


significant limitations; for example, many present only abstracts, while others offer no new

measurements. Studies that examine the 13-valent pneumococcal conjugate vaccine focus

more on broad economic benefits, but still have limitations.

Conclusions

This review highlights the need for more robust empirical accounting of the full benefits of

adult pneumococcal vaccination. Literature outside this realm indicates that these broad

benefits may be substantial. Failing to investigate the full benefits may lead society to

undervalue vaccines’ contributions and therefore underinvest in their development and

adoption.

Introduction

Pneumococcaldiseasecausessignificantmorbidity andmortality in bothdevelopingand
developedcountries,causing1.6million deathsannually[1]Ðmore thanseasonalinfluenza
[2], malaria[3], or HIV/AIDS [4]. Pneumococcaldiseasecomprisesseveralclinicalsyndromes
causedby theStreptococcus pneumoniae (pneumococcus)bacterium.Casefatalityratesvary
dependingon themanifestationof thediseaseandcanrangefrom approximately5%for pneu-
mococcalpneumoniato 22%for adultpneumococcalmeningitis.Certainpneumococcalinfec-
tions,especiallymeningitis,cancausesignificantlong-termsequelae[5].

Theelderlyandotheradultsat increasedrisk of contractingpneumococcaldiseaseÐ
including thosewith comorbiditiesor acompromisedimmunesystemÐbearmuchof thebur-
denof pneumococcaldisease.Becauseof thepotentialfor interpersonaldiseasetransmission,
olderadultsliving in long-termcarefacilitiesareatahigherrisk for contractingpneumococcal
disease[6]. Theincidencerateof pneumococcaldiseaseincreaseswith advancingage,and
becausethenumberof peopleage60yearsor olderworldwideisexpectedto doublebetween
2015and2050(from 900million to 2.1billion) [7], pneumococcaldiseasein olderadultswill
continueto beanimportant publichealthconcern.

Two vaccinesofferadultsprotectionfrom pneumococcaldisease:a23-valentpneumococ-
calpolysaccharidevaccine(PPV23)first introducedin 1983[8] anda13-valentpneumococcal
conjugatevaccine(PCV13)first introducedin 2009[9]. In Europe,PCV13wasinitially
approvedfor childrenfrom sixweeksto fiveyearsof agein 2009andthenfor adultsage50
yearsandolderin 2011.TheUnited Statesfollowedasimilarpatternof introduction, approv-
ing thevaccinefor infantsandyoungchildrenagessixweeksthroughfiveyearsin 2010,fol-
lowedbyapprovalfor adults50andolderat theendof 2011[10].

While greatstrideshavebeenmadein pneumococcalvaccinedistribution sincetheir
introduction, significantgapsin adultpneumococcalvaccinecoveragepersist.For exam-
ple,in theUnited Statesin 2014,only 61.3%of adults65andolderreceivedtheir recom-
mendedpneumococcalvaccines,andcoverageamonghigh-riskadultsage19±64(suchas
smokersor thosewith chronicconditionssuchasdiabetesor chronicobstructivepulmo-
narydisease)wasonly 20.3%[11]. AcrossEurope,recommendationsandfunding for adult
pneumococcalvaccinationsvarygreatlyin termsof ageandrisk groups[12,13],making
implementationandcoveragelessthanoptimal.Articulating andempiricallymeasuring
thefull benefitsof adultpneumococcalvaccinationcanhelpstimulateeffortsto closecov-
eragegapsandensureadultsreceiveappropriateprotectionfrom avaccine-preventable
disease.
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The value of vaccination

Thefinding thathealthpromoteseconomicwell-beingÐbothindividually andcollectivelyÐis
asignificantadvancein thefield of economicdevelopment[14±16].It suggeststhathealth
interventionslike vaccinationprogramshavebenefitsthatextendbeyondtheintrinsic valueof
mortality andmorbidity reductions.Along theselines,recentresearchhighlightshowecono-
mistsandpolicymakershavefailedto accountfor vaccineprograms'full benefits[17±34].This
shortcomingsuggeststhat theseprogramsaresubstantiallyundervaluedandthatmanydeci-
sionsregardingvaccinationadoption,scale-up,andinvestmentin vaccinediscoveryand
developmentwerepoorly founded.

Givenglobalpopulationaging[35] andtheburdenof pneumococcaldiseaseamongthe
elderly,adultpneumococcalvaccinationin particularmeritsdetailedanalysisof thenature
andeconomicmagnitudeof its potentialbenefits.This includesacritical reviewof existing
researchon thebenefitsof pneumococcalvaccinesin adults.However,our approachdiffers
from othersuchpublishedsystematicreviewsin thatweaim to determinetheextentto which
theliteraturecapturesbroadbenefits.Otherreviewsaretypicallyrestrictedto asubsetof bene-
fits,suchaseconomicbenefits[36] or vaccineeffectiveness[37±39].

Wegroundedthis reviewin previouswork thatdescribesandattemptsto understandthe
full benefitsof vaccination[17,19,28,30,40±42].Asin otherstudiesfocusingon thebroad
benefitsof particularvaccines[17,28],wedevisedataxonomythat identifiesacomprehensive
setof benefitsof adultpneumococcalvaccination.Thetaxonomydistinguishesthenarrow
perspective,whichincludesbenefitspolicymakerscommonlythink about,from abroaderper-
spective,which includesadditionalbenefitsthatpolicymakersrarelyconsider.

Thefollowingbenefitsconstitutethenarrowperspectiveandcoincidewith similar taxono-
miesfor otherdiseases[17,28]:

· Healthcarecostsavings:Thereductionin visitsto medicalpractitioners,inpatientstays,and
prescriptiondrugsassociatedwith pneumococcaldiseasetreatment;and

· Healthgains:Theintrinsic valueof reducedmorbidity, mortality,pain,andsufferingfrom
pneumococcaldisease.

Similarly,theseadditionalbenefitsderivefrom existingbenefittaxonomiesfor otherdis-
easesandreflectthebroaderperspective[17,28]:

· Outcome-relatedproductivitygains:Thegainsin productivityandincomethataccruewhen
immunizedadultswhoareprotectedfrom pneumococcaldiseaseareableto work andearn
more;

· Care-relatedproductivitygains:Thevalueof caretakers'productivetime that issavedwhen
theyarereleasedfrom thecareandsupervisionof adultswhoarenowhealthierdueto pneu-
mococcalvaccination;

· Health-basedcommunityexternalities:Thevalueof improvedhealthoutcomesamongnon-
vaccinatedcommunitymembers.Theseimprovedoutcomesmaybedueto herdeffects(to
theextentthatsucheffectsarerealizedafteradultpneumococcalvaccination)or dueto a
slowingof antibiotics'lossof effectiveness,which imposeshealthandeconomicburdens;
and

· Riskreductiongains:Thevalueof pneumococcalvaccination'srole in reducinguncertainty
andanyconcomitantanxiety,whichwouldotherwiseimposeacoston risk-aversepeople
(e.g.,valueof peaceof mind).
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Otherbroadbenefitsareparticularlyrelevantto pneumococcalvaccination,including:

· Voluntarycontributionsto family andcommunity:Thevalueof thehumancapitalthat
accumulatesin childrenandgrandchildrenthroughthegreatertime andeducationinvest-
mentstheir healthierparentsandgrandparentsmakein themandtheadditionalcontribu-
tionsadultsmaketo their communitiesthroughparticipationin variousactivities,which
theyarebetterableto do whenhealthier;

· Preventionandameliorationof comorbidities:Theinherenthealthbenefitsandfurther eco-
nomicvalueof reducedincidenceof comorbidhealthconditions(suchasmyocardialinfarc-
tions)andtypicalcomplicationsthat follow from pneumococcaldisease;

· Reductionin nosocomialinfections:Thevalueof avoidingnosocomialinfectionsthatcould
havefollowedfrom hospitalizationsfor pneumococcaldiseasehadanadultnot beenvacci-
nated;and

· Promotionof socialequity:Thevalueof pneumococcalvaccinationin diminishingsocial
andeconomicinequalities,insofarasadultpneumococcaldiseasedisproportionatelyaffects
thepoor.

Usingthis taxonomyof benefitsof adultpneumococcalvaccinationasaguide,wesystemat-
icallyreviewedtheliteratureto identify thebreadthanddepthof theevidencebaseon theben-
efitsof adultpneumococcalvaccination.

Methods

Objectives

Our principal researchobjectivewasto surveytheextentto whichtheliteratureempirically
capturesthefull benefitsof adultpneumococcalvaccination,througheitherdirectmeasure-
mentor modeling.Our secondaryresearchobjective,whichfedinto thiscentralgoal,wasto
surveytheliteraturein termsof thebreadth(i.e.,kinds)of benefitscapturedandthestrength
andnatureof evidencesurroundingthesebenefits.

Protocol and registration

Thestudyprotocolis registeredon PROSPERO:InternationalProspectiveRegisterof System-
aticReviewsandcanbeaccessedathttp://www.crd.york.ac.uk/PROSPERO/display_record.
asp?ID=CRD42016038335or viewedassupportinginformation S1File.Weconductedthe
reviewaccordingto thePreferredReportingItemsfor SystematicReviewsandMeta-Analyses
(PRISMA)guidelines[43,44].

To identify articlescapturingthefull benefitsof adultpneumococcalvaccination,weper-
formedasearchon April 10,2016for thetimeframeJanuary1,2010throughApril 10,2016.
Wechosethis timeframebecauseit capturesatime during whichbothmajoradultpneumo-
coccalvaccineswereon themarket.AlthoughPCV13hadnot beenapprovedfor olderadults
in EuropeandtheUnited Statesprior to 2011,wewantedto capturestudiesconductedto
generateevidenceon thepotentialbenefitsof adultpneumococcalvaccination,including
modelingstudies.Wesearchedin two databases:PubMedandEmbase.Weuseddatabaseter-
minology(MedicalSubjectHeadings[MeSH] andEmtree,respectively)andkeywordsto cap-
turemorerecentarticlesthathadnot yetbeenindexedin thedatabaseasof thesearchdate.
Thesearchalgorithmwasbasedon two main topics:adultpneumococcalvaccinationandben-
efits,whichweresubdividedinto healthbenefitsandeconomicbenefits.S2Filepresentsthe
full searchstring,including thedatabaseterminologyandkeywordsused.Weexportedthe
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identifiedreferencesinto EndNoteX7.5andeliminatedduplicateresults.To checkthesensi-
tivity andqualityof thesearchprotocol,weidentified10keyarticlesthatwefelt thesearch
shouldyieldandconfirmedthat thesearchstringreturnedall 10articles.Wealsoincluded
articlesfrom expertconsultationsto beascomprehensiveaspossiblein thesearch.

Two reviewersscreenedtheidentifiedarticles,first includingor eliminatingarticlesbased
on their titlesandabstractsaccordingto theinclusionandexclusioncriteria that follow.Arti-
cleswith ambiguoustitlesandabstractsunderwentfull text reviewbyboth reviewers.In the
casethetwo reviewersdisagreed,athird reviewerbrokethetie.All reviewerswereableto see
theauthors,institutions,journalsof publication,andresultswhentheyappliedtheeligibility
criteria.Werecordedthereasonfor exclusionfor studiesexcludedfrom full text review.To
confirm that thereviewersappliedtheinclusionandexclusioncriteriaconsistently,thetwo
initial reviewerssorted10articlesusingthesecriteria.Werevieweddiscrepanciesin thetwo
reviewers'judgmentsregardingthesearticlesanddiscussedthemto clarify themeaningof the
criteriaandto facilitatetheir consistentapplication.

Weobtainedmostarticlesfrom Harvard,Tufts,andUniversityof MassachusettsBoston
libraries,or GoogleScholar.Weattemptedto contacttheauthorsof anyarticlesunavailable
from thesesourcesandpurchasedarticlesthatwerestill inaccessiblewhenpossible.

Eligibility criteria

Inclusion criteria. Accordingto our participants,interventions,comparators,outcomes,
andstudydesign(PICOS)criteria[43] (Table1),weincludedarticlesin our reviewif they
reportedexperimental,observational,or model-basedstudiesthatcapturehealthor economic
benefitsof adultpneumococcalvaccination.Thesecouldinclude

Table 1. PICOS criteria for eligibility of studies.

PICOS

Category

Description

Population Vaccinated adults age 50 or above, or adults 18 and older in “risk groups” (as defined by

the authors of the paper)

Interventions Vaccination with PCV13 or PPV23

Comparator Comparators as defined by the authors of the study, can include:

• No vaccination;

• Placebo;

• Vaccination with another product (e.g., PCV13 rather than PPV23);

• Co-administration of pneumococcal vaccine with influenza vaccine compared with

vaccination with only one, or compared with no vaccination; and

• Pneumococcal vaccination of a subgroup compared with another subgroup (e.g.,

immunocompromised adults compared with healthy adults)

Outcomes Health or economic benefits of adult pneumococcal vaccination, including:

• Healthcare cost savings;

• Health gains;

• Outcome-related productivity gains;

• Care-related productivity gains;

• Health-based community externalities;

• Risk reduction gains;

• Voluntary contributions to family and community;

• Prevention and amelioration of comorbidities;

• Reduction in nosocomial infections; and

• Promotion of social equity

Study Design Experimental, observational, or model-based studies that capture health or economic

benefits of adult pneumococcal vaccination

https://doi.org/10.1371/journal.pone.0186903.t001
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· Economicevaluationsof adultpneumococcaldiseasevaccination(including anymethodof
analysis,suchascost-effectivenessanalysis,cost-utilityanalysis,cost-minimizationanalysis,
budgetimpactanalysis,or benefit-costanalysis);

· Studiesthatcalculatethebenefitof anyadultpneumococcaldiseasevaccinationin health
terms(e.g.,quality-adjustedlife yearsor QALYs,casesaverted);or

· Studiesthatcaptureotherbenefitsof adultpneumococcalvaccinationthataccrueto individ-
ualsor populations(e.g.,reductionof hospitalizationsdueto pneumococcalpneumonia,
reductionof nosocomialinfectionsresultingfrom hospitalizationdueto pneumococcal
disease).

Diseaseendpointsof interestincludedanyform of adultpneumococcaldisease,including
pneumonia,meningitis,bacteremia,otitis media,sinusitis,bronchitis,earinfection,sinus
infection,bloodinfection,andsepticemia,or anycomorbiditiesassociatedwith pneumococcal
disease.Weincludedstudiesfrom anygeographicarea.Weonly includedstudiesexamining
vaccinatedadultsage50or above,or adults18andolderin ªrisk groupsº(asdefinedby the
authorsof thepaper;examplesincludeadultswith chronicillness,weakenedimmunesystems,
cochlearimplants,or cerebrospinalfluid leaks,or adultsliving in long-termcarefacilities).We
includedstudiesof anypneumococcalvaccineproduct(aslongasthevaccineisgivento
adults);anyvaccinationstrategy;anylengthof follow-up;and,for economicstudies,any
currency.

Exclusion criteria. Weexcludedeconomicstudiesthatdid not comparecostswith out-
comes(e.g.,priceor coststudies,asopposedto, e.g.,cost-benefitor cost-effectiveness).We
excludedhealthstudiesrelatingsolelyto internalbiologicalprocesses(e.g.,antibodyresponses
to vaccination)without directlyconnectingtheseprocessesto overallhealthor economicout-
comes(e.g.,disability-adjusted life yearsor DALYs,avertedmedicalcosts).Wealsoexcluded
studiesthatonly explorebenefitsstemmingfrom vaccinatingnon-adults.Wedid not consider
studiesotherthanpublishedarticles,institutional reports(e.g.,World HealthOrganization
reports),andconferenceproceedings.Wethereforeexcludedreviews,commentaries,editori-
als,newsarticles,andpolicybriefs.Weexcludedstudiesreportedin anylanguageotherthan
English.

Data extraction

Wedevelopedatemplatefor extractinginformation from theincludedarticles,pilot-testedit
on asampleof fivestudies,andrevisedthetemplatebasedon thepilot experience.Two
reviewersdividedthelist of includedarticlesalphabeticallyby thelastnameof thefirst author,
extracteddataaccordingto thetemplate,andconductedanauditon asubsetof theincluded
articlesto quality-checktheextraction.Weextractedthefollowing information from each
includedstudy:

· Studycharacteristics(studycitation,control andtreatmentgroups,limitations,assumedvac-
cinationcoverage,assumeddurationof protection,time horizonof analysis,perspective
taken,typeof study,andfollow-up time);

· Characteristicsof thestudypopulation(setting,agegroup[s],andrisk group[s]if
applicable);

· Characteristicsof thevaccinationstrategy(vaccineproduct[s]andvaccinationstrategy[ies]);

· Benefitscapturedin thestudy(typeof outcome[s]measured,units,andresults);and
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· Contextualfactorsof interest(studysponsoror othercommentson theanalysis).

SeeS3Filefor thetemplateusedto extractstudyinformation.

Results

Applicationof theinclusionandexclusioncriteriayielded150uniquestudiesfor analysis[45±
194].Fig1 showstheyieldsateachstageof thereview.Table2 summarizesthereasonsfor
excludingarticlesthat reachedthefull text reviewstage.After attemptingto accessall thearti-
clesthat reachedthefull text reviewstage,wewereunableto obtaintwo articlesandtherefore
excludedthemfrom analysis[195,196].While theprotocolallowedinclusionof articlesrec-
ommendedbyexpertsduring expertconsultationsandfrom snowballsearchingof references

Fig 1. Flow diagram of study selection.

https://doi.org/10.1371/journal.pone.0186903.g001
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in includedpapers,wedid not includeanysucharticles,asour searchcapturedall articlesthat
eitherexpertsor referencelistsbroughtto our attention.

S4Filecontainstheextractedinformation for all includedarticles.Wecouldnot to apply
criteriato gradethequalityof theevidencein theincludedstudiesbecausemoststudiescap-
turedin our reviewaremodelingstudies.Major publishedmethodsfor assessingqualityof evi-
dencedo not includemodelingstudiesin their hierarchy[197].In addition,someincluded
articlesarenot modelingstudies,meaningthatmethodsof qualityassessmentwouldbediffi-
cult to applyin aconsistent,meaningfulmanner.Furthermore,becauseof thevariednatureof
includedstudies,wewerenot ableto assessrisk of biasin ameaningfulway.

State of the literature

Table3 summarizestheliteraturein termsof capturingthefull benefitsof adultpneumococcal
vaccination.Wefound that,while theliteratureeffectivelycapturesnarrowbenefits,it rarely
(if ever)capturesall otherbenefits.

Narrow benefits. Fifty-threepercentof studiesincludedin our systematicreview
includedhealthcarecostsavings,thoughparametersusedto estimatethisdimensionvaried
andwereoftenbasedon estimates.Healthgainswereincludedin all but onestudyincluded
for analysis.Manystudiesin thereviewaccountfor thisbenefitdirectly.Othersaccountfor it
indirectlyby reportingQALYsor life years(LYs)lostto pneumococcaldiseasefor cost-effec-
tivenessor budgetimpactcalculations.

Other broad benefits. Themostcommonlycapturedbenefitfrom thebroadperspective
wasoutcome-relatedproductivitygains.Sixteenstudies(10.7%)includedthisbenefit[74±76,

Table 2. Summary of primary reasons for study exclusion after full text review.

Primary reason for exclusion Number (%) of studies

Does not capture a health or economic benefit of pneumococcal vaccination 107 (47.98%)

Is a news article, comment, editorial, or review 80 (35.87%)

Examines a target population that does not meet our criteria (e.g., children) 29 (13.00%)

Is in a language other than English 5 (2.24%)

Could not access article 2 (0.90%)

https://doi.org/10.1371/journal.pone.0186903.t002

Table 3. Current state of the literature regarding the full benefits of adult pneumococcal vaccination.

Perspective Benefit category Brief description Number (%) of studies that

capture*

Healthcare cost savings Averted direct medical costs 79 studies (52.67%)

Narrow Health gains Inherent value of improved health 149 studies (99.33%)

Outcome-related productivity gains Enhanced labor market output 16 studies (10.67%)

Care-related productivity gains Averted costs of formal or informal care 2 studies (1.33%)

Voluntary contributions to family and

community

Enhanced ability to volunteer and give care 0

Broad Health-based community externalities Herd effects or slowed pace of antimicrobial

resistance

1 study (0.67%)

Prevention and amelioration of comorbidities Value of experiencing fewer or milder comorbidities 0

Reduction in nosocomial infections Averted hospital-acquired infection costs 0

Risk reduction gains Value of peace of mind from vaccines 0

Promotion of social equity Inherent value of narrowing health gaps 0

*This represents the number (and percent) of included studies that capture the benefit category in question; categories are not mutually exclusive.

https://doi.org/10.1371/journal.pone.0186903.t003
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81,85,87,98,108,115,117,127,132,142,144,157,165].Thesestudiesestimatedhowmuch
work individualsmissdueto acaseof pneumococcaldiseaseandcomputethevalueof that
missedwork bymultiplying missedtime by thewagerate.At times,theamountof missed
work isweightedby theproportion of thepopulationthat iseconomicallyactive[74]. Two
studies(1.3%)accountedfor care-relatedproductivitygains[74,127].Onestudy(0.7%)
accountedfor health-basedcommunityexternalitiesvis-à-vis thevalueof pneumococcalvacci-
nation in slowingtherateof antimicrobialresistance[160].Our includedstudiesdid not
accountfor anyotherbenefitsin our taxonomy.

Evenwithin theliteraturethatexaminesbenefitsotherthanour narrowones,studyquality
andreportingareat timeslimited. Forexample,of the17uniquestudiesthataccountfor at
leastonebroadbenefit,seven(41.2%)presentonly studyabstracts[75,81,85,87,98,115,
144].Of theremaining10studies[74,76,108,117,127,132,142,157,160,165],otherlimita-
tionsabound,including,for example,borrowingepidemiologicaltrenddatafrom othercoun-
tries[108],lackof datanecessitatingmanyassumptionsandlow estimateprecision[157],and
possibleconfoundingdueto astudy'sobservationalnature[160].

Perspectives assumed by economic studies. Examiningtheperspectivesfrom whicheco-
nomicanalyseswereperformedprovidesfurther insightsinto thestateof theliterature.Of the
75includedstudiesthatexplicitlystatedaperspective,51(68.0%)examinecostsfrom ahealth
payer'sperspective,meaningtheyonly considerdirectcosts(i.e.,healthcarecostsavings).
Moreover,24studiesclaimto adoptasocietalperspective(eitherastheonly perspectivestud-
iedor in addition to anotherperspective,suchashealthpayer'sperspective),implying they
considerotherbroadbenefits[198].However,this likely overstatesthenumberof studiesthat
look beyondnarrowbenefits.Somestudiesthatwerepurportedlyperformedfrom thesocietal
perspectiveappearonly to considernarrowbenefits.Wethereforeconcludethatsomestudies'
perspectivesmayhavebeenmislabeled.

Interestingly,threeeconomicmodelingstudiesÐtwofrom Brazilandonefrom MexicoÐ
took anemployer'sperspectiveto analyzetheeffectsof vaccinatingemployeesagainstpneu-
mococcaldiseaseon outcome-relatedproductivitygains[81,85,98].While thethreestudies
presentedonly abstracts,andarethereforeinconclusiveby themselves,their findingsunani-
mouslyfavoredthebenefitsof adultpneumococcalvaccination.Thisunanimity suggeststhat
perspectivesbesideshealthpayermight beworth exploringfurther.

Nature of PCV13 studies. BecausePCV13is thenewestadultpneumococcalvaccine,iso-
latingtheincludedstudiesthatanalyzePCV13aloneisworthwhile.In general,the32(21.3%)
studiesthatpresentananalysisof PCV13alonetendto takeamoreeconomicallyfocused
approachthantheotherincludedstudies.Twenty-seven(84.4%)of thesePCV13-onlystudies
accountfor healthcarecostsavings[55,63,64,80,82,87,91,98,110,117,123,127,128,130±
132,150,151,153,156±158,168,173,178,184,194],comparedwith 79(52.7%)of all included
studies.Similarly,sevenof thesestudies(21.9%)accountfor outcome-relatedproductivity
gains[81,87,98,117,127,132,157],whichrepresentsdoubletheshareof all includedstudies
(10.7%).

ButPCV13-onlystudieshavelimitations.Forexample,acommonlimitation is thatvaccine
efficacyin adultsismerelyassumedfor thepurposesof economicmodeling.This limitation
wasparticularlycommonbeforetheresultsof theCAPITA trial, amajor randomizedcontrol
trial of PCV13in adults65andolder,werepublished[57].

Discussion

Thissystematicreviewshowsthat theliteraturedoeseffectivelycapturesomebenefitsof adult
pneumococcalvaccinationÐnotably,healthgainsandhealthcarecostsavings.To alimited
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extent,theliteraturetakesabroaderapproachto estimatingthebenefitsof adultpneumococ-
calvaccination.However,mostbenefitsbeyondthenarrowapproacharerarely,if ever,
captured.

But this isnot to saythat theseadditionalbenefitsarenegligible.In fact,existingliterature
outsidethescopeof adultpneumococcalvaccinessuggeststhatsomebenefitsarepotentially
sizeableandarethereforeworth investigatingfurther.

Thefirst of thesepotentiallyimportant benefitssurroundsthenotion thatpneumococcal
vaccinesslowtherateof antimicrobialresistance(AMR) in at leasttwo ways:byslowingthe
spreadof especiallyresistantserotypes(suchasserotype19A,whichis targetedbybothcom-
merciallyavailableadultvaccines)andbypreventingillnessesandthusprecludingtheneed
for antibiotics.Althoughtheliteratureon adultvaccinationlargelyoverlooksthiseffect,pneu-
mococcalconjugatevaccineshavebeensingledout aspotentiallysignificantplayersin the
fight to reducetherateof antibiotic resistance[199,200].Thiseffecthasclearcommunity
healthbenefits.

Second,recentevidencefrom theepidemiologicalliteraturesuggeststhatsomeserotypes
havelow incidenceamongtheyoungbut high incidenceamongolderadults[201].Therefore,
herdeffectsfrom vaccinatingadultsseempossible,whichwouldspreadtheprotectiveeffects
of thesevaccinesto nonvaccinatedcommunitymembers.Thiscouldbeparticularlyimportant
in settingswith highconcentrationsof olderadults,suchasnursinghomes.Thestrengthof
suchherdeffectswoulddependin largeparton contextualfactorssuchaschildhoodvaccine
uptakerates[202].Suchfactorsshouldbeaccountedfor whenestimatingthevalueof adult
vaccinationstrategies.

Third, vaccinatingadultsattendingmassgatheringsmaybeaneffectiveapproachto limit-
ing adult transmission[203].Recognizingthis,theSaudiArabiangovernmentrequiressome
vaccinesfor Hajj andUmrahpilgrims[204],includingvaccinesagainstmeningitisandpolio-
myelitis.Including pneumococcalvaccinationin therequirementsfor participantsatmass
gatheringscouldcarrybenefitsfor manyparties:thevaccinerecipient,otherattendeeswho
comeinto contactwith vaccinerecipients,travelcompaniesthatcouldoffer thevaccineto
appealto risk-averseattendees,andgovernmenthealthministriesthatwouldsavemoneyon
treatmentcosts.

Fourth,parentsandgrandparentswhoarehealthieraremeasurablybetterableto carefor
childrenandgrandchildren[205,206]andshouldin principlemakegreatervoluntarycontri-
butionsto their communities.Pneumococcalvaccinescouldcontributeto thesevaluableends.

Fifth, adultsaredemonstrablywilling to payto reducerisksto income[207]andto health
[208]Ðboth of whichpneumococcalvaccinescanhelpameliorate.

Sixth,insofarasadultpneumococcaldiseasedisproportionatelyaffectsthepoor,vaccina-
tion candiminish socialandeconomicinequalities[209,210],anoutcomethatmanyconsider
inherentlyvaluable.

Failingto investigatetheseandothersourcesof benefitfurther potentiallyleadsto under-
valuingadultpneumococcalvaccines'contributionsandthereforeunderinvestingin their
developmentandadoption.Additional work in thisareashouldcreateanevidencebaseaimed
at remedyingtheseshortcomings.

Limitations of this study

Onelimitation of our reviewis thatweonly includedEnglish-languagestudies.While werec-
ognizethatstudieswritten in otherlanguageslikely contributeto theevidencebaseon theben-
efitsof adultpneumococcalvaccination,our team'ssharedlanguageability is limited to
English.Another limitation of our studyis theinability to applyastandardbiasassessmentto
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theincludedstudies,suchastheCochraneRiskof Biastool [197],whichassessesrisk of biasin
randomizedcontrolledtrials,or ROBIS[211],atool for assessingtherisk of biasin systematic
reviews.In lieu of astandardbiasassessment,werecognizeandcommenton manyof thelimi-
tationsin theincludedstudies(seeS4File).A third limitation of our analysisis thatwhile
manystudiesindicatedasocietalperspective,thiswasnot clearlydefined.Thus,wemayhave
miscategorizedsomestudiesdueto lackof information.

Finally,othervaccinationsdeliveredin thesamecontext,including influenzavaccination
amongtargetgroupsor pediatricvaccinationprograms,canaffectthepotentialbenefitsof
adultpneumococcalvaccination.Thismaymakegeneralizingresultsto adifferentcountry
contextdifficult. Severalof our includedstudiesdemonstratethatco-administrationof influ-
enzaandpneumococcalvaccinationcanhavepositivebenefits[61,62,88,164].A recentsys-
tematicreviewandmeta-analysisshowedthathighchildhoodvaccinationcoveragecanleadto
substantialherdeffects,thusprotectingunvaccinatedadultsfrom diseaseandreducingthe
magnitudeof thepotentialbenefitsof adultvaccination[202].Thestudiesincludedin our
reviewinconsistentlyaccountfor herdeffectsfrom childhoodvaccination(seeS4Filefor
moredetail).Therefore,anyanalysisof thefull benefitsof adultpneumococcalvaccination
mustconsiderthiscontext.

Conclusions

Weconductedthissystematicreviewto identify thebreadthanddepthof thebenefitsof adult
pneumococcalvaccinationcapturedin theliterature.ThereviewfollowedPRISMAguidelines
(SeeS5File).Weincluded150uniquestudiesfor analysis.Theliteratureeffectivelycaptures
narrowbenefitsbut rarelycapturesthefull rangeof benefitsin our framework.Further
researchisneededto quantifythebroadbenefitsof adultpneumococcalvaccination.
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