so many pig
herds dispersed across Norway in a short time

suggested that the incursion was not a point-source
pattern that is typical of diseases spread by animal
movements and animal contacts. The initial planned
eradication of the virus from the pig population by de-
population was aborted because it was deemed inef-
fective and cost-prohibitive. In addition, the prospect
of humans as continued potential sources of infection
to pigs also discouraged eradication procedures. The
common view at the time was that the infection was
expected to burn out with time given its highly conta-
gious nature, short incubation, quick infective phase
and recovery, especially in the relatively small pig
herds typical in Norway [29]. Five years after the
incursion in 2009, this has not happened. In 2014,
the national herd seroprevalence remained high at
>40% [25].

The accumulated data collected from Norway’s on-
going active national serosurveillance of HIN1pdm09
virus gave us the opportunity to study the ecology of
the virus, and the natural progression and epidemi-
ology of this infection in the Norwegian pig popula-
tion, which was a formerly naive population for all
IAVs.

MATERIALS AND METHODS

The 5-year surveillance data from 1 January 2010 to
31 December 2014 involved 1567 pig herds (~75%
of the 2000 pig herds in Norway based on the
National Registry of Pig Herds, 2014) with a total
of 5643 herd tests and a total of 23026 individual
blood samples (Fig. 1). Pig herds in the sampled popu-
lation were classified into five production classes: (1)
fattening; (2) nucleus herds; (3) multiplier herds; (4)
conventional sow herds, and (5) sow pools. These
five classes of pig herds form the breeding and health
pyramid that creates a unidirectional animal flow in
the production of pig meat (Fig. 2). At the top are
the closed nucleus herds (n~40) where pure genetic
lines are constantly improved. Expanding in the next
level are the multiplier herds (n=~60) where some
multiplier herds are closed and most are associated
with one nucleus herd. They produce maternal lines
of Landrace-Yorkshire (LY) cross and supply gilts
to conventional sow herds, which include both inte-
grated and piglet-producing herds. Nevertheless,
some commercial sow herds do replenish their sow
numbers with gilts from their own production.
Unique to Scandinavian countries with their small
sow herds, the sow pool system in Norway involves
a cooperation between 10-20 pig producers where
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Fig. 1. Spatial distribution of pig herds (n =~ 2000) registered in Norway in 2014 [25].

one central gestation herd supplies the cooperating
producers (satellite units) with pregnant sows in a leas-
ing system [30, 31]. Tables 1 and 2 give a breakdown
of the number of herd tests by the five production
classes in the 19 counties of Norway.

Herd sampling

The Food Safety Authority carries out the sampling
based on herds selected by the Norwegian Vete-
rinary Institute every year. All nucleus, multiplier and
sow pool herds are tested every year because they
are high priority herds. Blood samples of ten pigs
from all nucleus and multiplier herds (=97 in
2014) as well as 30 blood samples from the gestation
units of every sow pool (1= 14 in 2014) are sampled

annually from each herd. Prior to 2011, conventional
sow herds were proportionally selected annually from
each of the 19 counties according to the number of
herds registered with the National Registry of Pig
Herds. In each of these herds, blood samples were
taken from ten sows. However, in 2011 there was a
change in the sampling strategy for conventional
sow herds in that blood samples are now collected
from slaughtered sows and boars at the 12 largest
abattoirs where more than 97% of the pigs in Norway
are slaughtered. The number of blood samples col-
lected at each slaughterhouse per year is proportional
to the total number of adult pigs slaughtered per year.
Sampling days are distributed evenly throughout the
year. Blood samples are collected from one to five
sows for each selected herd and the same herd could
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Table 1. Active serosurveillance for influenza A virus
infection in the Norwegian pig population. Number of
herd tests by county (n=19) from 2010 to 2014

Table 2. Number of herd tests involving serosurveillance
of influenza A virus infection classified by the five
production classes from 2010 to 2014

Production class 2010 2011* 2012 2013 2014 Total

County 2010 2011* 2012 2013 2014 Total
@stfold 44 89 95 95 50 373
Akershus/Oslo 27 79 59 47 36 248
Hedmark 41 126 152 131 120 570
Oppland 31 109 94 102 69 405
Buskerud 8 37 44 41 24 154
Vestfold 37 84 91 79 66 357
Telemark 8 28 29 25 28 118
Aust-Agder 2 3 1 6 6 20
Vest-Agder 4 17 12 9 6 48
Rogaland 145 289 338 424 317 1513
Hordaland 15 24 26 34 20 119

Sogn og Fjordane 14 6 27 27 23 97
More og Romsdal 4 11 21 20 20 76
Ser-Trendelag 14 52 4 57 50 217
Nord-Trendelag 69 291 281 212 196 1049

Nordland 22 40 44 72 61 239
Troms/Finnmark 35 1 3 20 11 40
Total 490 1288 1361 1401 1103 5643

* A change in sampling strategy beginning in 2011 where the
same herd could be tested more than once in the same year.
Sampling took place at the slaughterhouses.

be sampled several times a year. Regarding fattening
herds, ten blood samples are collected every year
from 40-60 selected herds.

With such a mixed sampling design, the number of
pigs sampled per herd test is non-uniform across the

Fattening herd 50 79 64 65 47 305
Nucleus herd 52 79 78 82 71 362
Multiplier herd 73 117 152 148 137 627
Conv. sow herd 302 950 996 1047 798 4093
Sow pool 13 63 71 59 50 256
Total 490 1288 1361 1401 1103 5643

* A change in sampling strategy beginning in 2011 where the
same herd could be tested more than once in the same year.
Sampling took place at the slaughterhouses.

five production classes. Overall in our study, there
were 3562 (63%) herd tests with <5 pigs sampled. In
proportion to each production class with such small
size samples, conventional sow herds had the highest
with 77%, followed by multiplier herds with 38%,
and nucleus herds with 30%. Of the 19 pig-producing
counties of Norway, Rogaland, Nord-Trendelag, and
Hedmark with the largest number of pig herds, re-
spectively, had the highest number of herd tests
every year (Table 1).

Laboratory analyses and herd diagnosis

All serological analyses were performed at the Norwe-
gian Veterinary Institute in Oslo. A commercial
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competitive ELISA (ID Screen® Influenza A
Antibody Competition multi-species kit; ID VET,
France) with a reported sensitivity of 93% and specifi-
city of 99% (manufacturer’s data) was the screening
test for serum antibodies against IAV. The ELISA
test can detect IAV antibodies in any species including
pigs. Titres >40 were considered positive for IAV
antibodies. In cases of positive or inconclusive results,
the serum samples were re-tested using the haem-
agglutination inhibition test (HI), to detect antibodies
against the four antigens, namely HINI1pdm09
(A/California/07/2009), European HINI [A/Sw/
Belgium/1/98 (HIN1)], HIN2 [A/Sw/Gent/7623/99
(HIN2)] and H3N2 [A/Sw/Flanders/1/98(H3N2)].
CDC identified and described the first antigen [32],
while the latter three antigens were identified and
described in Belgium [33]. Testing of these serotypes
have been described in the OIE Manual of Diagnostic
Tests and Vaccines for Terrestrial Animals. A herd was
considered positive if at least one blood sample serial-
ly tested positive with ELISA first, followed by an HI
test using antigens produced at the Norwegian Veter-
inary Institute. Pigs with an antibody titre =10 in the
HI test for a given subtype were regarded as positive
or considered a cross-reaction if more than one type
of antigen reacted positively. The herd-level diagnosis
was based on which subtype had the highest mean
titre, and the highest prevalence in a single herd test.
Antigen reactions other than HIN1pdm09 were con-
sidered cross-reactions because they were either
lower in titre, fewer in proportion in positive reactions,
and unlike HIN1pdm09, they did not exist as single
antigen reactions in any of the blood samples
examined,

Test sensitivity and specificity at herd level

Based upon the individual test sensitivity, we calcu-
lated herd sensitivity by two formulae:
Probability of false-negative herd

= [(1 — animal prevalence)

+ (1 — sensitivity of ELISA)Js2mplesizeperherd (1

Herd sensitivity
= | — probability of false-negative herd. 2

The calculations show that a sample size of ten pigs
per herd was sufficient to achieve at least 95% confi-
dence of identifying a positive herd based on a within-
herd prevalence of 26%. As the number of pigs

Influenza A(HIN1)pdmO09 in pig herds Norway 5

sampled per herd test varied considerably (range 1-
40 pigs) and the animal prevalence also varied be-
tween herds, some herd tests were lower in sensitivity,
and some higher. The probability of falsely classifying
a positive herd as negative therefore is higher in herds
with few pigs sampled and lower animal prevalence.
Conversely, it is harder to classify a negative herd as
falsely positive because all positive tests were followed
by a HI test. Serial testing raised the specificity to al-
most 100% at the herd level.

Temporal and spatial analysis

Temporal trends of herd seroprevalence were investi-
gated using Stata’s lowess smoothing function (Stata
v. 14.0, StataCorp LP, USA) to plot the running
means of the herd infection status (seropositive=1,
negative = 0) against the sampling dates from 2010
to 2014. Stratifying herd seroprevalence by the 19
counties enabled the investigation of spatial variations
across Norway with varying pig-farming densities in
different counties. Stratifying the seroprevalence by
the five production classes allowed the investigations
of variations in probability of infection between the
five different types of farm operation. The uniform
distribution of herd sampling over 12 months enabled
us to use day as the time unit to plot the temporal
trends. The lowess smoothing function examined the
spatial correlations between the probabilities of
herds being seropositive with pig-farming density by
plotting the mean herd seroprevalence with the
mean distance of the four nearest pig herds. The
mean distance of the four nearest pig herds was a
proxy indicator of pig herd density.

Environmental and production conditions

To identify production factors associated with a sero-
positive pig herd, we used Stata to execute a mixed
logistic regression analysis on the hierarchical data
(j\‘rcountj-r = 19, thrds = 1567, thrd tests — 5643) for the
binary outcome of a herd testing positive.

With the existing sampling plan, each herd could
have been sampled multiple times (between 1 and 12
times per year and up to 29 times during the 5-year
study period). The data were nested in herd identity
and county and were thus included as random effects
in our logistic regression model. The random effects
account for all variances of non-fixed effects related
to the county and the individual herd to give as accur-
ate as possible the estimates on the fixed effects.
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Herd size, a continuous variable, was based on the
live pigs on each farm as reported by pig farmers to
the National Registry of Pig Herds twice a year on
31 July and 31 December. Given that herd size had
a nonlinear relationship with outcome, the herd size
data were transformed into an ordinal variable with
three quantiles using specific cut-off points of pig
numbers to give small (<350 pigs, »=698), medium
(351-665 pigs, n=450), and large (666-4075 pigs,
n=419) herds.

Presence of sows and being a closed or open herd
were collinear with production class and hence were
excluded from the model. Similarly, the mean dis-
tance from the four nearest herds was highly corre-
lated with the 19 counties and was therefore
excluded as a predictor from the final mixed regres-
sion model.

The three categorical fixed effects in the mixed lo-
gistic regression model were:

Year of test (n=175): included five years (2010, 2011,
2012, 2013, and 2014).

Herd size (n=3): included three categories of small,
medium and large.

Production class (n=135): consisted of fattening
herds, nucleus herds, multiplier herds, conventional
sow herds and sow pools.

The mixed random-intercept logistic regression mod-
els were formulated as follows:

In((¥igm) /(1= Yima)) = Bo + Byear Xyearfik]

T ﬁproduclionX production[ijk] + Bherd size Xhera size[ ijk]
+ U+ vk + e[ijk]»

where Yy is the binary outcome, where 0 = negative,
1 =positive of a herd test for the ith observation
(i=1, 2, ..., 5643), jth herd (n;= 1567) nested within
the kth (n, = 19) county; S is a vector of coefficients
for the three categorical fixed effects: (1) year of test,
(2) herd size, and (3) production class; X;] is the vec-
tor of for the three predictors in our two models: (1)
year of test, (2) herd size, and (3) production class
for the ith observation of the jth herd and kth county;
uy is a vector of random intercepts unique to each
herd, where uy ~ N (0, Ohera), and vy is a vector of ran-
dom intercepts unique to each county, where vy ~ N
(0, aﬁoum},); and ey is the vector of error terms where
Ejje ~ NCL!, 0'2 )

The likelihood ratio test aided model selection. To
decide on the significance of additional predictors

for the two models, a difference of <2 of the log like-
lihood score was regarded as non-significant and the
most parsimonious model was chosen [34]. We tested
the models by assessing fit and residual patterns.

There were 1816 herd tests where herds were tested
consecutively for at least 2 years. To examine recur-
rent herd infection rates, univariable logistic regres-
sions stratified on production class estimated the
probability that a seropositive herd would be seroposi-
tive again the following year. Similarly, we investi-
gated new herd infection rates by estimating the
probability that a seronegative herd would test sero-
positive the following year by using mixed logistic
regression.

We also plotted the incidence risks stratified by the
four production classes of fattening, nucleus, multi-
plier and conventional sow herds. We excluded the
sow pools from this analysis given their small numbers
of only 14 herds and also that there was only one or no
uninfected sow pool herds to calculate incidence risk
for the following year.

Within-herd seroprevalence

We investigated the within-herd animal seropreva-
lence by observing the proportion of pigs testing posi-
tive in 1028 positive herd tests that had at least five
pigs tested. A cumulative probability on animal
prevalence plot of these positive herds revealed the
infectiveness of the disease in pigs kept in close prox-
imity, typical of pig production. Factors causing var-
iations to animal prevalence were investigated with
scatter plots for the three categorical fixed effects of
interest, i.e. year of test, production class and herd
size. Graphical analyses were followed up with multi-
variable regression using general linear regression for
categorical variables to investigate whether within-
herd prevalence varied with the same three fixed
effects.

Confidence intervals (CIs) using Stata for binomial
outcomes gave inferential statistics on binomial prob-
abilities of prevalence and incidence [35].

RESULTS
Herd seroprevalence, temporal trends

Surveillance data of 5643 herd tests on 23 039 samples
from 2010 to 2014 showed that 6513 (28%) of the sam-
ples screened ELISA positive for antibodies against
IAV in 2470 herd tests. Of these blood samples
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positive for antibodies against IAV, 5857 were
confirmed by the HI test to be antibodies against
HINIpdm09 with 23-6% showing reactions to sole
antigen HIN1pdm09. Seventy-six per cent of the sam-
ples with reactions to multiple antigens in addition to
HINlpdm09 were all deemed cross-reactions by our
criteria for herd diagnosis.

Figure 3 shows the spatial distributions of seroposi-
tive herds in 2010, 2014 and cumulatively from 2010
to 2014. Of the 1567 herds involved in the surveil-
lance, 842 tested positive at least once thus giving a
national cumulative herd seroprevalence of 54%
(95% CI 51-56) by the end of 2014. There were no
unique clustering patterns for positive herds. The
heavy pig-farming-area counties correspondingly
also had higher herd prevalence. As depicted by the
temporal and spatial trends in Figure 4, the running
mean herd seroprevalence for the top three major pig-
producing counties, Rogaland, Nord-Trendelag, and
Hedmark fluctuated between 20% and 70% with no
signs of decreasing at the end of 5 years after incursion
of the virus in 2009. Nationally, the trajectory of the
running mean herd prevalence was flat and hovered
at around 42%. Comparison of the temporal trends
of herd seroprevalence in the five production classes
seen in Figure 5 revealed that fattening herds had
the lowest running herd mean seroprevalence, which
rose from ~20% in 2010 to 30% in 2011 before grad-
ually decreasing to 9% in 2014. The three production
classes of nucleus, multiplier and conventional sow
herds had similar trajectories of running mean herd
seroprevalence that fluctuated between 40% and
50%. In contrast to the fattening herds, the small
group of sow pool herds had the highest levels of
mean herd seroprevalence. Depicted by a wide
U-shaped trajectory in Figure 5, sow pool herds
began with nearly 100% seroprevalence in 2010,
which fell to ~62% in 2011 before gradually rising
to ~90% in 2014,

Recurrent herd infections

Looking at herds that were consecutively tested, there
were 293 sow herds (nucleus, n = 41; multiplier, n = 51;
conventional, n=188; sow pools, n=13) that were
tested for multiple 4 or 5 years. The proportion of
these herds by production class that were repeatedly
seropositive for 4 or 5 years, were 11/41 (27%) for nu-
cleus herds, 20/51 (40%) for multiplier herds, 54/188
(29%) for conventional sow herds and 11/13 (85%)
for sow pools. Conversely, the proportion of herds

Influenza A(HIN1)pdm09 in pig herds Norway 7

that tested negative for all the years they were tested
were 11/41 (27%) for nucleus herds, 7/51 (14%) for
multiplier herds, 23/188 (12%) for conventional sow
herds and 0/13 (0%) for sow pools.

Herd incidence risk, temporal trends

Figure 6 shows herd incidence risks or the proportion
of new infections by production classes plotted over
the 5 years. Temporal trends of incidence risks com-
bined with recurrent infection trends (not shown)
would give our seroprevalence trends in Figure 4.
Incidence risks of fattening herds rose from ~23% in
2010 to 29% in 2011 before trending downwards to-
wards 9%. Multiplier herds had a sharp drop from
~39% in 2010 to 15% in 2011, where it remained in
the range between 14% and 21%. Nucleus herds had
a V-shaped pattern where their incidence risk dropped
from ~25% in 2010 to 15% in 2012 before rising to
22% in 2014. Conventional sow herds fluctuated be-
tween 26% and 36%, which were potentially the
most underestimated in the production classes because
of the low sample sizes associated with these herds.

Herd prevalence and pig-farming density

The lowess smoothing plots in Figure 7 show that the
mean running herd seroprevalence of the four produc-
tion classes (fattening, nucleus, multiplier and conven-
tional herds) were inversely proportional to the mean
distance of the four nearest pig herds. We omitted sow
pools because of the low numbers involved.

Within-herd prevalence

Figure 8 shows a cumulative probability plot of the
proportion of samples that tested positive in herds
with at least five animals sampled (n=1028 herd
tests in 488 herds). The 10th percentile was 20%,
25th percentile, 30%, 50th percentile or median,
60%, 75th percentile 81%, 90th percentile 100%. We
did not find any variations in animal prevalence in
the five production classes or in the three quantiles
of herd sizes using graphical comparisons (not
shown) or multivariable regression analysis (not
shown).

Sensitivity of herd test

Given the possible variations in animal prevalence as
shown in Figure 8 and the varying number of pigs per
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Fig. 6. Estimates of incidence risks with 95% confidence intervals of new pig herd infections of influenza A(HIN1)pdm09
virus infection in Norway stratified by four production classes from 1 January 2010 to 31 December 2014

herd test, Table 3 shows how the sensitivity of the herd
test varied with the number of pigs sampled for a herd
test. Given the bulk (72%) of the herd tests came from
conventional sow herds and the bulk of these tests
involved only one pig, the chance of misclassifying a
positive herd as negative is >44% likely in 50% of
true positive cases (based on median in Table 3).

Unconditional mixed logistic regression model

Mixed logistic regression analysis (Table 4) shows the
herd was equally likely to be tested positive in any of
the 5 years. Positive herds were either recurrent cases
or new herd cases depicted by our incidence plots in
Figure 6. The medium and large herds were more like-
ly than the small herds to be seropositive, while the
difference between medium and large herds were not
significant. In terms of production class, fattening
herds had the lowest probability while sow pools
had the highest with an odds ratio (OR) of 24. The
other three production classes of nucleus, multiplier
and conventional sow herds had ORs of 2-78, 4-72
and 2-63, respectively.

For herds (n=1327) that were negative and tested
again the following year, Table 5 shows the results
of a mixed logistic regression analysis of the probabil-
ity of new infection (incidence risk). The risk of a new
herd infection progressively increased from 2010 to
2014. With an OR of 48, multiplier herds were most
likely to be newly infected. The risk in conventional
sow herds (OR 9-75) was closer to the nucleus herds
(OR 6-26). The risk of being infected were also step-
wise higher with medium-sized herds having an OR
of 6-3 and large herds having an OR of 9-2. Sow
pool herds were dropped from the analysis because
of small numbers (n=14) and that they were either
all positive and therefore had predicted the following
year perfectly or there was one negative sow pool
herd that was predicted perfectly to be negative next
year.

DISCUSSION

What began in October 2009 as Norway’s first IAV in-
fection in pigs, HIN1pdm09, spread rapidly to naive
pig herds throughout the country [18, 27]. The initial
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Fig. 7. Lowess smoothing curves showing spatial relationship of running mean herd seroprevalence with mean distance of
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Fig. 8. Cumulative probability of the proportion of pigs screened ELISA-positive for influenza A antibodies in herds
(n=1028) diagnosed positive for influenza A(HIN1)pdm09 with at least five pigs sampled.

herd seroprevalence at the end of 2009 was 18%. In
the absence of any vaccination practice, intervention
measures from the food safety authorities, and the ab-
sence of other swlIAVs, the seroprevalence had

climbed to >40% in 2010 and has remained >40%
ever since. The consistently high herd seroprevalence
of the virus over the years was due partly to sustained
recurrent infections in positive herds with sows

Downloaded from hitp:fwww.cambridge org/core. Bioforsk organic food and farming - nibio, on 19 Sep 2016 at 12:43:39, subject to the Cambridge Core terms of use, available at
http:/www.cambridge.org/core/terms. http://dx.doi.org/10.1017/50950268816001424



Table 3. Sensitivity of herd test with respect to animal
prevalence and number of pigs sampled per herd test

Animal prevalence (percentile)

No. of pigs 20% 30% 60% 81% 100%
sampled (10th) (25th) (median) (75th) (90th)
1 13 23 53 74 93

2 24 41 78 93 100

3 34 54 90 98 100

4 43 65 95 100 100

5 50 73 98 100 100

6 57 79 99 100 100

7 62 84 99 100 100

8 67 88 100 100 100

9 71 90 100 100 100
10 75 93 100 100 100

Values given are percentages.

(ranging from the lowest 27% in nucleus herds to the
highest of 85% in sow pool system) and partly to
new herd infections as evidenced by the 9-39% inci-
dence risks in the four productions classes (Fig. 6).

Considering the rapid turnover of sows in Nor-
wegian sow herds (culling at average three parities
or ~2 years old), positive sow herds that were still
positive after 2 years were the result of recurrent infec-
tions. Recurrent infections in positive herds occur fre-
quently in nucleus, multiplier and conventional sow
herds but with highest probability in the smallest
group, the sow pools. This is not surprising because
of this group’s unique pattern of frequent contacts be-
tween multiple satellite herds.

Spatial analysis revealed that the counties with the
three densest pig populations also correspondingly
had the highest proportion of positive herds (Fig. 4).
This is unsurprising as pig production is characterized
by animals kept in close proximity and high turnover
rate leading to susceptible new hosts being produced
rapidly as required by highly contagious pathogens
like TAV to propagate and maintain itself in the popu-
lation. Higher density pig-farming counties also mean
larger quantities of virus shed into the environment
which increases the probability of transmission to sus-
ceptible hosts. Other studies have also shown that
higher pig-density areas also have higher rates of re-
spiratory diseases [36, 37)].

In Norway, the persistence of HIN1pdm09 in the
pig population can be attributed to several produc-
tion factors that favour the infection dynamics of
the influenza virus. Although our study has not

Influenza A(HIN1)pdm09 in pig herds Norway 13

ascertained the sources of the virus in these recurrent
and new infections, the varying production class-
specific probabilities revealed in our regression ana-
lysis and graphical plots suggest transmission patterns
are related to their production operations. Elsewhere,
since the outbreak of HIN1pdm09 in pigs, there have
been studies on pigs such as those by the EISN, in-
vestigating the dominant swIAV subtypes circulating
in European pig populations [13], and also ad hoc
surveillance studies conducted to investigate the per-
sistence and transmission dynamics of influenza
viruses circulating in some European pig herds
(Belgium, France, Italy, Spain) [38, 39]. These studies
indicated that although there were various swlAVs
circulating, some pig farms continually tested positive
for the same swIAV subtypes over the six sampling
periods from 2006-2009. Persistence of infection
from horizontal transfer between animal contacts
within these herds or re-introduction due to poor bio-
security was put forward as possibilities for these
herds repeatedly testing positive. Although the scale
of these studies was much smaller (3-80 herds) and
the scope was restricted to only farrow-to-finish
herds, the results on the dynamics of pig-to-pig trans-
mission are partly helpful in elucidating the patterns
of recurrent infections and new herd infections seen
in our study.

Previous studies have shown that people working
with pig herds may have transmitted HINIpdm09
to pigs [7, 12, 16, 18, 20, 28). Here in Norway, reverse
zoonosis of humans carrying the virus and infecting
the pigs they are in contact with remained highly prob-
able during the study period. National influenza virus
surveillance in humans by the Norwegian public
health authorities during the previous two influenza
seasons from 2012 to 2014 shows that more than
50% of all human influenza cases in Norway were
still caused by HIN1pdm09 [40]. Hence, right up to
the end of 2014, spillovers from human infections
could have been an important source of virus for re-
current or new herd infections, especially so for nu-
cleus herds which are closed to the introduction of
pigs from other herds. Fattening herds had the lowest
levels of herd seroprevalence consistently for all 5
years compared to the other production classes. This
would be surprising if animal contacts were the sole
mode of transmission because the majority of fatten-
ing herds buy piglets from many herds without requir-
ing documentation of freedom from HINIpdm09.
Many fattening herds are all-in/all-out operations, at
least at room level, with no contact between batches
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Table 4. Mixed logistic regression of the binomial outcome that a herd test was positive for antibodies against
influenza A( HIN1)pdm09 virus infection based on haemagglutination inhibition test

No. of observations

(positives) Fixed effects® OR 95% CI P value
Year of test (n=15)
490 (204) 2010 1
1288 (563) 2011 1-02 0-78-1-33 0-89
1361 (641) 2012 1-07 0-82-1-39 0-62
1401 (587) 2013 0-82 0-64-1-07 0-14
1103 (478) 2014 0-88 0-67-1-15 0-35
Production class (n = 5)
305 (69) Fattening herd 1
362 (123) Nucleus herd 2-78 1-67-4-62 <0-001
627 (297) Multiplier herd 472 3-05-7-30 <0001
4093 (1826) Conventional herd 2:63 1-87-3-70 <0-001
256 (155) Sow pool 24-04 10-98-52-66 <0-001
Herd size in three quantiles (pigs)
1679 (601) Small (<350 pigs) 1
1909 (919) Medium (350-665 pigs) 1-85 1-52-2-26
1851 (881) Large (>665 pigs) 1-63 1-33-1-99
Constant 0-50 0-33-0-75
Random effectst
5643 (2473) County (n=19)
Var(const.) 445 2:16-9-15
5643 (2473) County=herd id (n = 1567)
Var(const.) 1-66 1-29-2-15

OR, Odds ratio; CI, confidence interval.

* Three categorical fixed effects were: (1) year of test, (2) production class, and (3) herd size (based on national registry for

subsidy).

T County and herd ID were included as random effects to account for non-fixed effects associated with county and the indi-

vidual herd.

of pigs. Even if the young growers (~30 kg) came from
positive herds, maternal antibodies may have pro-
tected them from infection and kept them virus free
for transfer to the fattening herd. In fattening herds,
fewer close human-pig interactions may have also
contributed to a lower herd seroprevalence/incidence
compared to the other four production classes. We
see in Figures 5 and 6 that the running herd preva-
lence and incidence risks of fattening herds showed a
marked decline after peaking in 2011. An explanation
for the decline could be that more piglet-producing
sow herds had developed active immunity with time
and consequently fortified fattening pigs with protect-
ive maternal antibodies crucial for protection during
the vulnerable transition to the grower phase where
mixing between new pigs occurs. Nevertheless, new
herd infections in fattening herds every year were
still occurring as evidenced by the non-zero incidence
risks. It was also highly likely that carrier piglets in the
batch of fattening pigs could become a source of infec-
tion to other pigs that would become susceptible when

maternal antibodies waned sufficiently [39, 41, 42].
Age-related factors could play a role in causing the
differential patterns in seroprevalence in the five pro-
duction systems, especially between fattening herds
and the other four production systems. Pigs sampled
from fattening herds at the slaughterhouse were aged
~6 months whereas for other four types of sow
herds (nucleus, multiplier, sow pools, conventional
sow herds), older pigs like sows are sampled. Older
animals, by virtue of their longer existence also
means that their probabilities of exposure to the
virus during their slightly extended lives before being
sampled are higher.

The small group of sow pool herds (n = 14) had the
highest levels of seroprevalence because they had the
highest rates of recurrent infections. This was expected
given their special operating mode that allows mixing
of sows from various satellite pig herds (n=10-20),
thereby increasing the risk of horizontal spread be-
tween herds. Human—pig contact frequency and the
accumulated duration with different people are also
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Table 5. Mixed logistic regression on the binomial outcome that a negative herd would test positive the following year
Jfor antibodies against influenza A( HINI )pdm09 using the haemagglutination inhibition test

Number of
observations (positives) Fixed effects* OR 95% CI P value
Year of test (n=35)
174 (46) 2010 1
406 (104) 2011 1-30 0-55-3-05 0-553
358 (121) 2012 572 2-31-14-17 <0-001
389 (128) 2013 6-40 2-43-16-83 <0-001
Production class (n=4)
258 (64) Fattening herd 1
157 (43) Nucleus herd 626 1-12-34-86 0-036
155 (56) Multiplier herd 47-95 7-75-296-83 <0-001
757 (236) Conventional herd 9-75 2:85-33-41 <0-001
Herd size in three quantiles (pigs)
399 (89) Small (<350) 1
405 (130) Medium (350-665) 6-31 2:00-19-87 0-:002
469 (165) Large (>665) 9-24 2-78-30-72 <0-001
Constant 0-0004 0-00003-0-00612 <0-001
Random effectst
1327 (399) County (n=17)
Var(constant) 272 1-01-7-35
1327 (399) County>Herd id (n = 621)
Var (constant) 19-72 10-34-37-61

OR, Odds ratio; CI, confidence interval.

*The three categorical fixed effects were (1) year of test, (2) production class, and (3) herd size.
T County and herd ID were included as random effects to account for non-fixed efects associated with county and the indi-

vidual herd.

higher in the sow pool system thus increasing the
sources and risk of reverse zoonosis.

Regarding the nucleus, multiplier and conventional
sow herds, their temporal trends in mean herd sero-
prevalence did not differ much. These three types of
production classes fluctuated within a narrow range
between 40% and 50%, with no signs of abating to-
wards the end of 2014. Multiplier herds had a higher
probability (OR 4-72, 95% CI 3-1-7-3) of testing sero-
positive compared to fattening herds. Nucleus herds,
closed to pigs from other sources, had a lower prob-
ability of being positive (OR 2:78, 95% CI 1-7-4-6).
Seroprevalence and incidence risks of conventional
sow herds (OR 2-63, 95% CI 1-8-3:7) were unexpect-
edly similar to nucleus herds. The anomaly is
accounted for by the lower sensitivity in herd tests
for conventional herds because fewer pigs are sampled
per herd test in these herds. As shown in Table 3, the
likelihood of misclassification increases with decreas-
ing within-herd prevalence and sample size. Herd
tests involving conventional sow herds having <4
pigs were disproportionately high (77%). Many of
these herd tests involved only one pig. Sampling

only one pig and given within-herd prevalences of
20%, 30%, 60%, 81%, and 100% (following the per-
centiles in Table 3) would respectively give herd test
sensitivities of 13%, 23%, 53%, 74% and 93%.
Therefore, the gap between the conventional sow
herds and nucleus herds could be much wider when
we factor in misclassification bias. In the same light,
the seroprevalence trends depicted in Figures 4 and
5 (conventional sow herds in particular) reflect an
underestimation of true herd prevalence since conven-
tional sow herds made up the majority (72%) of the
5643 herd tests.

With regard to the closed nucleus herds with highest
biosecurity, the recurrent infections in positive nucleus
herds were likely caused by circulation of the virus
within the herd or caused by continual spillovers
from human infections as mentioned earlier. Nucleus
herds generally have higher gilt replacement rates
(60-70% are first-parity sows) in overlapping batches.
The shorter cycle and higher rates of replacements
also means that more newly susceptible hosts become
available faster for new infections and the propagation
of the virus.
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As to animal prevalence in positive herds, ~60% of
positive herds with at least 5 pigs sampled had > 50%
of the animals testing seropositive (Fig. 8). The high
within-herd seroprevalence is consistent with other
swine influenza strains in that infections in pig herds
are highly contagious with a short incubation period
that could reach 100% infection rate within a short
time [1, 39]. The animal prevalence did not differ be-
tween the production classes which is unsurprising
given that the stocking density for all five production
classes are similar and therefore would experience
similar transmission dynamics for contagious diseases
transmitted through contact and aerosols between ani-
mals in close proximity [1, 29].

The temporal trends of seroprevalence, recurrent
and new herd infection rates observed in our sur-
veillance data from 2010 to 2014 suggest that
HINIpdm09 will remain in the Norwegian pig popu-
lation for as long as humans or pigs, or both, act as
reservoirs and continue to transmit the virus to suscep-
tible pigs. The persistence of the virus in the pig popu-
lation has economic consequences even though the
infection in the naive Norwegian pigs was mostly sub-
clinical [24, 27]. A longitudinal study showed that the
infection reduced the growth performance of growing
pigs by reducing their feed efficiency. Infected grower
pigs consumed more feed and had a protracted pro-
duction time to reach the same market weight com-
pared to their uninfected counterparts [26, 43].

H1NI1pdm09 in pigs is not only widespread across
Western Europe, reassortant subtypes have already
appeared, probably due to co-infections of HINI
pdm0% with established swIAVs [13]. It follows in
the presence of established swIAVs, the prevalence
and infection rates of HIN1pdm(9 in pig herds in
Western Europe were considerably lower [12, 16] com-
pared to Norway. Conversely, HIN1pdmo09 is likely
to remain geographically a stable lineage in the
Norwegian pig population given its continued sole ex-
istence as the only subtype circulating and coupled
with Norway’s continued closed-door policy on move-
ment of live pigs across its borders. Nonetheless, the
prospect of reassortment with human influenza
could potentially occur if farmers with human IAVs
introduce them to the pigs again, especially for sub-
types like human H3N2 virus, for which antibodies
to HINIpdm09 do not offer cross-protection against
(based on unpublished serology data at the Norwegian
Veterinary Institute). To minimize such possibilities,
it seems appropriate to continue with the recommen-
dation that people working with pig herds should be

immunized regularly with human influenza vaccines,
and refrain from contacts with pigs if they have
influenza-like symptoms.

In conclusion, although sampling for herd tests had
varied across the pig herds and therefore made direct
prevalence inferences somewhat challenging, we think
that Norway's active surveillance gives a fairly repre-
sentative picture of the natural infection dynamics of
the virus in the Norwegian pig population given the
absence of any intervention measures.

Five years after the incursion of the new influenza
virus, HIN1pdm09, the prevalence of seropositive
herds has not fallen below 40%. This strongly indi-
cates that the virus has adapted well and established
itself in the Norwegian pig population. To mount
measures against the spread of influenza virus to
new pig herds, and to break the chain of infection in
infected herds, further research on the transmission
dynamics of the HINIpdm09 virus in the
Norwegian pig population and economic analyses
would give farmers and the food safety authorities
guidance on feasible approaches.
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