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ABSTRACT

Objective Animal and in vitro studies suggest that viral
acute respiratory infection (VARI) can predispose to
pneumococcal infection. These findings suggest that the
prevention of VARI can yield additional benefits for the
control of pneumococcal disease (PD). In population-based
studies, however, the evidence is not in accordance,
possibly due to a variety of methodological challenges

and problems in these studies. We aimed to summarise
and critically review the methods and results from these
studies in order to inform future studies.

Methods We conducted a systematic review of
population-based studies that analysed the association
between preceding seasonal VARI and subsequent PD. We
searched MEDLINE, Embase and Global Health databases
using tailored search strategies.

Results A total of 28 studies were included. After critically
reviewing the methodologies and findings, 11 studies

did not control for seasonal factors shared by VARI and
PD. This, in turn, could lead to an overestimation of the
association between the two illnesses. One case—control
study was limited by its small sample size (n case=13).
The remaining 16 studies that controlled for seasonal
factors suggested that influenza and/or respiratory
syncytial virus (RSV) infections were likely to be associated
with the subsequent occurrence of PD (influenza: 12/14
studies; RSV: 4/5 studies). However, these 16 studies were
unable to conduct individual patient data-based analyses.
Nevertheless, these studies suggested the association
between VARI and subsequent PD was related to additional
factors such as virus type and subtype, age group,
comorbidity status, presentation of PD and pneumococcal
serotype.

Conclusions Population-based studies do not give
consistent support for an association between preceding
seasonal VARI and subsequent PD incidence. The main
methodological challenges of existing studies include

the failure to use individual patient data, control for
seasonal factors of VARI and PD, or include other factors
related to the association (eg, virus, age, comorbidity and
pneumococcal serotype).

INTRODUCTION

Both viral acute respiratory infection
(VARI) and pneumococcal disease (PD)
account for a substantial disease burden

Strengths and limitations of this study

» This is the first review that critically reviewed the
methods and findings of population-based studies
that reported an association between viral acute re-
spiratory infection and pneumococcal disease.

» Results of studies summarised according to study
design and methods.

» No meta-analysis was conducted due to a variety of
study designs, data sources and analytical methods
in the studies so a narrative summary of the meth-
ods and results is provided.

worldwide, especially in young children and
the elderly." The association of VARI and
subsequent PD was not well recognised until
the catastrophic 1918 influenza pandemic,
which resulted in an estimated 40-50 million
deaths®; it has been suggested that pneu-
mococcus may have been a major cause of
death.” Most recently, it was observed that the
incidence of PD was higher during 2009 influ-
enza HIN1 pandemic period than the same
period in prepandemic®"’ and postpandemic
years.”? 10

During interpandemic periods, the associa-
tions of seasonal influenza and other seasonal
respiratory viruses such as respiratory syncy-
tial virus (RSV), human metapneumovirus
and parainfluenza virus (PIV) with PD inci-
dence are poorly understood and remain
unclear. In animal and in vitro studies, it has
been suggested that viral respiratory infection
could predispose to pneumococcal infection
and might facilitate pneumococcal transmis-
sion; in turn, this coinfection could induce
a lethal synergism that is much more severe
than infection with either pathogen alone
(a brief summary of findings is displayed in
online supplementary Table S1). However,
these studies are all relatively small-scale
studies and may be subject to publication bias
favouring reporting of positive findings. In
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Figure 1
pneumococcal disease.

population-based studies, the findings were inconsistent.
These studies differed substantially in study design, data
sources and methods, making it difficult to compare and
interpret the results across the studies. We conducted a
systematic review of population-based studies on the asso-
ciation of preceding VARI on the occurrence of PD to
summarise the methodology and results, critically review
the findings and present recommendations for future
studies.

METHODS

Search strategy and selection criteria

We searched MEDLINE, Embase and Global Health
databases using tailored search strategies (search strat-
egies in online supplementary Text SI1, Preferred
Reporting Items for Systematic Reviews and Meta-Anal-
yses (PRISMA) flow chart in figure 1). We restricted
the search to studies published between 1 January 1990

Preferred Reporting Items for Systematic Reviews and Meta-Analyses flow diagram of the literature search. PD,

and 31 December 2017. We included population-based
studies with clinically diagnosed PD cases (see next for
detailed definition). In terms of VARI exposure, we
accepted the following studies: (1) those with laborato-
ry-confirmed viral infections; (2) those with the Interna-
tion Classification of Diseases (ICD) code for influenza
and/or RSV infection and (3) those with case definition
of influenza-like illness (ILI) and bronchiolitis as proxies
for influenza and RSV, respectively. We excluded animal
studies and theoretical studies where no population data
were applied. We focused our review on the association
of seasonal VARI and PD and thus excluded studies that
reported pandemic influenza cases only. No language
restrictions were applied. The reference lists of eligible
studies were also checked to identify additional studies
for inclusion. For all included studies, quality assess-
ment was conducted using tailored Critical Appraisal
Skills Programme checklists for case—control studies and
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Figure 2 Category of pneumococcal disease in the present review.

cohortstudies (online supplementary File S1). The review
was conducted and reported according to the PRISMA
guidelines (online supplementary File S2). The protocol
for this systematic review was registered on PROSPERO
(registration number: CRD42017064760; online supple-
mentary File S3).

Definition of PD

We defined PD as any disease caused by Streptococcus pneu-
moniae (pneumococcus). Since this definition contains a
broad range of diseases and symptoms, including some
that are trivial to our review, we adopted a narrower defini-
tion. This narrowed definition includes invasive pneumo-
coccal disease (IPD) and pneumococcal pneumonia (PP).
We defined IPD as detection of pneumococcus in typical
sterile sites (eg, blood, pleural and cerebrospinal fluid).
A detailed category of PD for our review is displayed in
figure 2. Additionally, we used the term ‘non-pneumonic
invasive pneumococcal disease (npIPD)’, which referred
to all IPD without diagnosis of pneumonia, in order to
differentiate from both invasive and non-invasive PP.

Definition of VARI
We defined VARI as a respiratory tract infection with viral
aetiology. ILI was viewed as a proxy for influenza infection

in the present review. We defined ILI as a symptomatic
cough and fever >38°C with onset within 7 days.

Data extraction

We used a standardised data extraction template to extract
relevant data from the eligible full-text studies, including
study design, data source, methods, results and conclu-
sion. The principle summary measures of the association
between VARI and PD include correlation coefficients,
risk ratios, rate ratios, ORs and attributable percentage
of PD to VARI. YL and MP independently extracted the
data. HN or HC arbitrated any disagreement with the
extraction.

Data analysis

Since it was expected that methodology would differ
substantially between studies and a quantitative meta-anal-
ysis would not be appropriate, a narrative synthesis was
conducted. Studies were summarised according to meth-
odology to allow for more appropriate comparisons of
the results.

In addition, because of the concern of multiple testing,
we determined the number of tests conducted in each
study, so a Bonferroni correction could be applied where
applicable; only the tests relevant to the association
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Table 1 Summary of individual patient data-based studies

Study PD (cases
Study period Population VARI (n)) Methods Main findings
Edwards  2005-  All ages IFV IPD (n=346) Using data from notifiable diseases system, RR=112.5 (48.9-
etal'” 2009 Northern relative risk (RR) of IPD calculated in <4w  224.8)
Territory, after IFV compared with background risk
Australia
O’Brien 1995- <18y ILI Severe PP Case—control design: case from children OR (ILI
etal® 1996 lowa, USA IFVA (n=13) with severe PP, three controls per case history)=12.4
selected, from friends of cases or from (1.7-3006),
the same primary care practice, matched OR (IFV A
by age (within 1 y of the case). ILI history convalescent
(7-28 d within admission) investigated by serology)=3.7
telephonic interview and IFV A convalescent (1.0-18.1)
serology collected.
Stensballe 1996-  All ages RSV non- IPD (n=7787) Prospective cohort study: two exposure RR for RSV=7.1
et al*® 2003 Denmark RSV groups, RSV and non-RSV respiratory (3.6-14.3),
infection hospitalisations within 30 d RR for non-

RSV=4.5 (2.0-10.0)

d, day(s); IFV, influenza virus; ILI, influenza-like iliness; IPD, invasive pneumococcal disease; PD, pneumococcal disease; PP, pneumococcal
pneumonia; RSV, respiratory syncytial virus; VARI, viral acute respiratory infection; w, week(s); y, year(s).

between VARI and pneumococcal infection were included
as part of the correction. The Bonferroni-adjusted signif-
icance level was calculated as 0.05 divided by the number
of relevant statistical tests within a study.

Patient and public involvement
No patients or public were involved in the present study.

RESULTS

A total of 28 studies' ™ were eligible and included in
the review. We noticed a variety of study designs, expo-
sures and outcomes of interest and analytical methods
in these studies (summarised in online supplementary
Table S2). Due to the variety, we summarised the studies
and displayed the results according to study design and
methods.

Individual patient data-based studies

Individual patient data-based studies during the interpan-
demic period are sparse. Onlythree studies'”** were iden-
tified (table 1), including two cohort studies'”* and one
small case—control study by O’Brien et al.*® The reported
results consistently supported the role of preceding VARI
on the occurrence of PD. However, the two cohort studies
did not attempt to control the seasonal risk factors of
VARI and PD that could potentially bias the estimated
effect size.

ECOLOGICAL STUDIES

In our review, 95!1-16 18-2426-28 30-38 (¢ (he 98 studies were
ecological studies, 16! 13 1410 18 19 212426 3258 ¢ of the
25 ecological studies controlled for seasonal patterns of
VARI and PD (online supplementary Table S2). Addition-
ally, the study by Stensballe et a*’ analysed data at both

population and individual levels but did not control for
the seasonal patterns.

Correlation analyses with no control for seasonal patterns
Table 2 shows a summary of 11 studies! 2714202123 242729 3035
using correlation analyses without controlling for seasonal
patterns of VARI and PD. Since all studies conducted
multiple tests in analysing the correlation (eg, across
age groups, viruses and lag time between VARI and PD),
the Bonferroni method was applied to adjust the signifi-
cance level. The correlation between PD and influenza or
RSV was statistically significant in all five studjes'* 23 242930
that analysed population data of all ages (correlation coef-
ficient r: 0.40-0.71 for influenza at no time lag, 0.47-0.77
for RSV at no time lag).

Regression analyses controlling for seasonal patterns

Table 3 shows the summary of the 15
studies'! 17 141018 222426523438 41 5 ¢ controlled for seasonal
patterns by regression analysis. Results were inconsistent
among the studies. In all-age population studies, preceding
influenza infection was likely to be associated with IPD
(12 studies' ' 1018 2224 3235598 yeported an association
and two studies'' ** reported no association). According
to two studies® ** that reported age-stratified results, the
association between influenza and IPD was more likely to
exist among older people than among young children. In
terms of preceding RSV infection, four'***** 57 out of five
studies' #* #3437 ohserved an association of RSV with PD
incidence. Specifically, one study'* found the association
between RSV and IPD only existed among children<b
years. Studies reporting other viruses such as ADV and
PIV were sparse (two'** and one® studies, respectively).
Five studies' # 2*%* %7 that reported two or more viruses
demonstrated that the association differed by the type of

4

Li'Y, et al. BMJ Open 2018;8:019743. doi:10.1136/bmjopen-2017-019743


https://dx.doi.org/10.1136/bmjopen-2017-019743
https://dx.doi.org/10.1136/bmjopen-2017-019743
https://dx.doi.org/10.1136/bmjopen-2017-019743

)
7
[
3]
3]

<
c
o
o

©)

panuiuo)

(AG9< pue A G9—G ul JobBuoJls aiom suolje[a.1109)
(w 1) 9210 (0) eYE™0 € Ald

(w ) ere0 ‘(0) 220 :2/1 Ald

(w 1) egg0 ‘(0) BL2'0 ‘AQY

(w 1) ezp 0 ‘(0) B2S™0 ‘ASH

(w 1) €10 (0) 2€2°0 :9 AdI

(wi i) eze0 (0) evb'0 v AdI

sabe ||y

apb'0 - ‘99€°0 :INd-ASH
g65°0 ‘9210 ‘46270 :9d-ASH
96€°0 ‘abL 0 ‘dgz 0 INd-Adl
929'0 ‘q12°0 ‘ave0 :dd-Adl
RgLz R 21~ R y—0

(w 1) egp 0 (0) 8G90 :AdI
Ag1=z

(6 owm)
[STETETTTELLRTTT) 1Y FTeTo)

uewJeadg

uew.eadg

uewJeadg

poyiow
uopeeLI0)

Alyiuow ‘eyep soue||loAINS

Apeam ‘waisAs [punuas Apjesp

Alyuow ‘eyep Aiojesoqge|
9OUEJ|I9AINS PUE UoljesiiendsoH

sisAjeue
10} 9|BOS pue $224n0S eleq

(2e2=U)
adl

(ad+nd
‘99¢/=)
adl

(0G1L1=v)
adl

((u) sesed)
ad

Nid
AQY
ASd

Nl

ASd
Al

14VA

puejesaz
M8N ‘Y2Inyo3suyD 9002
sebe ||y —G66}+

spuepeyieN €002
sebe |y -/661

uredg ‘euojeoleg 40
gLz -9661

uone|ndod powad Apnig

zSPuluus pue
yoopiniy

0zl
uasuep

/B
soBing

Apmis

Li'Y, et al. BMJ Open 2018;8:019743. doi:10.1136/bmjopen-2017-019743



)
7
)
3]
3]

<
c
[
o

©)

“(s)aeak ‘A ((s)xeam ‘M fuonosjul Alojelidsal 81noe [edIA ‘[HVA ‘SnUIAoUIYL ‘AY ‘SNUIA [ennAouds Aiojesidsas ‘ASY ‘siubuiusw [eooooownaud ‘Nd

‘snuin ezusnjuiesed |4 ‘oseasip [eaoooownaud ‘qd ‘elwseisioeq [eosooownaud ‘gd ‘sninownsudelsw ‘AdIA (S)yluow ‘w ‘aseasip [eaoooownaud aAISeAul ‘Qd] (SNJIA BZusnjjul ‘Ad] {SNIIAOISIUS \J ‘SNJIAOUSPE ‘AQY
Juswisnipe luossjuog Jaye Jueolubis Aj[eolisiiels Jou alem o,

UM Buipus SjusIole09 UOIIE[21I0D (UO[1081109 luoLsjuog ay) Aldde 03 uonew.oul yénous aaey 10u pIp g4, Yyum Buipus Sjusiole0d UoIIe[aLI09 {AIBSS8oauun PSSP SBM UOIJOS1I00 [UOLISUOY SY} USYM JO (S}S8} Juensal
J0 Jaquinu/GQ"0>d) Juswisnipe luousjuog Joye ueoyiubis Aj[eonsiiels aiom e, yum Buipus sjusioigeod uolela.iod {(Go 0>d) Apnis ayy ul papodal Ajjeuibuo se jueoyiubis Aj[eonsiiels aiem pjog Ul SusIdIe09 UOIe|a1I0)
*90UBpIoUl Od uanbasgns pue |4y Buipaoaid usamiaq aoualayip awil 8y} saleodlpul be| awi]

(Ag1> ueyy A8z ul 1ebBuol}s 8I9M SUOIE[1I0D)

(M) 9Z"0 (M€E) BEE'D ‘(MC) BYE™D ‘(M 1) BLY™0 ‘(0) BOY'O ‘Al
(my) eGG"0 ‘(M€E) BLG0 (MZ) BES'0 (M L) 090 ‘(0) E9S°0 ‘ASH (Ly+p=u) ASH VSN ‘eassauus] 200¢ 0cl® 1@
sabe ||y uosJiead Apfeem ‘erep eoue|jloning adi Al sabe ||y -G661 10qel

G0'0— ‘AQY
200 ‘Ald
80°0~ 'V Adl AQY
€0°0— ‘Adl Aid
GO0 ‘AsH NI
9710 :A3 (reaA Jed ASH
(seIpnys noj wiol)) BEE'0 ‘LE0 ‘9G2°0 ‘08270 ‘Ad ApyBiupo} ‘eseqerep snA+saIpNIS  S9SED (6 INOJE) AE| puejui4 1002 28
Ag> uosiead g-+iosibal aSESSIP SNOIOB)UI [BUOIEN adl N AG> -G661 eloyad
(6e] awn) poylaw sisfjeue ((u) seseo) 1HVA uone|ndod powad Apnig Apnmis
SJU3IO1JS0D UONE[DLI0D uonejalio) 10} 9|B9S pue $924n0s eleq ad

Li'Y, et al. BMJ Open 2018;8:019743. doi:10.1136/bmjopen-2017-019743



)
7
[
3]
3]

<
c
o
o

©)

panuiuo)

(sesAjeue Be| awiy ul synsal Jueoyiubis ou)
(%YL 01 %0°0) 4%6°L ‘(%.°2S O} %0°0)
A%G"p1 (%9°22 01 %0°0) d%6°S (%69 O}
%0°0) 2%%' L (%2 7k O} % 1'0) A%6°2 ‘ASH
(%2°¥1 01 %0°0) 4%2°€ (%¥"L O}

%1°0) 9%8'} (%9°E} 0} %0°0) 9%6°2 (%00 (repwis
01 %8'L-) %0~ (%8€C 0} %2°0) 4%9°G ‘Al 219M s}nsal ‘sjppow
lopow ul Ajeyesedas) sulysuns uoissalbai (oseo) MN ‘selem
aneoldiynw ‘einyeseduwa} 4oy Buljjouod Jo sunoy Ajyyuow Jo |elwoulq (ggg 12=U) ASH pue pue|Bug 6002 e
K59z ‘A $9-G1 A ¥1-G A -0 ‘sebe |y aunjesodws} Apioop anieboN Apfeam ‘eyep eoue||loAING adl Al sebe |y -966} 1109IN

JueoyIUBIS JoU :g AdI

g8V AdI O} [BORUBPI Iy A4l X8pu| AN ‘@injesedwa} BpeUB)

(mg) ‘Aupiwuny aaiejal ‘adl uoissalbai ‘ease|99d
(86°0 01 68°0) 9€6°0 ‘(M 1) (71"1 03 GO"}) B60"} GV AdI JO spuaJ} [euosess [elwoulq Apeem (161L9=U) (seseo /ojuoloL 6002 /e
sebe ||y pue spual} Jeahinpy anebaN  ‘@oue|jloains pased-uoieindod adl 001) Adl sebe ||y -G661 Jaysny|

819

9lf

(M 1) steak Apnis ||e SS0IOB %6 UBIPaW :[7| adl jo uoissaibai Jeaul| Apfeam (2vS9=u) (A4 104 aouelq 102 s9|9D
sabe ||y SpusJ} [BUOSESS 103)49-paxIAl ‘waysAs aoue|lBAINS [BUONEN adl Axoid e se) | sabe ||y -000Z ep yodsuswoq

uoissalbai uledg
(L1 01€0L) BEZ'L Al [elwoulq Alupuow ‘eyep Aioyesoge| (0st1=u) (000t ‘euojeoleg zLoe e e
Ag1z ainjesadwa| anebaN  eoue||loAns pue uoljes|e)dsoH adl Jad Y)) AdI Ag1z -9661 sobung

(B awn) (19 %S6) dV (Bey awn) (19 %S6) HY sajeler0d spoyow sisfleue  ((u) sased) (1epow uoneindod  pouad Apmig
|eonsnels 10} 9|e9S pue $924n0s ejeq ad ul pasn Apms
un) [HYA

-2017-019743

jopen

10.1136/bmj

€019743. do

8

Y, et al. BMJ Open 2018;



)
7
)
3]
3]

<
c
[
o

©)

panuiluo)

(%2'G 01 %S5°2) B%8'E

(%06 0} %E'S) B%Z'L (%0°G O} %6'7-)
%10 (% 1°LL 0} %1 °EL) B%0'GH :0Sd-ASH
(%9201 %L'L) B%6'L

(%€°0 01 %' L-) %90~ (%L L= 0} %.L€-)
B%L2- (%22 0} %} 1-) %L°0 :©Sd-Adl
(%6°€1 01 %9°2) B%L"0L

(% 1°G2 0} %1 LL) B%E 0T (%872 O} %L vL)
©%0°02 ‘(%.'Ci 0} %6°L2) B%L'GE :dd-ASH
(%27 01 %L1

©9%2°€ (%7 01 %6'0-) %90 ‘(%€ O
%1°0) B%2'2 (%11 01 %G7-) %42 dd-Adl
WEeZ-glh ‘W LE=0 ‘W LL-¢ ‘Wg-0

(M 1) (%811 01 %9°'9) B%6'8 :I1I
ssouaniseAul adAjoles

ubly pue Anpigiowoo ybiy/wnipaw Aoy
(M 1) (%S 01 %9°L-) %€ L I
ssauaniseAul adAjoles

mo| pue Ajpigiowos ybiy/wnipaw ‘A gy
(1) (%2711 0L %8'E) B%L'9 11|
SSeUaAISeAUl

adAjoles ybiy pue Ajpigiowod moj Aoy
(M 1) (%612 01 %9'EL) B%6"LL I
SSeUaAISeAUl

adAjoles mo| pue Aypiqiowod mo| Aoy

Bis jou)
(M 1) (%0°9 0} %8') 9%2"G ‘ddI-Ad

sobe ||e ‘1S
(M 1) (%6°G 01 %0°S) A%+'S ddI-Adl

(adidu-p4 4oy Jued!

(811 0160°H) azk'L ‘(0€'L 01 61°L) age L

ojels ‘ASY Jo

‘€L 01 LL71) ape’L ‘(SSL 03 0€°}) Agb’L 'dd-ASH  Adl ‘spoued ADd ‘ad

weg-gh ‘W0 ‘W il-g ‘Weg-0

JO SpUBJ} [BUOSEDS

171 yum

uoljoeI9IUI SY PUB 26
‘16 € ‘¢ ‘| $x9m Jo}
a|qenen Awwnp dd|
O SpuaJ} [euosess

(1) vsn
uoissaibal Aptoam (rOv LL=u s ul seels 9g 6002 e e
uossiod ‘seseqelep juenedul 8je}s  9Sd dd) Ad Al Ag>  -2e6L JabBiaquiop

Apteem ‘spodai eonoeid
|esouab spimuoneu+elep (80e8=U) (Ad] Jo} Axoud
90UE[|loAINS ddl e se ‘eseo) ]

uoissalbai
uossiod

spewusq 2002 o218
Kovz  -1/6L JeBraquia

sabe |[e ‘yinog uoissaibal (6ez L2=u
(M 1) (%€°G O} %G) 9%6" ‘ddI-Nd ddl 40 spusi} Jesul| [elwoulq ‘adidu (sbejusoied vsn 9002 281
sabe ||e ‘ysesyLoN pue spualJ} [BUOSESS aAnebaN Ajfeam ‘eyep soue|loAINg ddl) adl  eamsod) A4 sabe ||y —-G66L PEEIVY
(Bey awn) (19 %S6) dV (Bey awn) (19 %S6) HY sajeuen0) spoyiaw 1sA| ((u) ) (1op uoneindod  pouad Apms
|eonsneis 10} 9]EOS pue S224N0S ejeq ad ul pasn Apms
Hun) [HYA

-2017-019743

jopen

10.1136/bmj

€019743. do

Y, et al. BMlJ Open 2018;



8 Open Access

AP (95% CI) (time lag)

1998-1999, 2003-2004, 2004-2005; after Bonferroni

P values for the likelihood ratio test were <0.05 for
adjustment association was significant for 3 of 11
influenza seasons: 1996-1997, 2003-2004, 2004—

RR (95% ClI) (time lag)
2005.

sunshine, precipitation 5 of 11 influenza seasons: 1994-1995, 1996-1997,

Covariates
Temperature,

RR or attributable percentage in bold was statistically significant as originally reported in the study (p<0.05); RR or attributable percentage ending with ‘a’ were statistically significant after Bonferroni adjustment (p<0.05/number of relevant tests) or when
the Bonferroni correction was deemed unnecessary, those ending with ‘b’ did not have enough information to apply the Bonferroni correction; RR or attributable percentage ending with ‘c’ were not statistically significant after Bonferroni adjustment.

ADV, adenovirus; AP, attributable percentage; Cl, confidence interval; h, hour(s); IFV, influenza virus; ILI, influenza-like iliness; IPD, invasive pneumococcal disease; IPP, invasive pneumococcal pneumonia; IR, incidence rate; nplPD, non-pneumonic invasive
pneumococcal disease; PCV, pneumococcal conjugate vaccine; PD, pneumococcal disease; PIV, parainfluenza virus; PP, pneumococcal pneumonia; PSe, pneumococcal sepsis; RR, relative risk; RSV, respiratory syncytial virus; UV Index, clear-sky
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virus. Moreover, the association could differ among virus
subtypes (eg, influenza A vs influenza B** and PIV 1/2 vs
PIV 3.* Notably, there are other factors that could influ-
ence the strength of the associations reported in these
studies. For instance, the association could vary by presen-
tation of PD (invasive PP, IPP vs npIPD* ***® and PP vs
pneumococcal sepsis (PSe))”; preceding VARI was more
likely to be associated with the occurrence of pneumonia
than other clinical presentations. Additionally, the results
from studies in Denmark, where comorbidity status and
pneumococcal serotype were available, demonstrated
that influenza had a greater influence on the incidence of
low-invasiveness serotypes than medium or high invasive-
ness among the low comorbidity group; among the high
comorbidity group, the pattern was reversed.” *°

Studies using other analyses

Seven ecological studies used other analyt-
ical methods (table 4). Except for studies by Hendriks et
al'® and Toschke et al,31 all studies reported an association
between VARI and PD.

15 16 19 22 26 28 31

DISCUSSION

In our review, we summarised population-based studies
that evaluated the association of seasonal VARI and subse-
quent PD. To our knowledge, this is the first review that
summarises the methodology and findings of existing
epidemiological studies on this topic.

We found that reported associations between VARI and
subsequent PD were inconsistent among the 28 included
studies. Only three studies'” #* analysed the association
using individual patient data. The two cohort studies'” %
did not account for the shared risk factors between VARI
and PD that influenced their seasonality, substantially
limiting the inferences that can be made from these
data while the case-control study® was limited by its
small sample size (n case=13). In ecological studies, onl
1611 13 1416 18 19 2224 26 52 3438 o 1) o opTI-16 18-24 26-28 30-58
ecological studies accounted for seasonal patterns. In
these studies, we found that influenza and/or RSV
infections were likely to be associated with the subse-
quent occurrence of PD. For influenza, the association
was stronger among younger populations compared
with older adults® ** while the pattern was reversed for
RSV.'* Data from multiple studies suggested that virus
type (five studies)'***#*3*37 and subtype (two studies)*
comorbidity status (two studies)™ *® and pneumococcal
serotype invasiveness (one study)” could influence the
association. However, these 16 ecological studies had
various population characteristics (eg, age, comorbidity,
immunity status), PD datasets, VARI datasets and analyt-
ical methods. As such, heterogeneity among the studies,
along with their ecological nature, limits the amount
of valid inferences that can be made from the data (as
summarised above).

Nevertheless, these studies provide important clues for
the potential factors related to the association between

Li'Y, et al. BMJ Open 2018;8:6019743. doi:10.1136/bmjopen-2017-019743
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Table_Summary of cologioa studies usng othermethods

PD Data sources and
(cases (n)) scale for analysis

Study

Study period Population VARI

Domenech 2000-2014  All ages ILI @s IPD
de Celles France aproxy (n=64542) system, weekly
et al'® for IFV)

Methods

National surveillance Correlation analysis

of waveforms of ILI
and IPD

Main findings

Correlation of

peak timing of ILI
and IPD peak 2:
0.42 (0.04 to 0.66);
correlation of total
cases of ILI and IPD:
0.31 (0.03 to 0.56)

Kuster 1995-2009 All ages IFV IPD Population-based
etal® Toronto/ (n=6191)  surveillance, weekly
Peelarea,
Canada

Spearman correlation
for phase and
amplitude between
IFV and IPD; Granger
methods to test
whether influenza
predicted IPD; Case-
crossover analysis to
evaluate short-term
associations

Phase and
amplitude between
IFV and IPD not
correlated; Granger
test of IFV causing
IPD: p<0.001; case-
crossover OR: 1.10
(1.02to 1.18) at 1w

lag

Shrestha 1989-2009 All ages IFV PP Hospital data,
et al’® llinois, USA (n not weekly
known) (dataset | from 1989

to 1997, dataset Il
from 2000 to 2013)

Mathematic model
of pneumococcal
pneumonia

(PP) transmission,
to estimate

the interaction
parameters between
VARI and PP

Factor of IFV on
PP susceptibility:
dataset |

115 (70 to 200),
dataset Il

85 (30 to 160)

IFV, influenza virus; ILI, influenza-like illness; IPD, invasive pneumococcal disease; PD, pneumococcal disease; PM, pneumococcal meningitis;
VARI, viral acute respiratory infection; w, week(s); y, year(s).

—h
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VARI and subsequent PD, and thus could help with the
conception and design of future studies. Ideally, in order
to understand whether a particular preceding VARI can
predispose an individual to PD, a prospective cohort study
that monitors each individual for VARI and pneumo-
coccal infection would be used, allowing analyses at both
individual and population levels. However, such a design
would not be feasible or affordable as inter alia pneumo-
coccal infections are rare. Alternatively, the utilisation of
large-scale routine health data and reliable data linkage
(through unique individual identifiers) from sources such
as surveillance data and hospitalisation datasets may be
feasible in many industrialised countries. An example of
such data linkage in our review is the study by Stensballe
et al’ that linked information from four Danish popula-
tion-based registries. While the authors conducted indi-
vidual-level analysis, the results were based on cases tested
for both the presence of respiratory viruses and pneu-
mococcal infection. The true number of VARI-associated
PD cases is likely to be significantly higher due to incom-
plete testing of cases; the untested viral-pneumococcal
cases could represent a crucial source of selection bias.
Community-based active surveillance can likely address
the issue of missing cases but such surveillance would
be labour intensive and less cost effective to conduct.
Another option is a case—control study, which is afford-
able and practical, but not without its limitations. In addi-
tion to challenges in designing such studies, defining the
history of VARI is likely to be inaccurate since the timin
of viral serology may be less accurate (information bias).”
In the case-control study by O’Brien et al,”® the authors
used influenza-strain specific convalescent serology as
evidence for preceding influenza infection. The authors
also conducted telephone interviews to investigate ILI
history but they did not mention whether interviewers
and interviewees were blind to case or control status.
Moreover, the value of this case—control study is limited
by its very small sample size (n case=13).

Compared with individual patient data-based studies,
ecological studies are more feasible, and thus the most
common study design included in our review (25/28).
However, there are some caveats when interpreting
results from ecological studies. First, causality can never
be inferred from such studies. Second, the results should
be interpreted at a population level and cannot be gener-
alised to the individual level. Since ecological studies
used data aggregated into broad categories, the poten-
tial biases introduced by the aggregation should be taken
into account. For instance, while 16 out of 25 ecolog-
ical studies used weekly data, others used fortnightly or
monthly data. This may lead to misclassification as the
time window of the association of VARI on PD suscepti-
bility can be as short as 1week.” * Moreover, data from
different sources in ecological studies should represent
the same population.

Apart from the study design, one further challenge
of analysing the association is accounting for the influ-
ence of seasonal factors of VARI and PD (confounding).

Both VARI and PD have similar seasonal patterns, and
thus are likely to correlate as indicated by the correlation
results from ecological studies. The increased risk of PD
during an epidemic season could be caused by VARI or
by seasonal risk factors or by both. In the present review,
11 studies'® 17 1720 21 27313 g not attempt to control
for seasonal confounders, likely leading to biased esti-
mations of the association. For example, the study by
Edwards et al'’ reported a relative risk as high as 112.5
when not adjusting any seasonal factors. One way to
address this problem in such studies would be to match
the individuals with the onset timing of pneumococcal
infection, keeping the risk of PD comparable between
VARI cases and non-VARI cases; for ecological studies,
regression analysis adding seasonal terms or climatic
factors (such as temperature and humidity), or cross-cor-
relation analysis of time series controlling for seasonal
patterns could be considered.

Our review suggests that the association of VARI and
subsequent PD could vary by virus type'* #*#**** and even
by subtype.?* ** Studies using combinations of viral infec-
tions such as all virus, influenza +RSV, non-influenza, or
non-RSV could give biased estimations of the association.
However, it is not always practical to analyse the associa-
tion by virus type. In ecological studies, different types of
viruses might cocirculate and thus be highly correlated
in incidence, making it difficult to determine the role for
each virus. In terms of PD, most studies used IPD as the
outcome of interest. However, studies that categorised
IPD into IPP and npIPD found that the association was
more pronounced in IPP than in npIPD.* * % A similar
finding, that the association was stronger in PP than PSe,
was reported in anotherstudy.”” These results suggest VARI
is more likely to be associated with pneumonic pneumo-
coccal infections than non-pneumonic infections. In our
review, we excluded studies using information other than
clinical diagnosis as a proxy for PD (eg, prescription data
and carriage data). Pneumococcal carriage could have a
fundamental role in the transmission and incidence of
PD." In a study analysing the impact of pneumococcal
carriage and viral activity, Weinberger et a* found npIPD
was associated with carriage prevalence, whereas IPP was
associated with bronchiolitis (as a proxy for RSV). The
authors also proposed that preceding VARI increased
susceptibility but did not enhance transmission (indi-
cated by carriage prevalence) in children. However, more
studies are needed to confirm these findings.

The association could also vary by population character-
istics. According to two studies that displayed age-stratified
results,” ** the association of influenza and subsequent
IPD was more likely to exist among older people than
among young children. Studies by Weinberger et
al® * gauged the association in different comorbidity
and pneumococcal serotype groups among Denmark
populations. The results showed that influenza had a
stronger impact on the incidence of low-invasiveness sero-
types than medium or high invasiveness ones in the low
comorbidity group, while the pattern reversed in the high
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comorbidity group. Another study that analysed clinical
records of 919 patients with PP found that infrequently
colonising pneumococcal serotypes were more likely to
cause PP after preceding VARI, particularly in patients
with immunodeficiency or chronic lung diseases.”* These
findings suggest the need for future studies to analyse the
association by age group, pneumococcal serotype and
comorbidity status. Moreover, the recent introduction of
pneumococcal vaccines has brought changes in the inci-
dence of serotype-specific PD,* making the association
of VARI and PD more complicated to understand. As a
result, future studies should consider the possible sero-
type-specific influence that pneumococcal vaccines have
on both individual immunity and herd immunity when
analysing the association.

In addition to the factors discussed above, additional
factors may influence the estimates of the association.
The first is the change over time in the methodology
of data collection, including changes in test method or
diagnosis, clinical practice and health-seeking behaviour.
The second is the possible delay in measurement, which
happened most often in passive hospital-based studies.
Third, for ecological studies using aggregated data,
‘holiday spikes’ could occur due to more social gather-
ings**; besides, weekends and holidays might influence
timely tests or diagnosis as well as the health-seeking
behaviour of patients.

To our knowledge, this is the first review to summarise
and critically appraise the methods and results of popu-
lation-based studies about the association between
seasonal VARI and subsequent PD. However, this review
is not without its limitations. First, due to a variety of
study designs, data sources and analytical methods in
the studies included, no meta-analysis was conducted in
the review. As such, we were unable to provide a quan-
titative measure of the association of seasonal VARI and
PD. Second, no unpublished data sources were included
in the review, which could mean the data reported
favours positive associations due to publication bias.
Thus, caution should be taken when interpreting the
results. Third, we found many studies tended to conduct
multiple statistical tests using different subgroups and
time periods (eg, age group, virus, time lag between VARI
and PD) without specifying the primary study question a
priori or making proper statistical adjustments to account
for multiple testing. This could give rise to an increased
risk of reporting false positive results. In this review, we
applied Bonferroni corrections to adjust for the multiple
tests where deemed necessary. Since the Bonferroni
method is conservative and we are unable to adjust for
studies where p values were not given, the adjustment
in our review is intended for readers’ reference and as
caveats for future studies.

Given the substantial burden of VARI across the world,1
even a modest association between VARI and subsequent
PD could lead to a substantial burden of disease in terms
of VARI-related PD cases. If proper antibacterial inter-
ventions could be applied to those with higher risk of

PD due to a preceding VARI, subsequent pneumococcal
infections could be prevented. The interventions would
be more effective/better targeted if we could estimate the
risk (ie, the strength of association) according to timing
of infection by week/month of a year, age, comorbidity
status, virus type and status of immunity. In turn, under-
standing the association between VARI and subsequent
pneumococcal infection can help evaluate the full impact
of viral vaccine programmes.

In conclusion, the role of seasonal VARI on subsequent
PD incidence remains controversial in population-based
studies. Nevertheless, these studies provide valuable
information and can help with the conception of future
well-designed studies. Future work could explore the asso-
ciation by timing of infection, age, comorbidity status,
virus type, pneumococcal serotype and presentation, and
thus would identify potentially susceptible populations
with VARI for preventive interventions.
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