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ABSTRACT

Antibiotic use plays a major role in the emerging public health crisis of anti-
biotic resistance. Although the majority of antibiotic use occurs in agricultural
settings, relatively little attention has been paid to how antibiotic use in farm
animals contributes to the overall problem of antibiotic resistance. The aim of
this review is to summarize literature on the role of antibiotics in the develop-
ment of resistance and its risk to human health. We searched multiple data-
bases to identify major lines of argument supporting the role of agricultural
antibiotic use in the development of resistance and to summarize existing regu-
latory and policy documents. Several lines of reasoning support the conclusion
that agricultural antibiotics are associated with resistance, yet most public
policy is based on expert opinion and consensus. Finally, we propose strategies
to address current gaps in knowledge.
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ANTIBIOTIC USE IN FOoOD ANIMALS < b

Antibiotic resistance is a looming public health crisis.
While once believed to be the province of hospitals
and other health-care facilities, a host of community
factors are now known to promote antibiotic resistance,
and community-associated resistant strains have now
been implicated as the cause of many hospital-acquired
infections."? An inherent consequence of exposure to
antibiotic compounds, antibiotic resistance arises as
a result of natural selection.? Due to normal genetic
variation in bacterial populations, individual organisms
may carry mutations that render antibiotics ineffective,
conveying a survival advantage to the mutated strain.
In the presence of antibiotics, advantageous mutations
can also be transferred via plasmid exchange within
the bacterial colony, resulting in proliferation of the
resistance trait.! The emergence of drug resistance
has been observed following the introduction of each
new class of antibiotics, and the threat is compounded
by a slow drug development pipeline and limited
investment in the discovery and development of new
antibiotic agents.””

International, national, and local antibiotic steward-
ship campaigns have been developed to encourage
prudent use of and limit unnecessary exposure to
antibiotics, with the ultimate goal of preserving their
effectiveness for serious and life-threatening infec-
tions.* In practice, however, clinicians must balance
the utilitarian goal of preserving the effectiveness of
antibiotics with ethical obligations to patients who pres-
ent with conditions that are unlikely to be harmed and
may benefit from antibiotic use. There is also consider-
able debate in veterinary medicine regarding use of
antibiotics in animals raised for human consumption
(food animals). The potential threat to human health
resulting from inappropriate antibiotic use in food
animals is significant, as pathogenic-resistant organisms
propagated in these livestock are poised to enter the
food supply and could be widely disseminated in food
products.'** Commensal bacteria found in livestock
are frequently present in fresh meat products and
may serve as reservoirs for resistant genes that could
potentially be transferred to pathogenic organisms in
humans. %!

While antibiotic use in food animals may represent
arisk to human health, the degree and relative impact
have not been well characterized. Given divergent
stakeholder interests and inadequate research to date,
public policy discussions of this issue are often conten-
tious and highly polarized. The aim of this review is to
examine the scope and nature of antibiotic use in food
animals and summarize its potential impact on human
health. We also review key national and international
policies on use of antibiotics in food animals. Finally, we

propose future directions for research and monitoring
of the agricultural use of antibiotics.

METHODS

We searched three online databases of medical and
scientific literature citations—the National Library
of Medicine’s MEDLINE®, the U.S. Department of
Agriculture’s National Agricultural Library Catalog
(known as AGRICOLA), and Thomson Reuter’s Web
of Science—for English-language documents from
1994-2009 containing the keywords “antibiotic,” “anti-
biotic resistance,” “antimicrobial,” “antimicrobial resis-
tance,” “agriculture,” “livestock,” “food animal,” “farm
animal,” “pig,” “swine,” “cattle,” “cow,” “poultry,” and
“chicken.” Two authors reviewed the references and
selected exemplary original research articles exam-
ining the association between antibiotic use in food
animals and antibiotic-resistant bacteria in humans.
We also performed searches of the ROAR Commensal
Literature Database (part of the Reservoirs of Antibi-
otic Resistance [ROAR] project, coordinated by the
Alliance for Prudent Use of Antibiotics and funded
by a grant from the National Institute of Allergy and
Infectious Diseases) and the World Health Organiza-
tion (WHO) website to identify research articles and
policy documents pertaining to antibiotic use in food
animals. An online search engine was used to locate
policy statements published by governmental agencies.

RESULTS

In our review, we found that the use of antibiotics in
food animals is widespread, yet poorly characterized.
Furthermore, in existing studies, neither the risks to
human health nor the benefits to animal production
have been well studied. We also found a lack of con-
sistency in national and international policies.

In the following sections, we review the current
literature on the nature and scope of antibiotic use in
food animals, and on the epidemiologic links between
use of antibiotics in food animals and resistance in
humans. We then provide an overview of the complex
risk analysis framework required to understand this
problem. Finally, we review key national and interna-
tional policy and regulatory recommendations.

Literature on the nature and scope

of antibiotic use in food animals

The high population density of modern intensively
managed livestock operations results in sharing of
both commensal flora and pathogens, which can be
conducive to rapid dissemination of infectious agents.
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As aresult, livestock in these environments commonly
require aggressive infection management strategies,
which often include the use of antibiotic therapy.

Antibiotics are used in food animals to treat clini-
cal disease, to prevent and control common disease
events, and to enhance animal growth.'® The different
applications of antibiotics in food animals have been
described as therapeutic use, prophylactic use, and
subtherapeutic use. Antibiotics can be used to treat a
single animal with clinical disease or a large group of
animals. However, these various uses are frequently
indistinct; definitions of each type of use vary, and the
approaches are often applied concurrently in livestock
populations.' For example, 16% of all lactating dairy
cows in the U.S. receive antibiotic therapy for clinical
mastitis each year, but nearly all dairy cows receive intra-
mammary infusions of prophylactic doses of antibiotics
following each lactation to prevent and control future
mastitis—primarily with penicillins, cephalosporins, or
other beta-lactam drugs.* Similarly, 15% of beef calves
that enter feedlots receive antibiotics for the treatment
of clinical respiratory disease, but therapeutic antibi-
otic doses are also administered to 10% of apparently
healthy calves to mitigate anticipated outbreaks of
respiratory disease.?! Forty-two percent of beef calves
in feedlots are fed tylosin—a veterinary macrolide
drug—to prevent liver abscesses that negatively impact
growth, and approximately 88% of growing swine in
the U.S. receive antibiotics in their feed for disease
prevention and growth promotion purposes, com-
monly tetracyclines or tylosin.*? Most antibiotic use in
livestock requires a veterinary prescription, although
individual treatment decisions are often made and
administered by lay farm workers in accordance with
guidelines provided by a veterinarian.?*

Despite the widespread adoption of antibiotic use
in food animals, reliable data about the quantity and
patterns of use (e.g., dose and frequency) are not
available.” Quantifying antibiotic use in food animals
is challenging due to variations in study objectives—
investigators may measure only therapeutic uses,
only nontherapeutic uses, or a combination thereof,
depending on their outcome of interest—and lack of
clarity surrounding the definitions of therapeutic vs.
nontherapeutic uses.?” Although limited, the available
data suggest that food animal production is responsible
for a significant proportion of antibiotic use. In 1989,
the Institute of Medicine estimated that approximately
half of the 31.9 million pounds of antimicrobials
consumed in the U.S. were for nontherapeutic use
in animals.?” More recent estimates by the Union of
Concerned Scientists, an advocacy group that sup-
ports reduced agricultural antimicrobial use, suggest

that 24.6 million pounds of antimicrobials are used
for nontherapeutic purposes in chickens, cattle, and
swine, compared with just 3.0 million pounds used for
human medicine. Calculations by the pharmaceutical
industry-sponsored Animal Health Institute are more
conservative, suggesting that of 17.8 million pounds
of antimicrobials used for animals, only 3.1 million
pounds are used nontherapeutically.*® Twelve classes
of antimicrobials—arsenicals, polypeptides, glycolipids,
tetracyclines, elfamycins, macrolides, lincosamides,
polyethers, beta-lactams, quinoxalines, streptogramins,
and sulfonamides—may be used at different times
in the life cycle of poultry, cattle, and swine.? While
some of the antimicrobials used in animals are not
currently used to treat human disease, many, such as
tetracyclines, penicillins, and sulfonamides, are also
used in the treatment of infections in humans.?® The
WHO has developed criteria for the classification of
antibiotics as “critically important,” “highly important,”
and “important” based on their importance in the
treatment of human disease.?*?

However, other classes of antimicrobials used in
agriculture have not led to concerns about dissemina-
tion of resistance in humans. For example, some of
the most frequently used antibiotics in ruminants are
ionophores, a distinctive class of antibiotics that alter
intestinal flora to achieve increased energy and amino
acid availability and improved nutrient utilization.
Most beef calves in feedlots and some dairy heifers
receive this drug routinely in their feed. Because of
their specific mode of action, ionophores have never
been used in humans or therapeutically in animals.
While some bacteria are intrinsically resistant to these
drugs, there is currently no evidence to suggest that
ionophore resistance is transferable or that co-selection
for resistance to other classes of antimicrobials occurs.®”

Literature suggesting epidemiologic evidence of an
association between antibiotic use in food animals
and antibiotic resistance in humans

Evidence that antibiotic use in food animals can result
in antibiotic-resistant infections in humans has existed
for several decades. Associations between antibiotic
use in food animals and the prevalence of antibiotic-
resistant bacteria isolated from those animals have
been detected in observational studies as well as in
randomized trials. Antibiotic-resistant bacteria of ani-
mal origin have been observed in the environment
surrounding livestock farming operations, on meat
products available for purchase in retail food stores,
and as the cause of clinical infections and subclinical
colonization in humans. Figure 1 outlines a sampling of
prevalence studies, outbreak investigations, ecological

PuBLic HEALTH REPORTS / JANUARY-FEBRUARY 2012 / VorLUME 127



g 'd uo panunuoo

(%0 'S %52)
so|dwes |0u0D Bulnp Pa1d9]|0d eLdoeq Uy} SHiel) aduelsisal ALied o) Ajay|

aljow alem podsues) Aijnod Buunp pa1ds||0d eLBIORY "SBIDIYSA |0U0D PUIyS]
p109]|02 seo|dwies adepNns pue Jle uey) eLa1deq siouw Ajuedyiubls pauleluod
Anjnod Buuodsuely sspiyan pulyaq pe1os||od sajduwies adepns pue iy

41| Aynod wouy sa1e|os! ul paAIasqo
9SO0U] O} JB[IWIS S1IBJ] 9DUE)SISSI PaLUED $91|) WO} sa1e|os| swuey Aynod Jesu
painided salj} Woij palanodal Uslo alam 192020jAydels pue 190000i03u7

‘weainsdn ueyy weansumop Jaybiy sawin g¢ pue
INOJ US2MIBQ 219M [j0D " PUE 'SWIOJI|0D [D8) '19D00D0181US JO SUOILRIIUSIUOYD)

“J001$8AI1| Ul 8N 10} G’ By} ul parosdde usaq Jensau sey yoiym
‘upAwodueA 0} JUEISISSl SEM S81|OSI B JO BUON “uonanpoud auims Ul pasn
Ajuowiwiod so10IgIIUe OM) 1SED| 1B O} JUB)SISal 81aM (%84) S91e(os! ||e AlieaN

‘wiidoyiawii} 0} 2URISISSI UM PBIRIDOSSE SeM Insodxa aplweuoy|ns
-wudoyiew uoneuiquiod pue ‘wudoyiewi} pue uljjinidwe 0} aouelsisal

Yam paieosse sem ainsodxe uljoiuad ‘upAweuey pue ‘eulpAoelsifxo
‘uppAwordasisoipAyip ‘uljjioidwe 03 aouelsisal Ylm Paleosse sem ainsodxe
upAwoidans-uijpiuad uoneurqwod ‘wudoylewiy pue ‘upAweuey
‘supAoeielfxo ‘upAwoidansolpAyip ‘uljjoidwe 03 8ouBlSISa) UM pejeidosse
sem ainsodxa aulpAoeis) ‘sonjoiqiue o} ainsodxs ou yym pasedwo?)

idwe pue ‘auoxelyed ‘aulpAdensy o1
9oUE)SISal PaseaIdUl YUm paleidosse Ajpuediiubis sem pasy Ul auljaAoeliapo|yD
“aulpAoeepo|yd pay alom ey sbid wouy paie|os eusioeq Buowe jusjeaad
2JOW SeM BUOXeLSD pue ‘udiweluab ‘uljjpiduwe ‘sulpAoesa) 0} aduelsisay

"SUBWINY Ul 122020481U8 O} SUS3DIYD Ul 122020491US WO} paliajsuel)
aJaMm sllel} @duelsisal 1eyl pa1sebbns elsloeq pale|os! 8yl JO sonsLslorIeYD
Jejnos|o|\ ‘suay Buihe| pue sisw.e) usy Buike| Buowe ueyy susydIyd
131010 pue SIaULIR) USNIIYD Jajloiq Buowe jusieraid aiow sem aduelsisay
(%8 "SA %09) ursedone pay asem jeyy shesuny Buowe jusjessd aiow
AjpueoijiuBis sem YA siuepisal AIUNWWOD JO %t | pue ‘siaierybnes Aexuny
JO %07 'siowiie) Jo %¢ ‘sa|dwes Aaxiny aul JO 9%0G WOl PSIR|OSI Sem JYA

Kiynod a1 Burpodsuely syonuy puiysq BuiaLp
S9|DIYSA Wol) Usye) se|duies adepNs pue Jie Wol) Pale|os!
ela1oeq 4o sisAjeue Aljigndaosns onoigiue pue uonesswnuy

suiiey Aijnod
Jeau salj} pue Jon| Aynod wouy paiejosi 1po0d0jAydess
pue 125020193U Jo siskjeue Ayjiqudadsns snoigruy

Sa1}|198} UOIIPNPOI SUIMS WO} WEeSSUMOP
pue weainsdn 4s1empunolf pue Jslem adeuns Ul 10D J
puE ‘SWIO}I|0D |ed8} '192020I81US JO sisA[eue aAneiedwor)

uonesado

Buipasy auims Joopul ue ul sajduwes Jle wolj pale|os!
1920001da1is dnoub sueipuia pue ‘193050jAydels anireBau
-ase|nBeod ‘snododossyug 4o sishjeue Aijiqndaosns onoiqnuy

(se1e35 payun)
48002 "B 10 8|ny

(se1e35 payun)
68002 "[e 30 WeyeiD

(s21835 panun)
,L00Z e 12 eyoxdes

(s91835 PaluN)
500z "“|e 3@ uideyd

mCO.EmCmQO me.:\CLmuﬁ >201S8Al| Wol) pases|al elialdeq juelsisal-oloIgnuy

sBid wo.y pale|os! sulels [j0D " Ul PaAISSCO adue)sisal
onoignue pue swuey Bid uo esn onoignue onnadelayy
u®aMIaq UOIRIDOSSE By} JO Apnis Loyod aAndadsoliay

sBid woyy serejos! |eday) aanebau-wels ul
panlasqo aoueisisas onolgiue uo sbid oy Ajjeonnnadessyigns
aulphoelapio|yd Buipasy jo s1oaye ayi jo Apnis paziwopuey

AjaJes pasn aie sonoigiue ydiym Joy ‘suay Buihe

pue siaw.e) uay Bulke| pue ‘A|inesy pasn ale sonoiqiue
Y2Iym 0y ‘SUSDIYD J|I0IQ PUB SISULIR) USYDIYD 19]I0]q WO}
$91B|OSI [BDS) Ul 120000.81US JUElSISal JO Apn)s aous|enald

syusplsal Aylunwwod Buuoqyblau pue ‘siaisyybne|s
Aoxny ‘siswiiey Asxuny ‘sAexiny ul YA Jo Apnis eous|ensid

(ueder)
»800C 'epeleH

(se1e35 payun)
59002 ""[e 38 3ung

(spuellayieN)
42007 "*|e 1@ pleebog usp uea

(spuejiayieN)
/661 "*|e 1@ pieebog usp uen

Sjewliue POOJ WO} pale|os! elio]deq Ul @duelsisal Dijoigijue pue sjewiue POOJ Ul asn di1olgiue usamlaqg suoi1eidossy

sbuipury

uonduossep Apnis

(A11unoo)
Jeaf Joyine Apnis

suewny ui erialdeq JULISISaJ-dI110IqIjUE puE S[ewiue Poo} Ul asn dijoiqiue uaamiaq uoneosse ue jo joddns ui aduapine Buipinoad aumessy *| ainbig

PusLic HEALTH REPORTS / JANUARY-FEBRUARY 2012 / VorLUuME 127



6 'd uo panunuoo

"SUBLUNY Ul PUNO} AJUOWUIWOD SUIB.S WO} JUSISHID S49M PUB SUIMS WOJ) SS18|0S!
VSYIN 01 paiejas A|9so|d alom SISX3IOM BUIMS WO} S218|0s! WYSYIN “VSHIN
YLM POZIUO|OD DIOM BUIMS JO % bt PUR SISIOM BUIMS JO Juadiad anl-Apo-

‘pooy ybnouyy paisinboe Ajjenusiod pue uibLo [ewiue jo alem eusoR] UL
BunsebBns 'se2inos Jslem [EIUSWIUOIIAUS PU S[BWIUR POO} WO} Pa1e|OS] SUleils
01 |eonuap! Al1ESU 8q 01 PUNO) 8J9M SUOIIDSJUI UBWNY WO SS18|0S| JUe)SISay

"1lUN 2Jed SAISUSIUI [e1RUOSU
e ul sjuaned Joylo pue JuBUI UIOGMaU B O} BLI91BJ 9y} JO UOISSIWSURI]
1usnbasgns pue Buippays diewoldwAse ul psynsal wnunwiydAy ejjpuow|es
JUe)SISal YIM PS1DS)Ul SMOD WOJ) Yjiw pazunaisedun jo uondwnsuod jeussie|y
“o0159A]|

JI9Y) WO} Pa1e|OS] SUIRILS []0D "J Ul PAAISSO 9SOU1 YIM paleidosse A|ybdiy alem
sal|iwey Builuie) WOl Pa1e|OS! SUIRIIS 10D “J Ul PaAISsqo suisnied aouelsisay

'sa1e|0s|
JO 9%8°6/ Ul pa1dalap sem aduelsisal dnolqnuy "Bulj|iyd Jeye 9| g pue B B
210420 S9S5L2ILD UBNIYD Passad0id JO %88 WOy PISAODSI SeM B|[auow|eS

‘upAweuey| pue ‘upAweiusb ‘upAwoidens

‘aulphoensl ’ idwe 03 Juelsisal aiem saje|osi ejuownaud ejaisqaly ||y

‘uIdeJlIDRg O JUB)SISAI 819M %88 PUe ‘(YSYIAl) Ul||IdILaW O} JUe)SISal a1am
%89 ‘ul|ioiuad 03 Juelsisal alem %G ‘UPAWOIYIAIS O} JURlSISSI SI9M S91e|O0S]
40 9/ ‘sojdwes 1eawW JO % EG WO PaIdA0dal sem snaine snododojAydels

UPIYD [BUOIUSAUOD
wouy sare|os| Buowe jusjersid atow Ajjeisusl sem Ing ‘edAjoses 0} Buipiodoe
paLIBA 92UB)SISal [USMDIYD [BUONUSAUOD JO %b{ PUe dIueBlio JO 9|9 wouly
paJianodal sem ejjauowl|es “(Ajaaidadsal ‘y9¢ pue %49 ‘sA Ajaainoadsal ‘yet
pUB 918) US%2IYd [BUOIIUSAUOD WOJ) SS1|0S| UBY) USYo alow upAwolyihie
pue aulpAdei1s] 01 JUe)SISal a1om UXDIYD dlueblio woly $81e|os! uaydIyd
[BUOIIUSAUOD JO %t/ PUE DIUBBIO JO 949/ WOy PaIdA0Dal sem JayoedoljAdwer)

swiie} uoionpoid auims o61e| OML UO SISNIOM BUIMS (se1e1g payun)

pue BUIMS Ul WYSYIA YHM UOIRZIUO|OD 4O ApNis 9oud|endld 46002 “|B 1 yrws
1103 3

Jue)sisal-9|0zexoyloweNs-widoyiewi} YHM Ssuooajul (se1e1g paun)

oe1} Aleuln Jo 3eaiqino alelsiynuw e jo uonebisaaul 2500Z "2 19 luepueydwey

JUN 1B SAISUBIUI [B}EUOBU (epeueD)

e ul Yeaiqino wnunwiydA} ejjauow)es e jo uonebisaaul «£861 "|e 1o uosuezeg

>D031SOAI| JIdYL PUE SaljIWey Builule) WOy Pale|os] sulells (se1erg panun)

1j05 '3 jo sutened Ayjigqrdedsns onoiqiue jo uosuedwo?) wL61 '8 10 ule4

suewny ul pajejosi ulbLO [ewiue JO eli81oeq 1UelSISal-2110IqIuYy

Knnod passaooid wouy pajejosi ejjouowjes (s@1€15 PA1UN)
jo siskjeue Aujiqndedsns onoigiue pue Apnis adusjeald £00Z ""|e 1@ usanied

synpoud Aiynod pue 1eaw |iejal

Se ||om se ‘suliie} USyDIYD pue ‘s[31ed ‘Aexn) woly paie|os! (se11S PaNUN)

eiuownaud ejjaisqapy jo sishjeue Aljigqndeosns onoigiuy 4G00Z "8 12 Wiy
spnpoud usypIyd

pue ‘quie| ‘jed |Ie3ai WOl pale|os! snaine snadodojAydelrs (Kodpny)

jo sishjeue Ayjigndessns onoigipue pue Apnis aousjensaly 1S00Z "'|e 1@ ueBopunc)

S9SSBDIED USNDIYD |1B}S) |EUOIIUSAUOD
pue olueblio wouy pale|os! ejjauowies pue JayoeqojAdwed (se1e1S PaUN)
jo sishjeue Ayjigndeasns onoigiue pue Apnis aousjenald 5002 "B 1@ IND

S1BWNsuod O] o|gejlene m.NUSUO\_Q OO} UO elLi]oeq juelsisel-d110Igiue JO adusjerald

sbuipuly

uonduosap Apnig (A13unoo)
Jeak Joyine Apnis

suewny ul eni9joeq juelsisal-dnijoiqijue pue

s|ewiue pooy} ul asn di3oiqiue uaamiaq uoneposse ue jo poddns ul aduspina Buipinoad ainjesalr “(penunuod) | ainbig

PuBLic HEALTH REPORTS / JANUARY-FEBRUARY 2012 / VorLUME 127



0} "d uo penuiuod

"11-801¥:1£'S002
joiqoudI|p uosiaug |ddy “saiols [1e1a4 puelhie|pl woiy suaddIyd dlueblo ul sieacuas ejjauowles pue ‘dds sajoeqojfdwer jo aouelsisal |eiqodiwnue pue adusjeadld [ Busy ‘' Buayz ‘g 99 ‘s InD,

"6-€€11:8002 Y BBH 21|qnd 1994U| [ (SQ4YD) Bulwiey [esnpul wou) spiezey yijeay o1 ainsodxa Ajunwiwod jo eainos |enuslod e :podsues [ewiue poo )3 pebiaq|is 1S sueag ‘A 8Ny,

"01-10£2:£0¥600¢ uoiiAug
|e10] 195 ‘suonesado Buipasy Anjnod pauluod Jeau pPs1ds||0d salj) Woly Pale(os! 192000[Aydels pue 120000181US JUBISISal dnoIgqRUY YT Plebiaq|is M dAzoeiD) S sueag ‘g7 9dLd ‘4l weyels

"S-0v0L:S 111007 18dsiad LijeaH uonAug
‘uonesado Buipas) suIMS PalRIUSIUOD e AQ paloeduwl Jo1eMPUNOIB pue Jalem 82epNs Ul SI01edIPUl [eD9) PUB [02020491US 1UE)SISaI-DI0IGIUY 3 GBMUDS ‘JY UOSID) ‘D4 oJatind ‘yy eioydes,

Zr-LELIEL 115002 10adsiad yieaH uodiaug ‘uonesado Buipas) aUIMS Pa1eJIUSIUOD B WO Pa1e|Os| Bl1ded URLSISAI-Bripiinw suwioguly Y qemyds ‘| Asppang “y uosqio ‘v ojny ‘v uideyD,

‘YY-6ECY1800C SIS8Y
Bnug qoui sbid wouy serejosi 1103 eiyousydsy jo suonejndod juelsisai-|eigoidiwiiue Uo asn |eiqosdiwinue snnadelsy) jo 1edwl [9As|-We ] Iyseyede] ‘v ewifoy ‘| emezQ ‘| 1esy Y epelep,

"8-012:21:9002 1sisay Bni qoIdIA| “2UIMS JO BIO|4 |28} S} Ul 8due)SISal [elqoldiwnue uo aulpAdenauo|yd onnadelayigns Jo 198y ay| ‘rd zynys-eleley ‘3| Wnp ‘L sunafe] v jund,

'S0S-L6Y:6¥°2002
Jayroway) qomiwnuy [ 'sia19ybnels Aynod pue ‘sieuiey Aijnod ‘“Aiynod ui 1p000018 UL [BD9E} JO BDUElSISAS DROIGIUY “JF YBulaggols ‘r dol ‘N uopuoT 'y swaj|ip ‘Jy pleebog usp uea,

"6-8GSL:/EE /661 PRIA [ |BU3 N "Siowe) pue sAsxin) Ul 192020i81U8 Juelsisal-UidAwodueA "33 ybBuueggols ‘g ussusr ‘Jy pieebog usp uea.

Je|IWIS alaMm sule)s sa|dwes Ainod |1e184 pue ‘suenielaBan
SAIISUSS puUe JUBISISAI PAIBA0DBI-AI}NOY “Je|illsS a1am suled}s Juesisai-Aiynod juanedino ‘synpe pazijeudsoy ui oo '3 Aijnod pue uewny (se1e1S PanuN)
pUE JUEISISAI-UBLINY ‘LUSISHIP 219M [j0D " SAIISUSS PUE JUBISISAI-UBWNY O|IYMy  JO S21B|OS| | €4 JO SIaview aduajniia pue dluabolAyd jo Apmg w/00Z ""|e 1@ uosuyor
"UORO/UI 86EDD VSHIN Yim pajeldosse PHewusq)
Apuspuadepul pue A|Buolis sem sjewiue Yym swiiej Yyim Buipom 1o Buiar] 86£DD VSYIN Ylim uondsjul jo Apnis |0J1u0d-ase)) A800Z "|e 1@ sime]
‘SIaWlej-Uou UeY) siaulle) slaullej-uou pue siawley Bid Ayyesy Buowe upexoped
B1d Buowe jus|eraid aiow sem ddURISISAY (% | 7T “SA %9 Pp) SIowiej-uou ueyy pue ‘upiwelusb ‘sepljoioew ‘UljjIDIYIdW O} SdUElSIsal pue (soueld)
siowuey Bid Buowe JayBiy Apuesyiubis sem uoneziuo|od snaine sn22o0oojAydels uonez|uojod snaine snosodojAydels jo Apnis aous|enald 700z ""|e 1@ uoweq-Aigny

‘SMOD WOJ} paianodal
asoy} se sutened sisaioydonos|e |96 pjey-pasind pue swesBoigiue [ediuspl
AlJeau pey suewny wouiy paidaAodal s91e|os| “suewny ul uoioajul Ddwyydn Ddwyygn-Hodman ejjeuowies (s@1€15 PaluN)
-Hodma ejjauow)es 1o} J01oey) s Juedliubls e sem swiey Aijep 01 ainsodx3 JO uonezialoeleyd Jejndsjowl pue Apnis |0JjuU0d-ase) .£00Z |e 1@ exdno

ele]oeq juejsisal-dijoigiue ylim uolijosjul pue uoljeziuojod uewny pue sjewiue poo) Ylim 15ejuod uewny usemleq suoijeidoossy

‘uppexopjoidid 0} Juelsisal ale suewny wouy sae|os| iunfaf aoeqojAdwer jo yz saye|os| junfof tapoeqojAdwer (erjessny)

Ajuo ‘pauqiyoud si sjewiue pooy Ul ssuojouinboionj} Jo asn alaym ‘eljesisny U ul @ouesisal suojouinboionj} jo Apnis eous|enald 59002 '"|e 3@ quiodiun
s|ewiue pPooy ul asn auojouinb Jo uopRINPO.IUI

‘sjewrue pooy ul asn auojouinb jo uondedul a1 Buimoj|oy 1j0d ue30eqOjAdwe) pue junfel seroeqojAdwer (sequnod s|dinjnw)

ay1 Buimoj|o} Ajpides pabiswa suewny Ul SUONDSJUI JURLSISSI-D0IGIUY ul @oue)lsisal Jo dduablaws sy} JO malnal |edl6ojod] ,100Z "|e 1@ Biagbug

‘A|jenuelsqns pasealdul ssuojouinboionj) jo esn uewny pue AieuLslan
awi yaiym Buunp ‘4841 pue zgs| usemiaq snpoid Aijnod ul 91| 01 %0 sainadsqns JajoeqojAdwer ui eouelsisal suojouinb (spuepayiaN)
WiOJ) PUB [00]S UeWNY Ul %1 | O} %0 WOJ} Paseaidul 8dU.lsIsal auojouiny 03 seuojouinboionyy Jo asn Buneaiiod Apnis |ed16oj0d] bl66L '|e 10 ZApUT

suewny ul elI]OEJ JUBISISAI PUE S[eWIUE POOJ Ul 8SN D130IqIIUe U8aMIag suoleldosse [e3160[003

sbuipulq uonduosep Apnig p «\S\m:o&
JeaA Joyine Apnig

suewiny ui eLialdeq jueisisal-djoigiue pue
sjewiue pooj ul 3sn d|3oIqIIUR U29MI3q UoieIdosse ue jo yoddns ul aduspinse Buipinoad sumessyr] *(penunuod) | ainbig

PusLic HEALTH REPORTS / JANUARY-FEBRUARY 2012 / VorLUuME 127



86¢ Xa|dwod |euo|d snaine sn22020jAyders uelsisal-ul

IyIdW = 86€D0D VSIN
snaine sn22020jAydeis Jueisisal-ulj|PIYIdW = YSYIA

1]02 elyoLeydsg = 1j0d g
122000191U8 JUe}SISal-UIDAWOodUBA = JYA

"9%-8€8:€1:£00T SIQ 1d8yu| Bisw3 y00Z-200Z
"UISUODSIAN PuUE BlOSBUUIA ‘s1onpoid Aijnod pue suewny Wolj [j0d elyoLaydSsT JUEISISSI-Bnip [e1qoidiwnuy ‘8 19 YA SMOdSNY ‘D s10qe|D ‘g uoisuyor ‘D AouD ‘Y|A SSUUBS Y[ UOSUYO(,

"6-€8€1:¥71'800C

sig 1094u| Blawg suewus ‘sUBWNY Ul SUONDBUI §4EDD Snaine sn2d0oojAydels juelsisal- 1419w 4o 821n0os se sBid ‘|e 18 ‘| WNnIas |\ neyd|as ‘A4 dnisaiey ‘D asaay Y Neq|gN ‘DH SIMaT,

'6-€/8:01:7002 S!Q 109ju| Biow3g ‘siowiey Bid Jo BIOJ) [ESUBWILWOD Ul SDUE)SISaI [BIGOIDIWNUY “[B 18 ‘J|A XnouBnog ‘g od1spio)) ‘g ayD ' @keipN-|[eS Y 1eualn) ‘H uoweq-Aigny,

‘91-£0£1:881'€00Z S!Q P94U] [ 'S2ILIS PRHUN Y3 Ul sulodsojeyded
wnuoads-papuedxe o} Juelsisal suondajul odmap adAjoles ouslue ejjauow(es Juelsisal-Brupnnw jo edusbiawy ‘e 18 'S auAn UeA 'y IN0IS ‘g J0Is|og ‘D emoid) ' eugluo 'y exdno,

"¥/-89€1:25:900Z SIQ 84U UllD “eljesny Ul se1eos! junfaf seroeqojAdwer Buowe sdueisisas suojouinbolon|} [9A-MoT “[e 18 ‘DN Ja3oag ‘N SHIN ‘Y OqUSY ‘1Y PIogels ‘I uosnBie4 ‘37 quiodiun,s

"YE-1Z:£100Z S'A 194u| Buaw3z [|L6y:/:100Z S'A 1094U| Biowg ur sieadde wniens _owgw__o_zq_
$91L|0S| UBWINY Ul SPUSJ} PUe SWSIUBYDaW 8duelSIsal :1j0d D) pue junfaf se1oeqojAdwer) ur aouelsisas apijoidoew pue auojoUIND | UBjWeYdeN 4 1pIwS-1auiag) ‘3 Jojke] ‘|N4 dnisaiey ‘t Biagqbug,

'802-661:/2 166 JOy10WaYD qoDIWIUY [ duIdipaw Aieulalaa ul sauojouinboiony}
Jo uonanpo.ul ayy Buimojjoy Aijnod pue uew woly pale|os| Je1oeqojAdwed Ul 9dUBISISal SUO|OUIND ‘dY UOCINOIA ‘| USpPASY Jop UeA ‘HAp ussuer ‘g uaiabuly uea ‘ro slinyg ‘dH zipuds

'8GZ¥®'1'600C 2UO SO1d
"SI9XIOM DUIMS PUE BUIMS "§'[) UISISamMpIW Ul Juasaid sI g4C 1S uledls (YSY|A) snaine snooosojAydels 1uelsisai-ul||idiyis|A “|e 18 ‘Q3 ZIION dO 4apjul] ‘Sr Jebaouy 1y JadieH ‘TIAl 8BIAl ‘DL YHWSy

"£-152:0%:S500C
sIQ 194U Ul|D 1j02 elyoLeydsg dlusBoyredoin ‘Jueisisal-Bripninw palelnosse-uewiny Jo UIBLIO [ewiue 8|qIssOd ‘AT A9|1y ‘Y UOSUYOL dS Yuws ‘D Aoygaq Yy sebuely ‘| luepueydwey,

"[-92¥:8Z 1 €86L [ 20SSY Po|N ueD "eped Aiep woly pasinboe wnunwiydAy ejjeuowjes jo uiess 1uelSISaI-dIl0IgnuUe AQ Pasned 3eaigino [BIWLOD0SON “J jeeiBajjog ‘Y euyyeyy ‘SO uosuezag,
"6-7/2:0E L P L61 SIQ 199JU| [ "S|eWIU. JI9Y) PUB SBI|IWe) WB) JO 10D eIydLIaydsT jo suiened aouelsisal diloignue Jo Bulydlely ‘g uspus|g 'y emeseins] ‘o uoung ‘g uld-y

"21-9912:0/:£002 1014 pooA  Ainod pessedoid wouiy paianodal ejjauow|es Jo 9dueISISal [BIGOIDIWIIUE PUB 9dUdjeAdld "D SHUYA ‘[ SIUUSg-IoUeH ‘4| JedsQ ‘Of zlemyds ‘|A Ipogee] 'S ussied,
'6-2202:89:5002 1044 POOA [ "ewoyeP O Ul s1onpoid |1e1al pue SJUSWUOIIAUS Wie) WOlj pale|os! sejuownaud efjaisqay 1uelsisal-BnipiniAl "H Uy ‘|ANA NOZL ‘|D 19 ‘HS Wiy,

"01-208:69:5002 1S 19\ ‘sojdwes usyIyd pue 1eall WoJy Pale|os] snaine sna2o2ojAydels Jo aduelsisal 110IgIUE PUe 92USPIDUI SUL UO 910U W 'y UalAeg ‘N [99NA ‘S euD ‘N ueBopunoy

suewny ui eriadeq jue]sisal-dnolqiue pue
s[ewjue pooyj ul asn d3oigiue usamiaq uoneposse ue jo oddns ul aduspine Buipinoad ainjessyr “(penunuod) | ainbig

PuBLic HEALTH REPORTS / JANUARY-FEBRUARY 2012 / VorLUME 127



ANTIBIOTIC USE IN FOOD ANIMALS < 11

studies, case-control studies, and randomized trials
whose results suggest a potential relationship between
antibiotic use in food animals and antibiotic resistance
in humans.

Literature on the risks and benefits

of antibiotic use in food animals

To understand how antibiotic use in agriculture might
impact the emergence of antibiotic resistance, it is
essential to consider the complex interaction of ele-
ments in the physical environment (e.g., air, soil, and
water) with social exchanges (e.g., between animals
within a herd, farmers and animals, and domestic
poultry and migratory birds), in processing steps
(e.g., farming activities, transportation, and storage),
and in human use patterns (e.g., food preparation,
meat consumption, and susceptibility to infection)
(Figure 2). Antibiotic use in animals can have direct
and indirect effects on human health: direct effects
are those that can be causally linked to contact with

antibiotic-resistant bacteria from food animals, and
indirect effects are those that result from contact with
resistant organisms that have been spread to various
components of the ecosystem (e.g., water and soil) as
a result of antibiotic use in food animals (Figure 3).
Given the multitude of factors that contribute to the
pathways by which antibiotic use in food animals could
pose risks to human health, it is not surprising that a
wide variety of methods has been used by researchers in
various disciplines to approach the problem. In general,
risk assessment models in veterinary medicine empha-
size animal health and treatment of diseases in animals,
food scientists’ studies focus on the safety of human
food supplies and the presence of antibiotic-resistant
bacteria on food products, clinicians and epidemiolo-
gists investigate human outbreaks caused by resistant
infections for which animals are identified as primary
sources, and molecular biologists examine relationships
between resistant strains and the prevalence of specific
resistance genes in human and animal bacteria. It is

Figure 2. Proposed mechanisms of transmission of antibiotic resistance®
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4 |
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RESISTANCE EY
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Animal Commercial o Handling COMMUNITY
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*Health Canada, Veterinary Drugs Directorate. Uses of antimicrobials in food animals in Canada: impact on resistance and human health.
June 2002 [cited 2010 Nov 11]. Available from: URL: http://www.hc-sc.gc.ca/dhp-mps/alt_formats/hpfb-dgpsa/pdf/pubs/amr-ram_final_report-
rapport_06-27-eng.pdf. Reproduced with the permission of the Minister of Public Works and Government Services, Canada. ©2010 Health

Canada.
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Figure 3. Examples of direct and indirect effects of antibiotic use in food animals on human health

Direct effects

Indirect effects

Exposure to farm animals treated with antibiotics causes
increased risk of resistant colonization or infection in humans.

Consumption of food contaminated with antibiotic-resistant
bacteria causes an outbreak of resistant diarrheal disease.

Consumption of antibiotic-containing meat products induces
resistance in normal flora of the human gastrointestinal tract.

Transport of animals causes dispersion of resistant bacteria along
route.

Mobile genetic elements from antibiotic-resistant bacteria in
animals are incorporated into pathogens that cause cases of human
infection.

Resistant bacteria from animal waste used as fertilizer cause
contamination of water supply and alterations in human flora.
Companion animal contact with antibiotic-resistant-containing pet
food results in animal or human colonization and infection.

unlikely that any single study will be able to fully and
accurately quantify the relationship between antibi-
otic use in food animals and infections in humans. At
best, only crude estimates of the etiologic fraction or
“impact fraction” can be made for specific links in the
ecologic chain.®

Several mathematical models have been proposed
to quantify the overall risk associated with antibiotic
use in animals, typically by estimating the prevalence
of infection with a specific organism and its associated
morbidity, and then multiplying by the proportion of
these infections believed to be attributable to antibi-
otic use in food animals. While models of this nature
have been rightfully criticized for failing to include
indirect risk and, consequently, underestimating total
potential risk, felicitous risk assessment strategies must
also consider the potential benefits of antibiotic use in
food animals. Even though agricultural antibiotic use
carries a demonstrated risk, there are likely benefits to
the agricultural use of antibiotics as well. For example,
reducing animal microbial load and shedding could
lead to safer, more affordable food. However, many of
the claims of benefit have not been fully demonstrated
in large-scale trials, and other trials have shown that
the overall impact of the short-term benefit is poorly
described.

The U.S. Food and Drug Administration (FDA)
requires manufacturers of new antibiotics to perform
risk assessments to demonstrate that new drugs are
safe and effective for use in animals and that “there
is reasonable certainty of no harm to human health
from the proposed use of the drug in food-producing
animals.”® To evaluate potential human health conse-
quences, the FDA employs a qualitative framework to
classify as “low,” “medium,” or “high” the probabilities
that bacteria in the animal population will acquire
resistance, that humans will ingest the resistant bacteria
in food products, and that ingesting the bacteria will
result in adverse health outcomes (Figure 4). Drug

approval decisions are based on these risk estimations,
along with information about proposed marketing sta-
tus (e.g., prescription, over-the-counter, or veterinary
feed additives), extent of limitations on extra-label use,
and intended use patterns (e.g., duration of use and
administration to individual animals vs. select groups
of animals vs. flocks or herds of animals). “High-risk”
drugs may be approved if the FDA determines that
human health risk can be mitigated. “Medium-risk”
drugs could be approved if appropriate label restric-
tions are required.

In addition to the direct risk assessment model, the
FDA has developed guidance to determine the risk
of antibiotic residues remaining on food products.”
This guidance recommends determining the impact
of antibiotic residues on normal human intestinal flora
and the presence of resistance in these strains, and it
provides guidelines for the calculation of Acceptable
Daily Intake (ADI) for antibiotic residues that pose an
appreciable risk to human health.

Guidelines and recommendations on

the use of antibiotics in food animals

Given the importance of antibiotic resistance as a public
health problem, many governments and professional
societies have reviewed existing scientific evidence and
developed recommendations to limit all types of antibi-
otic use, including use in food animals. Depending on
the nature and jurisdiction of each group, the findings
may provide best practice guidelines for antibiotic use,
prioritized agendas for research on the emergence of
antibiotic resistance, recommendations for legislative
action to regulate drug approval and surveillance
processes, or enforceable laws on the manufacture,
distribution, and prescription of antibiotics. Figure 5
summarizes recommendations directly related to use
of antibiotics in food animal production for a sample
of national and international guidance and policy
documents.
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Figure 4. U.S. Food and Drug Administration risk assessment model for the
impact of antibiotics on human health®

Hazard Characterization

Qualitative Risk Assessment

Release
Assessment

Probability that resistant bacteria are present
in target animal as a consequence of drug use
(rank High, Medium, or Low)

Exposure
Assessment

Probability for humans to ingest bacteria in question
from the relevant food commodity
(rank High, Medium, or Low)

Consequence
Assessment

Probability that human exposure to resistant bacteria
results in an adverse health consequence
(rank Important, Highly Important, or Critically Important)

Overall Risk Estimate: Integration of release, R'Sk.
Estimation
exposure, and consequence assessments
(rank High, Medium, or Low)

*Department of Health and Human Services (US), Food and Drug Administration, Center for Veterinary Medicine. Guidance for industry #152:
evaluating the safety of antimicrobial new animal drugs with regard to their microbiological effects on bacteria of human health concern.

2003 Oct 23 [cited 2010 Nov 11]. Available from: URL: http://www.fda.gov/downloads/AnimalVeterinary/GuidanceComplianceEnforcement/
Guidanceforindustry/UCM052519.pdf
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DISCUSSION

Despite increasingly widespread recognition that
antibiotic use in food animals is an important con-
tributor to human infections with antibiotic-resistant
bacteria (Figure 1), there remains a significant need
for scientific evidence of the antibiotic use practices
that create the greatest human health risk. Our goal
with this article was not to propose specific solutions
to the problem—in part because we believe there are
no easy, specific answers—but rather to reiterate and
summarize the importance of this issue and to suggest
some general policy directions that are indicated. As
the importance of the problem and complexity of the
issues are increasingly appreciated by the public, policy
dialogue, focused research, and informed regulatory
action can be undertaken. To facilitate further research
and timely action in response to emerging knowledge
on this issue, we propose the following measures,
which are in concert with WHO'’s global strategy for
the containment of antimicrobial resistance, the U.S.
Interagency Task Force on Antibiotic Resistance’s
public health action plan to combat antimicrobial resis-
tance, and the Infectious Diseases Society of America’s
call to action. %

Develop a scientific agenda to recommend
appropriate study designs and specific aims related
to antimicrobial use in food animals

A coordinated plan is needed to identify missing scien-
tific data and to specify research designs and methods
to address these needs. Although rigorous studies have
been conducted in some disciplines, there has been a
lack of serious and harmonized interdisciplinary effort
to expand on the corpus of knowledge, which should be
used to inform public policy. To result in a useful and
complete list of research priorities, the agenda must
include contributions by experts in basic sciences (e.g.,
genetics and microbiology), clinical sciences (e.g., vet-
erinary medicine and human medicine), public health
(e.g., epidemiology and nursing), social sciences (e.g.,
anthropology and sociology), economics (e.g., health
and agriculture), and public policy (e.g., legislative and
regulatory). Research goals put forth in the agenda
should be reflective of methodological weaknesses iden-
tified in the existing literature. For example, definitions
of antibiotic uses in food animals (e.g., therapeutic and
subtherapeutic) should be standardized and designed
to reflect specific goals (e.g., improving production or
preventing economic loss from unrestrained disease);
the terms should be recognized across disciplines and
used to classify the potential effects of different types
of antibiotic use on human health. Another potential
focus could be whether to approach research on the

development of resistance narrowly (i.e., the causes
and effects of specific drug-organism combinations)
or broadly (i.e., the causes and effects of all antibiotics
used in animals on microbial flora) to develop public
health recommendations.

Fund agricultural research that reflects the

priorities identified by the research agenda
Inadequate funding for agricultural research has likely
contributed to the lack of sufficient scientific evidence
necessary for informing public health decisions. For
example, in the United States, it was recently estimated
that the $101 billion in combined governmental and
biomedical industry research funding represents almost
5% of national health expenditures each year.” In
2007, the U.S. Department of Agriculture provided
more than $32 million in external research funding,
representing less than one one-thousandth of 1% of
annual U.S. livestock and poultry sales.*” In contrast,
one single Institute within the National Institutes of
Health—the National Institute of Allergy and Infectious
Diseases—directed more than 20 times this amount
to antimicrobial resistance research (more than $800
million) in the same year.” Given the scale of the
antibiotic resistance problem and the demonstrated
role of agricultural antibiotic uses in this impending
public health crisis, adequate support for research
specific to the role of agricultural uses of antibiotics
in the development of resistance must be a national
priority. Considering that the U.S. funds 70% to 80%
of biomedical research worldwide, the need for appro-
priate levels of funding is especially acute.”

Urgently address barriers to the collection and
analysis of antimicrobial use data

Complex political, economic, and social barriers limit
the quality of data on the use of antibiotics in food ani-
mals. Currently, such data are provided on a voluntary
basis, and the methods used to collect and compile
reports are not standardized or fully transparent. While
voluntary industry compliance with antibiotic report-
ing is commendable, the long-term effectiveness of
nonbinding auditing programs is unproven. Effective
surveillance of veterinary antimicrobial production
and administration to food animals is a key first step
toward ascertaining realistic estimates of the full scope
of antibiotic use. These data will be useless, however,
unless an agency with adequate analytic, regulatory,
and enforcement capabilities exists. Because the com-
mercial interests of antibiotic manufacturers must be
appropriately balanced with the public health urgency
for development of new antibiotics, any agency tasked
with monitoring antibiotic resistance must operate
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independently of commercial influences when releas-
ing data to the public and drafting evidence-based
regulations to safeguard human health.

CONCLUSION

It is evident that at present, the resources devoted to
studying the role of antibiotic use in food animals—
both in terms of funding and scientific inquiry—are
insufficient. It is now critical that agricultural use of
antibiotics be recognized as one of the major con-
tributors to the development of resistant organisms
that result in life-threatening human infections and
included as part of the strategy to control the mounting
public health crisis of antibiotic resistance.

During portions of this project, Dr. Landers was supported by a
training grant from the National Institute of Nursing Research,
National Institutes of Health (Training in Interdisciplinary

Research to Reduce Antimicrobial Resistance; T90 NR010824).
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