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Background. Previous studies suggested an association between upper airway pneumococcal colonization density and pneumo-
coccal pneumonia, but data in children are limited. Using data from the Pneumonia Etiology Research for Child Health (PERCH)
study, we assessed this potential association.

Methods. PERCH is a case-control study in 7 countries: Bangladesh, The Gambia, Kenya, Mali, South Africa, Thailand, and
Zambia. Cases were children aged 1-59 months hospitalized with World Health Organization-defined severe or very severe pneu-
monia. Controls were randomly selected from the community. Microbiologically confirmed pneumococcal pneumonia (MCPP)
was confirmed by detection of pneumococcus in a relevant normally sterile body fluid. Colonization density was calculated with
quantitative polymerase chain reaction analysis of nasopharyngeal/oropharyngeal specimens.

Results. Median colonization density among 56 cases with MCPP (MCPP cases; 17.28 x 10° copies/mL) exceeded that of cases
without MCPP (non-MCPP cases; 0.75 x 10°) and controls (0.60 x 10°) (each P < .001). The optimal density for discriminating
MCPP cases from controls using the Youden index was >6.9 log = copies/mL; overall, the sensitivity was 64% and the specificity
92%, with variable performance by site. The threshold was lower (4.4 log,  copies/mL) when MCPP cases were distinguished from
controls who received antibiotics before specimen collection. Among the 4035 non-MCPP cases, 500 (12%) had pneumococcal col-
onization density >6.9 log,  copies/mL; above this cutoft was associated with alveolar consolidation at chest radiography, very severe
pneumonia, oxygen saturation <92%, C-reactive protein =40 mg/L, and lack of antibiotic pretreatment (all P <.001).

Conclusions. Pneumococcal colonization density >6.9 log , copies/mL was strongly associated with MCPP and could be used
to improve estimates of pneumococcal pneumonia prevalence in childhood pneumonia studies. Our findings do not support its use
for individual diagnosis in a clinical setting.
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of pneumococcal pneumonia in children currently relies on
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High density of pneumococcal colonization (ie, high bacterial
density in the nasopharynx) has been proposed as a more sensi-
tive marker for pneumococcal pneumonia than blood culture [7].

Previous studies, mostly in adults, have demonstrated an asso-
ciation between the density of pneumococcal colonization and
pneumococcal pneumonia [8-11]. Several other studies among
children evaluated the use of pneumococcal colonization density
as a marker of pneumococcal pneumonia [12-14], but these stud-
ies used surrogate end points (ie, radiographic pneumonia) for true
pneumococcal pneumonia rather than confirmed pneumococcal
pneumonia cases for the density evaluation. Although these stud-
ies suggest the use of pneumococcal nasopharyngeal (NP) den-
sity as a potential diagnostic tool for pneumococcal pneumonia,
additional data among children are needed to confirm the associ-
ation and identify a density threshold with acceptable diagnostic
accuracy. Therefore, we evaluated the utility of upper respiratory
tract colonization density as a diagnostic tool for pneumococcal
pneumonia in a large study of childhood pneumonia.

METHODS

Study Design and Case Definitions

The Pneumonia Etiology Research for Child Health (PERCH)
study is a multicountry, standardized case-control evaluation
of the etiologic agents causing severe and very severe pneumo-
nia among children in developing countries [15]. Enrollment
occurred for 24 months between August 2011 and January
2014 at each of 9 study sites in 7 countries: Dhaka and Matlab,
Bangladesh; Basse, The Gambia; Kilifi, Kenya; Bamako, Mali;
Soweto, South Africa; Nakhon Phanom and Sa Kaeo, Thailand;
and Lusaka, Zambia. Identification and selection of cases and
controls have been described elsewhere [16].

Cases were hospitalized children aged 1-59 months with
World Health Organization-defined severe or very severe
pneumonia [17]. Severe pneumonia was defined as the presence
of cough or difficulty breathing and lower chest wall indrawing;
very severe pneumonia, as cough or difficulty breathing and
21 of the following: central cyanosis, difficulty breastfeeding/
drinking, vomiting everything, convulsions, lethargy, uncon-
sciousness, or head nodding. Exclusion criteria for cases were
hospitalization within the previous 14 days, discharged as
a PERCH case within the past 30 days, residence outside the
study catchment area, or resolution of lower chest wall indraw-
ing after bronchodilator therapy for children with wheezing.

Controls were randomly selected children from the commu-
nity without severe or very severe pneumonia, were enrolled
year round, and were frequency matched to cases by age group
[16]. Controls were also matched for human immunodeficiency
virus (HIV) status at the 2 sites (Zambia and South Africa) with
high HIV prevalence. Controls with acute respiratory illness
or other mild illnesses were included only if they did not have
severe Or very severe pneumonia.

Pneumococcal Conjugate Vaccine

Pneumococcal conjugate vaccine (PCV) was in use for the
entire enrollment period in The Gambia, Kenya, Mali, and South
Africa. PCV was introduced in July 2013 in Zambia, 18 months
after enrollment started. In Bangladesh and Thailand, PCV was
available only on the private market during the study period
with almost no usage in the study areas.

Specimen Collection and Laboratory Testing

All laboratory methods were standardized across sites [18].
A flocked NP swab (flexible minitip; Copan) and a rayon oro-
pharyngeal (OP) swab specimen were collected from each case
and control and were placed into the same vial. The NP/OP
specimen was tested for pneumococcus (lytA gene target) as part
of a multiplex real-time polymerase chain reaction (PCR) assay
(FTD Respiratory Pathogens 33; Fast-track Diagnostics) per-
formed using an Applied Biosystems 7500 (ABI-7500) platform.
Standard curves for quantification were generated on an approxi-
mately 3-monthly basis and were used to calculate pathogen
density (in copies per milliliter) from the sample cycle threshold
values. Densities <10* or >10° copies/mL were outside the linear
range of the PCR assay, limiting precise density estimation.

A second NP specimen for S. pneumoniae culture was collected
simultaneously with the first swab specimen; pneumococcal iso-
lates were serotyped using Quellung reaction or latex agglutin-
ation, as described elsewhere [18]. Testing was performed at each
site, and all sites participated in external quality assurance pro-
grams for both pneumococcal PCR and serotyping [18].

Cases, but not controls, had blood collected for culture. Some
sites (Bangladesh, The Gambia, Mali, and South Africa) collected
lung aspirates from children with consolidation on chest radio-
graphs (CXRs) who met clinical and radiologic criteria for the pro-
cedure [19]. Pleural fluid was collected from cases when clinically
indicated. Lung aspirate and pleural fluid specimens were tested for
pneumococcus by means of culture and PCR; pleural fluid was also
tested for pneumococcal antigen (Binax NOW; Alere).

Definitions

Antibiotic pre-exposure was defined as either a positive
serum bioassay result (cases and controls) or documentation
of antibiotics administered at the referral or study hospital
before specimen collection (cases only) [20]. Microbiologically
confirmed pneumococcal pneumonia (MCPP) was defined, in
PERCH cases, as detection of pneumococcus from a culture of
blood, lung aspirate, or pleural fluid; by PCR of lung aspirate or
pleural fluid; or by detection of pneumococcal antigen in pleu-
ral fluid. A control was considered to have a respiratory tract
illness (RTT) if cough or runny nose were reported. RTT was also
considered present if a child had (1) ear discharge, wheezing, or
difficulty breathing and (2) either fever (temperature >38.0°C
or reported fever in the past 48 hours) or sore throat.
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CXRs were obtained at admission for cases, and each digital
image was assessed by 2 members of a panel of 14 radiologists and
pediatricians trained in the standardized interpretation of pediatric
CXRs; films with discordant conclusions were adjudicated [21, 22].
Clinical characteristics, including oxygen saturation, were assessed
on the day of enrollment. Case mortality was assessed at hospital
discharge and by contact 30 days after discharge.

Statistical Analysis

Demographic, clinical and laboratory characteristics were com-
pared by subject group using the X test. Median pneumococ-
cal colonization density was compared across groups with the
Kruskal-Wallis test. Density histograms and comparisons by
subject group were repeated among strata defined by antibiotic
exposure before NP/OP specimen collection.

An optimal density threshold for discriminating cases with
MCPP (MCPP cases) from all controls was identified using the
Youden index [23]. The optimal density threshold was also cal-
culated for MCPP cases versus the subset of controls without RTI
(non-RTI controls), and among children who were HIV negative.
To guard against bias in the estimates of sensitivity owing to a small
number of MCPP cases, the Youden index was calculated using
leave-one-out cross-validation. To characterize a potential trend
in risk associated with increasing pneumococcal density, we used
logistic regression models adjusted for age, sex, and site to evaluate
associations of pneumococcal density categories with clinical and
CXR indicators of pneumonia, and with case severity measures.

To evaluate whether elevated colonization density may iden-
tify cases with pneumococcal pneumonia among those without
MCPP, we compared known clinical and laboratory correlates of
bacterial pneumonia among cases without MCPP (non-MCPP
cases) with colonization density above versus below the identi-
fied optimal threshold. The association of elevated pneumococ-
cal colonization density with known correlates of pneumonia
was evaluated using separate logistic regression models of den-
sity above versus below the threshold as a predictor of each char-
acteristic, with adjustment for age, sex, and site. Analyses were
repeated to extend comparison of characteristics among non-
MCPP cases with density above the threshold versus all MCPP
cases, and among MCPP cases above versus below the threshold.

Ethical Considerations

The PERCH study protocol was approved by the institutional
review board or ethical review committee at each of the study
site institutions and at The Johns Hopkins Bloomberg School of
Public Health. Parents or guardians of all participants provided
written informed consent.

RESULTS

Of 4232 cases enrolled in the PERCH study, 4136 had available
S. pneumoniae colonization and density data. Of those, data on
MCPP status were available on 4091 cases (56 MCPP and 4035

non-MCPP cases); 45 cases were excluded owing to missing
data required to define MCPP status. Of 5325 controls, the anal-
ysis included 1226 controls with and 3962 without RTT in whom
S. pneumoniae colonization and density were measured by PCR
analysis of the NP/OP specimen. An additional 3 MCPP cases,
82 non-MCPP cases, 11 cases with unknown MCPP status,
and 137 controls did not have analyzable NP/OP PCR results
because of missing or insufficient samples (2.3%).

Among the 56 MCPP cases, 21% were aged 1-5 months, 23%
were 6-11 months, 30% were 12-23 months, and 25% were 24-59
months; 52% were male. Age and sex distribution were simi-
lar across MCPP, non-MCPP, and control groups (mean age, 14
months), except that a higher proportion of non-MCPP cases (41%)
were aged <6 months compared with MCPP cases (21%). Cases
with MCPP were identified at all 5 African sites (15 in The Gambia,
5 in Kenya, 24 in Mali, 5 in South Africa, and 7 in and Zambia) but
at neither of the 2 Asian sites (Bangladesh and Thailand) (Table 1).

MCPP cases were more likely to be colonized with S. pneu-
moniae (by culture or PCR, 100% [56 of 56]) compared with
non-MCPP cases (75.7% [3055 of 4035]), all controls (81.4%
[4224 of 5188]), controls with RTT (85.5% [1048 of 1226]), and
controls without RTT (80.2% [3176 of 3962]), and were more
likely to be HIV infected (23.2%) than non-MCPP cases (5.6%)
(P <.01 for each). Non-MCPP cases were more likely than those
with MCPP to have received antibiotics before NP/OP speci-
men collection (46% vs 29%; P < .01). Antibiotic use before NP/
OP specimen collection occurred in 3 of 14 MCPP cases in The
Gambia (data missing for 1), 2 of 5 in Kenya, 3 of 24 in Mali, 5
of 5 in South Africa and 3 of 6 in Zambia (data missing for 1).

Among children who had a positive density value, median
S. pneumoniae colonization density was highest in MCPP cases
(17.28 x 10° copies/mL) relative to non-MCPP cases (0.75
x 10°) and controls (0.60 x 10°) (P < .001 for each) (Table 1).
However, in South Africa, the only site where all MCPP cases
had received prior antibiotics, MCPP cases had lower median
density (0.25 x 10%) than both non-MCPP cases (0.70 x 10°)
and controls (0.77 x 10°), although differences were not statis-
tically significant. For each case and control group, the median
colonization density was lower in children with prior antibiotic
use than in those without, and lower in those with NP culture
negative versus positive for S. pneumoniae (Table 1).

Density among MCPP cases varied by site (Table 1 and
Figure 1; P < .001); median density differed by >100-fold
between the site with the highest density, Mali (35.81 x 10°
copies/mL), which that also had the highest proportion of
MCPP cases (3.6%), and the sites with the lowest density,
Kenya and South Africa (0.35 and 0.25 x 10° copies/mL), both
with 5 MCPP cases (<0.2%). Among non-MCPP cases and
controls, density distributions were similar across sites (Figure
1). Median densities were lowest in Thailand in all groups. The
all-site density distribution curves were shifted toward higher
densities in MCPP cases versus controls, but the distributions
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Figure 1. Pneumococcal colonization density by case and control group and Pneumonia Etiology Research for Child Health (PERCH) site; density was calculated by means
of polymerase chain reaction (PCR) for the /ytA gene performed on nasopharyngeal/oropharyngeal specimens from PCR-positive children. Diamonds represent group means;
horizontal lines through boxes, group medians; dashed lines, areas outside the linear range of the assay for calculation of pneumococcal density from cycle threshold values,
where there is a greater degree of uncertainty in density calculations. Boxes extend to the 25th and 75th percentiles and whiskers to minimum and maximum values. MCPP,
micrabiologically confirmed pneumococcal pneumonia; non-RTI, without respiratory tract illness.

of these groups overlapped substantially (Figure 2). The col- MCPP cases (n = 16) and controls (n = 114) exposed to antibi-
onization density distribution among MCPP cases pretreated  otics (sensitivity, 100%; specificity, 52.6%).

with antibiotics was shifted toward lower densities compared The proportion of cases and controls with densities >6.9 log, |
with MCPP cases without antibiotics before NP specimen copies/mL among those positive varied by site (Figure 3), sex,
collection. HIV status, antibiotic pre-exposure, and pneumococcal culture

The optimal colonization density threshold for discriminat- positivity (Table 2). The proportion of MCPP cases with density
ing MCPP cases from controls was >6.9 log,  copies/mL (sen- >6.9 log, copies/mL ranged from 0 of 5 in Kenya to 21 of 24
sitivity, 64.3%; specificity, 92.2%; age-, sex-, and site-adjusted (87.5%) in Mali. Across sites, this proportion was lower among
odds ratio, 17.9 [95% confidence interval 9.9-32.4]). The MCPP cases who received antibiotic pretreatment than in those
threshold was unchanged when restricted to controls without who did not (P = .04). The proportion of controls with density

RTT and when limiting the comparison to HIV-negative chil- >6.9 log,, copies/mL ranged from 1.2% in Thailand to 15.6% in
dren. When restricted to those MCPP cases (n = 40) and con- Mali.

trols (n = 5074) without prior use of antibiotics, the optimal Among all PERCH cases, high colonization density was associ-
threshold was 6.6 log,, copies/mL (sensitivity, 77.5%; specific- ated with clinical and severity measures considered suggestive of
ity, 85.3%), and it was 4.4 log = copies/mL when restricted to  bacterial pneumonia (Table 3). Increasing density was associated

MW Controls (n=5188) [ Cases with MCPP (n=56) M No prior antibiotic use (n=38) [ Prior antibiotic use (n=16)
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Figure 2. Pneumococcal colonization density distribution among cases with microbiologically confirmed pneumococcal pneumonia (MCPP) and controls (/eft) and among
cases with MCPP by prior antibiotic use (right); density was calculated by means of polymerase chain reaction for the /ytA gene performed on nasopharyngeal/oropharyngeal
specimens. Dashed lines (densities less than 4 log, copies/ml and greater than 8 log,; copies/ml) represent areas outside the linear range of the assay for calculation of
pneumococcal density from cycle threshold values, where there is a greater degree of uncertainty in density calculations.

Pneumococcal Colonization Density PERCH « CID 2017:64 (Suppl3) « S321



-
o
o

24
90

80

70

60 -

50 -

40 -

>6.9 log,, copies/ml

30 -

Percent with pneumococcal colonization density

All sites Gambia

mMCPP cases u Non-MCPP cases

Figure 3.

Kenya Mali

0

N

South Africa Zambia Bangladesh Thailand

R All controls # RTI controls =Non-RTI controls

Percentage of children with nasopharyngeal/oropharyngeal pneumococcal colonization density >6.9 log,, copies/mL among positives, by site and case and con-

trol group; density was calculated by means of polymerase chain reaction for the /ytA gene performed on nasopharyngeal/oropharyngeal specimens. Numbers above bars
represent the number of microbiologically confirmed pneumococcal pneumonia (MCPP) cases at the site. RTI, respiratory tract illness.

in a dose-dependent manner with very severe pneumonia, white
blood cell count >15/uL, C-reactive protein (CRP) > 40 mg/L. and
coinfection with any virus for which testing was performed. CXR-
confirmed pneumonia, consolidation on CXR, HIV infection,
oxygen saturation <92% with room air, and respiratory syncytial
virus coinfection were all associated with density >6.9 log,  copies/
mL, but without clear evidence of increasing strength of associa-
tion with increasing densities.

Compared with MCPP cases with density <6.9 log,  copies/
mlL, those with density >6.9 log, copies/mL had higher fre-
quencies of very severe pneumonia and fatal outcome, and
lower frequencies of prior antibiotic use, CXR-confirmed
pneumonia, and consolidation on CXR (Table 4), but these dif-
ferences were not statistically significant. Among non-MCPP
cases, those with density >6.9 log, copies/mL (n = 500; 12.4%)
were more likely than those below the threshold to have very
severe pneumonia, CXR-confirmed pneumonia, consolida-
tion on CXR, oxygen saturation <92%, HIV infection, CRP
240 mg/L, or any virus coinfection, and they were less likely
to have been previously treated with antibiotics. MCPP cases,
regardless of colonization density, were similar to non-MCPP
cases with density >6.9 log,  copies/mL, for frequency of ele-
vated white blood cell count, oxygen saturation <92%, prior
antibiotic use, or any virus coinfection, but they were more
likely to be HIV positive or to have very severe pneumonia,
CXR-confirmed pneumonia, alveolar consolidation on CXR,
CRP >40 mg/L, or fatal outcomes, after adjustment for age,
sex, and site.

The serotype of the invasive pneumococcal isolate was
available for 46 (98%) of 47 culture-positive MCPP cases, and
that of the NP isolate was available for all 44 NP culture-pos-
itive MCPP cases. One MCPP case infected with serotype
18C, although NP culture-positive, was PCR negative for

pneumococcus, so density could not be determined. Of 43 with
serotype data for both the NP and invasive isolate and PCR
data, 32 (72.7%) had matching invasive and NP serotypes, with
18 serotypes represented, including both vaccine and nonvac-
cine serotypes (Figure 4). Although the number of MCPP cases
with each identified serotype was small (1-4 per serotype), the
distribution of colonization densities seemed similar by sero-
type. However, the 2 MCPP cases infected with serotype 13
and serotype 14 had colonization densities <6.9 log  copies/
mL; neither had received prior antibiotics. For serotypes iden-
tified in 210 controls, the percentages of controls with density
>6.9 log,, copies/mL were similar across serotypes and ranged
from 2.3% to 15.6% (Figure 4), equivalent to 84.4% to 97.7%
specificity.

DISCUSSION

In the PERCH study, pneumococcal colonization density was
significantly higher among children with MCPP than among
other pneumonia cases or community controls. The strength of
the association increased with increasing colonization density,
with an optimal density threshold of >6.9 log, copies/mL (64%
sensitivity, 92% specificity) to distinguish MCPP cases from
controls, but performance varied by site. The optimal threshold
was lower (24.4 log, / copies/mL; 100% sensitivity, 52.6% speci-
ficity) for children treated with antibiotics before specimen col-
lection. Pneumococcal colonization density was associated in a
dose-dependent manner with characteristics regarded as sug-
gestive of bacterial pneumonia (alveolar consolidation on CXR,
very severe pneumonia, and elevated CRP levels).
Pneumococcal colonization density was also was found to
divide PERCH cases along a spectrum of disease severity from
MCPP cases; MCPP cases with density >6.9 log  copies/mL
had the greatest proportion with very severe pneumonia and
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Table 2.  Proportion of Children With NP/OP Pneumococcal Colonization Density >6.9 Log,  Copies/mL by Case and Control Group and Characteristics®

MCPP Cases Non-MCPP Cases All Controls RTI Controls Non-RTI Controls
Density >6.9
Density >6.9 Log,, Density >6.9 Log,, Density >6.9 Log,, Density >6.9 Log,, Log,, Copies/
Characteristic No. Copies/mL, No. (%) No. Copies/mL, No. (%) No. Copies/mL, No. (%) No. Copies/mL, No. (%) No. mL, No. (%)
Overall 56 36 (64.3) 4035 500 (12.4) 5188 404 (7.8) 1226 120 (9.8) 3962 284 (7.2)
Age, mo
1-5 12 9 (75.0) 1660 199 (12.0) 1619 138 (8.5) 304 33 (10.9) 1315 105 (8.0)
6-11 13 8 (61.5) 920 120 (13.0) 1240 92 (7.4) 319 34 (10.7) 921 58 (6.3)
12-23 17 12 (70.6) 894 123 (13.8) 1268 87 (6.9) 345 25 (72) 923 62 (6.7)
24-59 14 7 (50.0) 561 58 (10.3) 1061 87 (8.2) 258 28 (10.9) 803 59 (7.3)
Sex
Male 29 17 (58.6) 2311 265 (11.5)° 2602 193 (7.4) 617 58 (9.4) 1985 135 (6.8)
Female 27 19 (70.4) 1724 235 (13.6)° 2585 211 (8.2) 609 62 (10.2) 1976 149 (7.5)
HIV infected
Yes 13 9(69.2) 225 42 (18.7)° 212 25 (11.8)° 45 6(13.3) 167 19 (11.4)°
No 35 22 (62.9) 3453 389 (11.3)° 4388 300 (6.8)° 981 78 (8.0) 3407 222 (6.5)°
PCV vaccinated®
Yes 36 24 (66.7) 2050 270 (13.2) 2562 214 (8.4) 575 64 (11.1) 1987 150 (7.5)
No 12 8 (66.7) 608 99 (16.3) 482 51 (10.6) 127 21 (16.5) 855} 30 (8.5)
Prior antibiotic use
Yes 16 7 (43.8) 1861 140 (75)° 114 5 (4.4) 32 1(3.1) 82 4(4.9)
No 38 27 (71.1) 2038 347 (17.0)° 4648 376 (8.1) 1082 111 (10.3) 3566 265 (7.4)
NP culture positive for pneumococcus
Yes 44 33 (75.0)° 2099 436 (20.8)° 3559 368 (10.3)° 908 110 (12.1)° 2651 258 (9.7)°
No 12 3(25.0° 1894 56 (3.0)° 1585 28 (1.8)° 301 5 (1.7)° 1284 23 (1.8)°
Pneumococcus col- 56 36 (64.3) 3055 500 (16.4) 4224 404 (9.6) 1048 120 (11.5) 3176 284 (8.9)
onized (culture or
PCR positive)

Abbreviations: HIV, human immunodeficiency virus; MCPP. microbiologically confirmed pneumococcal pneumonia; NP nasopharyngeal; OF, oropharyngeal; PCR, polymerase chain reaction
for lytA gene; PCV, pneumococcal conjugate vaccine; RTI, respiratory tract illness.

#Pneumococcal colonization density calculated by PCR for the /ytA gene performed on NP/OP specimens in PCR-positive children.

°P < .05 for comparison of proportion with pneumococcal colonization density >6.9 log,, copies/mL by sex (non-MCPP case group), HIV (non-MCPP case group, all controls, and non-RTI
controls), prior antibiotic use (non-MCPP case group), and NP culture positive (MCPP and non-MCPP case groups, all controls, RTI controls, and non-RTI controls).

°PCV vaccinated was defined as >1 dose (restricted to Kenya, Gambia, Mali, and South Africa).

fatal outcomes, followed by MCPP cases with density <6.9 log . (LRTT), which showed that pneumococcal colonization density
non-MCPP cases with density >6.9 log, , and non-MCPP cases was associated with the presence of respiratory viruses [10].

<6.9 log,, who had the lowest proportion with these charac- In a case-control study such as the PERCH study, we cannot
teristics. The association of colonization density with disease  assess the potential causal role of viral infection increasing
severity was observed in a previous study among HIV-infected pneumococcal density or even whether viral infection preceded
adults with pneumonia in South Africa [24] but has not been pneumococcal colonization. Longitudinal cohort studies, such
reported among children. as the Drakenstein study [29], are more suited to address this
Viral infections, especially influenza, have previously been question.
associated with pneumococcal pneumonia and invasive pneu- Our findings in children are similar to the reported asso-
mococcal disease in human studies [25, 26] and animal models ciation between pneumococcal colonization density and
[27, 28]. We found that high pneumococcal colonization den- confirmed pneumococcal pneumonia in adults [8, 9, 11, 30].
sity was associated with virus detection in the upper respiratory ~ Studies among children have found that higher colonization
tract, and this finding was explained in part by respiratory syn- density was associated with alveolar consolidation on CXR [12-
cytial virus coinfection. This finding may indicate that upper 14], a proxy for pneumococcal pneumonia. In a study among

respiratory infection with viral pathogens enhanced the density 550 children hospitalized with LRTT in Vietnam [12], cases with
of pneumococcal colonization, but it does not directly address ~ consolidation on CXR had higher median NP pneumococcal
whether these copathogen infections are themselves related  density at PCR (6.9 log, copies/mL) than others with LRTT (6.1
to the lower respiratory tract disease. Our finding is consist- log,, copies/mL) and community controls (5.9 log,, copies/mL).
ent with a recent study in South Africa among hospitalized These studies did not identify a colonization density threshold
adults and children with acute lower respiratory tract infection that reliably predicted radiographically confirmed pneumonia.
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Table 3. Associations of Increasing Pneumococcal Colonization Density
With Clinical and Severity Measures Among All Cases®

Density, Log,, Adjusted OR
Outcome Copies/mL (95% CI)° PValue®
CXR positive® 0 1.00
1to<4 0.89 (.68-1.16) 58
4t0<6.9 1.09 (.92-1.28) .32
>6.9 1.53 (1.19-1.97) <.01
Consolidation on CXR 0 1.00
1to <4 0.86 (.62-1.20) .38
4t0<6.9 1.13 (.92-1.39) .23
>6.9 1.99 (1.48-2.69) <.001
Very severe pneumonia 0 1.00
1to<4 1.26 (.97-1.64) .09
410<6.9 1.20 (1.01-1.42) .03
>6.9 1.62 (1.27-2.07) <.001
HIV infected 0 1.00
1to <4 1.01 (.60-1.70) .96
410<6.9 0.94 (.67-1.31) 72
>6.9 2.01 (1.30-3.10) <.01
WBC count >15/uL 0 1.00
1to <4 1.02 (.79-1.32) .88
410<6.9 1.32 (1.13-1.565) <.001
>6.9 1.45 (1.14-1.85) <.01
CRP >40 mg/L 0 1.00
1Tto<4 0.91 (.66-1.27) .69
410<6.9 1.74 (1.43-2.12) <.001
>6.9 3.59 (2.74-4.71) <.001
Oxygen saturation <92% with 0 1.00
room air 1to <4 1.02 (.75-1.39) .88
4t0<6.9 1.02 (.84-1.24) .84
>6.9 1.51 (1.14-2.02) <.01
Death 0 1.00
Tto<4 0.75 (.49-1.16) .20
410<6.9 0.54 (.41-72) <.001
>6.9 0.95 (.66-1.38) .80
Virus coinfection® 0 1.00
1to<4 1.18 (.83-1.69) .36
410 <6.9 1.44 (1.15-1.80) <.01
>6.9 1.92 (1.27-2.89) <.01
RSV coinfection 0 1.00
1to<4 1.24 (.97-1.60) .09
410<6.9 0.86 (.74-1.00) .05
>6.9 1.30 (1.03-1.65) .03
Influenza coinfection® 0 1.00
1to <4 1.90 (1.26-2.87) <.01
410 <6.9 1.10 (.82-1.48) .52
>6.9 1.06 (.66-1.71) .81

Abbreviations: Cl, confidence interval; CRP, C-reactive protein; CXR, chest radiograph; HIV,
human immunodeficiency virus; OR, odds ratio; RSV, respiratory syncytial virus; WBC,
white blood cell;

#Pneumococcal colonization density calculated from polymerase chain reaction (PCR) for
the lytA gene on nasopharyngeal/oropharyngeal specimens.

°ORs and P values calculated from a multivariable logistic regression model of categorical
density as a predictor of each outcome, with adjustment for age, sex, and site.

°CXR positive defined as radiographic evidence of pneumonia (consolidation and/or other
infiltrates).

4Virus coinfection defined as positive for any virus tested by PCR of the nasopharyngeal/oro-
pharyngeal specimen (including influenza A, B, or C; parainfluenza viruses 1, 2, 3, or 4; coro-
navirus NL63, 229E, OC43, or HKU1; human metapneumovirus A or B; human rhinovirus;
RSV A or B; adenovirus; enterovirus/parechovirus; human bocavirus; and cytomegalovirus).
®Influenza A, B, or C.

A study among children and adults hospitalized with acute
LRTI in South Africa found that invasive pneumococcal pneu-
monia was associated with increased colonization density; cases
with density >1000 copies/mL had 18 times greater odds of
invasive pneumococcal pneumonia than colonized cases with
density <1000 copies/mL [10]. The South African study defined
invasive pneumococcal pneumonia by detection of S. pneurmo-
niae by PCR in the blood, a diagnostic not used in our study
owing to poor specificity [31, 32]. We found that the best-per-
forming threshold (6.9 log,, [10*°] copies/mL) was much higher
than that suggested by the South African study, but comparison
of density thresholds between studies is limited by methodo-
logic differences.

The association of pneumococcal colonization density with
MCPP does not indicate its utility for patient care. Even in a
population with a relatively high prevalence of pneumococcal
disease (eg, children hospitalized with pneumonia), the positive
predictive value would probably be too low to influence clinical
decision making. In settings with lower pneumococcal disease
prevalence (eg, countries using PCV), the positive predictive
value would be even lower. Although the negative predictive
value may be relatively high, it would not be high enough to
justify withholding antibiotics in hospitalized children with
clinical or radiographic evidence suggestive of bacterial pneu-
monia. Furthermore, to be useful in a clinical setting, local data
on the pneumococcal colonization density distribution would
be needed, and patient assessment would have to account for
antibiotic pretreatment.

Although our findings are strengthened by the large study
size, 7 country sites, and systematic enrollment of well-charac-
terized cases and controls using standardized clinical criteria
and laboratory procedures, there were limitations. The number
of MCPP cases limited stratified analyses by study site and pneu-
mococcal serotype and prevented calculation of site-specific
density thresholds. The findings were largely driven by cases
from the 3 sites with the most MCPP cases (The Gambia, Mali,
and Zambia). Despite previous evidence of substantial pneu-
mococcal disease burden in children in Bangladesh [33, 34]
and Thailand [35, 36], no MCPP cases were identified among
enrolled PERCH cases in either of those sites, limiting the eval-
uation of this threshold at those sites. However, Bangladesh and
Thailand did have cases with colonization density above the
threshold, the proportion of which in Bangladesh exceeded that
in Kenya and Zambia.

The association between pneumococcal pneumonia and
colonization density was derived using MCPP cases, but the
potential application as a diagnostic assay would be most
important to identify cases without pneumococcal detec-
tion from blood or other sterile body fluid, which represent
the majority of cases with pneumococcal pneumonia [6].
Therefore, the sensitivity of the 6.9 log, copies/mL threshold
for detecting pneumococcal pneumonia may be lower than we
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Table 4. Characteristics by Pneumococcal Colonization Density Among Cases With or Without MCPP?

Cases, No. (%)

Adjusted OR® (95% Cl)

Group A: Group B:
Non-MCPP Non-MCPP Group D: MCPP  Group E: MCPP Group B Group E
<6.9 Log,, >6.9 Log,, Group C: <6.9 Log,, >6.9 Log,, Vs Group C vs D (Reference)
Copies/ Copies/ All MCCP Copies/mL Copies/mL A (Reference)  vs B (Reference) OR®
Characteristic mL (n = 3535) mL (n = 500) (n =56) (n =20) (n = 36) (95% ClI)
Age, mo
1-5 1461 (41) 199 (40) 12 (21) 3(15) 9 (25)
6-11 800 (23) 120 (24) 13 (23) 5 (25) 8(22)
12-23 771 (22) 123 (25) 17 (30) 5 (25) 12 (33)
24-59 503 (14) 58 (12) 14 (25) 7 (35) 7 (19)
Male sex 2046 (58) 265 (563) 29 (52) 12 (60) 17 (47)
Site
Gambia 497 (14) 94 (19) 15 (27) 5 (25) 10 (28)
Kenya 595 (17) 31 (6) 5 (9) 5 (25) 0 (0)
Mali 492 (14) 155 (31) 24 (43) 3(15) 21 (58)
South Africa 801 (23) 107 (21) 5 (9) 3 (15) 2 (6)
Zambia 495 (14) 47 (9) 7 (13) 4 (20) 3(8)
Thailand 219 (6) 3(1) 0(0) 0(0) 0(0)
Bangladesh 436 (12) 63 (13) 0(0) 0(0) 0(0)
Very severe 1106 (31) 196 (39) 32 (57) 8 (40) 24 (67) 143 (1.16-1.77) 1.95 (1.04-3.65) 3.00 (.97-9.30)
pneumonia
HIV infected 183 (5) 42 (8) 13 (23) 4 (20) 9 (25) 2.00 (1.37-2.91) 3.95(1.61-9.69) 1.33 (.34-5.20)
CXR positive® 1586 (45) 251 (560) 38 (68) 19 (95) 19 (63) 1.44 (1.16-1.78)  4.37 (1.75-10.89) —
Consolidation 755 (21) 149 (30) 32 (57) 16 (80) 16 (44) 1.81 (1.40-2.34) 6.30 (2.43-16.35) —
vs normal
CXR
WBC count 1270 (38) 179 (38) 26 (48) 12 (63) 14 (40) 1.17 (.96-1.44) 172 (.94-3.13)  0.39 (.12-1.23)
>15/ul
Oxygen satura- 916 (30) 176 (39) 21 (40) 6 (32) 15 (44) 1.55(1.21-1.99) 1.02 (62-2.01)  1.71 (.53-5.57)
tion <92%
with room
air
CRP >40 mg/L 754 (25) 191 (44) 40 (82) 16 (84) 24 (80) 2.53(2.03-3.16) 3.36 (1.52-741) 0.75 (.16-3.44)
Prior antibiotic 1721 (50) 140 (29) 16 (30) 9 (45) 7 (21) 0.46 (.36-.58) 1.16 (.63-2.52)  0.32 (.09-1.06)
use
Any virus 3120 (88) 468 (94) 53 (95) 19 (95) 34 (94) 1.71 (1.17-2.50) 1.41 (.39-5.13)  0.90 (.08-10.53)
coinfection®
Death 278 (9) 54 (12) 14.(27) 2(11) 12 (36) 1.20 (.89-1.68) 2.24 (1.07-4.72) 4.57 (.89-23.37)

Abbreviations: Cl, confidence interval; CRRE, C-reactive protein; CXR, chest radiograph; HIV, human immunodeficiency virus; OR, odds ratio; WBC, white blood cell.

#Pneumococcal colonization density calculated from polymerase chain reaction (PCR) for the lytA gene on nasopharyngeal/oropharyngeal specimens (PCR-negative cases included).

°ORs calculated from a logistic regression model of case group as a predictor of each characteristic. All models were adjusted for age, sex, and site, except for the group E vs D comparison,
where the sample size was too small for adjustment. ORs are undefined for the group E vs D comparison for CXR positive and consolidation on CXR (P = .03 for each; Fisher exact test)
and were not calculated for covariates (age, sex, and site).

°CXR positive defined as radiographic evidence of pneumonia (consolidation and/or other infiltrates).

dVirus coinfection defined as positive for any virus tested by PCR of the nasopharyngeal/oropharyngeal specimen (including influenza A, B, or C; parainfluenza virus 1, 2, 3, or 4; corona-
virus NLB3, 229E, OC43, or HKU1; human metapneumovirus A and B; human rhinovirus; respiratory syncytial virus A or B; adenovirus; enterovirus/parechovirus; human bocavirus; and

cytomegalovirus).

estimated based on the MCPP cases. Finally, our study design
did not allow assessment of the temporal relationship of colo-
nization density with MCPP. Our analysis aimed not to assess
causality but rather to identify a diagnostic adjunct to improve
pneumococcal case detection over detection from invasive
specimens alone. In addition to study limitations, there are
limitations inherent to the measurement of pneumococcal
colonization density. Although the PERCH study made great
efforts to standardize specimen collection [37] there was no

way to standardize the specimen volume taken from the NP/
OP space. Higher specimen volume resulting from, for exam-
ple, coryza could increase measured colonization density.

Our findings provide strong evidence for the relationship
between pneumococcal colonization density and pneumococ-
cal pneumonia in children. Pneumococcal colonization den-
sity seems to improve detection of pneumococcal pneumonia
beyond blood culture, which though highly specific, is insen-
sitive and available only in settings with good microbiology
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Figure 4.

Pneumococcal colonization density by serotype of the invasive isolate among cases with microbiologically confirmed pneumococcal pneumonia (MCPP) or the

colonizing isolate among all controls; density calculated by means of polymerase chain reaction for the /ytA gene (copies/mL) performed on nasopharyngeal/oropharyngeal
specimens. MCPP cases are limited to those for which the serotype of the invasive isolate was the same as that of the colonizing isolate. Shaded areas indicate areas outside
the linear range of the assay for calculation of pneumococcal density from cycle threshold values, where there is a greater degree of uncertainty in density calculations.

capacity. However, the sensitivity of colonization density
remains suboptimal, limiting its utility in clinical settings at the
individual case level.
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