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ABSTRACT
Elizabeth Tacket Rogawskhre our favorite drugs killing the wrong bugsRe impact of
antibiotic treatment on diarrhea and growth in early childhood
(Under the direction of Danidl Westreich)

Diarrhea is aecurring illness in childhood that is associated \wigdnutrition,stunted
growth, and cognitive impairmen€Childrenwith diarrheaand other common childhood illnesses
arefrequently treateavith antibiotics often against recommendatiodstibiotic exposures
early in life may increase susceptibility to infecs@nd affect child growth through
modifications ofthe gastrointestinal microbioté&/e assessed the impact of antibiotic treatment
on diarrheal risk and growth intarth cohortfrom 20® to 2013of 497 childrerfrom semt
urban slums of Vellore, India.

We estimated the effect of antibiotic treatment for diarrhea on the timingulfsgquent
episodeusinginverse probability of exmureweighted KaplarMeier curvesWe also estimated
theeffect of any early life antibiotic exposure on rates of diarts#ag negative binomial
regressionBased on these resultsewsed the parametriefgrmula to model the impact of
hypothetical inteventionsto prevent unnecessaaytibioticexposuresTo assess the impact on
growth, we estimated the effects of antibiotic exposures in the first 6 monthsight and
weight zscoreausing longitulinal general linear regression

More than half of children were given at least one course of antibiotics in the first 6
months and more than half of these exposures were likely unnecdssdniotic treatment of

diarrhea was associated with reduced time to a subsequent episode|lgspecreg younger



infants.In addition, he adjusted relative incidence rate of diarrfiemn 6 months to 3 years of
agewas higher among children who receingdantibioticsbefore6 months compared to those
who did not especiallyamong children who werno longer exclusively breastfed by 6 months
We estimated thatrpventing unnecessary antibiotic exposures before 6 mooiihd
substantiallyeduce the incidence of diarrhieeearly childhoodThere wereno associations
between arly antibiotic useandgrowthin the first 6 months and from 6 months to 3 years
Early life antibiotic exposure was associated with increased diarrheal risk, but had no
association with growthVhile antibiotics must be used for treatment when necessary, the
potential for hcreased susceptibility to diarrhea shdugdconsidered when making treatment

decisions.
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CHAPTER |: SPECIFIC AIMS

Diarrhea is a universal and recurring disease during childhood with the highest burden in
low and middleincome countries (LMICs)india has the most childhood deaths due to diarrhea
compared to all other countries, with an estimated 200,000 deaths inT2@b@ deaths
accounted for 13% of all deaths in Indian children under 5 years ¢ijagéneoverallincidence
of diarrhea in Indias also high2.5 episodes per child year in the first 6 months of life and more
than 3 episodes per chilgéar among ages®3 monthg42]. Early childhood diarrhea is a risk
factor for malnutrition, stunted growth, and cognitive impairment, and contributes to a cycle
between malnutrition and increased susceptibility to infec{i@ing].

Children with diarrhea in India agdtentreated with antibiotics despite the fact that
diarrhea isalmost alwayslue to infections #it do not respond to antibiotics. The World Health
Organization correspondingly does not recommend routine use of antibiotics to treat ifarrhea
10]. However, atibiotics have quickly becomea commonexposureearly in lifegiven their use
for the treatment of diarrhea and other childhood illnesses like upper respiratory infections and
otitis media In theUnited StatesiS) andUnited Kingdom UK), for example approximately
one third of children receed antibiotics before 6 months of dd4,12].

Antibiotics affect the gastrointestinal microbiota, which isabmplex population of
microorganisms in the human gastrointestinal tract. Animal and small scale human studies
suggest that antibiotics decrease the diversity of the microbiota, can causeriormpanges in

microbiota composition, and result in incredsesceptibility to the emergence of pathogens



[13i 19]. Microbiota development is critical during infancy and early childhedendiversity
of organisms at this time is important for nornméstinal andenteric immune system
developmenf20,21] Further, the microbiotplays an important role in suppioig nutrient
absorption and other metabolic functi@ssociated with growt}22,23]. Antibiotic exposures
early in life, and especially during infancy, may cause the largest and modakiimgy
perturbations to the microbiota, resultingle greatest impact on related health outcomes
during this period24]. While longitudnal patterns of diarrhea through childhood have been
well-characterized5i 27], the effects of antibiotic treatment on diarrheal risk and development
among children il.tMICs have not been studied.

We assegssd the impact of antibiotic treatment amongyoung children on diarrheal
risk (Aim 1) and growth outcomes (Aim 2) We completd a secondary analysis of existing
data collected im cohort studypf 497 children in semurban slums of Vellore, Tamil Nadu,
India from 20®@ to 2013[28]. Field workers visitedhe homes of enrolled childréwice-weekly
from birth to 3 years of age and captured diarrhea incidence alsgd bn a-8lay recall period.
Height and weight were measured monthly. Children in the cohort had a high incidence of
diarrhea (half had 4 or more episodes in the first 3 years of life), and a quarter of episodes were
treated with antibioticsThis study provided highly detailed existing data @mtibiotic exposures,

diarrhea incidencand severityand growth trajectories

Specific Aim 1 Estimate the effect of antibiotic treatment onfuture diarrheal risk among

children in the first 3 years of life.



Aim 1A: Estimate the effect of antibiotic treatmentfor diarrhea on the incidenceof a
subsequent diarrheaepisode

Hypothesis 1Antibiotic treatment for diarrhea redutthe time to subsequedtarrhea

Aim 1B: Estimate the effect ofany early life antibiotic exposureon rates of diarrhea
from 6 months to 3 years of age

Hypothesis 2Children exposed to antibioticary in life had increased rates of diarrhea
from 6 months to 3 years of agempared to children who are not exposed to antibiotics

before 6 months of age

Aim 1C: Evaluate the impact ofrealistic interventions which prevent unnecessary
antibiotic exposures early in life on rates of diarrhea from 6 months to 3 years of age.
Hypothesis 3interventionghatremoveunnecessary antibiotic exposurvesuld have a
substantial impact on reducing diarrhea incidencenamdd make an important contribution

to public health.

Specific Aim 2: Estimate the effect ofearly life antibiotic exposures on shorterm (0-6
months) and longterm growth (6 months to 3 years).
Hypothesis 3Children exposed to antibiotics early in liaddifferent growth rates compared to

children not exposed to antibiotics, both in the shortlang-term.

Understanding the impact of widespread antibiotic treat@ang childrens important

for makingtreatment decisions and may support efforts to encoustigaal antibioticuse This



studyalsocontributes epidemiologic evidence to the rapidly accuminigdaboratory data which

suggest that antibiotimediated changes to the microbiatayaffectsusceptibility to disease



CHAPTER Il: BACKGROUND AND SIGNIFICANCE

Burden and epidemiology of early childhood diarrhea
Burden

A large proportion ofjlobalchild morbidity and mortalityrom infectiousdiseasess due
to acute diarrhealisease. Based onnconsistentiata quality and quantifyom around the
world [29], estimates of child mortalitdue to diarrhean the first 5 years of life from 2010
range from 6.8 to 14.3 million.He majorityof these deaths are dueibdectious causesyith
diarrhea causin§00,000 to 1.4 milliorof those deathil,30i 34]. In 2013, an estimated 6.3
million children died in their first 5 years, with diarrhea cau&ini§,000 of those deatf35].
The burden of mortality is highest in Africa and Asaadindia hashadthe most childhood
deaths due to diarrheampared to all other countriéBiarrhea causean estimated 334,000
deaths in Indian children in 2008&orresponding to 1 in 82 Indian children dying from diarrhea
in the first 5 years of lif§36,37], andmore than 200,000 deatims2010[1]. These deaths
comprisedl3-14% of all daths in Indian children under 5 years of ag@proximately 10% of
deaths in infants (A1 months) and 24% of deaths in childre# {ears of aggl,36,38] Other
researchers hawstimated thiaup toone thirdof Indianchildhooddeathsare due to diarrhea
based omlata from2008[39]. Because more than 70% ofadles from diarrhea occur in the first
2 years of life, interventiorntsrgeted irearly childhood may have the largest impact on mortality

[30].



As oral rénydration therapyor diarrheahasbecome morgvidespreaddeaths due to
diarrhea have decled dramatically over the lash JearsThe absolute numbéasdeclined by
more than halfrom 1990to 2010despite increases in population gi2#,40]. In the first decade
of the 2% century, deaths due to diarrhea dropped by almost 400,pG8owever while gains
have been made in mortality, the incidence of acute diarrheal illnesses and edsoordaidity
remains high. Less th&?% of diarrhea episodes progress to severe diseasdeacase fatality
ratefor severe diarrheia only approximately2% [30,41] Given the substantial number of
deaths due to diarrhea, the denominator of these proportions, corresponding to the total number
of diarrheaepisodesis very large.

The global incidence of diarrhea in the first 5 years of life in 2010 was estimated to be
2.7 episodes per chigear, which corresponds to 1.7 billion episodes in 260D Incidence is
highest at age-&1 months (4.5 episodes per chyglar)and then decreases and levels off after
two years of age (2.3 episodes per clysar)[2,40]. In India,diarrhea incidence 2010was
estimated to b2.50 episodes per child year in the fiéshonths of life, and 3.82, 3.09, and 1.98
episodes per child year in aged 5 months, 1223 months, and 289 months respective[?].

The third National Family Health Survey (NFKS} a nationally representative household
surveyof over 100,000 householdsmpleted in 2002006 sponsored by the Ministry of Health
and Family Welfare, Government of Indfaundthat 9.0% of children under the age of 5 and
18.1% of children 6.1 months reported diarrhea in the 2 weeks prior to syi/8jy The
coverage evaluatio2] and 10district[43] surveys bythe United Nations International
Children's Emergary Fund(UNICEF) conductedn Indiain 2009similarly estimatedhat

14.3% of Indian children aged-23 monthsand 19.8% ofndianchildrenaged 259 monthdrom

the 10 districtdhiad diarrhea in the 2 weeks priorthe twosurveys respectively The estimate



was 15.3%or the statef Tamil Naduin the coverage evaluation surjdy] and 28.4% for the
sampled Krishnagidistrict of Tamil Nadu in the Hdistrict survey[43].

The mea duration of diarrhea episodes assessed in the commubiyi®s has been
estimated to be 4.3 days.India, median duration was estimatede3 days in the UNICEF
10-district survey{43]. The majority ofdiarrheacases (65%) are mild, with only 5% becoming
persistentlasting14 days or morefSevere cases hal@nger duration (8.4 days) and high
prevalence of dehydratigad1]. Estimates of the proportion of diarrhea episodes with blood in
the stool range from 1 t®?% [7,8,43]

The estimated cost to households per diarrhea episode was estiniaddS$6.47 in
India, the majority of whicltovereddirect medical costs. Given the high incidence rates of

diarrhea, lhese costs aggregate to billions of dollars glod#y.

Etiology

A wide range omicrobes cause childhood diarrhea, including bagtparasites, and
viruses. herelative frequencies of pathogens associated with diarrhea vary by geography,
season, chil dods a glygiendpraetieesmtmum@mubetengangsecalart i c e s,
time trends The methods for pathogen testing, for exampleuureor polymerase chain
reaction PCR) andthe number of pathogens testedin each studwlso influence prevalence
estimatesDetermination of etiology is complicated by-icdections carriage oimultiple
potential pathogenand the inability to identify pathogensarthird of case$34,45]. Rotavirus,
Cryptosporidium Shigellg and enterotoxigeniEscherichia col(ETEC)are most responsible
for diarrheal diseasegobally, andspecificallyfor moderateto-severediarrhean children

[31,46] OtherE. colivirotypes includingenteroaggregative (EAEC), enteropathogéBRREC),



enteroinvasive (EIEC), and enterohaemorrh&gicoli (EHEC), as well a€ampylobacter
jejuni, Vibrio choleraO1 and 0139, anflalmonellaare also regularly identified as bacterial
causes of diarrhea in different regions of the wdBirdia duodenalisEntamoeba histolytica
andCryptosporidiumare the common protozoal cau§&g].

The Global Enteric Multicenter Study (GEMS) in 262011 identified that
approximately one quarter of modertdeseveradiarrhea episodes in the first two years of life
were attributable to rotavirus Kolkata, India Cryptosporidiumwas attributed with -22% of
episodes. In older children aged-29 months, moderat®-severe diarrhea was more often
attributed toShigellaand rotavirug46]. A multicentric hospitabased study in 199%etected
Shigellain 20% of acute idrrheal cases among children agegs0months in Vellore, India,
rotavirus in 18%, enterotoxigenit. coliin 14%, andCampylobacter jejunin 15% However,
these organisms were also isolated in relatively high frequencies from control children without
diarrheg47]. A more recent study in Kolkata isolated rotavirus (48%);oli (1990 including
enteroaggregativi. coliin 12%), Vibrio (19%9 includingV. choleraOlin 16.4%),Giardia
(14%), adenovirus (12%), ali@typtosporidium(11%) from hospitalized childrenith diarrhea
under 5 years of agd8]. Overallamonghospitalized casesf gastroenteritign India, rotavirus
has beemdentified as the caus# 6-45% (median approximately 20%j) episodes, witlother
viruses such asaliciviruses(includes norovirus and sapoviryaglenovirus, and astrovirus
contributing to a lesser extei34,49 52]. The proportion of symptomatic casssributable to
rotavirusin the community is lower, approximately 15%ange 430%)[50].

Enteric pathogenshostresponsible for diarrhea mortality are rotavirdirio cholerae
Shigellg SalmonellaandE. coli[45]. A recent review of global diarrhea mortaldtgmpleted by

the Child Health Epidemiology Reference Group (CHERS)mated that 55% of diarrhea



deaths were due to either rotavirus, EPE&liciviruses or ETECbased on etiologies of

hospitalized casg84]. Bacterial and pasitic causes of diarrhea confer higher riskiafrhea
persistence and mortalitynencompared to viral infection®3i 55]. However, given the high
prevalence of rotaviruassociated diarrheestimates from 2008 suggest that 37% of diarrhea
deaths in children were due to rotavifG6]. The Million Death Study estimated 113,000 deaths

in Indian children under the age of 5 were due to rotavirus in 2005, 4.14 deaths per 1000 live
births. The rotavirus mortality rate estimated for Tamil Nadu was lower, 2.1 deaths per 1000 live
births, with an estimated 2,400 deaths in 2[BX. Several diarrheal diseases, such as cholera,
shigellosis, and typhoidyre alsmf special importancgiven theyhave been closely associated

with extreme povertgue totheir association with contaminated water and lack of sanitation and

hygieneamongthe poorest populatiorjg5].

Risk factors

Transmissiorof pathogens associated with acute diaribegasonal, with peak
incidenceof most diarrheam the wet seasoj26,57,58] Heavy rainfall events in Ecuador have
been linked to increases in diarrhea incidence following dry periods and decreases in diarrhea
following wet periods, suggesting climate vulnerability may be common in areas with
insufficient water treatment infrastriwee [59]. Increases in ambient temperature are also
associated with increases in diarrifg®,60]. Conversely, rotavirus diarrheahich isnot
associated with transmission throughter, often peaks irthecold, dry seasoij61,62]

Diarrhea incidence ratedsovary with age through the first 5 years of life. Children
under 6 months of age are partially protectetht®astfeeding timughnutrients ananaternal

antibodies in breast milk. Peak incideméaliarrheas seen in the months following weaning,



during the remainder of the first atitesecond year of lifeRisk of persistent diarrhea is also
highest at thiyoung agd63]. Diarrhea incidencéhendecreases and stabilizes in the next 3
yearsof age[2,25,27,57] Diarrhearisk is also dependent on previous episodes, such that risk is
highest among children with receptplonged (duration-13 days), opersisten{f dur at i on O
days)diarrheg53,54,64 69]. Risk decreases as tirakapses since the last diarrhea epid@de
27]. A longitudinal study of persistent diarrhea in a birth cohort from Brazil described increased
burdens of acute diarrhea 3 months before and 18 months after episodes of persistent diarrhea
[27]. Concurrent or recent negarrheal ilinesses, such as pneumpimtestinal parasitic
infection,andpositive blood culture, increase risk of death among children with diarrhea
[25,55,65,70]

Malnourishmentas assessed by anthropomorphic measuremetsisk factor for
diarrhea incidence as well as poor outcomes such as persistence af3j8a165,7073].
Micronutrient deficiencies, especially for zinc and vitamin A, increase risk of diarrhea and
persistence of epises[63,74,79. Vitamin A deficiency compared to other nutritional
deficiencies is most consistently associated with increased frequency, severity, and/or fatality of
almost all infectious diseases. Most other vitamin deficiencies are also synergistic with isfectiou
disease under some conditions, especially among malnourished indiyidjals

Breasteeding, ad specifically exclusive bredseding, § a weltkknown protective
practice against diarrhea. Breast milk is a hygienic and rich source of nutrition and includes
immune system components such as antibodies, lymphocytes, macrophages, lysozymes, and
lactoferrin, which protect infants from gastrastinal infection$76]. Childrenwho are not
exclusively breastd or are weaned early have a one to-teld increase in risk of acute

diarrhea, persistent diarrhea, and diarrassociated dea{b4,57,70,72,73,7B3].
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Male children in India have shown slightly higher prevalences of diarrhea than female
children in national survey8,42,43] Otherhost genetic factors also contribute to susceptibility
to infection. Certain alleles of the genes encoding the Hxtod group antigens, which function
as receptors for norovirus infection, have been found to prevent infection in some individuals
[84]. Similarly, variants of the histblood group antigens, Lewis genes, and secretor genes
mediate susceptibility to rotavirus infectif8b,86] Genesassociated with the immune respgnse
such as polymorphisms at theman leukocyte antiggfiLA)l ocus may modi fy an
ability to present and recognize microbial antigen. Variations in inflammatory response and
presence of host receptdos pathogens may also affect the outcome of pathogen exgddsiire
For example, anergy and dged hypersensitivity responses to standardt&dhantigens have
been shown to increase diarrhask and duration in several studi&3]. Finally, an allele of the
ApoE cholesterol transport protdias been shown to redute impact of diarrhea and
malnutrition on cognitive impairmeié5].

Factors associated with feaalal transmission of disegsgich as hygiene practices and
water quality havebeenrepeatedly associated with diarrhesk. Hygiene practicearound
defecation, such as lack of latrine or toilet usage, improper disposal of feces, and lack of hand
washing after defecatiphave been associated with diarrhea incideand durationn children
in studies from Africa, South America, South Asia, and Southeas{Z&&v,72,75,77,883].
Inconsistent maintenance of latrines and lack of education about their proper use may contribute
to diarrheal risk even when improved sanitation facilities are prg&&¢ntUnsafe or inadequate
water sourcealsoincrease risk for diarrhea, spically open storage of water, use of open
water compared to pipe borne water, and consumption of water without boiling

[72,73,77,88,91,999]. Similarly, behaviors related to food preparation and disposal, including
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irregular food preparation, lack of hand washing before preparapen, siorage of food,
consumption of raw food, use of dirty milk bottles without cleaning with soap and hot water, and
improper garbage disposal, have been associated with diarrhea in chit|&h89
91,100,101]Higher levels of contact with others who could transmit pathogens through day care
attendance, crowding in the home, and exposure to domesstialamas also been associated

with increasedliarrhedrisk [69,71,72,82,89,90,101,10Finally, recent or concurrent diarrhea
episodes imther members dhe household predict diarriednessin children[89,103]

While diarrhea affetsall classes in society, highest morbidity and mortality occurs
among the poor, anaseial factors have a large impact on diarrbaeden Low sociceconomic
status and level of education of mothers is associated with diarrhea incidence,,sekrity
mortality [25,54,73,80,88,90,91,98,101,10€lonver sel y, mot hersd knowl e
infectious spread of diarrhea and preventivesusss are protecti\|88,91].

Longitudinal studies of childhood diarrhea have incorporated hierar@mdaiandom
effectsmodeling techniques to simultaneously assess proximal and distal causes of diarrhea
incidence and duratio’ study among children aged3® months in northeasteBrazil was
analyzed usingn effect decomposition strategy to explain hierarchical relationships amkng
factors for diarrhea, includingpcioeconomic status, sanitary and living conditions, child and
care relatedlata, hygiene behavior, intestinal gsitic infections, and disease history indicators.
The authors repodirect effects of poor sanitation conditions and child and-cdeted
variables such as prenatal examinationngantenatal careisits, heightfor-age zscore and
intestinal parasic infectionson increased risk for diarrheah& observed effect of low
socioeconond status on diarrhea incidencesvaainly mediated black of sanitation,

inadequataeighborhoodnfrastructureand poothousingconditions. Bor sanitation conditions
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had the largest effect among children age®@3nonthg25]. Socioeconomic status was also
highly associated with duration of diarrhea, an effect also likely mediated by environmental
conditions and hygiene behavigvrs].

Interventions to improve water, sanitation, and hygiene have demonstrated improvements
in both diarrheal rates and longerm morbidity, including growth and cognitive development
[105]. For example, a met@nalysis of hand washing interventions found an overall 32%
reduction in diarrhea burden associated with the interventddglICs [106]. Similarly, astudy
of the effect of a ¢y-wide sanitation program on diarrhea prevalence found that improved
connection to a sewerage system reduced diarrhea prevalence among children under 3 years of
age in Brazi[107]. Improved sanitation reduced the association between poverty and diarrhea
this areafurther supporting the evidence that diarrhea is associated with low socioeconomic
status through poor sanitation and environmental conditions among thid @8oHowever,
interventions to improve water, sanitation, and hygiene must be appropriately implemented to
meet local needs. Latrine promotion and construction alone, for example, witlvgatien and
consistent use may not be effective, as was the case in a rural sanitation program in Odisha, India
[94]. Overall these studies suggest age, nutritional status, and recent diarrhea burden are
important host risk factors for diarrheehile sanitation and hygiene have the largest impact on

diarrhedrisk amongheenvironmental factors.

Diarrhea and growth
Malnutrition isboth arisk factorand outcome of diarrhegesulting in a bidirectional
relationshipbetweerincreased susceptlity to infectionand poor growth outcomeghis often

termed, v wasfirgichasacteriged in the 1860s and vaaswvily studied in the
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1970s andl980s[109,110] Studies of the cyclical association between diarrhea and ghavth
been discussed in great detail @nd complicate by issues of temporalitgonfounding by host
and environmental tors, andnodification of effects by age, growth parameter analyzed, and
duration of followup[3,5,109,111113]. Thecycle between enteric infection and malnutrition in
childrenis associated wit intestinal damage, malabsorption, and impaired immune response
Outcomes of the cycle include growth failure and decreased fitness and cognitive function.
Several pportunities for intervention tmterruptcomponentshis cycleare available, including
drugs and vaccines against enteric pathogens, nutrient supplementation, modification of the
microbiota, and interventions towards clean water and sanifatidi

Undemnourishmentas measured by height and weight measurements below the
international growth ferencestandardshas beemssociated with aimcreasen diarrhea
incidence and duration in the two months to one f@klwing anthropomorphic measurement.
Multiple studies have demonstrated an incréaskiration ofdiarrheal disease in
undernourishe children[6,54,68,111,13i 118]. For exampleweightfor-age zscores below3
wereassociated witlan approximate doubling of average duration of diarihélae following
two months among childramder 5 years of age in Brafll15]. Effects of malnutrition on
diarrhea inence are less pronoted with effect sizege.g. risk ratiosjor the association
between undernourishment and diarrhea incidence between 1é$d15,119122]. Several
studies have reported no associatetween weighénd/orheight and diarrhecidence often
when controlling for confoundingybsociceconomic status indicatoy$16,117,119]For
example, a intervention that gave a daily liplshsed nutrient supplement to Haitian infants aged
6i 11 months in an urlmaslum did not reduce diarrhea prevalence despite improvements in linear

growth[123]. As etiologic information on diarrhegpisodes has become more comnsbigies
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haveexplored the effect of malnutrition on etiolegpecific diarrhea episodesnd results
remain mixedWeight and heightor-agez-scores were not associated walardia infectionin
the first 3 years of lifen Peru[124]. In Bangladesh, gightfor-age zscores below-2 were
associated with incidence diarrhea due t&ETEC, Cryptosporidiunsp, andEntamoeba
histolyticg but not othebacterial or viral diarrheas in childrerb2years of agglL25].

Growth failureas an outcome of diarrhea has b#eroughlycharacterized in the last 5
decades. Early documentation of growth charts showed that while chiidt®HCs may follow
average growtlrajectoriesn the first 6 months of lifevhile breastfeedinggrowth stalls and
children fall below the average growth cuagrepeated episodes of diarrhea and other
infectionsaccumulatg109,111,112,126,127Fubsequent studiésvecorroborated the
evidence towards an effect of diarrhea on malnutrition in South America, South Asia, and Africa
[27,54,57,117,128150]. The associations are nuanced by definition of exyofrevalence
versus incidence afiarrheg and duration of effects (long versus short teiigasures of
longitudinal prevalence (proportion of time spent with diarrhea) have demonstrated the largest
effects on growth parameters and are often useceasdstrelevant predictors of growth
outcomeg144]. Evidence that prolongemhd persistent episodes of diarrhea have larger impacts
on weight and height compared to acute episodes (<7 days) support the conclusion that total time
with diarrhea is an important predictor of groysd].

Many early studies focused dhe shortterm impact of diarrhea on growtsych as
effects onanthropomorphic measurements Btmonths following diarrheasaertainment
Shortterm effectof diarrhea on weight
[27,54,57,117,128,130,131,133,134,136,139,142,144,148,1504Hl{o a lesser extent on

heightshortfalls[27,54,57,128130,133 135,139,142,148,150have been consistently
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demonstrated. These resuisve beerhallengedy thehypothess o f -up grewthg such

that rebounds in growth duriregnd afterconvalescence negadenajority of theshortterm

effects of diarrheeSeveral studiesonfirm thateffects on growth may be transi¢hf4,133
135,137,144,145,152}hile others have found that effects susfairup to several years
[117,128,137,138,140,143,147,149pportunity for catckup growth is modified by age,
nutritional status, the pathogen causing diarrhea, and burden of recurrent diarrhea and other
common illnesse$113,153,154] Younger children often face the most serious growth shortfalls,
and malnourished children of low socioeconomic stéilm face higher burden of illness

overal) may be less able to recover from growth defi8t218,134,135]

A recent metaanalysis of 7 cohort studies Peru, Brazil, Guine8issau, and
Bangladesh demonstrated shi@im (1 month) associations of diarrhea prevalence with weight
at all ages under 24 montWhile weightshortfallswere transiengffects on heightveremore
apparent in the lonrterm, aschildren withaverageor greatediarrhea burdens wefe38 cm
shorter than children without diarrhea at 24 months of&g&imilarly, a multicountry
analysis identified linear associations betwbethcumulative diarrheal incidence and
longitudinal diarrhea prevalence with tlog odds of stunting (heightor-age zs ¢ o 2¢at 22
months of ageSpecifically, he pooled odds of stunting increased 186 (95% confidence
interval CI): 7, 25) for every 5% increase ilongitudinaldiarrhegprevalencd155].

Biological mechanismdor the effect of diarrhean growth involve reductions in nutrient
availability due to direct loss and intestinal malabsorption, increased metabolictisseds,
degradationanddecreased nutrient intake duediseasenduced anorexiar withholding @
food[111,156 159]. Healthy absorptive function of the intestinal tract is most important in the

first few years of life when nutrients are needed for normal growth and development of the brain
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[45]. Sustained exposure to pathogeaacausesnvironmentaénteropathyor
tropicalenvironmentaéntericdysfunctior), afrequentlysubclinical conditiortermed the

Ai mp o v e r,dwhithésdssogiated withiving in poor unhygienic environments and result
in impaired function and structure of the small intestirtee intestinal villi of people with
environmental enteropathyave reduced surface area such that #neydecreased in height or
even flatresembling a flatter ledike structureratherthan the normal fingerlike structure. These
changes reduce ttability to absorb nutrientsuch as sugarsitrogen, fats, and micronutrients
[3,111,113,160164] Studies of infants in tropical countries have shown that these changes in
villus architecture occur during the first few months of Méjch suggestsalabsorptiorand
associated growth failul@mong children in these areas begihan early agEL63]. In a study

of largely malnourished Indian children with chronic diarrhea, almost-tfuegers showed
abnormal histology of the jejunum and appmately twothirds showed atrophy of Vil[iL65].

In addition, chronic intestinal inflammati@ssociated wh environmentaénteropathy
leads to elevated immune response and increased permeability of the intestinal tract, which
allows pathogens to more easily cross the intestinal b§8rier1,113,160163]. Continuously
high levels of cytokines and increased blood leptin concentratiagglsocontribute tahe
suppression of appetite associated with disglls®. Indicators ointestinal permeabilitysuch
asthelactulose:mannitol urinary excretion rgtandindicators ofchronic immunostimulation
such as fecal lactoferriimave been associated wgtowth falteringin animal models and human
studieq3,45,111,113,163,16868]. For example, the highest values of an enteric enteropathy
score, based on fecal levels of akdhantitrypsin, neopterin, and myelop&idase, were
associated with linear growth deficits of about 1 cm over 6 montte first year of lifeamong

children across severbMIC sites[169]. Nutrition interventions aimed at strengthening the
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immune systemmproving mucosal barrier functioand compensating for malabsorption have
been able to offset the negative effects of diarrhea on growth, indicating the importance of
gastrointestinal health in mediating the relationship betwlesmhea ananalnutrition
[3,5,111,113,170]

The effects of diarrhea on growth have been extended to effectgoitive function
school performancéitness,and chronic disease later in liteongitudinal diarrhea prevalence
has been rgatively associated with cognitive outcomes sucimt@digence quotientlQ), ageat
starting school, appropriateness of age for the current school grade, and other cognitive tests
[140,171 175]. The associativbetween diarrhea and cognitive functistikely not a direct
effect, butmediated by poor growth outcomes associated with diaftff@d Diarrhea in the
first two years of life has also been correlated with reduceesfit at 69 years of age as
assessed by the Harvard Step T&€85]. In the last few years, links haa¢éso been made
between early childhood diarrhea and metabolic syndrome later imtfeased @rrhea
burdens and associated growth faltering are follolweain increase in risk factors for
cardiovascular disease, such as dyslipidemia, hypertensobgjunose intolerance, several
decades latdB,176,177]

The sum of evidence points towards substantial-teng effects of childhood diarrhea
on gastrointestinal function, malnutrition, growtbgaition, andisk for chronic diseasélhese
findings have prompted several researchers to recommend updating the calculations for diarrhea
disability adjusted life year®@LYs) to include longterm morbidity associated with diarrhea
[178,179] Interventions that improve nutrition aneducediarrheal diseaseurdenmayimpact

multiple elements afhe complex relationshgmmongthese outcomes.
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Available and recommended treatments

Improved treatment of acute diarrhea in childnetih oral rehydration therapyas been
largely responsible for the drops in diarriretated mortality in children under 5 in the last few
decade$45]. TheWorld Health Organization/HO) recommendthattreatment of diarrhea
involve three main tenants: fluid replacement to prevetteatdehydration, zinc
supplementatioto reduce severity and duration of the episode, and continued feeding to prevent
malnutrition[10]. Caregivers should give more fluids than usual, idealipropriate homemade
fluids containing salreferred to as recommended home fluidis)children with diarrhea but
without signs of dehydratiorj10,180] Oral rehydration therapy with oral rehydratsadts
(ORS)solutiongivenorally and intravenously is preferred for addressing moderate and severe
dehydration respectivelirhe currently recommended ORS solution is a low osmolarity mixture
of glucose and several salts dissolved in widi@}. ORS alone can effectively treat 90% of
diarrheas with some dehydration. ORS containing cooked rice powder instead of glucose may
provide additional benefit by reducinige rate of stool outpyit81]. Children should be fed a
normal diet appropriate for their age throughout the episode, including breastfeeding for young
children[10].

Zinc supplementation (220 mg/day) for 10 to 14 days is recommended for all children
with diarrheaSupplementation replaces zinc lost during diarrhea and reduces risk of a
subsequent diarrhea episode in the following 2 to 3 m¢h€hs82] A Cochrar review of trals
for zinc supplementation during diarrhea concluthedzinc reduces duration of acute and
persistent diarrhea among children greater than 6 months of age, especially among children with
signs of moderate malnutrition. However, this effect may be sedeamong young infants

[183]. Zinc also reduces the proportion of children with diarrhea persisting mor8 Hrady
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days, and may have a protective effect against hospitalizations anq1@3at85].
Unfortunately, the uptake of this recommendation has been suboptimal in many settings.

Antidiarrheal drugs, such as adsortseantimotility drugs, and hisuth subsalicylate,
have no practical benefindcan bedangerousn children. Thereforgheyshould never be
given for treatment of acute diarrhea. Aptotozoal drugs are also rarely indicafad)].
Recentlytheantisecretory drugracecadotriand diosmectite have showed some ewidenf
reducing stool output and duration, though contradyatesults have also beegportedand
these drugs are not recommendethdia[186i 188].

A large variety of pobiotic formulationsare available as supplemental treatment for
diarrhea. Howevelg minority ofstrains have been foumd conclusivelyprovide benefit,
specificallyLactobacillus rhamnosusG andSaccharomyces boulardivhich both reduce
duration of diarrhegDptimal timing and dosing gdrobiotictreatment is unknown. In addition,
randomized control trialsf probioticshave almost all been completed in populations fiogh-
incomecountries, and effectivenessLMICs has not been demonstra{@é®6,187] Treatment
guidelines in India do not recommend probiotics given the lack of evidehogianpopulations

[188].

Antibiotics

Antibiotics are not recommended for routine treatment of acute or petsigerhea,
except foracute bloody diarrhea (dysenteay)dsuspected cholera with severe dehydration.
Because acute bloody diarrhea is likely to be causéhigellg children should receive
ciprofloxacin for 3 days or another antibiogiffective against locahigellasuch as ceftriaxone

or pivmecillinamfor 5 days. Many common antibiotics are ineffective for treatment of
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shigellosis and should not be considered, including metronidazole, streptoamyoiicillin,

tetracyclines, chloranfenicol, sulfonamidesiydroxyquinolinesnitrofurans (nitrofurantoin,
furazolidone), aminoglycosideedomycin,gentamicin, kanamycin), and first and second
generation cephalosporins (cephalexin, cefaman{itde}89 191].

Suspected cholera should be treated with doxycycline, tetracycline, or erythr¢h®jcin
Appropriate antibiotic treatment of cholera reduces stool output and duration bédiashich
reduces fluid loss, necessity of hospitalization, and sheddigadfolerain stool[181].
Diagnosedlaboratoryconfirmedinfections should be treated following standard guidelines, but
antibiotics should ot be used for presumptive treatmdfdar example, only laboratofyroven,
symptomatic infection witliardia duodenalisEntamoeba histolyticand amoebiasishould
be treated wittmetronidazolg¢10,181] Some have recommended thavereor prolonged
diarrheacaseswith potential for complications such as sepsis or intravascular coagulation should
be treated with antibiotidd491]. In special populations, such as/erely malnourished children
and chidren with signs of septic shockroad spectrum antimicrobials, such as gentamicin and
ampicillin, can be givenvhen admitted to a hospitdl0].

Antibiotics are contraindicated fdéine majority ofacute diarrhea because most cases
are selflimiting regardless of etiology2) antibioticsare noteffective against mogtathogens
associated with diarrhgd) antibioticsmay have adverse reactions anakethe illness worsen
the longternt 4) antibioticsneedlssly increase cost of treatmeatid5) indiscriminate use may
increase resistance of dise@seising organisms to antibics[189,191,192]Clinically, it is not
possible to distinguish diarrhea episodes thahiriig effetively treated withantibiotics, such
as those caused by ETEC, from those that do not respond to antilsiaticgghose caused by

rotavirus andCryptosporidiun{10]. Even if pathogens are isolatedlie stool, they may not be

21



the causative agent diarrheagiventhe substantial asymptomatic prevalence of enteric
pathogens in stools of childrenltMICs. Antibiotics that are given inappropriately increase the
risks for persistentliarrhea and other adverse outcomes, including hemolytic uremic syndrome
in EHEC infections and prolonged carrieayed sheddingf Salmonellg53,78,193] In addition,
treatment with antibiotics magduce focusn, delay,or even replaceecommended treatment
with ORS zinc,and continued feedind 89,194]

Treatment with antibiotics is complicated by high prevalence of pathogens resistant to
many common antibiotics.dcal informationon antibiotic sensitivity profiles of the causative
microbeis needed to choose the appropriate antibiotic for treatrbatis generally not
available[10]. Outbreaks oBhigellaresistant to more than thraatibiotics havdeen reported
in India. SpecificallyShigellaisolates from 2002005 in the Indian Subcontinent (India and
Bangladesh) were found to be resistant to cotrimoxazol@aethoxazolefimethoprim 99%
isolatesresistant), nalidixic acid (97%9solatesresistant), and ciprofloxacin and/or norfloxacin
(38.5%isolatesresigant). Almost all isolates, howeveemained sensitive to
cefixime/ceftriaxone. Median percentagfeShigellaisolatesresistant to more than three
antimicrobials (multidrug resistant) was 97% across study[4i859. Similarly, Vibrio cholera
has been reported to besistant to cimimoxazole, amigillin and furazolidone, though almost all
isolates from a clinic in Uttar Pradesh, Inth&2006weresensitiveto the recommended

treatmentwvith doxycycline[187].

Antibiotic prescribing patterns
Interndional organizations as well as Indian national organizations, inclticéeng/HO,

UNICEF, the Indian Academy of Paediatrjed the Ministry of Health, Government of India,
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recommend againsiteroutine treatment of diarrhea with antibiot[@®,188,195] However,
antibiotictreatment of diarrheis widespreadh India, mirroring high levels of inappropriate
antibiotic use around the worlilultiple surveys of prescribing practicks diarrheahave been
undertaken in India to gauge the level of inappropriate use and ideott#fiytial strategies for
improvingrational treatmentates

The majority ofstudieshave been completed in the hospital setting and report antibiotic
prescription rates for acute childhood diarrheagingfrom 0% to 90%[196i 203]. For example,
among children aged 6 months to 5 years with acute diarrhea (without dysentery, severe
malnutrition, or any systemic iliness) at an outpatient department of a medical college in West
Bengal in 2002010, 88.7% and 74.7% were prescribed an antibiotic byperglepractitioner
and pediatrician respectivély82.5% overal[203]. At a New Delhi medical college in 2005,
53% of outpatient prescriptions by pediatric residents for acute watery diarrhea included
antibiotics[199]. Antibiotic prescription rates were similarly high among primary and secondary
health care facilities. Among rural and urban government (public) and private facilities at fou
sites includhg Vellore, Indiain 2008,71% of patients of all ages received an antimicrobial
prescription fodiarrheaand 78% of patients with fever and diarrhea were prescribed
antimicrobialg204]. Presence of fever was associated with antibiotic prescriptions in several
studies; 100% of children age€dl2 years presenting with fever and diarrhea atvaf@iprimary
healthcare facility in Chennai in 2005 were prescribed antibiptj@98,202,204,205]

Fluoroquinolones were the most commonly reported drugs prescribed for diarrhea across
several studies, specifically norfloxacaiprofloxacin, andfloxacinin combination with the
antiparasiticornidazolg9,201,202,206,207Norfloxacin was also commonly combined with

metronidazole in a study from Darjeeling, West Beiig@8]. Private providers tend to prescribe
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antibiaics more frequently than public providers, and higher medical education is associated
with lower antibiotic prescription rat¢8,205,207] In addition, @tients of higher

socioeconomic statumd with more educated mothargmore likely to receive antibtic
prescriptions compared to patientdedfseducated antbwer socioeconomic statd@milies
[7,204,207]

Studies of antibiotic usage in the commuyrate less commothan studies adntibiotic
prescription rateNFHS-3 recordedantibiotic usgeand reported thataong children under 5
who had diarrhea in the two weeks preceding survey, 16% reported treatment with antibiotics
and another 30% were tted with unknown drugi]. The proportion reporting antibiotic use
nationwide had declined from 32% in the first NFHS survey (NBHS]. However, use
practices varied by statend the proportion treated with antibiotics in the state of Tamil Nadu
(8.5%) during NFHS3 was half that of the nahal averag¢8]. The UNICEF 1@district survey
in 2009 estimated #t only 5.6% of most recent diarrhea episodes in the 10 surveyed districts
(3.8% in Krishnagiri district, Tamil Nadujad been treated with antibioticService providers
reported they gave antibiotics to children if there was blood in the stools, tthevelsivomiting,
or the childshowedsigns of severdehydratior{43].

Access to antibiotics in India is controlled by the Central Drugs Standard Control
Organization. In the Drugs and Cosmetics Act 1940 and ROKS(updated in 2005)
antibioticsarec | assi fi ed as whiShcdneotbe puechaked oudercougter ,
without the prescription of a registered medical practitip2@®]. However these regulations
are not weHenforced an@ntibiotics are widely availabia pharmacies without a prescription
[210]. In the 2011 National Policy for Caibment of Antibiotic Resistance, the Government of

India acknowledgémisuse of antimicrobials. The document includes strategies to establish a

24



monitoring system antb better enforce current regulations, including a separate schedule, H1,
which would hae unique provisions applied exclusively to the sale of antibi¢2t&]. Despite
the ongoing effort to regulate antibiotic udee drugs are still commonly available in local
pharmacies and can be purchased by caregivers without consulting a qualified doctor.

Mothers andthercaregivers find antidiarrheal drugs acceptaild desirablsince they
perceive thatreatment witlthese drugss effectivein stopingdiarrhea quickly210]. Because
treatment with ORS solution does not reduce stool velanduration of diarrhea, caregivers
may question its efficacgnd turn to other drug481]. Physicians often cite parental pressure as
a reason for prescribing antibiotiaad antibiotic prescription rates are assodiatéh
physiciansd percept i[210,812,218]Sepesat siradegiessodredacing ect at
inappropriate antibiotic ugéat address these tendendiase beemproposed. A randomized
effectiveness trial of zinc supplementation in acute diarrhea determined that antibiotic use was
approximately half as prevalent in the group receiving zinc compared to the contro]2jrélip
Zinc decreases the duration of diarrhea and may reduce the incentive for caregjixers to
antibioticswhen diarrhea persist addition, the simple receipt of zinc tablets to treat the
diarrhea may satisfy mothemho associatepills with better treatmenf doctor working in a
community health clinic in Vellordndianoticed his trendpnce doctors at the clinic began
giving zinc tablets for diarrhea treatment, the demand for antibigicease{l15]. Others
have suggested thatpid diagnosis of rotavirus may also redir@gpropriateantibiotic
prescribingfor diarrhea by providingirectevidence that antibiotiosould not be effective for
thatspedfic episoddq216].

A recent study of the quality of healthcare for childhood diarrhea in rural Bihar, India

found a large gap between provider knowledge and practice with respect to antibiotic prescribing
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for diarrhed217]. In structured interviews, the majority of providers (72%) said they would
prescribe ORS for uncomplicated diarrhea, and about a quarter $2ik¥4hey woulgrescribe
antibiotics in addition to ORS. Another 21%4id they woulgrescribe antibiotics ortloer

medicines without ORS. In interactions with standardized patients, however, almost all providers
(89%) prescribed antibiotics or other harmful drugs, and only 17% of these prescriptions were
given in combination with ORS. The large difference betwaewledge of appropriate diarrhea
treatment (as demonstrated through interviews) and practice (as demonstrated through
interactions with standardized patients) suggests other incentives drive antibiotic prescribing
practices beyond provider knowledge.

Antibiotic treatment of other childhood illnesses is similarly common around the world,
especially for uncomplicated cases of acute gastroen{&{sE), upper respiratory infections
(URI), and acute otitis media (AON218i 220]. Antibiotic treatment is also often unnecessary
for these illnesses since most cases ardiggting regardless of etiology221,222] Again,
antibiotics are not effective against viral pathogens often responsible for these ilinesses
[218,223,224]and antibiotics may have adverse reactions or make the illness[h@ts21 8]
Correspondigly, international organizations, including the World Health Organization,
recommendhgainstoutine use of antibiotics to treat URI0,188,218] Treatment of AOM with
artibiotics is more controversial and is recommended for the youngest children. However,
deferred antibiotic treatment is often preferred in uncomplicated [Z&B222,225227]. In the
northeastern US, one third of mothers reported that their child received antibiotics before 6
months of ag§l2]. This prevalence was nearly equivalent to that (32%) reported in a
longitudinal birthcohort in the UK[11], though a separate study in Pennsylvania reganéy

14% were exposed in early infanj@28]. Given greater access antibiotics without
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prescriptions in low and middle income countries weelld expect similar or higher antibiotic
usage rates in India.

Since their discovery in the meD" century, antibiotics have quickly become a common
exposure among children around the world, even among young infants below 6 months of age.
While antibiotic prescription and usage rates vary across patient settings and geographic areas,
misuse of antibiats has been documented across India. Major concerns often focus on the
development of pathogen resistance to antibiotics, but direct harm to patients due to
inappropriate antibiotic use is also possible and often overldd@kédAn improved

understanding ahe effects of this common exposure on short and-teng health is needed.

Effect of antibiotics on diarrhea
Antibiotic-associated diarrhea

Discussions of thenpactof antibiotics on diarrhédaisk most often focus on shetérm
effects of antibiotic treatment and the incidence of antibedgociated diarrhea (AAD). AAD is
a broadly defineddisease that isharacterized bgny diarrhea that cannot be explained by
another cause occurring within 8 weeks of exposure to antibja28s230] Severity of AAD
ranges from uncomplicated diarrhea to bloody diarrhea and pseudomembranouyg29]itis
Early onset of diarrhea within 2 to 7 dayfsantibiotic treatmenis common an@nsets
generally earlier in children thadults. However, delayed onset 2 to 8 weeks aftermpleting
antibiotic treatmentasalso been reportd@31].

The prevalence of AAD among patients treated with antibiotics is estimated to range
from 5 to 25% depending on the type of antibiotic received, host factors, and hospitalization

status. Inpatients generally have reghates of AAD than outpatients3,229,230] Other host
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factors that increase risk for AAD arewt (<6 years) and old (>65 years) age, underlying
diseaser comorbid illnessimmunosuppression, and history of AALB,230,232,233]
Pediatric prevalence of AAD is not well known, and no studies have been completed in India.
Estimates from around the wotthhvebeen6.2% (Thailand), 11% (US)L6% (Finland)and
17% (Poland) of children vdhreceived antibiotics develop@d\D. A Cochrane review of trials
of probiotics among children 0 to 18 ye&rspediatric AADpreventionfound prevalences of
AAD in control groupsanging from 11% to 22%234]. A study from the Wited Statesfound
highest incidence among kids aged 2 months to 2 Y2353

All antibiotics maypotentiallybe implicated as the cause of AAD, though antibiotics
with broad-spectrum activity are most often responsikkgpecially thostargetedagainst
enterobacteriand anaerobic bacteria. Antibiotics with high intraluminal concentration in the
intestinal tractywhich mears that they are poorly absorbed in the upper intestine and reach the
colon in high concentrations or are secreted in the intestine through bile ducts, result in the
highest risk folAAD [230,236] Longer duration of antibiotic therapy, including prolonged or
repeated therapy, and combination therapies also increase risk fofl84136,237] Second
and third generation cephalosporiaspicillin, amoxicillin, amoxicillin-clavulanate,
clindamycin, and broadpectrum penicillinkave the largest effects ask of AAD
[13,236,238,239]Fluoroquinolones, tetracyclines, and macrolides have also been implicated in
patients with AAD in multiple studig236,240] Estimates of AAD prevalences for specific
antibiotics include approximatelyB)% of patients treated with gmaillin, 10-25% treated with
amoxicillin-clavulanate, 120% treated witltefixime, and 5% treated with other
cephalosporins, fluoroquinolones, clarithromycin, azithromycin, erythromycin and tetracycline

[230,239]
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The microbes responsible for AAD inclu@¢ostridium diffcile, Klebsiella oxytoca
Clostridium perfringensype A,Candida albicangind otheilCandidasp.,Salmonellaand
Staphylococcus aure(i$3,238,239] However, no etiologic agent can be identified in
approximately 60% of AAD casgand their etiologies are unknoy229]. Colloquially, C.
difficile is most often associated with AAD, e prevalence dE. difficile toxin in stool
samples from patients with AAB generallyonly 10-20%amonghospitalized patient230].
Otherresearchersstimate that up to orteird of AAD cases are attributable @ difficile [229].
In children, this proportion is estimated to be lower, betwasdand 18%4235,241] In the
Indian pediatric population, 3.6% of AAD was associated @itWdifficilein 1994, and a chart
review from an Indian tertiary care hospital in 2008 reported that 6.3% of GatnedAD
cases were associated withdifficile. Studies fromBrazil, Europeand the United States
suggest the incidence 61 difficile-associated diarrhea acquired in the communiy be
increasing in childref235,241]

C. difficile-associated diarrhea (CDAD) is generally characterized by more severe
diarrhea and is responsible for almost all cases of pseudomembranoug2@djtiSimilar
antibiotics have been implicated in CDAD as in 1@rdifficile associated diarrheaspecially
clindamycin, cephalosporins, apdnicillins which are broad spectrum but have little activity
againstC. difficile [230,238,239,242]Conversely, metronidazole has been associated with
decreased risk of CDA[R237]. Initially, fluoroquinolonessuch as ciprofloxaciwere not
thought tobe a major cause @DAD given they daot have a largeffect on anaerobes in the
gastrointestinal tra¢230,240] Newer fluoroquinolonedjowever such as moxifloxacin
levofloxacin,and gatifloxacin, have greater activity against anaerobic microorgaimsmn

[242]. Correspondingly, wre recent reviewswhile still showing mixed resultssuggest that the
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overall evidencelemonstrateBuoroquinolona play a role in CDAD, even if not necessarily
greater than other broad spectrum antibidé®,243]

Longerterm effects of AAD and CDAD have been documented in the recurrence of
symptomg229,235] Approximately 1560% of patients with CDAD will experience recurrent
disease, which increases length of hospitalization, risk of medical complications, usage of
antibiotics, and associated cofsatients wih recurrent CDAD also present with more severe
diseasd229]. Overall, informabn on AAD fromLMICs is rare and studies within Indian
pediatric populations are needed to understand burden, risk factors, and potential opportunities

for prevention235].

Othereffects

Studies of the effects of antibiotics on diardhesk outside of AAD and CDAD are rare.
However, inappropriate treatment with antibiotics was a risk factor for diarrhea becoming
persistent among children below 5 years of ageakistan in 1993994[244]. Sudies from
Bangladesh and India also fouttditprior antibiotic treatment was associated with persistent
diarrheg245]. In addition, prior antibiotic treatment has been associated with increased
susceptibility toE. coli, SalmonellaShigellaandCampylobactemfections and withonger
duration of infection compared to patients who did not receive antibj@dés248]. Antibiotic
treatment also reduces the inoculum required to cause infectioSalittonellg248].
Supplementation with beneficial baderi_actobacillispecies, and the yeaSccharomyces
boulardii, have shown the opposite effect of antibioticgdgudng viral shedding and the

duration of rotavirusassociated diarrhga49].
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Longterm effects of antibiotics on chronic disease halsebeen documented,
especially for asthma and other allergic diseases. These effects are hypothesized to be due to
reduced exposure to microbésiled development of regulatory immune responsed,
promotion of the Thelper type2 (Th2) immune respond@50,251] Other immunemediated
pathologies, especially autoimmune disorders, have also been attributed to lack ofestgos
microorganisms early in lif251]. Because it could take months or longer for the body to return
to a preantibiotic exposed state, lotgrm increased risk for infections after antibiotiatreent
is biologically plausible[231]. However, the effects ofdibioticson longterm diarrhebrisk are
unknown especially among populations with high incidence of diarduea as children in

resourcepoor settings

Maternal antibiotic use

Other potential exposus&o antibiotics beyod direct administration involve expagun
uteroandingestion through breast milk among infants whose motheitseated with
antibiotics.Women who give birth by Cesarean section are commonly giraghylactic
antibiotics prior to surgical incisioi252]. Women who test positive for Group3Rreptococcus
arealsogiven antibiotics at the beginning of labor t@yent earlyonset group B strep disease in
their infantg24]. These treatments may expastantsto antibiotic effectdbefore and ding
delivery. After delivery, antibiotic treatment of mothers may affect their children through breast
milk. Recommendationf®r drug use among women while breastfeeding are based on limited
data butlactating mothers are commonly advised to discontinue breastfeeding while taking

antibioticsdue to concerns about increased risk of diarrhea in the {2B8it257]. Some
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antibiotics areconsidered to be consistent with breastfeeding, while othecoarnaindicated
among lactating women due to reasons unrelated to diarrhea and are not discussed here.
Almost all (90-99%) breastfeeding women receive medicines within tist fteek post
delivery[254]. A studyof women delivering at the Christian Blieal College (CMC) in Vellore
India estimated B8% of postpartum mothers were prescribed antibidsicsip to 6 weeks after
delivery in 1989. Almet all women having Eesarean section received antibiotics (96.0%)
compared to 35.7% and 20.8% of women receiving antibiotics among instrumental and normal
deliveries respectively. Most women received the drugs prophylactically (73.5%), while the
remainder of prescriptions were therapeuiowever, 37% of women receiving prophylactic
treatment had their prescription extended due to infectiother complication. Cephaloridine
was the most common drug prescribed, followed by penicillin/gentacoonbination. These
drugs were commonlgombinedwith metronidazolg¢258]. Similarly, in Chandigarh in 1990,
90% of women who delivered antertiary care hospital (45%e€arean sections) were prescribed
antibiotics. However, this propiion was much lower (13%) among women delivering in a
community hospital or at home. In this setting, ampicillin was most widely pres¢gbgf
Non-complian@ among motherss common given concerns about transferring the antibiotics to
infants through breast mil[R54].
Estimation of infant exposure to antibiotics through breast milk is difficult to determine
given the myriadactors that affect transfer of drsignto breast milkand subsequent absorption
in the infant such agjestationahge,time since delivery, maternal factonsherent
characteristics of the drug and drug bioavailability, maternal dosage history, arhbredsi
milk consumed, and time ahtibioticingestion relative to infant feeding54,256,260]Because

most antibiotics are excreted in breast milk, breastfed infants will likely be exposed, but to a dose

32



much lower than that received by the motfxel-10%)[254,260] The clinical relevare of this
exposure is not well described, but likely minirf#Z84]. In addition, because antibiotics are
usually prescribed for short periods oftimet he i nf ant 6s exposure 1is
[255,258] However, newborn infants and infants born prematurely or with comorbidities are at
higher risk of adverse everf&s5].

b-lactam antibioticgpenicillins, ampicillin, amoxicillin) aminaglycosidestetracyclines,
cephalosporinszancomycinand nitrofurantoirare found in low concentratisim breast milk
and low drug bioavailability suggests low risk for their use in breastfeeding mothers
[254,255,261] However, thgossibility ofdiarrhea in the lmastfeeding infardue topenicillin
or cephalosporiexposuréhas been suggested, though there is no large scale evidence of this
phenomenon. Fluoroquinolonesacrolidessulfonamidesglindamycin,and azithromycirare
found in higher concentrations imdast milk, but negligible concentrations are observed in the
breastfed infant suggesting the exposurthése antibioticthrough breast milk isot clinically
relevant Data on exposure to metronidazole and chloramphenicol is limited antelong
effeds on infant health are unkno264,261] though no adverse effects of metronidazole
exposure through breast milk have been repgsd].

One case report described-an@nthold infantwith perforated pseudomembranous
colitis after exposure to ciprofloxacin through breast milk, though evidence of causation is weak
[254]. Another case report documents bloody dieer associated with exposure to gentamicin
and clindamycin through breast m[&56]. In the study of prescribing practices in Vellore, one
out of 539 infants developed diarrhea while the mother was taking amd2d8h
Development of pseudomembranous colitis dug.tdifficile afterexposure to clindamycin

through breast milks a concernbutis expected to be rarBvidence of diarrhea and raaimong
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breastfeeding infantgssociated witpenkillins and sulfonamidelsave also been documented as
rare adverse evenf855]. While macrolides and, to a small extent, azithromycin can cause
diarrhea due to affinity for the motilin receptor, these drug effects have not been consistently
documented among brefesl infants[254].

Becausa majorityof breastfeeding women receive mediciaésr delivery better data
on infant exposure to drugs through breast milk and resulting health effects are needed.
Unnecessary interruption ofdastfeeding withholds the many benefits of breastfeeding for the

infant and should be advised carefyRp4].

Mechanism through the microbiota

Thehypothesizeanechanism for the effect of antibiotics on diarrhea involves
modification of the gastrointestin@bl) microbiota TheGI microbiota refers to the complex
community of microorganisms, including bacteria, archaea, and fungi, inhabiting the human
gastrointesinal tract. Approximately 1*mi cr obes |l ive in the GI tracH!
human cells by an order of magnituated composing up to 60% of fecal maf,262] The
total number of genes across the collective species of the microbiota, termed the microbiome, is
2-4 million, which is100-150timesgreaterthan the number of human ger&8,22,263] The
microbiota has evolvethroughmillennia of hostmicroorganisminteractiongesulting n a
commensal and symbiotic relationsfii]. The microlota can be consideredanctionalorgan
thatplays indispensable roles in the homeostasiaiafan hostf22,263,264] Members of the
microbiota are mutudts in that they serve functions for the host and also benefit from the
nutrientrich environment in the hogt4,265] Because the majority of bacteria in the

gastrointestinal microbiota cannot be cultured, early studies of the microbiota that relied on
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bacterial culturdikely provide a skewed representation of microbiota composition. Newer
molecular techniques, which most commoaiygplify and characterizeucleic acids fronthe

16S rRNA conserved gengiroughterminatrestriction fragment length polymorphism,
denaturing/temperature gradient gel electrophoresishighethroughput sequencing
technologies, havallowedmuch higher resolution in the anadgsand closer examination of the

complex and diverse commuies of the microbiotd266].

Microbiota development

The microbiota develops early in infan&xposure to microorganisms as a developing
fetus is limited thoughthe intestinal tract ahefetusduring pregnancis not sterileas
previously assumej@1,22,267,268]Childbirth provides the firghajoropportunity for
microorganisms to colonize the gastrointestinal tract, and mode of delivery haseffiecgen
the types of organisms that are first introduced to the nef#@&¢ For example, infants who
are delivered vaginally acquireicroorganism$ r om t h e moandgastrdirdestimah gi n a |
flora, especiallyactobacillus Prevotellg andBifidobacterium Conversely, babiedelivered by
Cesarean sectiaare colonized by organisms common to the skid noamaternally derived
environmental bacterjiguch asStaphylococcup21,268,270] The microbiota ofCesarean
section infantss initially less diversegand intestinal colonization dyactobacillus
Bifidobacterium andBacteroidesis delayed20,21,271]

Hygiene practices during delivery also affect the establishment of the microbiota.
Relatively clean deliveries inigh-incomecountriesreduce exposure to bacteria and may delay
establishment ahemicrobiota Infants deliveredn LMICs are exposed to a higher bacterial

loadand have a more diverse microbiota early in[lfgli 274]. Cesarean section babies from
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LMICs acquire bacterisommon to the intestine addition to skin and other environmental
bacteria, suggesting fecal contaminatiothafhospital environrantin these setting274].
Vaginally born and Cesarean section born infants in Pune, India were found to be colonized in
high levels byAcinetobactespp. andC. difficile respectivel\{275], suggesting high exposure to
potential pathogens in this setting.

Individuals varygreatlyin terms of microbial composition, and in contrast to the adult
microbiota, the microbiota of infants is unstable and dyn§?8@262,264] Infants residing in
the same geographic area had microbiotas with wide variation in composition over the first year
of life. However, the similarities between microbiotas of twins suggest common genetms and
environmental exposuraontribute tahe distinctive characteristics of microbiotas across infants
[276]. The greatest changes in compositiothef microbiota occurs during a process of bacterial
succession throughout infancy, in which diversity increases with[#6%&277] Initially, the
gastrointestinal environment in the infant is aerobic and encourages colonization eSartbb
facultative anaerobescludingenterobacteria and Firmicutes, specificélyterococas
StreptococcusStaphylococcusandLactobacillus[20,271,278,279]However, early colonizers
reduce oxygen levels, which results in the groeftbbligate anaerobes, such as
Bifidobacterium Clostridium andBacteroideg§262,268,271,278,280The weaning process
with the introduction of solid foodéduces a major change in the microbi®&1,282] The
microbiota starts to resemble that in the adult gastrointestinal tract by 1 year of age and almost
completely by 3 years of ad@1,23,262,268,277,283However, at 2 years of age, facultative
anaerobes are more often found indrd@in compared to healthy adults, and complete

resemblance to the adult microbiota in level of diversity does not occur until later in childhood
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[268,277] Differences in microbiota composition soon after birth could have effects in the
intestine for up to 7 yeaf21].

Other factors influencing microbiota composition early in life include genetic factors,
geographybreastfeedingnd diet healthand microbida of the mother, gestational agamily
structureand exposure to antibioti¢81,23,262,264,268,27281,283 286]. Preterm infants
have immature gastrointesdirtracts and colonizatiorf the intestine is delayedesulting in
lower diversity of the microbiotf23,263,284] The differences in mrobiota composition of
breasfted infants compared to older childr@ro longer exclusively breastfednd adults were
initially described using culture techniques in the late 19888]. Oligosaccharides abundant in
breast milk are unable to be fully digested by infants and instead are consumed by antesnrich t
microbiota, especiallBifidobacterum[288i 290]. Correspondingly te predominant bactena
the microbiota of breastfed infants &@#dobacteriumandLactobacilus[22,277] while infants
fed with formula milk have a more complex microbiota that is more similar to the microbiota of
adults[23,270,271,277]Taken together, the determinants of the microbiota suggesé ol
infants born vaginally and who ar e @obiothusi vel
compositionwith manyBifidobacteriumand fewelE. coliandC. difficile [23,280,291]

Diet following the cessation of breastfeediag@lso an important detainant of
microbiota compositiorDiets high in plant carbohydrates favor colonization by bacteria that are
able to ferment dietary fibg292]. Children from Burkina Faso with a higtber diet showed
increases in Bactembétes and decreases in Firmicutes in comparison to European children with
a modern western dieAn abundance d?revotellaandXylanibacter which contain genes that
ferment cellulose and xylam the children from Burkia Fascsuggests thehigh-fiber dietmay

haveinfluenced the composition of their microbiotas to maximize energy intake from ingested
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food[293]. It is likely thatonly longterm changes diet (over months or years) are able to
substantially shift the composition of the microbif84].

While the microbiota of infants are individualized and dynamic, the microbiota in adults
is morestable and less modifiable by exposures and life ey28%. However, microbial
populations are highly variable across populations and within populations ov¢28@ierhe
main bacterial phyla of thedultgastrointestinal microbiota are Bacteroidetad Firmicutes
comprising over 90% of the total microorganidi2@,279,297,298]Minor constituents include
ActinobacterigspecificallyBifidobacteriun), Proteobacteria, and Verrucomicrobia bacteria as
well asmethanogenic archaea, eukaryotes (mostly yeasts), and viruses/[#¢6y238] Most
of the bactaa in theadultintestine are stricinaerobes, with aerobic and facultative anaerobes at
much lower prevalencd®72]. Adult human intestinal microbiota can be classified into three
enterotypes which describe the three observed patterns of dominatinBaateapidesn
enterotype 1Prevotellain enterotype 2, anRBuminococcug enterotype 3. Prevalence of
enterotypes is highly asso@dtwith diet;for examplediets heavy in protein and animal fat are
associated with enterotype 1, while diets composed of mostly carbohydrates are associated with
enterotype 2264]. However, other factors such as age, gender, nationality, and body mass index
are not associated with enterotype. While the composition of organisms is differergrbetwe
enterotypes, they form similar functions aathcreatehomeostasif270]. Some speculate that
the classification of enterotypes is artificial and they aralisbinct, but instead lie on a

continuum.Correspondingnterotypes among children have not yet been desd&bgd
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Microbiota function

The importance of the microbiota in human health was first postulated by Elie
Metchnikoff in 1907, who thought certain gut bacteria poisoned the bodgsddeiated longer
lifespan with consumption of fermented milk containing beneficial lactic acid bacteria

(Lactobacillus bulgaricusndStreptococcus thermophilg281,299,300] In his book The

Prolongation of Lifech e wr i t es, Al think, therefore, that
in the fight agai 30 intestinal putrefactionbo
Research following Metchni koffds observat.i

important during early development for intestinal strustanetabolism, nutrition, and normal
immune system developmdgtl]. The functionality of the microbiota is encoded in
approximately 20,000 microbial geneghad of which are wetcharacterize301]. While
microbiota composition in terms of bacteria species can vary greatly, taxonomic diversity is not
correlated with functional diversity, and the functions performed by the microbetanaitar

across individuals suggesting there is functional redundancy across b@&eys91] In

addition, bacterial species exist in an interrelated network and rely on other bacteria for
complementary functions which leads to coresddiluctuations in theabundances of

functionally related specig¢301].

Most conclusions about the function of the microbiota are derived from studies of germ
free mice which have no intestinal microbasd can be functionally compared to normal mice
[279]. The microbiota plays a role in deveilog the normal irgstinal layer byaffecing gene
expression associated with angiogenesis and maturation of the inf22}ireermfree mice do
not fully develop intestinal blood vessgdsd villus capillaries remain underdeveloped through

adulthood279,302] In addition, gerrffree mice have intestah structural abnormalities
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including enlarged cecurdysfunctionalgut-associated lymphoid tiss¢&ALT), and reduced
intestinal surface area, ep][22308 Themdliferatienl | t ur n
and differentiation of epithelial cells as well as thaturation of the intestinahucosa and
GALT requiressignalingfrom the intestinal microbiota for complete development and
recruitment of mature immune ce]%65,301] The mcrobiota therefore plasja role in intestinal
barrier functon, and &errant microbial colonization early in life may increase permeability of
the inestine and mucosal inflammatifzP].

The microbiota also supports normal digestion medabolic functions bgffecing
nutrient absorptioandenergystorage in the ho$22,23]. A large number of novel genes are
found in the microbiota which supplement the limited enzymes encoded in the human genome
thatmetabolize complex carbohydragsd protein$265,304] For example, bacteria ferment
remaining energy substrates from ingested foods to short chain fattylaealsdowrproteins
into their essential amino acidsydfacilitate the extraction and storagecaloriesinto hostfat
tissue[22,23] Children from Burkina Faso were found to have more Bacteroidetes compared to
European childrergorresponding tonoreshortchain fatty acids, which provide beneficial anti
inflammatory function$293,305] The microbiotaalsoprovidesand metabolizegitamins and
other nonnutrient factors which are essential for human hdatb,306] Finally, the microbiota
contributes to healthy sensory and motor gut functiignsontributing to intestinal propulsive
activity [302] andthrough the brakgut microbiota axiswhich allows the microbiota to interact
with the brain through neuronal cells and epithatell and receptemediated signaling
[22,267] Recent evidencevensuggests the microbiota plays a role in brain development and

can subsequently influence adult behayaar1].
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The changes and development of the microbiota initsieféw years of life coincide
with a critical period of immune system maturation, such that the micratmatabutes to
developingheimmune systenandthe compositia of the microbiota and its access to body
sites isreciprocallycontrolledby the immune systelj279,303] The microbiota contributes to
the balance of cell substs, includingegulatory T Treg cells and those involvediI and F2
typeimmune responsewhichinfluences recognition of microbes by gut immune cells to initiate
appropriate immune resposg22,303] Deviations in microbiota composition have been
associated with allergic and autoimmune diseases, sunflaaematory bowel diseagéBD),
type 1 diabetes mellitus, and asthma, which are associated with patholedieald Tn2
responsef23]. By stimulating lymphoid tissue in the gut mucosa, the commensal bacteria direct
the immune system to recognize and produce antib¢ekpgcially secretorigA) against
pathogensvhile not harming helpful bacteria process termed immune tolerantieis ativity
is mediated byhe production off g cells andexpression of tollike (pattern recognition
receptors in the intestines which discriminate between commensal bacteria and pathogens
[23,246,269,279,305,307 addition, the microbiota aids in the development of oral tolerance,
in which the immune system does not respond to ingested food-ansigknd22,269] Germ
free mice show reduced Igéntibody concentrations and lower concentrations of circulating B
and T lymphocytes compared to normal meed correspondingly respond to infection and

injury with ineffective immune responsgz16,265,279]

The nicrobiota and diarrhea
The first hypothesis that the intestinal flora protects against infection was proposed in

1916 by the German scientist Adtl Nissle, and supporting evidence for this hypothesis
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continues to groyi808]. In addition to the beneficial effects the microbiotaon immune system
homeostasidescribed above, a healthy microbiota mayegmbagainst diarrheal disease through
a barrier effect calledompetitive exclusion, such that members of the microbiota occupy
intestinal mucosal sites which inhibits the attachment and growth of pathogens
[14,299,301,309,310This process has also been referred to as colonization resistaace
barrier effectin which the normal microbes are a barrier against colonization of pathogens and
overgiowth of yeast$302,308,311]Commensal bacteria also discourage growth of ethe

by competing for nutrientslirectly releasing inhibitory moleculeand impairing flagellar

motility [14,302,308,309]Because resident microorganisms are \adbpted to the intestinal
environment, generally inhabit available metabolic and physical niches, and have established
robust networks through biofilmsehlthy microbiotaresist the establishment of pathogens that
might cause diarrhda65].

The role of the microbiota in affecting susceptibility to infection has beshstudied in
mouse moda| and early studies from the 1960s 49@0s showed the intestinal flora was
antagonistic againgalmonella, ShigellandVibrio cholerainfection[308]. Severabther
recentstudies have found that a normakrobiota in mice successfully prevents colonization by
Salmonella entericaerovar Typhimuriumlikely through competitive exclusioConversely,
mice with altered microbiotas due to antibiotic administration are more susceptible to intestinal
infectionand disease due &almonellaand otheenterobacteriauch as. coli[247,249,312]

One study showed a desesponse such that greater alterations to the microbiota led to higher
colonization byS. entericaseovar Typhimurium and more severe inflammation and i
pathology. Because theicrobiotamodifiedmice did not have reduced total bacterial numbers,

the alteration in bacterial composition appears to be responsible for the increased susceptibility
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[312,313] Furthermodification of the microbiota throughe antibiotic treatment of mice
increased susceptlity to infection by vancomychresistanEnterococcusandC. difficile [312].
Increased susceptibility to pathogens may be partially due to reduceorbdsted

antimicrobial molecules when the microta is disrupted247]. The clear association between

the microbiota and susceptibility to infection has led some researchers to suggest that people
with an altered microbiota are functionally immunocompromised and less resilient against new
andopportunistic pathogens and re@nt infection4312].

The association between the microbiota and susceftifoilviral infection and disease is
not as weHunderstoodStudies have found examples both where intestinal bacteria are
antagonistic to viral infection and where they promote viral infe¢fdii,314,315] For
example Bacteroides th@iotaomicronandLactobacillus casehave been shown to prevent
infection of the intestinal epithelial cells by rotaviinsvitro. Similarly, mice with depleted
microbiotas through antibiotic treatment or development in gegmconditions are more
suscetible to influenza compared to normal m[2d7,314] In this case, the microbiota appears
to initiate and may be requirefbr the immune response against influenza smwe with
altered microbiotas showed reduced antibody titers and T cell resp8hd¢exl 5]

On the other hand, the GI microbiota has been shown to enhance replication and infection
of other viruse$314,316,317] Antibiotic-treated mice were less susceptible to poliovirus
compared to mice withammal microbiotas, resulting in a mortality rate among normal mice
twice that among antibiotiteated mice. When bacteria were reintroduced to the antibiotic
treated mice, the pathogenesis of poliovirus increased. Similarly, the pathogenesis of reovirus
(another enteric virus) was enhanced in mice with normal microbiotas. The authors conclude that

antibiotic-disruption of the microbiota may have awitial effects despite no direct action against

43



viruses[316]. A similar study demonstrated thrmbuse mammary tumor virus, a retroviregs
more efficiently transmitted in the presence of a rich microbiota, and correspondingly virus
transmission to offspring vgareduced in antibiotireated mice and gerfree mice[317]. In

vitro studies in mouse and human cell lines confirm that components of bothpBsaiae and
Gramnegative bacteria increase the infectivity of vir$ds].

Further, viral infections can enhance secondary bacterial infections suggesting a close
interconnected relationship between the microbiota, bacteria, and \jBddésAstroviruses and
rotaviruses increase the permedpitif the gut mucosa, which compromises the immune
response to a wide range of pathog@d®]. Recent evidence suggests that other disorders
associated with the microbiota, sucnB®Band Cr ohndés di sease, are me
commensal bacteridut also by enteric virus¢249]. Finally, the role of the microbiota in
resistance to fungal infections has been demonstrated by the association of antibiotic treatment
with fungal infections byCandida albican$247,308]

The potential for dysbiosis dhe microbiotao specificallycauseacute infectious
diarrheain humansin addition to infection more generallyas been less wedtudied Several
researcherBavedocumenteahanges in the microbiota during diarrhea. Most studies are cross
sectionalandcompae the microbiota®f diarrheacases and healthy controlhesestudies
excludeal subjects whdnadrecently taken antibiotics to ensure changesemtitrobiotavere
associated with diarrhea alorfiéne first studies were conducted in the 1970s1888s and
relied on bacterial culture to describe microbiota composittata in 1972 found that in the
neonatal period, the microbiotas of children with severe diarrhea with dehydration showed a
substantial decrease in anaerobesg@sjly BifidobacteriumandBacteroidesE. coliand other

enterobacteriaomprised the majority of the flora, aBthigellawas found in high numbers
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[318]. Two studies from Vellordndiain the 1970similarly documented that the proportion of
aerobic to anaerobic bacteria was unusually high in diarrhea &adgscts with diarrhea had
more enterobacteria ai@taphylococcysvhile healthycontrols had mor8ifidobacterium
BacteroidesandVeillonella[319,320] These studies suggest diarrhea may induce a more
aerobic environment in the gastrointestinal tract, which promotes growth of aerobes over
anaerobes.

Since he advent of highly sophisticated bacterial DNA detection technigessarchers
have been able identify large numbers afrganismsn the microbiotahat could not be readily
culturedin earlier studiesThese techniques have implicated the dysbiosis of the microbiome in
many chronic gastrointestinal diseases in humans including enteric infeespesjallyC.
difficile infection, small intestinal bacterial overgrowitflammatorygastroitestinal disorders
such asrritable bowel syndromdBS) andIBD, and colorectal canc§246]. DNA sequencing
of the 16S rRNA gene {¢hly conserved acrodmcterialspecieyin fecal samples from patients
with diarrheapredominantBS showed the microbiotas of IBS patients were less diverse and
more instable over time compared to healthy con{Bi4,322] Specifically, IBSpatientshad
moreenterobacteridv/eillonella Prevotellg andLactobacillus and les$-aecalibacterium
Bifidobacteriumand Verrucoritrobiacompared to control821,323] Similarly, patients with
C. difficile-associated diarrhea (CDAD) and infants wathdifficile colonization had reduced
diversity and high variability in fecal bacterial communitieatients withC. difficile infection
alsoshowedreduced Firmicutes and Bactatetes populationR46]. Again, the ratio of
facultative anaerobes to strict anaerobes was higher in patients witb,GiDAprevalence of

Bifidobackriumwas inverselyassociated witle. difficile [324i 328]. Among a small sample of
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men with diarrhea induced by an osmotic laxative, microbiota diversity was reduced and a shift
in prevalent phyla was documented from Bacterteisiand Firmicutes to Proteobactg82a9].

Variations in the microbiota associated with aqpresumablynfectioug diarrhea have
also been demonstratading molecular techniqués bothhigh and lowincome couatry
settings Diarrhea patients presenting to a hospital or clinic in the USitates showed
decreased diversity and overgrowth of selected organisms in fecal samples compared to healthy
clinic controls[330]. Among children in Bangladesh, acute diarrhea was associated with
decreased microbiota diversity, and cholera patients had reductions in Bacteroidetes, Firmicutes,
and Actinobacteria, with an increase in harmful Proteobad&3i5332] Similarly, Colombian
children who had diarrhea in the past 2 weeks had a reéaopy number for total bacteria in
fecal samples and fewBifidobacteriumandLactobacillus However, relative concentrations of
bacterial species in diarrheal fecal samples varied across stud338gd he microbiotas of
adult patients in China with viral diarrheas caused by adenovirus, norovirus, rotavirus, and
astrovirus were less diverse and more variable compared to healthy conteodgrifinant
phylum in diarrhea cases was Firmicutes instead of BacteroideteBaatedoides,
BifidobacteriumandLactobacillus were found in lower copy numbers among patients with
diarrheg334]. Children aged 3 monghto 5 years with acute diarrhea and mild dehydration in
Vellore, India had lower levels &acterodesPrevotellagroup bacteria during diarrhea
compared to 3 months after diarrhea, while no disturbanBdidbbacteriunwas observed
[335]. The same researchers showed asymptomatic rotavirus in neonates in the first month of life
did not alteBifidobacterumor enterobacteriaounts in stool samplg¢336].

These studies have consistently documented changes in the microbiota during diarrhea,

but do not establistemporality.lt is not clear from fecal samples collected during the diarrhea
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episaleif diarrhea causes the modifications in the microbiome, if dysbiosis of the microbiome
insteads a risk factor fodiarrhea, or if both processes are possidtavevertheevidence
described above from animal models suggesbidgis of the microbiota increases susceptibility
to infection andccouldthereforebean important risk factor fadiarrhea.

The role of the microbiota in diarrhea, susceptibility to infection, and other Gl disorders
is alsosupported by the success ofdémicrobiota transplantation (FMT) in ameliorating Gl
disease. FMT involves introducing an entire microbial community to a patient through
administration of a healthy donor fecal sample by enémaascolonic infusion, or nasoduodenal
or nasogastric insion The goal of FMT is to replace an unhealthy microbiota with a healthy
one, and has been associated with increases in richness and diversity of the m[82#@885 |
Few adverse events have been repoerd FMT has showto be effectivanost commonlyn
treatingC. difficile infection, but alsan treatingulcerative colitis andBS [337,338]
Supplementation of the microbiota with the probiotiisidobacterium bifidunand
Streptococcs thermophilusin infant formula also resulted in reduced diarrhea incidence in a
small study of children under 2 years of §8@9]. The ability fora supplemented oeplacel
microbiota to impove Gl disorders indicates the role of the microbiotgastrointestinal

pathogenesis

Antibiotics andhe microbiota

Antibiotic treatment is a major causédisturbances tthe microbiota that may induce
diarrhea and predispose to other diseases. Benaarsgcommonlyusedantibiotics target a
broad range of bacteria, antibiotics are effective in killing not only pathogenic bacteria, but also

beneficial commensal microorgams in the gufl8]. By targeting a subset of the bactandahe
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microbiotabased ormrug activity antibiotic treatrent affects the relative abundance of
organisms in addition to their absolute numb&hse substantial reduction of beneficial bacterial
populations provides the opportunity for overgrowth of opportunistic path@gehsicrease in
disease severifyL4,340] Specifically, drug resistant bacteria are able to flourish under antibiotic
selective pressure while sstive bacteria are deplet¢tl7,292,341,341]For example(.

difficile is oftenfound inlow prevalenceand is normpathogeniaintil the normal flora is

depleted by antibiotics ar@. difficileis able to occupy newly available ecological niches
[17,340] Further, een if not directly targeted by the antibiotic, bacteria magldygeteddue to
dependences on targeted bacteria for nutrients, secondary ntetalwolivaste product removal.
For example, treatment with vancomycaduced the abundance®@famnegative organisms
despitethe restriction of antibiotiactivity to Grampositive bacteri§l4,19]

Thecollateral damagé&om antibioticsto the healthy microbiota has been repeatedly
shown to cause dramatic shtgtm changes to microbiota compositierherein reduces in
microbial diversity occur in the first few days of amiiic exposureBacteria resistant to the
antibiotic increase in numbers and dominate the microbiota until antibiotic pressure is removed
and sensitive bacteria are fouaghinin increased numbers. Howevenjiaiotics canalsocause
lasting effectsuchthatthe microbiota does néally recover to its préreatment statfl8,20].

The magnitude and type of changes induced imticeobiota depends on the spectrum of
bacteria covered by the antibiotic, the dosage, duration, and route of administration of treatment,
and the pharmacokinetic and pharmacodynamic properties of the an{ibio#6,247,311]

While manystudies of the effects of antibiotics on the microblase been completaed
mice and other animal modelsudies of the effects of antibiog inhumans have been more

unusial. These studiesfteninvolve a small number of subjecad are complicated by baseline
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variability in microbiota compositio[248,286] Because responses to antibiotics are
individualized(large amongsubject variability and are influenced by prior exposure to
antibiotics, ggreation of microbiota composition data across subjects may not produce valid
results Comparison of samples taken from the same individual before and after treatenent
likely to be more interpretabld7,286,340] Further, sudies among sick patients with clinical
indications for antibiotic treatment are confounded by effects the indicating illness may have on
the microbiotd286]. However, results from human studies are consistent in that in nearly all
studies across specific antibiotic exposures, antibiotics caused a sharfporein the abundance
and diversity of organisms in the microbi¢i&,18,292] Antibiotic use has also been repeatedly
associated with reductions in Firmicutesd Bacteroidetes and a concurrent increase in
Praeobacterid18].

Because the majority of bacteria in the human gastrointestinaatesntaerobic,
antibiotics thatre active against anaerobic bacteria, such as clindamycin, may have the largest
effects on the microbiota and normal Gl functionfhg]. Broad spectrum antibioticasohave a
larger impact compared t@arrowspectrumantibiotics active against few bactej2b1].

Because the microbiota of infants and young children is underdevetefmt/ely unstableand
highly susceptible to disturbances, antibiotic exposures early in lifedelay normal intestinal
colonization andhave the largest and longéstm effects on the microbiot&pecifically,
microbiotamodificationsare pronouncedmong infants under 1 year of aged changes to
microbiota composition last longer in neonates exposed to antibiotics comparechtmttOold
exposednfants[20,251,280,291,340]

Antibiotic use in infants has been associated with decreased nurhBéidobacterum

andBacterodes and increased numbers@ipstridium Enterococas, Staphylococcysand
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enterobacterian stool samplefl9,247,268,280,283,297,340,34Epr example, onereek of
amoxicillin treatment for acute bronchitis among infants ag2d/éars resulted in decreased

total fecal bacteria and increased abundan&e 06li[343]. Antibiotic treatment of over 600
European infants in the first 6 weeks & lwas associated withigher relative proportions of
enterobacteria (16.6% of total bacteria in infants treated with antibiotics versus 6.8% in untreated
infants)[344]. Similarly, neonates given parenteral ampicillin and gentamicin4@thours of

birth had more Proteobacteria and less Actinobacteria, incl@ffinpbacteriumand

Lactobacillus than untreated neonates 4 weeks after treatid4s}

The evidence concerningrigterm effects of antibiotics on the microbiasanixed.The
response of the microbiotaver timeto disturbances due to antibiotic exposure has been studied
within an ecological framework, specifically assessing ecosystem stability and resilience
[286,346] The compxity of the micobiota community and the functional redundancy therein
may contribute to the lontgrm resiliency of the microbiota in response to disturbances by
antibiotics or other interventiorj801]. Correspondingly,tsidies deronstrate that the majority
of bacterial species return to their yfreatmentibundanceeelatively quickly However some
species may natcolonizefor an extended period of tinfe 4 year$ or not at all Therefore, the
recovery of the microbiota followg antibiotic exposure is often incomplete
[16,296,297,341,34B53]. For example, the compositiaf the microbiota of healthy volunteers
almost fully returned to its prgeatmentbundanced weeks after oral treatment with
ciprofloxacin for 5 days, but some bactetatadid not recover at 6 months pdstatmen{16].
Similarly, alterations o§ome species in thmicrobiotapersistedor up to 2years following
treatment with clindamycin for 7 daj292,352]and remainedor up to 4 years after treatment

with clarithromycin, metronidazole, and omeprazoleHeticobacter pylori[354]. In infants,
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overgrowth ofenterobacteriafter antibiotic treatment persisted to at least 1 month after
treatment with cephalexin in the first 4 days of [Bd2]. Similarly, higher levels of
Proteobacteria anddaced diversity oBifidobacteriumspecies due tparenteral treatment with
ampicillin and gentamicin within 48 hours of bigtlersistecat 8 weeks of lif¢345].

In addition to affecting the types and numbers of bacteria in the gastrointestinal tract,
antibiotics further alter metabolic activitiagtamin absorptionandimmune system
developmenand functioningn the gui{17,251,280,355] Antibiotic useresuledin altered
amounts of metabolites foundnmousefecal samplessuggesting antibiotics affect pathways
associated with sugar, nucleotide, and fatty acid mesabah addition to bile acid, eicosanoid,
and steroid hormone syntheflgl,356] Alterations to the microbiota may also change our
ability to metabolize drugs, resulting in differences in activation or inactivation, prolonged
circulation,andincreased toxicity of drugi840,355] Antibiotic exposure in the perinatal period
has been shown to result in changes in gene expression associated with the developing Gl tract,
which may result inmpaired Gl functioningintestinal inflammationincreased intestinal
permeability, and increased risk of systemic infecti®¥4,340,357]Loss of bacterial signals
and bacterial comgnents that are recognized by the immune system impacts inflammatory and
other immune responseasspecially the development of regulatory lymphocfids251] Mice
treated with antibiotics have showeduced lymphoidissue neutrophilactivity, Th1l responses,
and interferon, cytokine, and IgG serum le\j&i,251] Antibiotics may even inhibit the
development of protective responses after exposure to vacainiss probiotics that enhance
the microbiota may increase the immunogenicity of vacci8é$,358] Finally, by selecting for

resistant bacteria, antibiotic treatment incredise reservoir ofesistance genes present in the
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microbiotathat could be transferred between spe@esentially reducing the effectiveness of

future antibiotic treatment in thedividual [14,248,341,359]

Maternal antibioticuse andthe infantmicrobiota

The hypothesized mechanism for the effect of maternal antibiotic use on infant diarrhea
also involves modification of tha@fiant microbiota due to exposure to antibiotics in breast milk.
Maternal antibiotic use during the perinatal period alters the developing microbiota in the
neonate and may cause overgrowth of potential path¢g®ghl Changes in the microbiota may
also mediate the effect of perinatal exposure to antibiotics on increased risk of necrotizing
enterocolitis, cerebral palsy, atBD [23]. The microbial diversity of infant stool samples was
reduced in infants of mothers who were giegnibioticssoon before deliverin one study
[340], and antibiotic treatment of mothers prenatally or during breastfee@isgssociated with
lower total numbers of lateria and lower proportions 8facteroidesand Atopobiumin another
[268,344] However, the effects of antibiotic exposure in the inthre totreatment othe
mother are likely to beveakercompared to direct antibiotic exposu@esarean section babies
with mothers who were treated intravenously with brspectrum cefotiam hydrochlorlide in
the first 4 days of life had similéypes ofalteratons to the microbiota as babies directly
administered antibiotics in terms of reductions in diversityBifidobacteriumand overgrowth
of Enterococcusbut the alterations were less pronoun@2]. Several studies have found
antibiotic use during pregnancy has no effen the infanmicrobiota[268,297]

In sum, he evidence for substantial effects of antibiotic exposure on the micramnota
the coresponding association between microbiota dysbiosis and increased susceptibility to

infection, suggest highly plausible mechanism fan effectof antibiotics on diarrhéaisk.
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However, thecontributionof antibiotic treatmento diarrhearisk in young children ikMICs is

unknown.

Antibiotics, the microbioteand growth

Antibiotics mayindirectly affect growthby increasing the number, duration, and severity
of diarrhea episodes, which wouldturnincreaseherisk for growth shortfa§ as described
previously However, antibiotics may also have a more direct effeatanutrition and growth
outcomesnediated by thehanges in thenicrobiota.The hypothesis thantibiotics andhe
microbiota may affect growth originated in tfe®d animal industrywhereantibioticsare
administeredo animalsat low doses for an extended period timdrinking water and
commercial feedf74,360,361] The ability for antibiotics to promote growth in livestock has
been documented since the 1958stibiotic use for gravth promotion increases the rates of
weight gain, especially in poultry and swine, by up to 1846360} Although the specific
mechanism is unknowmodification ofthe microbiotaby antibioticsand alteation ofthe
a n i marmuneresponsdikely play a role in thgrowth promotingeffect Antibiotics have
been shown to influence the diversity of the microbiota in chickg$#, and do not promote
growth in gerrafree animals, suggesting the microbiota is a necessary mediator of this
phenomenoif361]. Because a variety of antibiotics increase growth, inotydhacrolides,
tetracyclines, penicillinsand glycopeptidethe effects do not appear to be specific to a certain
drug class or typg60,363,%4].

Analogous treatmertb increase weight gain malnourished children witlong-term
daily administration of antibiotics produced conflicting results in studies during the 1950s.

Severely undernourished African children given aureomycin-fom&eks had higher weight
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gains than children given a placebo. Similarly, Guatemalan childrésOfeth of aureomycin
daily for 6 months grew larger in weight and height compared to children given placebos.
However, there was no losigrm height and weight adviage at 2 years after treatment, and
penicillin had no effects oaitherheight or weight ga. The authors of a review of these studies
conclude that ther@as no evidence that prolonged treatment with antibiotics inaleasevth

in children[74].

However,shortterm courses adntibiotics arewidely used to treat acute malnutrition,
and the WHO recommends that all severely malnourished children receivespesddim
antibiotics, such as gentamicin and ampicillin, for several days if admitted to a hg<jital
Antibiotic use in this setting is thought to treat or prevent disease which allows children to regain
weight as they recoveA study of malnourished Guatemalan children in 1972 found that
children with proteircalorie malnutrition had momnterobacterian the small intestine and an
altered fecal flora compared to normal childf865]. Lack of dietary proteimaslinked to
overgowth of intestinal bacteria ithe guts of children witkwashiorkor{366], anddifferences
werefoundin microbiotacomposition betweetwins discordant for kwashiork§867].

Similarly, analysis of the microbiota from a malnourished ctdch an urban slum in Kolkata
showed evidence of infection by gastrointestinal pathogens belonging to the
CampylobacteraceaandHelicobacteraceaégamilies, which may respond to antibioti&68].
Correspondingly, amoxicillinrad cefdinir have been associated with increased weight gain in
undernourished Malawian childr¢B60]. In a randomized trial of-day courses of amoxicillin

or cefdnir for severe acute malnutrition among Malawian children under 5 years of age,
recovery rates were 3%8% higher and mortality rates were-3.8% lower among children

receiving antibioticsThe rate of wight gain was also faster among children rengiantibiotics
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[369]. Antibiotic treatment likely affects the microbiota, which could contribute to the
pathogenesis anmeécovery from undernutritigrihrough its impact on both nutrient metabolism
and immune system functionifig70].

Antibiotics have also been associated with weight gain in children without malnutrition.
Erythromycin increased daily weight gain in preterm infants with feeding intolefarntg
Administration of sulfonamideand cotrimoxazole to prevent pneumonia and other
complications after measles also increased weight gain among children in-Bissaa{372].
Several other studies have linked tetracyclines, macrolides (especially azithromycin), and
clarithromycin to weight gain in infants, older children, and ad868]. Antibiotics in different
settings may contribute to weight gain beyenting or treating infection afy causing changes
in the composition athe microbiota, or bot[B863].

Antibiotics given to infants in the first 6 months of life may have the largest effects on
growth given antibiotic use at this age has been associated with beingighedater in
childhood, while antibiotic use atZ monthsvas not showmo impact later growth
[11,360,363] However, this associatias likely more nuanced, as antibiotics during the first 6
months of life increased risk of overweight among Danish children of normal weight mothers,
while it decreased the risk of overweight among Danish childf@verweight motherf873]. In
a trial of annual versus biannual mass oral azithromycin distributions for trachoma in Niger, no
significant difference in anthropometric measurements of preschool children were found, though
biannually treated chilgn had slightly lower odds of underweight, stunting, and wag3irgj.

A recent metaanalysis of 10 randomized control trials of oral antibiotics in low or middle
income countries concluded that antibiotics improved growth, though the summary effect sizes

were likely not clinically significant (less than 1 mm/month differeindeeight and 24 g/month
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in weight)[375]. These tials included the early studies mentioned above and therefore were
conducted over a 60 year period and varied broadly in terms of indication for treatment,
eligibility, and antibiotic intervention. An international cres=ctional study of antibiotic
exposres in the first year of life also reported an adjusted incredsmliynmass index@Ml)
associated with antibiotics at ag@5but only among males (+0.104 kdjnThe effects varied
across sites and a decrease in BMI was found in all countriesieldssfnoraffluent except
Thailand[376].

The impact ofantibiotics andhe microbiota on growth, and specificatlg weight gain
and loss, has recently garnered renewed interest in light of the growing problem of obesity.
Because the functional repeire of the microbiota includes energy harneesd fat deposition
different compositions of the microbiota may be more efficient in energy uptake than others and
thereforecontribute toexcessiveveight gain in human877i 379]. Recent studies have shown
consistent differences in the microtas between lean and obese mice, specifically a shift in the
ratio of FirmicutesBacterodeteswith a higher than normal abundance of Firmicutes in obese
mice[363,380,381]Germfree mice have lower body fat content than normally raised mice even
when the gernfree miceconsume moré&od [382]. The body fat content of gerfnee mice
when colonized with the microbiota from a conventionally raisedseincreases by 60%
within two weeks, even witreduced food intak883]. When germfree mice wee colonized
with the microbiotas fronobese mie, they showetligher weight gaitompared to gerdree
mice colonized with microbiotas from lean mice. These mice had higher abundances of
Firmicutes and correspondingly haxtreased energy extraction frdood andup regulatiorof
genes in the microbioeninvolved withcarbohydrate anlipid metabolisn[363,379]

Conversely, when the microbiotas fréramaninfants with kwashiorkor were transplanted into
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germfree miceand the mice wergiven a diet similar to the infaris dthesetmice lost
significant weight, mirroring the phenotype of kwashiorf3§7]. Thesestudessuggststhatthe
microbiotain interaction with dietvasresponsible fothe overweightind underweight
phenotyps respectively

Becauséhere aranoregenes involved in lipid and carbohydrate metabolism in
Firmicutescompared tdBacteroidetesresearchers speculate that Firmicutes may contribute
greaterenergy harvedB82,384] This hypothesis has been supported by concuimergases in
Firmicutes,increases in weight gain, and alterations of carbohydrate, lipid, and cholesterol
metabolismincluding an increase in fatty acids,the gus of mice treated with antibiotics
[382]. However, differences in metabolic function at the family and species levels indicate that
there is not a uniformeparatioramong species within the two phy&63]. The
FirmicutesBacterodetes ratio may be an oversimplificatiand is likely modified by dief380].

This conclusion is supported by human studies whereiRith@cutesBactepidetes
ratio has been shown to be both increased and decreased amoriguofeasen different
settingg363,380] Among healthy adults in India, there was no clear association between the
FirmicutesBactepidetesratio and obesit{385]. Actinobacterial.actobacillusspecies, and
seveal other bacteria species have also been associated with obesity in different studies
[363,381,386]Among infants, higher levels &acteroideghe first year of lifewas associated
higherbody mass indein the 29and 39 years of life, taking into account several important risk
factors for body mass index. In another study, increased body mass ssdekated with
microbiota composition differences in the first year of life persisted to affect risk of overweight

at 7 years of agi79].
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Thesestudies indicate largeariation in the effects fpecific bacterilaspecies on weight
gain, and some of these differences are likely due to methodological chall@ngessectional
studies prohibit the conclusion of a temporal relationship between microbiota composition and
obesity while observational longitudinal studies may be confounded by common risk factors for
the microbiota and growttn addition, sampling of the microbiota from the large intestine or in
fecal samples may be misleading since most metabolic activities associated with the microbiota
occur in the small intestif@61].

Recent epidemiologic studies frdmgh-incomecountries have reportedsaxiations
between antibiotic use and obesity. In a large study of Danish children, antibiotics in the first 6
months of life were associated with increased risk of overweight at 7 years of age, but only
among normal weight mothef@73]. Among overwgght mothers, antibiotics slightly reduced
risk for overweight in their children. However, antibiotic exposures were captured only for ear
and lung infections, and the very low prevalence of antibiotic use under 6 months (7%) reported
[373] compared tother studies in DenmafB87] and othehigh-incomecountries suggests
antibiotic use may have been heavily undsgorted.

In a study olUK children, exposure to antibiotics under 6 months of age was associated
with increased BMI and risk of overweight and obesity at 3 years, but the effect did not persist at
7 years. Also, exposures between 6 and 23 months did not have a consisteon é&ftelyt mass
[11]. In Philadelphia, antibiotic exposure in the first 2ngeof life was associated with a minimal
increase in overall risk for obesity fromb2years (Rate ratio: ~1.05), but the effect was larger in
magnitude (Rate ratio: ~1.1) for greater number of antibiotic courses receivedspeaiaim
antibiotics compied to narrowspectrum and for earlier age (below 6 months) of first exposure

compared to later age at exposj228].
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These human studies of the effects of antibiotic use on growth are complicated by the
diverse indications for treatment across studies. In a small study of patients receivitegiong
treatment with doxycycline for Q fever endocarditis, a quarter ofetigaatients showed
abnormal weight gaif888]. Similar studies of patients with edtive endocarditis also showed
increases in BMI associated with leteym antibiotic treatment, but only among those receiving
vancomycin389,390] It is unclear if these effects are specific to patients with endocarditis or if
they are relevant to a general population.

Evidence that the microbiota affects growtlalsosupported by stilies in which
probiotic administration affectseight gain. Probiotics supplement tng microbiotawith
organisms that are beneficial to the human twsteate a healthienicrobial communy. The
probiotics,Lactobacillus acidophilud,actobacillusfermentumandLactobacillus ingluviei
have been associated with weight gain in both animals and humansl.adtdéacillus
plantarumandLactobacillus gassehave been associated with weight I[&&1]. Several
combinations oprobiotics, sometimes in combination withlk formula orhighly nutritious
readyto-use therapeutic food (RUTF), haaksoinduced weight and/or height gain in children
[360]. For examplea trial of infant formulasupplemented witBifidobacterium brevand
Lactobacillus rhamnosuscreased body weight and heightigalthy infant§392]. On the other
hand, different combinations of probiotics have also shown to reduce rates of veenguhdj
induce weight loss, suggesting the effects of probiaticgrowth are complicated and likely
organismspecific[360].

Because the functional repertoiretioe microbiota includes energy harvest and fat
deposition, different compositions of the microbiota may be more efficient in energy uptake than

others and therefore contribute to weight change in huiai@s379]. However while the
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microbiota likely plays a role in growth, it is not clear which compositions or specific species in
the microbiota are most beneficial, and it is difficult to predict the effects of alterations of the
microbiota due to antibiotiosr probiotics. The intei@ion of themicrobiotawith metabolism

may be modulated by antibiotic use to cagitieerweight gainor weight losg24]. The effecs

of antibiotic useon growthin association with treatment foommon childhood illnessese

unknown.

Summary and rationale

Diarrhea is a universal and recurring disease during childhood that causes high morbidity
and substantial mortality. The negateféects of diarrhea on malnutrition, growth, and cognition
indicate the need for improved strategies for prevention and greater coverage of effective
treatment. Inappropriate and ineffective antibiotic treatment for diaameather childhood
illnessess widespread in India despite national and international recommendations against
routine treatment with antibiotics. Antibiotics cause modifications in the gastrointestinal
microbiota which may increase susceptibility to future infectiod modify nutriehabsorption
and growth However, longitudinal studies of childhood diarrhea have not considered the effects
of antibiotics on diarrheal risk. While studies of diarrhea associated with antibiotic use have been
completed, most focus on diarrhea occurringatorently or soon after antibiotic use (AAD),
and longer term effects of antibiotics on diarrheal risk have not been studied. In addition, these
studies are often focused on hospitalized adultsghincomecountries, and few studies have
beencompletecamong children in lowesource setting&urther, recent human studies of the
effects of antibiotics on growth, and specifically obesity, have not consistently shown an effect

or identified key components to explain this phenomenon. The effect of aottbéaitment in
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early childhood on growth has not been studied in a prospective observational study among
children fromLMICs.

To address thee knowledge gag we aimed t@ssess the impact of antibiotic treatment
among young children on diarrheal risk €8pic Aim 1) and growth outcomes (Specific Aim 2)
before 3 years of agé/e investigated the effects of antibiotic treatment of diarrhea, and any
antibiotic exposures in the first 6 months of life, on future diarrhea, and estimated the impact of
interventons that would prevent unnecessary antibiotic exposures. We also studied the effects of
early life antibiotic exposures on both short and {ergn growth. We hypothesized that the Gl
microbiota likely mediates the potential associations between artfidtarrhea, and growth
as diagramed in Figutz1 Specifically, darrheaor other illnesses result in antibiotic treatment,
which modifies the microbiotandin turnaffects immune system functioning. These changes
may lead to increased susceptibility tibsequent diarrhea and resulpoor growth. Microbiota
modifications associated with antibiotic exposures may conversely also promote gjiverth,
the establishedrowth promoting effects of antibiotics in livestock and the association of
antibiotics with obesity in humans.

Laboratory and epidemiologic studies support the hypothesized biological mechanism for
the effect of antibiotics on diarrheal risk through rfiodtion of the microbiota. Antibiotic use
causes dramatic reductions in diversity of the microbiota and alters the composition of bacterial
species, especially durimgfancy when the developing microbiota is most susceptible to
perturbationg24]. This corresponds to an important period in early childivdoeih a healthy
microbiota is critical for gastrointestinal tract and immunéesysdevelopmeniThe microbiota
of patients with diarrhea have altered compositions, suggestanthéhmicrobiotgplays a role in

diarrhea and that diarrheal risk could be affected by perturbations through antibiotic exposure.
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Similarly, the microbiotadiffer betweemalnourished versus normal children, and lean versus
obese adultsSmallscale studies have shown mixed results concerning the duration of the effect
of antibiotics on the microbiofd 8] such that some suggest the microbiota returns to-a pre
treatment state within days or weeks of antibiotic expd@8®], while others show that

antibiotics can cause lofgsting changes in the composition of the microbjd#. Therefore,

it is plausible that antibiotic treatment could affect diarrhealarsk growthamong children in

both the short and lorigrm throughmodification of the microbiota, especially in a setting with
high diarrhea incidece and overuse of antibiotics.

We focugdon antibiotic treatment for diarrhspecifically(Aims 1A and 1G and any
antibiotic exposure regardless of clinical indicatiothe first 6 months of lif¢Aims 1Band 2).

The first exposure is directly relevant to the effects of potential interventions concerning diarrhea
treatmentOur observational (herandomized) study is analogous to a hypothetical clinical trial

in whichchildrenare randomized to treatment wahtibiotics or not at each time a diarrhea

episode arisesSincewe are unable to recommend changes in all antibiotic prescription practices
because many illnesses require treatment with antibiédicss ononly unnecessargntibiotic
exposures fodiarrhea treatmen Aim 1C better corresponds to potential public health
interventiors.

On the other hand, because antibiotics for diarrhea may comprise a minority of total
antibiotic exposures in children, an exgltbon of the effects of antibiotics regardless of clinical
indicationwasalso important to understand the basic etiology of the effects of antibiotics on
diarrheal risk and growtiWe focused on antibiotic use in the first 6 months seacky life
antibiotic exposure has thgreatestmpact on microbiota development aisdikely to cause

long-term changes in the microbid20,251,280,291,340Bimilarly, diarrhea during this time
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causes longeterm growth deficits compared to diarrhea episodes at older ages, which suggests
antibiotic exposures at this time may have the largest effect on growth outddrass.two

exposue definitions answer distinct yet complementary questions, one directly applicable to
interventions and the other related to understanding general etiology.

Understanding the effects of antibiotic treatment for diarrhea will help inform policy
makersphysicians, and public health professionals to improve treatment guglahdeational
antibiotic useWhile rational use of antibiotics has been advocated to reduce the development of
pathogen resistance to antibiotics, evidence of direct harm toerhilehio are given antibiotics
may accelerate the adoption of policies and practices to reduce inappropriate use. Such evidence
would counter a commonly held assumption among doctors and caregivers that even if
antibiotics are noet dthreiyctclamoditndiiucat &d Thiat iIm
multiple levels: 1) the results may provide an evidence base needed by policy makers to enforce
regulations that control the sale of antibiotics; 2) physicians could incorporate this evidence into
their costbenefit equation when deciding whether to give children antibiotics, reducing
prescription rates, and 3) mothers and caregivers, who rarely respond to appeals about the future
development of pathogen resistance, would have an easily understood andéagmalto avoid
giving antibiotics to their children. Reduction of inappropriate antibiotic use in these ways would
benefit not only the individual children, but also society as a whole. The efficacy of antibiotics
would be preserved for the treatment armserious human infections, and the prevalence of
drugresistant bacteria may decre§3@3,394] This is of critical importance given the potential
for the loss of the abilitjo treat more serious infections as bacteria become mukrdsigfant.

In addition, epidemiologic evidence that antibiotics increase risk for diawitiea

substantiate the rapidly accumulating laboradoaged evidence supporting a mechanism
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through madlifications of the microbiota. Further evidence of the effects of antibiotics on growth
outcomegontributes to our understandinfthe impact of inappropriate antibiotic treatment on
long-term morbidity. Future followup studies may be developed fronstbiudy to assess the
diversity and composition of the gut microbiota in stored stool samples from the children to
better understand underlying biological mechanisms. These restontributein the future

to the development of therapeutic and preweniterventions for diarrhea, such as those

involving probiotics, that may stabilize and strengthen the microbiota.
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Figure 2.1 Conceptual diagram showing the hypothesized biological mechanisms for the causal
pathways between antibiotic treatmenihsequent diarrhea, and growBotential confounders
are omittedrom this diagranfor simplicity.
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CHAPTER lll: RESEARCH METHODS

Study design

We completd secondary analgs of existing data collected in three cohort studies of
452, 176, and 497 children respectiviglym semiurban slums of Vellore, Tamil Nadu, India
from 2002 to 201328,395,396] These cohorts provided highly detailed existing data on
diarrhea incidence, duration, and severity, as well as record of antibiotics and other teeatmen
fordiarrheal n t wo of the three studies, fiwedd wor ke
weeklyfrom birth to 3 years of agend captured didnea incidence data based on-day recall
period. In the thiragtudy, children were followedeeklyfrom birth to 2 years of ageith 7-day
recall Study personnel recommended the children attend the study clinic when ill, and clinic
records from these visits were linked to community follgpvdata. Additional characteristio
each study are shown Trable3.1.

All three studies were supervised under one principal investigator thersgme
protocolswith minor adjustmentsThere was consistent quality control of data collection and
managemenBecause all three cohort studies were complietélde sme source population by
the same investigatqrdatawerecomparable across studies. The tha@leorts hd a high
incidence of diarrhea (approximately hia#d4 or more episodes in the first 3 years of life), and
approximately onequarter of episodes wetreated with antibioticBy using existing dateom
a population with high incidence of diarrhélae studywaspractical, feasible, and inexpensive to

conduct.
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Sourcepopulation

The source populatiowasall children borrnin geographically adjacerdemturban slums
on the western side tie city ofVellore,in the state oTamil Nadu, IndigFigure3.1). Tamil
Nadu is a state with high immunization coverage and good public health care delivery
infrastructurg397]. The slumf Vellore cover 2.2 krhand have pproximate population
densitesof 17,000 per krh The rainy season occurs between August and November, and peak
temperatures during the summer months reach above 40°C.

Residentdorm a relatively homogeneous population, arahmfamiliesare longtermresidents
of the sluns, which havdess tham% annualmigration.Half of the households are Hindu, 45%
areMuslim, and 5%areChristian.Manual production of tobaceoased cigarettike products
(beedi$ for a daily wageas the most common occupatiamhile employnentin unskilled work,
domesticservitude sweejng, andsmall tradng is also commorMost households rely aine
earning fromdaily wages, without regular salaries or other benefits supkrasons and health
insurancg395i 397].

Rapid migration to urban areas in India in recent years has resulted in urban slum
populationghat areovercrowad havepoorhousing conditions, and lack of clean water and
sanitation infrastructurg896]. Tenancy and ownership of propeis not secure, andhses are
closely clustered with open drains and trash disd888l]. Firewood ighe primary cooking fuel
in the slums of Velloreand pped drinking water is supplied by the local munidiyarregularly
(at intervals of 228 days). This wates collected and stored in wideouthed container@nd is
often consumed without further treatment. Bagls and water tank trucks supplied by the
Vellore Municipal Corporation provide alternatiseurces of drinking water when water is

scarcq396]. Microbial contamination oftte Vellore municipal water spfy is common399].
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Residents have access to free government health services, including a pinysician
urban health center (UHC) in the area and a governhuspital ~5 km awayT hey can also
accesson-profit private health care providers, including the Christian Medical College Hospital
(CMC) andits two outreach units the Community Health and Development Hospital (CHAD)
and the Low Cost Effective Care UGICECU) [395]. Otherprivate facilitiesclinics, nursing
homes, and traditional medicine and faith healers are also locatezlvitinity. In addition, a
physicianrun clinic was established in the study area which previée health care to study
children.CMC study personnel have periodlgacompleted health education campaigmshe
study areasoncerning the causes and outcomes of diarrhea in children and available treatment
and prevention strategieBhe infant mortality rate in this population estimated through
communitybased surveillance conducted by the UHC f2008to 2011 was18.2deaths per
1000 live births per year, and 38% of infant deaths were attributed to difnotre29952003
[395,396]

This identifiedsource population of young childreras ideal for the proposed analyses
since diarrhea incidence is highesthe first few years of lif¢2,40] and poor outcomes are
associated with young af@0]. Regulationof antibiotics is low and correspondingly access to
antibiotics is high in the slums of Velloréhereforea substantial proportion diarrhea

episodesamongchildren in this population experieneeretreated with antibiotics.

Study population
Information on study population, data collectiamd laboratory analysessummarized
from published articles from thareecohortsand has beesupplemented by discussions with

the Principal Investigator and study teattCMC[28,62,171,396410]. The study populations
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consisedof children born in the study areas between March 2002agdst2003,July 2008

and May 2009andApril 2009 andMay 201Q for the three studies respectively. Women of

child-bearing age were visiteédrough repeated household surveys idedtifiedat local

antenatal clinicén the study areas to identify pregnandi@spregnancies and children who were

being exclusively breastfed for Study 2hildren of pregnant women were enroltetbugh

consecutive recruitment followingritten informed consed@ bt ai ned fr om each <c¢h
guardianStudy 2 was guastexperimental study in which families received either bottled

(n=90) or municipal (n=86) drinking water based on the street on which they lived. This cohort

was not a birth cohort since children were recruited at birth or while they were still being

exclusively breastfé. Inclusion and exclusion criteria across the three studies are compared in

Table3.2.

Collection of clinical and demographic data

Baseline information mdemography (family size, number siblings, sex, religion),
sociceconomic indiators (socioeconomic status, maternal education, education and occupation
of the head of the household), head#reking behavior, environment, diet, and characteristics of
delivery were clhectedwithin 45 days obirth. A score from the Kuppuswamy scalasv
assigned to each household as a measure of socioeconomic status (SES) based on educational
and occupational level of the family, house ownership, total number of rooms in the house
(excluding kitchen and bathroom), and household possessions. Theasgale from €b; a
score of 0 or 1 waconsideredow SES, 2 or 3 waconsidered middle SES, and 4 avds

considered high SES.
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An assessment @fater, food, and personaygienefor each householas completed
every six months through se#ported informatiomnd observation ofl) treatment and storing
of drinking watey 2) use of dedicated dippers to consume stored drinking wateashing of
foods, cooking vesseland the breast prior to femg; 4)hand washing before feeditige child
and after defecation; feriodicity of bathingand6) details of toilets or other places of
defecationA household hygiene score ranging frora& which has been previously validated
in this populationwas assigned based on inputs from the structured questionnaire. Households
with scores at or above the upper tertile (01
Forouranalyses, the hygiene measurement of each child recorded closest to thefr time
weaningwasconsidered representative of hygiene across the fallpyweriod since variability
in hygiene scores over time was low and hygiene at the time of weaning is most critical to
diarrhearisk. Children who dropped out of the studigsfore weaimg occurred were assigned
the hygiene score recomlat baseline (Studydnd 3 or closest to the time of dreput (Study
2).

Birth weight and length were obtained from delivery records if available at the first home
visit. Thereafter, dights andveights were measured each month of foligmat the study clinic
using single measuremen®@eight was measured using a Salter weighing scale to the nearest
100 grams. Recumbent length was measured using a standard infanfontaeefirst year of
life or until the child was able to stand, and subsequéeilyht was measured with
stadiometerboth to the nearest millimetéRelevant dta types collected for each study are
compared in Tabld.3.

At each twiceweekly visit (onceweekly for Study 2) tehe households of enrolled

children, field workers interviewed the caregiver about any ilks®ss each day since the last
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visit. If an episode of diarrhea was identified during the visit or thraedfireferralby the
mother, the field worker visited éhhome daily to assedgrrheaseveritydetailsincludingthe
number of stools passed per day, consistency and color of stools, any associated fever or
vomiting, treatment giverand diarrhea among other members of the faiBdgause accurate
temperature measurements were not possible in the field, temperatures were recorded as normal,
low-grade fever, and higgrade fever as reported by the caregiveesails of hospitalization if
applicable and medications given were alsmrded including the name of antibiotics given
(recorded as freeesponse)The family was instructed to collect stool samplé®n diarrhea
developedandsamples were collectexyeryother dayuntil three samples were collectedtioe
episode ende(l-3 stool samples per diarrhea episodejvindow period of 15 days (7 days
beforeand7 days after diarrhea)as allowedor collection ofstool samples.

Regular home visits were also used as an opportunity to collect informatioa on th
incidence of other illnessesported by the caregivdfield workers encouraged the family to
take the child to the study clinic for assessment of severity and appropriate treatment for diarrhea
or for any iliness caregivers felt might be serious. Rieddkers were also trained to identify
other common morbiditeeby using standard definitioasd to refer infants to a health facility if
necessaryChildren were referred to CHAD or CMC hospital when symptoms were severe, and
illnesses were managed byygitians according to routine practice. The costs of care were
coveredby the study. Visits to other public and private healthcare facilities and physician
recorded diagnoses imgscription or discharge summarigsre recorded if available at home
Visits.

Breastfeeding details were collected every two weeks until breastfeeding was stopped

completely including the number of feeds per day and if liquid food.-seln food, and solid
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food were givenln addition to samples collected during diarrhea, staaiples were collected

from all children every 15 days (or monthly for StudyEjclusive breastfeeding was defined
according to the standard WHO definitigti1] as feeding with breast milk only with the

exception of vitamins, mineral supplements, and medicines (no liquid, semisolid, or solid food).

Field workers were retrainexhd study protocols were stardizedperiodically over the
study periodAnthroponetricinstruments were calibrated at least once a wEed&.data
collected by field workers were validated in a 10% random subsample on revisits by the study
supervisor and/or physician. Morbidity data at$hedyclinic werealsoused to validate the
informationgathered by the field workerslissing data wasonitored through completion of a
missing data form by field workers at each time data were not collected. Dates and types of
missing data, reasons for missing data, and information on whether the child had diarrhea at the
time of missing data were recedl Drop outs were accompanied by an assessment of reason for
drop out and details of death if applicable.

Data were collected in standardized paper forms by field workers and double entered
concurrently with data collection. Quality checks were complatéke time of data entry and
through electronic logical checks before valida{i8@7]. Because the proportion of missing data
for baseline covariates was 5% or less, we imputed the median value for individuals with missing
data. We assumed single imputation would resuiegligibly over-precise confidece intervals

given the proportion of missing values for these variables was small.

Case definitions
Assessment of diarrheal outconfes Aim 1 was based ooaregivesreported diarrhea at

home visits and by setkferral of caregivers to study persone defined @arrhea as at least
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three wateryr loosestools in a 24our periodThe episoden ded on t he day t hat

bowd movements returned to normal. @tion of a diarrhea episode was defined as the number
of days from the first day of watery stools until tastday ofwatery stoolsnclusive.We

defined anew episode of diarrhessoccuring only afterat least 48 hoursom the last episode
during whch bowel movements were norm@kersortime at riskwasdefined as all days during
follow-up excluding days with diarrhea atiet 48 hours after diarrhea during which a new
episode of diarrhea could not be defined.

Severity of diarrhea waassessedt each day of illness usirgmodifiedversion of the
Vesikari scalewhich was designed to assess severity of acute watery diarrhea caused by
rotavirus in childrenThe scale was modified such that fever was reported by the mother instead
of measured by dermometer, and symptom inputs for the scale were assessed throughout the
episode instead of solely at admission. This modified version has beein tisisgopulation
previouslyfor rotavirusassociated diarrhesndcryptosporidiosig412]. The 2@point score is
determined by the total duration of diarrhea, the maximum number of stools passed in 24 hours,
the duration of vomiting (if present), the maximum number of vomiting episodes in 24 hours,
fever (in °C), the degree of dehydration, ahtmentAn episode was classified as mild if the
score was betweehand5, moderate if the score was betwé&eand 10 severe if the score was
betweenll and 15, and very severe if the score was betd@amd 20.

The asessment of growth outcomes famA2 wasbased on monthly anthropeinics
taken at the study cliniStepsto reduce bias due to measurement exene taken dring data
review completed at CMCThe standard deviatigisD) of the two measurements taken before
and after each anthropometmeasurement was calculated. Any measurements more than three

SDsfrom these four measurements were recoded as missing. We also individually checked the
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plausibility of measurements associated with the largest growth velocities between two
measurementsdp 1% of all such intervalshmplausibly large height or weight gains os$es
in anintervalresuledin the outlying measurement to be recoded as missing.

We used the 2006 WHO child growth standards as the reference population to calculate
heightfor-age (HAZ), weightfor-height (WHZ) and weightor-age (WAZ)z-scoredrom the
growth measurement€hildren were classified atunted (HAZ< 17 3D from the growh

reference), wasted (WHZ 1 3D), underweight (WAZ 1 2D), or normal

Exposure assessment

Assessment of antibiotic treatment for diarrbeahe exposure for Aim 1¥as based on
selfreported treatment informatigivenby caregiversFieldworkers asked caregivaasthe
time of the current diarrhea episadereport all medications given duritigat specific episode
Questions were asked specifically about ORS, antimotility drugs, and antibldtecsame of
the drug(s) was recordedda copy of prescription(s) was attached to the data collection form if
availablefor reimbursement purposdsield workers also asked about traditional medicines,
including herbal, Homeopathic, and UnamedicinesAntibiotic exposuresvereclassifiedby
reviewing drug names reported acategorizinghem bygeneric name and clasgantibiotic.
Because exposure information was reported at the time of the diarrhea episode (presumably
during treatment), it is unlikely that the exposwasaffected by redabias. However,
respondents may nbaveknown the type or name of the specific drug givessulting in
misclassification.

While incidence of other illnesseamong study childrewererecordedireatments for

these illnesses were not originatigllected in the study protocolnd thereforentibiotic
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exposuresiue totreatmenfor other illnessewerenot available in the cohort datasdisr Aims
1B and 2to assess the impact afiyantibioticexposuregregardless of clinical indicatiopwe
obtained antibiotic exposures for other illnesses famtibiotic prescriptiong study clinic
recordsfor Study 2 and 3We reviewed clinic records for study children during the study period
to record altreatments for diarrhea (including antibiotarsd others) and all antibiotic
prescriptions fonon-diarrhealilinessesassessed at the study clinfée extracted the date of
clinic visit, diagnoses given, drug prescriptions including dosage and prescribed dération
available, and any other relevargatment informationComplete record of antibiotic
prescriptions was available only for Study 3 sinoethird of prescriptions to children in Study
2 were not associated with a recor@ddyID number.We therefore restricted the analyses in
Aims 1B, 1C, and 2 to Study 3.X4posure classificatiowasderived from a combination of self
reported treatment information given by caregivers during diarrhea episodes and drug

prescriptions for all illnesses from clinic records.

Sample size and participation raes
In Study 1, 914 pregnant women were identified and 452 childrenssgresntially
found eligible ancnrolled(Figure3.2A). The most common inclusion criteria violation vilaat
the mother did not intend to stay in the study area for 3 yetienbecause of a common
cultural practice to relocate to the maternal village for several months after the birth of a child
Of 452 children enrolled391 children completed the first year of follays, 380 completed
years of followup, and 373 completed tstudy at 3 years:ive deaths occurred, including 3

that wereassociated witkliarrheaand dehydration in the first year of lif€he dropout rate
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across the three years was 17 &% the median age at time of leaving the studydvésionths
(interquartle range (IQR)2.5,33.6.

In Study 2, 193 pregnant women aaxtlusively breastfedhildren were identified and
eligible for participatior(Figure3.2B). After the attrition and refusal of 17 subjects during the
antenatal followup period, 176 childrenwere enrolledBecause Study 2 allowed enrollment of
children after birth while still exclusively breastfeeding, the median age at baseline was 22 days
(IQR: 12.5, 56).0f 176 children enrolled,70 children completed 1 year of follewp and 160
completedwo years of followup. Thedrop-out ratewas9.1%with amedian age at dropoat
16.3 months (IQR7.7, 19.4). None of the study children died during the two year follgav
period.

In Study 3, 561 pregnant women were identified and eligible for patioip(Figure
3.2C). Following attrition during the antenatal follewp period due to refusal, migration, and
adverse pregnancy outcomes, 497 children were enrolled in the Gfutigse 443, 420, and
410 children completed the first, second, and thindysyear respectively, resulting in a drop
out rate of 17.5%nd median age at time of leaving the study at 7.8 mol@s 4.1, 15.5.

Nine children died during followap; 3 deaths were associated with diarrieall three studies,
the most commoreason for dropout was migration from the study area.

The total length of followup for the three cohorts was 1166.9, 311.6, and 1290.9 person
years respectively. The total numbers of diarrhea episodes reported during thisufoliove
were 1955, 807and 2295 episodesf which27.5%, 6.6%, and 23.5% were treated with
antibiotics in the three studies respectivélildren in Study 1 had on averag@ 9weight
measurements arB.1 height measurements over the three years of falfp\@hildren in

Study 2 had on average 21h@ight and weight measurements over 2 years of felipyand
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children in Study 3 had on average 30.6 height and weight measurewengyears of follow

up.

Ethical approval
The study was approved by the Institutional Revigaards of the Christian Medical
College, Vellore, India, Tufts University Health Sciences campus, Boston, USA, and University

of North Carolina Chapel Hill, USA.
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Table 3.1.Study design of three cohort studies of children in Velldiamil Nadu, Indi2002

2013.
Study 1 Study 2 Study 3
Study period 20022006 20082011 20092013
Length of followup 3 years 2 years 3 years
Type ofcohort Birth Quastexperimental  Birth

Frequency of folloaup Twice weekly
No. of children enrollec 452

(Open cohort)
Weekly
176

Twice weekly
497
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Table 3.2.Inclusion and exclusion criteria for three cohort studies of children in Vellore, Tamil
Nadu, India 2002013.

Study 1

Study 2

Study 3

Semturban slum
areas

(total population of
study area)

Dates of
identification of
pregnant women*

Birth dates of
enrolled children

End of followup
Inclusion criteria

Exclusion criteria

Ramnaickanpalayam,
Chinnallapuram, Kasps
(35,000)

Ramnaickanpalayam,
Chinnallapuram,
Kaspa, Vasanthapuran
(40,000)

November 2004 September 2008\pril
August 2002 2009

March 2002August July 2008May 2009
2003

August 2006 May 2011

- Mother pregnant

- Mother does not
intend to remain in
the area for 3 years

- Birth weight <1500 g

- Gross congenital
anomalies

- Residence in brick-
built house with five
or more rooms

- Mother pregnant or
child exclusively
breastfed

- Mother does not
intend to remain in
the area for 2 years

- Birth weight <1500 g

- Gross congenital
anomalies

Ramnaickanpalayam,
Chinnallapuram,
Kaspa, Vasanthapuran
(40,000)

March 2009May 2010

April 2009-May 2010

May 2013
- Mother pregnant

- Mother does not
intend to remain in
the area for 3 years

- Birth weight <1500 g

- Gross congenital
anomalies

- Serologically positive
for HIV

*And recruitment of exclusively breastfed children in Study 2
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Table 3.3.Clinical and demographic data collected from three cohorts of children in Vellore,
Tamil Nadu, India 20022013.

Data Type Study 1 Study 2 Study 3
Demographics and At baseline At baseline At baseline
socioeconomic
indicators
Delivery details At baseline At baseline At baseline
Anthropometrics Monthly Monthly Monthly
Hygiene practices*  Monthly for first 6 Every 3 months for Every 6 months
months, then every 3 first year, then
months every 6 months
Breastfeeding Every 2weeks Every 2 weeks Every 2 weeks
practices
Diarrhea incidence, Twice weekly Weekly Twice weekly
duration, and (3-day recall) (7-day recall) (3-day recall)

severity; active
surveillance for other

illnesses

Antibiotic treatment  Yes Yes Yes
for diarrhea

Type ofantibiotic No No Yes
Duration and dosage No No No

of antibiotic use

*Sanitation practices were collected less frequently in later cohorts due to low variability of
responses over time
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Figure 3.1 Map [413] indicating the geographic residence of stwdypopulation in Vellore
(black point) in the sta of Tamil Nadu(dark gray, India (white).
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A 914 preghant women B | 193 pregnant women identified

identified and eligible
Inclusion criteria violations . -
. Attrition during antenatal
O e in the area for 3 years |, follow-up period
46 Residence in a brick-built 17 Refusal to participate
house with five or more rooms N4
2 Birth weight <1500 g 176 children enrolled
L 4
452 ne\:bornsllegglble Withdrawals
and enrofle 14 Migration out of area
> 1 Refusal to continue
Withdrawals 1 Non-compliance with
44 Migration out of area bottled water use
> 30 Refusal to continue
5 Death A 4
_ 3 Diarrhea 170 completed 1 year
of follow-up
4 160 completed 2 years
391 completed 1 year of follow-up
of follow-up
380 comple(ec{ 2 years C 561 pregnant women
of follow-up identified and eligible
373 completed 3 years
of follow-up

Attrition during antenatal follow-up period
17 Refusal to participate
- 3 Refusal due to fear of blood collection
35 Migration out of area
8 Adverse pregnancy outcome
- 5 Abortion
- 2 still birth
- 1 Maternal death
Inclusion criteria violations
4 Birth weight <1500 g

v

v
497 children enrolled

Withdrawals
57 Migration out of area
14 Refusal to continue

9 Death
- 5 Diarrhea
7 Other
N
443 completed 1 year
of follow-up
420 completed 2 years
of follow-up
410 completed 3 years
of follow-up

Figure 3.2 Summary enrollment and participation flowchart of the three study cahorts
Vellore, Tamil Nadu, India 2002013.A i Study 1;B 1 Study 2;C 1 Study 3. Sum of
individual exclusions does not equal total excluswhsreindividuals were excluded for more
than one reason.
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CHAPTER IV: ANALYTIC METHODS

The gatistical analysis methodsriedfor each aim to best answer tt@responding
scientific questios of interestin some cases, we applied relativetywvelmethodgAim 1C) or
adapted methods so that the results would be more interpreittblespect to our study
guestiongAim 1A). In Aim 1A, we used inverse probabilityeighted KaplarMeier (KM)
curves to estimate differences in the timsubsequendiarrhea among children who received
antibiotics fortheir most recengpisode and those who did not. In Aim 1B, we used negative
binomal regression to estimate the effectafyantibiotic exposure in the first 6 months of life
on rates of diarrhea up to 3 years of age. In Aim 1C, we used the paranfetrauta with the
same negative binomial model to estimate the impact of hypathitierventiongo reduce
antibiotic use on diarrheal ratd% understand the effects of antibiotics on growtiim 2, we
usedlongitudinal generalized linear regression wgdneralized estimating equations (GEE) and
robust variance to account for him-subject correlation of the growth measurementshort
term analyses, walsocompared results from this model to those from the firéercept model.
We assessed both continuous (WAZ, HAZ, and WHs€ares) and binary (underweight,
stunted, and wasd) growth outcomes with linear regression and the Poisson approximation to
log-binomial regression respectively. The cohort data f&ady 3was used in the primary
analyses for Aim 1Aand exclusively for Aims 1B, 1C, and 2, since this was the cothprt

with complete information on antibiotic treatment for rdiarrheal illnesses.
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Aim 1A

Analyses of the effect of antibiotic treatment for diarrhea on risk of subsequent diarrhea
episodes was restricted to children who experienced at least oodeepidiarrhea and
therefore had the opportunity to be exposed. We included 434 of 497 (87.3%) children in Study
3, 160 of 176 (90.9%) in Study 2, and 390 of 452 (86.3%) in Study 1 who had at least one
diarrhea episod&Ve focused the analyses on StudwBich was the most recent cohort and had
complete information on antibiotic treatment for raiarrheal illnesses. Because Study 1 and 2
lacked complete records of antibiotiesid the type of antibiotics given for diarrhea were
unknown, we presented thesults from these cohorts as sensitivity analyses.

The primary exposure was antibiotic treatment for diarrhea based on caregier
during the episodd.o validate caregivereport, we also used alternative definitions of exposure
to antibiotics. Firg we restricted the exposed group to only those children whose caregivers
reported the name of a confirmed antibiotic in the-fesgponse section of the questionnaire.
Second, we considered children exposed if either their caregiver reported antiso&asven
(by indicating yes/no) or if an antibiotic prescription was recorded in clinic records during the
diarrhea episode. Finally, we considered children exposed only if a confirmed antibiotic name
was reported or if a prescription was recorded irctiméc records.

We usedadgistic regression to calculate inverse probability of exposure weights
stabilized by the marginal probability of expos{##4]. Confounding variables for the exposure
model were chosen lpausal directed acyclic gragbpAG; Figure 4.1)415] to account for
baseline characteristics and indications for treatn@@otinuous variables were modeled
flexibly with restricted quadratic spling&l6], and covariate specifications were compared by

Akai keds i nf oFinalzdvariateselectedianhdaheii spécations are shown in
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Table 4.1 To remove extreme weighailes[417], weights were censored at the'0dnd 99.5
percentiles by resetting the value of weights greater than th& @é&&entile and less than the
0.5" percentile to the \aes of the 99.4' and 0.%' percentiles respectively.

We estimated inverse probabiktyeightedKM curves[414,418]for the time to next
diarrhea episode corapgng children who did and did not receive antibiotics for the previous
episode. The time sca)418] was from 48 hours after the previous diarrhea episode to the
incident day of the next episode. Children were censored atditppeath, or the end of follew
up at 3 years adge. We assumed perstime during which children were temporarily
unreachable was missing at random and-@natpvas norinformative given the small
proportion of dropouts (n=50, 11.5% overall; n=18, 4.1% between the first and second diarrhea
episode)We calculated the time difference and time ratio at 50% diaffreeasurvival, the
median survival time, from the weighted KM curves. Confidence intervals were constructed by
bootstrag419] with 200 resamples at the level of the individual to account for clustering of
episodes within children.

We also estimated hazard ratios comparing the same exposure groups using marginal
structural Cox modelg!18] with the same werse probability weightd.hese models were
estimated by pooled logistic regression with adjustment for time using a restricted quadratic
spline[416]. Correlation between outcomes from the same child was accounted for using
generalized estimating equations with a robust variance estimator.

We assessed modification of the effetantibiotics by age at exposure by stratification.
We also considered the effect of specific antibiotics commonly do@nmoxazole and
cefixime)by comparing children receiving each drug with children given no antibidiecs.

assess the impact afrlg episode duration contributing to shorter time between episodes, we
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repeated the main analyses excluding all episode pairs where the first episode lasted for more
than 7 days

To assess whether antibiotics were associated with the severity of subskajubat
when another episode occurred, we estimated the effects of antibiotic treatment for the previous
episode on the severity and duration of the next episode. In models weighted for the same
covariates as in above analyses, we used inverse propaighted linear regression with the
Vesikari score and number of days with diarrhea as continuous outcomes. We also estimated the
adjusted relative risk for a severe (Vesikari

episode using inverse probablyhiveighted logbinomial regression.

Aim 1B
To assess whether any antibiotic exposure in the first 6 months of life affected subsequent
rates of diarrhea from 6 months to 3 years of age, we restricted analyses to Study 3, which had
complete information oantibiotics given for nowiarrheal illnessedVe included 465 of 497
(93.6%)children inStudy 3who remained in the study for more than 6 months and were
therefore at risk for diarrhea after 6 months of &ge.did not restrict to children with at least
one diarrhea episode since diarrhea was not a prerequisite of antibiotic exposure in this analysis.
The main exposures were any antibiotic exposure in the first 6 months of life, as well as
the total number of antibiotic courses in the first 6 months of life, both based on antibiotic
prescriptions recorded in clinic records and caregigported antibitic treatment at birth and
for diarrhea. We excluded all topical antibiotics (neosporin, neomycin, soframycin, and gentian
violet). Rates of diarrhea after 6 months of age per child were defined by the total number of

incident episodes divided by the totiahe that child remained in the study. We excluded from
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personrtime denominators days with diarrhea (when a child veasinrisk of incident diarrhga
periods during which the child was unreachable, and any time after loss to-@iglondeath.

We usel Poisson and negative binomial regression to model the rates of diarrhea from 6
months to 3 years of age. Crude and adjusted incidence ratg(iRRs3for diarrhea were
estimated comparing children who were exposed to early life antibiotics to thoseesd not.
Confounding variables were chosgsing theDAG [415] (Figure4.1), and optimal variable
coding was determined by I|ikelihood rFRnali o tes
covariats selected and their specifications are shown in Tal@eNe assesseeffect measure
modificationby exclusive breastfeedingex, Cesarean section birth, age at first diarrhea, and
growth status (underweight, stunted, wasted) in first 6 mdmtheporting straturspecific
estimates and testing homogeneity by likelihoddirao t est (U=0.1). We furt
of breastfeeding by assessing the crude association between exclusive breastfeeding and
antibiotic treatment using legsk andlinear regression

To assess potential misclassification of the exposure, veateg main analyses with
more restricted definitions of antibiotic exposure that included caregperted antibiotics
only if an antibiotic name was recorded. To determine if the effect of antibiotics on diarrheal
rates differed by antibiotic type, wepeated analyses separately comparing children who
exclusively received one of the most commonly used antibiotics, amoxicillin and cotrimoxazole,
to children who received no antibiotics. We further assessed if the effect of antibiotics differed
depending o 1) the indication for which antibiotic treatment was given; 2) the number of
diarrhea episodes experienced in the first 6 months of life; and 3) the time period for diarrheal

outcomes (618 months of age compared to-3@ months).
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Aim 1C

To estimate theffect ofhypotheticainterventions to reduce unnecessary antibiotic use,
we used the same data and model structure as in Aiffdde 4.2) We classified potentially
unnecessary antibiotic use by characterizing antibiotic treatments under 6 months of age by
indicating diagnosis: nehloody diarrhealJRI, nondiarrhealacute gastroenteriti®\GE; i.e.
vomiting), and other, which included bldpdiarrheaWe considered antibiotics for ndrhoody
di arrhea as finot indicatedo according to clin
case definition. We considered antibiotics for URl anddanar r heal AGE as Al i k-
i ndi c a flectdh@ potewtial vagability and uncertainty in diagndses the study clinic
records Antibiotics given for all other illnesses, including cases of bloody diarrhea, were
considered necessamye considered two interventions: (i) removing all antio®that were not
indicated, and (ii) removing all antibiotics that were not indicatdikely not indicatedAll
other antibiotic exposures were not affected by the interventions. Given our binary exposure
classification (exposed to at least one coofsantibiotics versus none), children remained
exposed to antibiotics if they had any necessary antibiotic exposures. Children who received only
unnecessary antibiotics moved from exposed to unexposed after the intervditetassgeted
interventions wer applied onlyto children whahad alreadgtopped exclusive breastfeeding.

We used the parametriefgrmula[420i 425]to estimate contrasts associated with the
effect of antibiotic use on diarrheal rates. The general procedure was as follows:

1. Estimate beta coefficients for the observed exposure and covariates using the negative
binomial model with rates of diarrhea fr@months to 3 years as the outcome
2. Use the estimated coefficients to predict the outcome in all individuals under the index

exposure and again under the referent exposure
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3. Average the predicted outcomes across individuals in the exposure groups

4. Compare thaverage outcomes to estimate the adjusterldifference

5. Estimate the number needed to treat (NNT) as thpraal of the rate difference

6. Construct confidence intervals by bootstrap with 200 repli¢afie
Using this method, we estimated {hepulation average causal effgebpulation attributable
contrast, generalized impact contrast, and the targeted impact cdntsastsitivity analyses, we
alsoestimated the population average and generalized impéacastsnn the exposed population
only (commonly termedhefieffe ct of t r e at me adlsoexpandediowe madelse at ed o0
to estimate separate coefficients for the effects of necessary and unnecessary antibiotics and
included the interaction betweereth to account for any differences in effect by indicating

condition

Aim 2

To assess whether antibiotic exposure adfgaiwth in the first 3 years of life, we
restricted analyses to Study 3, which had complete information on antibiotics given-for non
diarrheal illnesses. We included 4B7 childrenin the parent cohort for sheterm analyses of
effects in the first 6 months of life. In the letgrm analysesve included456 (91.8%xhildren
whoremained in the study until at least 6 months of ageéhaddbne or more growth
measurements after 6 months of .@gewth zscores were considered the primary outcomes of
interest since they vary linearly with age awdount for growth differences by age and. sex
These modelwaeresimplerto fit compared to mdeling absolute height and weight, which
requiresthe inclusion ohigher order terms for age to capture the-hoearity of growth curves.

To improve the interpretability of effectae alsotranslated the effects orszores to their age
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and gendespecific equivalents in height and weight using the one standard deviation differences

in weight/height from the expandeeszore tables provided by the WH@»6,427]

Shortterm effects
We considered growth measurements taken wi:
monthly birth anniversary as their weight/height at that month of age. Growth measurements for
months during which a child was not measured durirgyttio week period were considered to
be missing for that child (6.5% of childonths overall).
We used longitudinal general linear regression to model WAZ, HAZ, and WHZ in
monthly intervals from 0 through 5 months of age. We estimated the effects adtantib
exposures in a given month on WAZ, HAZ, and WHZ at the end of the following month
(conceptually depicted in Figu#e?A), and accounted for correlation between outcomes from
the same child using GEE with a robust variance estimbtosissess the sdtivity of results to
the time period between antibiotic exposure and outcome, we repeated the monthly analyses with
outcomes both at the end of the exposure m@fiture4.2B) and at two months following the
exposure montlFigure4.2C).
Confounding vaables for the exposure model were chossing the DAG415] (Figure
4.1) to account for baseline growth status, other baseline characteristics, and indications for
treatment, which are the most important determinants of antibiotic use and also affect child
growth. Optimal variable coding was determined by the giadihood under the independence
model criterion (QIC), which is appropriate for GEE modéR8]. Final covariate selected and

their specifications are shown in Taldl& We stratified effects by month of antibiotic exposure,
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gender, exclusive breastfeeding in the exposure month, baseline malnutrition status of the child
(undewveight, stunted, or wasted), and illness burden.
To validate our results with an alternate model that eliminates potential unmeasured

child-level confounding, we used a fix@atercept model in which the effects of antibiotic use in

monthly intervals werestimated withic hi | d (a chil dds exposed and

as the index and reference exposures respectively), and betinikbheterogeneity was
captured in fixed chilégpecific effects (not estimated in the modéb9]. We again estimated
the effect of antibiotic exposure in a given month on WAZ, HAZ, and WHZ at the end of the
following month and stratified effects by gender. We used the robust variance estimator to
account for correladin between observations withohild and necessarily included only the

time-varying covariate$429] listed above.

Longterm effects

We used longitudinal general linear regression with GEE to mdd&laz, HAZ, and
WHZ measurements after 6 months of age as a function of antibiotic use in the first 6 months of
life. Eachc hi | dds exact age in days at the growth
modelsWe included the growth-scorecorresponding to the outcomaé6 months as a covariate
to ensure the estimation of lotgrm effects of antibiotics on growth rates following 6 months of
age. Baseline confounding variables wagainchoserby using the DAG415] (Figure4.1) and
werelargelythe same as those in the sherm analysis, but also included Cesarean section
birth. Final covariate selected and their specifications are shown in Talde/Ne stratified

effects by sex, number of antibiotic courses received, and age period of growth (6-inpedns
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1-2 years, 23 years). We further assessed modification of effects by exclusive breastfeeding,
illness burden, and malnutrition status.

For bot short and longerm analyses, &estimated the effects of antibiotics on the
relative risk of underweight, stunting, and wasting with the same exposure groups and covariates
as the linear regression models. We used Poisson regression with the robasewestimator as
an approximation of lopinomial regressiofd30] since the loghinomial regression models did
not convergeWe alsovalidated results by repeating analyses whnssame alternative definition

of antibiotic exposuresed in Aim 1 analyses
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Table 4.1 Covariate specification in final adjusted models for Aim 1A.

Covariate Model specification
Diarrhea episode number Indicator variables for episode 2, 3, 4, and 5+
Child sex Dichotomous

Socioeconomic status

Indicator variables for low and medium/high
based on the Kuppuswamy scp81]

Maternal education

Linear continuous

Cesarean birth

Dichotomous

Low birth weight(<2.5 kQ)

Dichotomous

Preterm birth (<37 weeks)

Dichotomous

Hospitalization at birth

Dichotomous

Antibiotics given at birth

Dichotomous

Age at previous episode

Restricted quadratic splijé16] with knots at the
20", 40", 60", and 88 percentiles

Vesikari scorp412] of theprevious
episode

Restricted quadratic spline with kisaat the 2%,
50", 758" percentiles

Duration of previous episode

Restricted quadratic spliveith knots at the 5,
50", 95" percentiles

Hospitalization during previous episod

Dichotomous

Fever during previous episode

Linear continuous

Dehydration during previous episode

Dichotomous

Bloody diarrhea during previous
episode

Dichotomous

Zinc given during previous episode

Dichotomous

Underweightat previous episode
(weightfor-age zscore<1 2 S D)

Dichotomous

Stunted at previous episoteeightfor-
age zscore<i1 2 SD)

Dichotomous

Wasted at previous episode (weidbit-
height zscore<1 2 S D)

Dichotomous

Exclusive breastfeeding at previous
episode

Dichotomous

Any breastfeeding at previous episode

Dichotomous

Number of previouantibiotic courses
for any illnesses

Linear continuous

Number of sick days between episode

Restricted quadratic spline with knots at th& 25
50", and 7% percentiles

Other antibiotics given between

episodes

Dichotomous
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Table 4.2 Covariate spefication in final adjusted models for AsiB and 1C

Covariate

Specification

Child sex

Dichotomous

Socioeconomic status

Indicator variables for low, medium, and high
based on the Kuppuswamy scp81]

Maternal education

Linear ®ntinuous

Household hygiene

Restricted quadratic splijé16] for continuous
hygiene scor§432] with knots athe 24", 50",
75" percentiles

Household crowding (number of
household members/number of roomsg

Linear continuous

Low birth weight(<2.5 kq)

Dichotomous

Exclusive breastfeeding &tmonths of
age

Dichotomous

Number of diarrhea episodes in first 6
months

Disjoint indicators for 1, 2, 3, 4, and 5+ episodg¢

Total number of days with diarrhea in
first 6 months

Restricted quadratic splijé16] with knots athe
250 50" 78" percentiles

Maximum Vesikari scoid12] of any
diarrhea episode in first 6 months

Linear continuous

Number of severe episodes in first 6
months (Ves k a r i O 11)

Linear continuous

Prolonged or persistent diarrhea episd
in first 6 months

Dichotomous

Hospitalization for diarrhea in the first
months

Dichotomous

Fever during diarrhea in first 6 months

Dichotomous

Dehydration during diarrhea in firét
months

Disjoint indicators for 0, 1, and 2+ diarrhea
episodes with dehydration

Underweight (average weightr-age z
score under 6 months of agel 2 S|

Dichotomous

Stunted (average heigfar-age zscore
under 6 months of age1 2 S D)

Dichotomous

Waded (average weigHor-height z
score under 6 months of agel 2 S|

Dichotomous

Any severe illness in first 6 months

Dichotomous

Number of other infections in first 6

months

Linear continuous
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Table 4.3 Covariate specification in final adjustetbdels for Aim 2.

Short-term models

Covariate

Specification

Month of age corresponding to expost
period

Indicator variables for months O, 1, 2, 3, 4, and

Baseline zscore (at beginning of
exposure month)

Continuous

Child sex

Dichotomous

Socioeconomic status

Indicator variables for low and medium/high
based on the Kuppuswamy scp81]

Maternal education

Dichotomous: @12 years (no formal education,
primary/middle) vs. 13+ years
(collegépolytechnic/professional)

Household hygiene

Linear continuous hygiene scdr32]

Household crowding (number of
household members/number of roomg

Dichotomous: &5 peopl e/ room
people/room

Low birth weight(<2.5 kQ)

Dichotormoug

Preterm birth (<37 weeks)

Dichotomou$

Cesarean birth

Dichotomous#®

Total number of days with diarrhea in
exposure month

Indicator variables for 0 days;3.days, and >3
days*

Severe diarrhea in exposure month
(Vesi kari O 11)

Dichotomou$

Hospitalization in exposure month

Dichotomous

Dehydration during diarrhea in exposu
month

Dichotomous

Prolonged or persistent diarrhea episd
in exposure month

Dichotomous

ORS received during diarrhea in
exposure month

Dichotomous

Exclusivebreastfeeding in exposure
month

Indicator variables for none, part of the month,
full month**

Total days severely ill or with other
infections in exposure month

Indicator variables for O days;7Ldays, and >7
days

Total number of days with of diarrhéa

previous month

Indicator variables for 0 days;3.days, and >3
days

Including interaction term with month of age for:
AHAZ model ,

*WAZ model ,

AWHZ model

Fixed-intercept model

Baseline zscore Continuous
Total number of days with in exposure Indicator variables for O days;3.days, and >3
month days

Severe diarrhea in exposure month
(Vesi kari O 11)

Dichotomous

Hospitalization in exposure month

Dichotomous
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Dehydration during diarrhea in exposu
month

Dichotomous

Prolonged or persistent diarrhepisode
in exposure month

Dichotomous

ORS received during diarrhea in
exposure month

Dichotomous

Exclusive breastfeeding in exposure
month

Indicator variables for none, part of the month,
full month

Total days severely ill or with other
infections inexposure month

Indicator variables for O days;7Ldays, and >7
days

Duration of diarrhea in previous month

Indicator variables for 0 days;3.days, and >3
days

Long-term models

Baseline zscore (at 6 months of age)

Continuous

Child sex

Dichotomous

Socioeconomic status

Indicator variables for low and medium/high
based on the Kuppuswamy scpi81]

Maternaleducation

WAZ/WHZ models: Dichotomous:-Q2 years
(no formal education, primary/middle) vs. 13
years (college/polytechnic/professional)

HAZ model: Indicator variables for O years (no
formal education), -B years (primary/missle),
and 9+ years (highesecondary/college/
polytechnic/professional)

Household hygiene

Dichotomous: Poor (hygiene score <12) vs. gg
(hygiene[d®pore 012

Household crowding (number of
household members/number of roomsg

WAZ/ HAZ model s: Di
people/room vs. >2 people/room

WHZ model Il ndi cator
people/room, 284 . 9 peopl e/ r g
people/room

cho

Low birth weight(<2.5 kQ)

Dichotomous

Preterm birth (<37 weeks)

Dichotomous

Cesarean birth

Dichotomous

Exclusive breastfeedingntil at least 3
months of age

Dichotomous

Total number of days with diarrhea in
first 6 months

Indicator variables for O days;14 days, and >14
days

Prolonged or persistent diarrhea episg
in first 6 months

Dichotomous

Maximum Vesikari scor@412] of any
diarrhea episode in first 6 months

Quadratic

Fever during dichea in first 6 months

Dichotomous

Dehydration during diarrhea in first 6
months

WAZ/WHZ models: Dichotomous
HAZ model: Indicator variables for 0, 1, and 24
diarrhea episodes with dehydration
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Days with other infections in first 6 Indicatorvariables for O days,-14 days, and >14
months days

Any severe illness in first 6 months Dichotomous

Underweight (average weightr-age z | Dichotomous (HAZ model only)
score under 6 months of agel 2 S|

Stunted (average heigfdar-age zscore | Dichotomous (WAZ model only)
under 6 monthefage<1 2 S D)
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Maternal education/
Socioeconomic status

~

Household
hygiene/crowding

Underweight/stunting/wasting

Breastfeeding

Birth
characteristics

Other
treatments

Diarrhea (I)
= Antibiotic 3 Microbiota 3 Immune system 3] Diarrhea (Il) Growth
Symptoms/ treatment modifications dysfunction 3 outcomes

severity ,\ / 1

Non-diarrheal
iliness \ \ /
Child sex Child age

Figure 4.1 Directed acyclic graph (DAGDr the effects of antibiotics on diarrhea and growth
Bold indicates main exposure or outcome; heavy black lines indicate causal paths of interest;
variables shaded in grey are unmeasuBath characteristics includeesarean birth, prerm

birth, low birth weight, hospitalizatiomndantibiotics at birthOther treatments includenc and

oral rehydration saltsQRS.
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Figure 4.2. Schematic of exposure period and age of outcome assessment for shgrotettm
analysesAlso indicated are the age of baseline growth measurement included in the models and
the average time between exposure and growth outcome. The analyses included the analogous
scheme for all monththirough 6 months of agé&.i Primary analysisB & C i Sensitivity

analyses.
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CHAPTER V:ANTIBIOTIC TREATMENT OF DIARRHEAIS ASSOCIATED WITH
DECREASEDTIME TO THE NEXT DIARRHEA EPISODE AMONG YWUNG CHILDREN
IN VELLORE, INDIA

Abstract
Background

Antibiotics are commonly given for the treatment of childhood diarrhea, but are not
indicated in most cases. Antibiotics modify the gastrointestinal microbiota, which may have
unanticipated effects on the risk of subsequent diarrhea.
Methods

In a prospectie observational cohort study, we assessed the effect of caregpeered
antibiotic treatment for diarrhea on the ti mi
followed from birth to 3 years of age in Vellore, India. Waneated median time diffences
and time ratios from inverse probability of exposweighted KaplarMeier curves for the time
to next diarrhea episode comparing children who did and did not receive antibiotics for the
previous episode.
Results

Study children had more than 5 diarrhea episodes on average in the first 3 years of life,
and more than a quarter of all episodes were treated with antibiotics. Children who received
antibiotics for their first diarrhea episode had their second episoaecoage 8 weeks earlier

(median time difference8, 95% CI:-10,-3) than children who did not receive antibiotics. The
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effects of antibiotics on subsequent diarrhea were greatest at earlier episodes and younger ages,
and cefixime had a slightly largerfe¢t compared to cotrimoxazole.
Conclusiors

Antibiotic treatment of diarrhea was associated with reduced time to a subsequent
diarrhea episode, especially among younger infants. While rational use of antibiotics has been
advocated to reduce antimicrobiabkirstance in a population, we show that overuse of antibiotics

may also have a direct adverse effect on individual patients.

Introduction

Diarrhea is a universal and recurring disease during childhood with the highest burden in
low and middleincome coutries. In 2010, the global incidence of diarrhea before age 5 was
estimated to be 2.7 episodes per clygar, which corresponds to approximately 1.7 billion total
episodes and resulted in 700,000 def3b%

Antibiotics are widely accessible and commonly used for the treatment of childhood
diarrhea in India. However, international and Indian organizations, including the World Health
Organization, recommerabainst routine use of antibiotics to treat diarfi€a188] Antibiotics
are generally contraindicated for nbloody diarrheas because they are ineffective against non
bacterial and resistant pathogens, and most episodes of diarrhea-nstseif[189,191]

Despite these arguments, several healthcare fabdi$gd studies in India have reported

antibiotc prescription rates for acute childhood diarrhea frorR®96%[9,199,203,204]In a

nationwide communitypased survey, 16% of children under 5 who had diarrhea in the two

weeks preceding survey reported treatment with antibiotics, and another 30% reported treatment

with unknown drug tha may have included antibioti¢8].
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While major concerns aboutappropriate antibiotic use often focus on the development
of pathogen resistance to antibiotics, direct harm to patients is also possible and often overlooked
[15]. Specifically, antibiotics may disrupt the GI microbidtthe complex community of
microorganisms inhabiting the human Gl téadty causing a sharp reduction in the abundance
and divesity of organism$14,20] This disruption can be prolonged, and the recovery of the
microbiotafollowing antibiotic exposure is often incomplg1e,17] The microbiota is
important for the development of the immune sysi2é®,279] and may protect against
diarrheal disease by occupying intestinal mucosal sites and inhibiting the attachment and growth
of pathogen$296,433,434]

Studies of the impact of antdiics on diarrhea most often focus on the incidend®Ad
occurring within 8 weeks of antibiotic exposyi229,230] and often among hospitalized adults
in highrincomecountrieg235]. Longitudinal investigation of the effects of antibiotics on
diarrheal risk has not been completed among childressiourcepoor settingsin a birth cohort
of children from Vellore, India, we assessed the effect of antibiotic treatment for diarrhea on the

timing of a childbés next diarrhea episode.

Methods

We analyzed data from a prospective observational cohort study on immune responses to
cryptosporidiosisn 497 children followed from birth to 3 years of age from 2009 to 2013. The
study population, enroliment strategy, and data collection methods have been described
previously[28]. Briefly, baseline information on demography, socioeconomic indicators, health
seeking behavior, environment, diet, and characteristics of delivery were abletttan 45
days of birth. Fieldworkers interviewed caregivers twice per week about any illnesses since the

last visit. Clinical characteristics of the diarrhea episodes were recorded including the number of
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stools per day, consistency and color of stdelger or vomiting, associated hospitalization, and
treatments given. Heights and weights were measured monthly at the study clinic, and
breastfeeding histories (exclusive, rextlusive, none) were collected every two weeks until

breastfeeding was stoppedmpletely.

Data and definitions

Diarrhea was defined using the standard WHO definition as at least three loose or watery
stools in a 24our period10]. Duration of a diarrhea episode was defined as the number of days
from the first day of watery stools until the last day of watery stools inclusive. A new episode of
diarrhea was defined onlyter at least 48 hours of normal bowel movements since the previous
episode. Persetime at risk was defined as all days during foHoprexcluding days with
diarrhea and 48 hours after an episode of diarrhea during which a new episode of diarrhea could
not be defined.

Severity of diarrhea was assessed using theo2t Vesikari scal¢412]. Episodes were
classified as mild ((b), moderate (@0), seere (1115), and very severe (48). Episodes were
classified as acute if lasting@days or prolonged/persistent if lasting for 7 or more days.

The primary exposure was antibiotic treatment for diarrhea based on caregier
during the episode. A geno question was asked specifically about whether antibiotics were
given and the name of the drug(s) was recorded if known (available for 64.0% of antibiotic
reports). We also extracted antibiotic prescriptions from clinic records for all illnesses (most

commonly respiratory, skin, and ear infections) assessed at the study clinic.
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Children were classified according to standard definitions as underweight (faigige
zscore < 12 SD from t he[438])0dubted\ndightorgagecescdrdr< r e f e r «

12 SD), and/or wasted (weigfdar-heightzs cor e < T2 SD) .

Data analysis

We restricted this anadys to children who had at least one diarrhea episode and therefore
had the opportunity to be treated with antibiotics for diarrhea. Because the proportion of missing
data for baseline and diarrhea severéhlated covariates was 5% or less for all vagapive
imputed the median values of variables for individuals and episodes with missing data (indicated
in Table5.1 footnote).

Logistic regression was used to calculate inverse probability of exposure weights
stabilized by the marginal probability of exqawe[414]. Confounding variables for the exposure
model were chosen lacausalDAG [415] to account for baseline charactadstand indications
for treatment. We were particularly concerned about confounding by diarrhea episode severity,
which was associated with higher antibiotic use rates and might also predict future diarrheal risk.
We therefore included multiple charactéds of the diarrhea episode to capture the multifaceted
concept of iliness severity. The final exposure model included episode number, socioeconomic
status defined from the modified Kuppuswamy s¢&Bd ,436] maternal education, child sex,
Cesarean birth, low birth weight, preterm birth, hospitalization at birth, antibiotics given at birth,
and characteristics of the last diarrhea episode: age, Vesikari{4tafeduration,
hospitalization, fever, dehydration, bloody diarrhea,ammeight, stunted, wasted, exclusive and
any breastfeeding, zinc given, number of previous antibiotic courses for any illnesses, number of

sick days between episodes, and other antibiotics given between episodes. Continuous variables
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were modeled flexiblyvith restricted quadratic spling$16], and covariate specifications were
compared by Akai keds i nformati on [4l7]iweightsi on .
were censored at the &.8nd 99.5% percentiles by resetting the value of weights greater than the
99.5" percentile and less than the'Ogercentile to the vakiof the 99.8 and 0.8' percentile
respectively.

We estimated inverse probabikiyeighted KaplasMeier (KM) curveg414,418]for the
time to next diarrhea episode comparing children who did and did not receive antibiotics for the
previous episode. The time scfd8] was from 48 hours after thpgevious diarrhea episode to
the incident day of the next episode. Children were censored abdtogeath, or the end of
follow-up at 3 years of age. We assumed petsoa during which children were temporarily
unreachable was missing at random amg-diut was norinformative given the small
proportion of dropouts (n=50, 11.5% overall; n=18, 4.1% between the first and second diarrhea
episode). We assessed each episode pair separately and then collapsed across episodes.

We calculated the time differea and time ratio at 50% diarrh&ae survival, the
median survival time, from the weighted KM curves. Confidence intervals were constructed by
bootstrag419] with 200 resamples at the level of the individual to aotdor clustering of
episodes within children.

We also estimated hazard ratios comparing the same exposure groups using marginal
structural Cox modelgl18] with the same inverse probability weights. These models were
estimated by pooled logistic regression with adjustmartirfee using a restricted quadratic
spline[416]. Correlation between outcas from the same child was accounted for using

generalized estimating equations with a robust variance estimator.
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Effect measure modification

We assessed modification of the effect of antibiotics by age at exposure by stratification.
We also consideredeheffect of specific antibiotics commonly given,
trimethoprim/sulfamethoxazole (cotrimoxazole) and cephalosporins (97.4% of which were

cefixime), by comparing children receiving each drug with children given no antibiotics.

Sensitivity analyses

To validae caregivereport of antibiotic treatment, we repeated analyses with alternative
definitions of antibiotic exposure. First, we restricted the exposed group to only those children
whose caregivers reported the name of a confirmed antibiotic in theefEmse section of the
guestionnaire. Second, we considered children exposed if either their caregiver reported
antibiotics were given (by indicating yes/no) or if an antibiotic prescription was recorded in
clinic records during the diarrhea episode. Finallg considered children exposed only if a
confirmed antibiotic name was reported or if a prescription was recorded in the clinic records.

To assess the impact of long episode duration contributing to shorter time between
episodes, we repeated the mainlgses excluding all episode pairs where the first episode lasted
for more than 7 days (n=194, 8.6% total; n=42, 9.8% among first episodes).

To assess whether antibiotics were associated with the severity of subsequent diarrhea
when another episode occuryege estimated the effects of antibiotic treatment for the previous
episode on the severity and duration of the next episode. In models weighted for the same
covariates as in above analyses, we used inverse probamigyted linear regression with the

Vesikari score and number of days with diarrhea as continuous outcomes. We also estimated the
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adjusted relative risk for a severe (Vesikar:i
episode using inverse probabilityeighted logbinomial regression.
Lag, we compared the results from the main study with two earlier cohorts of children
from the same study ar§296,397] The earlier cohorts lacked complete records of antibiotics
given to treat nowiarrheal illnesses, and the type of antibiotics given for diarrhea were
unknown. In addition, the most recent earlier study was a smallerep@simental study, in
which chidren were followed onceveekly for only 2 years and enrolled after birth if still
exclusively breastfefB96]. Despite these limitations, we present the results from these cohorts

for completeness.

Results

Almost all children in the birth cohort (434 of 497, 87.3%) had at least one diarrhea
episode and were included in the analysis. Of these, 412, 393, andl@8hatompleted the
first, second, and third study year of follmy respectively (droput rate of 11.5%). Six
children died during followup; two deaths were associated with diarrhea. Most children were of
low socioeconomic status (n=282, 65%, Tdhlg and approximately half had poor household
hygiene (n=210, 48.4%). By six months of age, most children had stopped exclusive
breastfeeding (n=370, 85.3%) and had their first episode of diarrhea (n=307, 70.7%). Children
who received antibiotics were sligyjhtmore likely to be from households with poor hygiene.
These children stopped all breastfeeding on average one month earlier, and had their first
diarrhea episode at younger ages (T&ll¢.

The total accumulated followp was 1013.3 perseyears, incluthg 981.8 diarrhedree

personyears included as perstime at risk in analyses. Incidence of diarrhea was highest
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around 6 months of age, with an incidence of 32.4 episodes per 100-persths among
children between 5 and 7 months of age (Figute

A total of 2,295 diarrhea episodes were reported, of which 658 (28.9%) were treated with
antibiotics. We excluded 16 diarrhea episodes (0.7%) due to missing antibiotic treatment
information. More than half of children (n=268, 61.8%) reported at leasr@ri®otic course for
diarrhea, and 154 (35.5%) reported two or more antibiotic courses for diarrhea in the first 3 years
of life. Antibiotic treatment of diarrhea was associated with older age at the time of the episode
and increased episode severity dndation (Tablé.2). The most common antibiotic given was
cotrimoxazole, accounting for 50.3% of caregiveported antibiotics and 57.8% of antibiotics
prescribed at the study clinic for diarrhea. Cefixime accounted for another 24.6% of caregiver
repored antibiotics and 34.5% of antibiotic prescriptions at the clinic. All other antibiotics, such

as fluoroquinolones, penicillins, and macrolides, were reported for less than 5% of cases.

Effect on diarrhea incidence

Of 434 children experiencing a firstadrhea episode, we excluded 3 children with
missing antibiotic treatment and one child who dropped out on the first day following their first
episode. Among children who had a second diarrhea episode (n=375, 87.2%), the median time to
second diarrhea epide was 10 weeks (IQR: 3, 20). The crude difference in median time to
second diarrhea episode among children who were treated with antibiotics for their first episode
(n=84) compared to children who were not treated (n=289) was 2 weeks (median timeadifferen
(MTD): -2, 95% CI:-8, 3). The crude hazard ratio from a Cox proportional hazards model was

1.15 (95% CI: 0.77, 1.72).
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Figure5.2A shows inverse probability of treatmemeightedKM curves for time to
second diarrhea episode among children who were3jres®d were not (n=337) treated with
antibiotics for their first episode. Based on the weighted curves, children who received
antibiotics for their first diarrhea episode had their second episode on average 8 weeks earlier
(MTD: -8, 95% CI:-10,-3) or twice as soon (median time ratio (MTR): 0.50, 95% CI: 0.38,
0.79) as children who did not receive antibiotics (T&g. In a Cox proportional hazards
model weighted for the same covariates, the adjusted hazard ratio was 1.38 (95% CI: 1.05, 1.82).
The effect of antibiotic treatment of the second diarrhea episode on time to third diarrhea
was similar, while effects in later episode pairs were smaller (FgRBE, Table5.3). The
overall adjusted time difference and ratio when collapsing all episanls were4 weeks (95%

Cl: -9, 0) and 0.71 (95% CI: 0.44, 0.96) respectively (FiguzeE, Table5.3).

Effect measure modification

The effect of antibiotics on time to next diarrhea was greatest among children who were
treated with antibiotics for diarrhea under 6 months of age compared to antibiotic treatment
between 6 months and 1 year and after 1 year of age (F@Jréable5.3). A shorter time to
next diarrhea was observed for both cotrimoxazole (MID95% CI:-7, 2) and cephalosporins
(MTD: -3, 95% CI:-9, 0) compared to no antibiotics, though the effect was smaller for

cotrimoxazole (Figur&.4, Table5.4).

Sensitivity aalyses
Results under alternative exposure definitions were consistent with the main analyses,

though the effect size diminished as the definitions became less sensitive and more specific
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(Figure 5.5 Table5.4). When excluding all previous episodes witlegper than 7 days duration,
diarrheafree survival curves were similar to main analyses, and time differences and ratios were
slightly larger in magnitude={gure 5.6 Table 5.5.

When subsequent diarrhea occurred, the average Vesikari score and axirigon
second episode were slightly lower among children who were treated with antibiotics during
their first episode compared to those who were not (TaBjeCorrespondingly, the risks for a
severe or prolonged/persistent second diarrhea episodeomearedmong these children.
However, the absolute differences in severity and duration were small (less than one point on the
Vesikari scale and less than one day, respectively) and imprecise since few episodes were severe
(10.4%) or of long duration (11.5%T he results were consistent when restricting to episodes
which occurred under 6 months of age and when including all episodeTabis b.7.

To validate our findings, we analyzed data from two previous cohorts conducted at this
site[395i 397]. One study396] was conducted from 2068011 and included 160 children with
at least one diarrhea episode. Prevalence of antibiotic treatment of diarrhea was lower, at 6.4%
(50 of 785 total episodes with antibiotic treatment information). The second[38&/897]
conducted from 2062006, included 390 children who hadeast one diarrhea episode. Of
1,812 diarrhea episodes with known antibiotic treatment, 27.7% (n=502) were treated with
antibiotics. Information on antibiotic treatment for other ilinesses was missing. The weighted
KM curves including all episode pair®m these earlier studies were consistent with the results
from the main study. Combining all three cohorts, children who were treated with antibiotics for
their first diarrhea episode had their second episode 3 weeks ({a185% CI:-7, 1) or 20%
(MTR: 0.80, 95% CI: 0.53, 1.07) earlier than children who were nateadewith antibiotics

(Figure 5.7.
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Discussion

This study provides the first evidence that antibiotic treatment of diarrhea may shorten
the time between episodes, especially among youngertsnfBhese results are directly
applicable to diarrhea treatment decisions since antibiotic treatment is not essential for most
cases of diarrhea. Specifically, according to Integrated Management of Childhood Iliness (IMCI)
protocols[437], antibiotic treatment was likely not indicated for ajonidy of cases in this study
since only few episodes (0.9%) were associated with bloody stools. While antibiotics are a well
known cause aAAD [229], we provide further support for a sustained impact of antibiotics on
diarrheal risk. These results, which focus on antibiotic treatment of diarrhea specifically, are
consistent with ourecent work demonstrating that any antibiotic exposure early in life is
associateavith increased diarrheal ratpt38].

Antibiotic treatment of diarrhea had the greatest impact on time to next episode during
the first two diarrhea episodes. This difference in effect may be due to youngeagkeat
episodes and high overall antibiotic exposure by the time of later episodes. The substantial
increases in magnitude of the adjusted effects compared to the crude effect are largely due to
removing confounding by age. Because the microbiota isrdaedeloped and more susceptible
to disturbances during infancy, antibiotic exposures at the youngest ages may have the largest
impact on the microbiota, and correspondingly on diarrhea[2&280] In addition, because
of the high rates of antibiotic use in this population, fiffihs (83%) of the population had prior
exposure to antibiotics by the third diarrhea episode. We hypothesize that antibiotics for diarrhea
are likely to have the largest impact when they represent a majority of total antibiotic exposures,

which occurs at eher episodes and younger ages.
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The difference in effect on diarrheal risk between cotrimoxazole and cefixime may result
from their different spectrums of activity. Cotrimoxazole is brspdctrum, but notably does not
affect anaerobgg39], which dominate the gut microbiof2a72]. Conversely, anaerobes are
sensitive to cefixime, and this drug is also more effective aganast-negative bacteria
(especilly Enterobacteriaceae) common in the gL&9]. Correspondingly, diarrhea as a drug
related adverse event is more commonly reported for cefixim2q%® compared to
cotrimoxazole (<110%)[439,440] Similarly, cephalosporins are one of thegiominant drug
classes noted to causAD [13,236] The activity of cefixime against intestinal anaerobes may
result in greater disruption of the gut microbiota and increased susceptibility to diarrheal
pathogens.

In the minority of diarrhea episodes of bacterial etiology and for which antibiotics may
have been indicated, the reduction in time to subsequent diarrhea may alternatively have been
due to a temporary benefit of antibiotics followed by the recrudescenceaHubative and
antibioticsusceptible agents, resulting in a second diarrhea episode.

As in any observational study, there is the potential for bias due to uncontrolled
confounding, including by local environmental factors associated with force of trarmemasd
pathogerspecific effects on the microbiome. However, this cohort has the advantage of a
detailed record of illness characteristics that were likely the main indications for treatment. This
study was limited by potential misclassification of expesdue to caregivaeported treatment
information. However, we also incorporated antibiotic prescriptions from clinic records, which
likely captured the majority of antibiotic exposures since the clinic was located in the study area
and provided free carand medicines. There was concordance between caregpeeted and

antibiotic prescriptions for diarrhea: 78% of antibiotic prescriptions during diarrhea episodes
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were associated with caregiwaported antibiotic treatment. Further, our results wensistent
when we used alternative definitions of antibiotic exposure in sensitivity analyses.

Because there were few severe illnesses in our cohort, we considered diarrhea incidence
the main outcome of interest. Antibiotic treatment was associated vgkttlgliower severity
and duration of subsequent diarrhea episodes, but the differences were small and imprecise.
Antibiotic treatment of diarrhea may also have unintended consequences for other illnesses such
as respiratory infections, and other potergiécts should be taken into account when making
treatment decisions.

By providing evidence that antibiotics may cause direct harm to children through an
association with decreased time to future diarrhea episodes, these findings will counter a
commonly feld assumption among doctors and caregivers that even if antibiotics are not strictly
i ndicated, fAato[l15Whdetratianal asg of antibiotics hashbean idvocated to
reduce antimicrobial resistance at the population level, rational use might also decrease future

diarrheal risk among treated patients.
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Table 5.1. Demographic characteristics of 434 children with at least one diarrhea episode in a
birth cohort in Vellore, Tamil Nadu, India 20@®13.

0 antibiotics reportec 1+ antibiotics reportec

for diarrhea (n=166  for diarrhea (n=268

No. (%) children No. (%) children

Household characteristics
Socioeconomic status*

Low 114 (68.7) 168(62.7)
Medium 50 (30.1) 94 (35.1)
High 2(1.2) 6 (2.2)
Maternal education
No formal education 67 (40.4) 93 (34.7)
Primary/middle school 52 (31.3) 97 (36.2)
Higher secondary school 42 (25.3) 69 (25.7)
College/polytechnic/professional 5(3.0) 9 (3.4)
school
Poor household hygiefie 75 (45.2) 149 (55.6)
Crowding
High (>4 people/room) 52 (31.3) 78 (29.1)
Medium (3.24 people/room) 63 (38.0) 103 (38.4)
Low(© 3 peopl el rc« 51 (30.7) 87 (32.5)
Child characteristics
Sex of child
Male 87 (52.4) 147 (54.9)
Female 79 (47.6) 121 (45.1)
Cesarean section 29 (17.5) 45 (16.8)
Low birth weight 33 (20.3) 43 (16.3)
Preterm birth 19 (11.7) 26 (9.9)
Baby kept in ICU at birth 9 (5.4) 23 (8.6)
Antibiotics at birtH 3(1.9) 8 (3.1)
Age at firstdiarrhea
<6 months 103 (62.0) 204 (76.1)
6 months 1 year 44 (26.5) 52 (19.4)
>1 year 19 (11.4) 12 (4.5)
Age (months) at stopping exclusive 4.2 (2.0) 3.8 (2.1)
breastfeeding (mean, SD)
Age (months) at stopping all 17.4(8.7) 16.2 (8.3)

breastfeeding (mean, SD)

*Socioeconomic status categories defined from the modified Kuppuswamyj42h436]

APoor household hygiene was based a score of less than 12 on a scale developed from an assessment of

water, food, and personal hygied@2]

y7 missing values for |l ow birth

antibiotics at birth; SD standard deviation
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Table 5.2.Characteristics of diarrhea episodes and their association with antibiotic treatment
among 434 children in a birth cohort in Vellore, Tamil Nadu, India Z00EB.
No. (%) total No. (%) episodes

episodes treated with antibiotics Crude OR
(n=2279%) (n=658) (95% CI)

Age at episode

< 6 mo. 589 (25.8) 110 (16.7) 1.

6 mo.i 1 year 701 (30.8) 213 (32.4) 1.90(1.46, 2.47)

17 2 years 596 (26.2) 209 (31.8) 2.35(1.80, 3.07)

21 3 years 393 (17.2) 126 (19.1) 2.05 (1.53, 2.76)
Severity (Vesikari score)

Mild (2-5) 1125 (49.4) 235 (35.7) 1.

Moderate (610) 900(39.5) 302 (45.9) 1.91(1.57, 2.33)

Severe (1415) 221 (9.7) 104 (15.8) 3.37 (2.49, 4.55)

Very severe (120) 33(1.4) 17 (2.6) 4.02 (2.00, 8.08)
Duration (days)

Acute (16) 2011 (88.2) 549 (83.4) 1.

Prolonged (713) 234 (10.3) 93 (14.1) 1.76(1.33, 2.32)

Persisten 34 (1.5) 16 (2.4) 2.37(1.20, 4.67)
Bloody stools

No 2231 (97.9) 634 (96.4) 1.

Yes 48 (2.1) 24 (3.7) 2.52(1.42,4.47)
Fevel

No 1990 (87.3) 518 (78.7) 1.

Yes 289 (12.7) 140 (21.3) 2.67 (2.08, 3.43)
Dehydration

No 1652 (72.5) 410 (62.3) 1.

Yes 627 (27.5) 248 (37.7)  1.98 (1.63, 2.41)
Hospitalization

No 2219 (97.4) 623 (94.7) 1.

Yes 60 (2.6) 35(5.3) 3.59(2.13, 6.04)

*Excludes 16 episodes for which antibiotic treatment was unknown.
A Odds raatibigtiotredtneent of diarrhea episode by diarrhea characteristic
y Car ergdoneé r
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Table 5.3.Estimated effect of antibiotic treatment for the previous diarrhea episode on time to
next episode by episode pair and age at first episode among 430 children in a birth cohort in

Vellore, Tamil Nadu, India 2002013.

Median time

Antibiotics difference )
Episode for previous No. of (weeks; Median time Hazard ratid
pair episale children 95% CI)* ratio (95% CI)*  (95% CI)*
1t0 2% No 337 0. 1. 1.

Yes 93 -8 (-10,-3) 0.50 (0.38, 0.79) 1.38 (1.05, 1.82)
2Yt0 3%  No 273 0. 1. 1.

Yes 94 -7 (11,1) 0.46(0.29, 1.10) 1.53 (1.05, 2.23)
304"  No 234 0. 1. 1.

Yes 75 1(-11,11) 1.07 (0.37,1.90) 0.79 (0.54, 1.16)
4 to 8" No 174 0. 1. 1.

Yes 71 1(-11,12) 1.06(0.40, 2.00) 1.70 (0.98, 2.97)
>5" No 588 0. 1. 1.

Yes 322 -3 (-7, 4) 0.79 (0.531.33) 1.24 (0.93, 1.64)
All No 1606 0. 1. 1.

Yes 655 -4 (-9, 0) 0.71 (0.44, 0.96) 1.35 (1.11, 1.64)
Age at first
episode
< 6 mo. No 472 0. 1. 1.

Yes 108 -4 (-6, 0) 0.60 (0.40, 1.00) 1.72 (1.27, 2.32)
61 12mo. No 491 0. 1. 1.

Yes 212 -4 (-9, 3) 0.76 (0.53, 1.22) 1.42 (1.14, 1.76)
O 12 1r1No 643 0. 1. 1.

Yes 335 -2(-10,6) 0.91(0.55,1.32) 1.12 (0.82, 1.54)

*Weighted forepisode number, socioeconomic stdfi&l,436] maternal education, child sex, Cesarean

birth, low birth weight, preterm birth, hospitalization at birth, antibiotics given at birth, and characteristics
of the last diarrhea episode: age, Vesikari sp&it@], duration, hogitalization, fever, dehydration,

bloody diarrhea, underweight, stunted, wasted, exclusive and any breastfeeding, zinc given, number of
previous antibiotic courses for any illnesses, number of sick days between episodes, and other antibiotics
given betweempisodesThe mean weight was 1.01 with range 018918; after censoring at the 005

and 99.5 percentiles, the mean was 0.99 with range-8.37.

Cli confidence interval

AAssumes proportional hazards

116



Table 54. Estimated effect of antibiotic treatment for the first diarrhea episode on time to
second episodesing alternative definitions for antibiotic treatmantong 434 children in a
birth cohort in Vellore, Tamil Nadu, India 20@®13.

Antibiotics Median time
Antibiotic exposue for previous No. of  difference Median time
definition episode children (weeks; 95% CI)* ratio (95% CI)*
Cotrimoxazolé No 1417 0. 1.

Yes 384 -1 (-7, 2) 0.92 (0.50, 1.17)
Cephalosporirfs No 1417 0. 1.

Yes 180 -3(-9,0) 0.79(0.43, 1.00)
Caregiverreport yes No 337 0. 1.

Yes 93 -8 (-10,-3) 0.50 (0.38, 0.79)
Caregivesreport )
antibiotic name No 380 0. 1.

Yes 53 -4 (-10, 2) 0.71(0.41,1.17)
Caregiverreport yes or
prescription from clinic  No 302 0. 1.

Yes 128 -2 (-7,4) 0.86 (0.56, 1.33)
Caregiverreport
antibiotic name or
prescription from clinic  No 335 0. 1.

Yes 98 1(-7,5) 1.08 (0.55, 1.40)

*Weighted forepisode number, socioeconomic status, maternal education, child sex, Cesarean birth, low
birth weight,preterm birth, hospitalization at birth, antibiotics given at birth, and characteristics of the last
diarrhea episode: age, Vesikari score, duration, hospitalization, fever, dehydration, bloody diarrhea,
underweight, stunted, wasted, exclusive and anystiesaling, zinc given, number of previous antibiotic
courses for any illnesses, number of sick days between episodes, and other antibiotics given between
episodesCli confidence interval

AAssumes proportional hazards

ylncludes missiagtexposedt i bi oti c use as n

8Includes all episodes due to small sample size per episode pair
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Table 55. Estimated effect of antibiotic treatment for the previous diarrhea episode on time to
second episode excluding previous episodedays duration among 434 children in a birth
cohort in Vellore, Tamil Nadu, India 200813.

Antibiotics Median time
Episode for previous No.of  difference Median time
pair episode children (weeks; 95% CI)* ratio (95% CI)*
1'to 2% No 306 0. 1.

Yes 82 -8 (-10,-2) 0.50 (0.38, 0.83)
2"t0 3% No 246 0. 1.

Yes 81 -7 (12, 2) 0.50 (0.25, 1.22)
All No 1488 0. 1.

Yes 579 -4 (-9,-1) 0.71 (0.44, 0.93)

*Weighted forepisode number, socioeconomic status, maternal education, child sex, Cesardawbirth,
birth weight, preterm birth, hospitalization at birth, antibiotics given at birth, and characteristics of the last
diarrhea episode: age, Vesikari score, duration, hospitalization, fever, dehydration, bloody diarrhea,
underweight, stunted, wasted, xgive and any breastfeeding, zinc given, number of previous antibiotic
courses for any illnesses, number of sick days between episodes, and other antibiotics given between
episodesCli confidence interval
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Table 56. Estimated #ect of antibiotictreatment for the first diarrhea episode on the severity
and duration of subsequent diarrhea among 373 children who had a second episode from Vellore,
Tamil Nadu, 20002013.

Second diarrhea episode

Mean Severe Vesikari score Severe episode*
First diarrhea Vesikari episode* )
episode score (SD) N (%) Total a H(95% CI) aRRE (95% ClI)
No antibiotics 7.0 (3.3) 46 (15.9) 289 O. 1.
Antibiotics 7.0 (3.5) 14 (16.7) 84 -0.20 ¢1.13, 0.73) 0.71 (0.37, 1.37)
Prolonged/ Prolonged/
Mean persistent Duration (days) persistent episode
duration  episodé
(days; SD) N (%) Total a H(95% CI) aRFE (95% CI)
No antibiotics 4.3 (3.7) 42 (145) 289 O 1

Antibiotics 3.4 (2.2) 10 (11.9) 84 -0.66 ¢1.36, 0.03) 0.91 (0.41, 1.99)
*Vesi kari score O 11
ADi fference i n Ve spistdamuinbers sodoecenoraicsidds, 436] chatdrnalr
education, child sex, Cesarean birth, low birth weight, preteitim iospitalization at birth, antibiotics
given at birth, and characteristics of the last diarrhea episode: age, Vesikafi$2gréuration,
hospitalization, fever, dehydration, bloody diarrhea, underweight, stunted, wasted, exclusive and any
breastfeeding, zinc given, number of previous antibiotic courses for aggsiia, number of sick days
between episodes, and other antibiotics given between episodes
yDuration O 7 days
ARi sk ratio adjusted for covariates listed in A
#Di fference in diarrhea duration (days) adjusted
SD1 Standarddeviation; Cli confidence interval
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Table 5.7. Estimated #ect of antibiotic treatment for the previous diarrhea episode on the
severity and duration of the next diarrhea episode among 430 children from Vellore, Tamil
Nadu, 20092013.A 1 Restricting to children under 6 months of age at previous epiBdde;
Including all episode pairs.

A Next diarrhea episode

Vesikari score Severe diarrhea
Previous Mean Severe
diarrhea Vesikari ~ episode* \
episode score (SD) N (%) Total a B(95% CI) aRRE (95% CI)
No antibiotic 7.2 (3.2) 72 (16.4) 440 O. 1.

Antibiotic 7.4 (3.5) 18 (16.8) 107 -0.26 €1.04, 0.49) 0.63 (0.35, 1.13)
Prolonged or

Prolonged/ Duration (days)  persistent diarrhea
Mean persistent
duration  episodé
(days; SD) N (%) Total a Hh(95% ClI) aRR (95% ClI)
No antibiotic 4.3 (3.4) 76 (17.3) 440 O. 1.

Antibiotic 3.9 (25) 19(17.8) 107 -0.46 ¢1.01,0.06) 0.87 (0.50, 1.51)

B Next diarrhea episode
Vesikari score Severdliarrhea
Previous Mean Severe
diarrhea Vesikari ~ episode* ‘
episode score (SD) N (%) Total a H(95% CI) aRFE (95% ClI)
No antibiotic 6.5 (2.9) 136 (10.5) 1308 O. 1.
Antibiotic 6.5 (3.1) 57 (10.4) 541 -0.26 ¢0.58,0.05) 0.78 (0.56, 1.08)
Prolongedor
Prolonged/ Duration (days) persistent diarrhea
Mean persistent
duration  episodé
(days; SD) N (%) Total a H(95% CI) aRRE (95% CI)
No antibiotic 3.8 (3.4) 165 (12.6) 1308 O. 1.
Antibiotic 3.3 (2.3) 47 (8.7) 541  -0.45¢0.72,-0.18) 0.67 (0.46, 0.98)
*Vesi kari score O 11
ADi fference i n Ve sam&avaiiatesasioTablem6édj ust ed for

8Risk ratio adjusted faame covariates as in Table 5.6

yDuration O 7 days

#Difference in diarrhea duration (days) adjustedsfone covariates as in Table 5.6
SDi Standard devian; CIT confidence interval
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Figure 5.1.Incidence of diarrhea by age (using restricted quadratic spiaél among 434
children in a birth cohort in Vellore, Tamil Nadu, In@&092013.
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Figure 5.2.Inverse probability of treatmemteighted KaplasMeier curves for time to next

diarrhea episode by antibiotic treatment for the previous diarrhea episode among 430 children
from Vellore, Tamil Nadu, 2002013.Weighted diarrhedree survial from: A7 first to second
episodeB i second to third episod€ 1 third to fourth episoddd i fourth to fifth episodeE i
previous to next epiF$alemsodepacd udi ng epi sodes
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Figure 5.3.Stratified by age at first diarrhea episode, inverse probability of treatnesghted
KaplanMeier curves for time to next diarrhea episode among 430 children from Vellore, Tamil
Nadu, 20092013.A 71 first diarrhea and antibiotic treatment below 6 months of Bgefirst
diarrheaand antibiotic treatment between 6 months and 1 year ofagérst diarrhea and
antibiotic treatment after 1 year of age.
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Figure 54. Stratified by antibiotic type given for the previous diarrhea episode, inverse
probability of treatmentveighted KaplarMeier curves for time to next diarrhea episode among
430 children from Vellore, Tamil Nadu, 2008013.A 7 Antibiotic treatment with a
cephalosporin versus no antibioti&j Antibiotic treatment with cotrimoxazole versus no

antibiotics.
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