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Abstract

Background: This study aimed to investigate the association between exposure to diverse indoor microbial aerosols
and lower respiratory tract infections (LRTI) among children aged 1 to 59 months in Ibadan, Nigeria.

Methods: One hundred and seventy-eight (178) hospital-based LRTI cases among under-five children were matched
for age (&3 months), sex and geographical location with 180 community-based controls (under-five children without
LRTI). Following consent from caregivers of eligible participants, a child’s health questionnaire, clinical proforma and
standardized home-walkthrough checklist were used to collect data. Participant homes were visited and sampled for
indoor microbial exposures using active sampling approach by Anderson sampler. Indoor microbial count (IMC), total
bacterial count (TBC), and total fungal count (TFC) were estimated and dichotomized into high (>median) and low
(< median) exposures. Alpha diversity measures including richness (R), Shannon (H) and Simpson (D) indices were also
estimated. Conditional logistic regression models were used to test association between exposure to indoor microbial
aerosols and LRTI risk among under-five children.

Results: Significantly higher bacterial and fungal diversities were found in homes of cases (R=3.00; H=1.04; D=2.67
and R=2.56; H=0.82; D=2.33) than homes of controls (R=2.00; H=0.64; D=1.80 and R=1.89; H=0.55; D=1.88)

p <0.001, respectively. In the multivariate models, higher categories of exposure to IMC (aOR=2.67, 95% Cl 1.44-4.97),
TBC (@OR=2.51,95% Cl 1.36-4.65), TFC (@OR=2.75, 95% Cl 1.54-4.89), bacterial diversity (aOR=1.87,95% C| 1.08-
3.24) and fungal diversity (a@OR=3.00, 95% Cl 1.55-5.79) were independently associated with LRTI risk among under-
five children.

Conclusions: This study suggests an increased risk of LRTI when children under the age of five years are exposed to
high levels of indoor microbial aerosols.
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Introduction
The microbiota of the indoor environment is an assem-
blage of a wide range of microorganisms including bac-
teria, fungi, viruses, archaea, and protists [1, 2]. These
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the processes and features that structure the microbiota
within the indoor environment may provide clues to
improve children’s health. The increasing interest in the
microbiota of the built environment is largely due to the
wider recognition that exposures to microbes within the
residential indoor environment are associated with a vast
number of adverse health outcomes, including infec-
tious diseases such as lower respiratory tract infections
(LRTTs), allergies and cancer [2]. In addition, studies sug-
gest that certain indoor microbial communities can have
beneficial health impacts, which has sparked interest in
how to shape the indoor microbiota and design effective
interventions [4].

Determining the risk factors for LRTI in infants and
young children is important because LRTIs including
pneumonia and bronchitis contributes largely to the bur-
den of childhood morbidity and mortality [5], therefore
posing a major public health challenge in sub-Saharan
Africa [6]. An estimated 921,000 children died of LRTI in
2015, and more than 95% of these deaths occur in low-
and-middle income countries (LMIC) predominantly
South Asia and sub-Saharan Africa [7, 8]. In 2017 com-
munity-acquired LRTI was the single largest cause of
under-five mortality, accounting for 140,520 (19%) deaths
in Nigeria [9]. This number is the highest in Africa and
the third highest estimated number of childhood death
from LRTTI in the world [10].

Several epidemiological studies have reported a strong
relationship between occupant density, human activity
and microbial burden within the indoor environment
[11, 12]. Due to this association, under-five children are
more likely at risk of LRTIs because they spend a con-
siderable proportion of time in the indoor environment
during a period of intense growth and development of
the immunologic and respiratory systems [13]. Unrave-
ling exposure—response relationships between the indoor
microbial aerosols and LRTI among under-five children
is an important step to disease prevention. Despite the
increasing evidence that microbial diversity might con-
tribute stronger to health effects than the abundance of
single components [14, 15], the majority of the available
studies focused on individual microbial entities. A recent
systematic review [16] showed that the majority of stud-
ies that aimed at investigating the association between
exposure to indoor bacterial and/or fungal communities
and LRTT have used proxy measures such as self-reported
presence of visible moulds [17, 18], while only very few
have attempted to quantify microbial exposures [19, 20].

Despite the high burden of LRTI among under-five
children in LMIC, there is a paucity of studies exploring
exposure—response relationships between indoor micro-
bial communities and LRTI, especially in sub-Saharan
Africa. Therefore, this study investigated the association
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between exposure to diverse indoor microbial aerosols
and lower respiratory tract infections (LRTI) among chil-
dren aged 1 to 59 months in Ibadan, Nigeria.

Materials and methods

Study setting and design

The study was carried out in Ibadan which is the third
largest city in Nigeria in terms of population density with
a total population of over 6 million people within met-
ropolitan area [21]. LRTI cases (n=178) were recruited
from three health facilities in Ibadan viz: Otunba-Tun-
wase Children Emergency Clinic of the University Col-
lege Hospital (a 500-bed tertiary health institution and a
major referral health centre in Southwest Nigeria), Ade-
Oyo Maternity Teaching Hospital (a state-owned general
hospital mostly patronized by residents of Ibadan, espe-
cially those from low and middle socioeconomic status);
and Oni-memorial Children Hospital (a secondary health
institution that provides health care services exclusively
for children 12 years of age and below). Eligible controls
(n=180) were identified from the same community as
the cases and recruited after obtaining consent. These
communities, all located in Ibadan, represented the 11
local government areas in Ibadan with majority of cases
and controls from Bodija, Apete, Apata, Agbowo, Olomi,
Ashi, Yemetu, Oluyole, and Oke-Ado. Most of these com-
munities are semi-urban with medium density residential
areas inhabited majorly by the Yoruba speaking popula-
tion comprising individuals and households in the low
and middle socioeconomic class.

Definition and selection of cases and controls

The study employed a case—control design, where cases
(under-five children with LRTI) were age (£3 months),
sex and geographical location matched to controls
(under-five children without LRTI). The details of the
study protocol, and recruitment procedures have been
published elsewhere [22].

At the presenting hospital, children were screened and
those who met the eligibility criteria (<5 years of age;
admitted for LRTI; and residing in Ibadan), and whose
caregivers gave consent, were included in the study.
Diagnosis of LRTI in children was carried out by a doc-
tor based on chest radiography including the presence of
one or more of the chest radiographic features of patchy,
segmental, or lobar consolidation; 4+/— a positive air
bronchogram; and +/— pleural effusion. Matchable con-
trols were primarily recruited from the same community
where the cases reside during follow-up of cases. The
approach used in the identification and recruitment of
community controls was that the caregivers of recruited
cases were asked to identify a neighbour whose child is of
the same age group and sex as the case. Then, screening



Fakunle et al. BMC Pulmonary Medicine (2022) 22:471

of potential controls at the community was performed
by the same doctor that assessed the cases for the pres-
ence/absence of respiratory signs and symptoms. There-
fore, for every case of LRTI recruited from the hospitals,
an age/sex matched control was identified, assessed by
a doctor, and confirmed to not have LRTI and/or any
of the respiratory signs (such as fast breathing, respira-
tory crackles, intercostal recession, and lower chest wall
indrawing) and symptoms (such as cough, fever, wheez-
ing and difficulty in breathing) in the past 30 days [20,
23]. We chose this extended period of no signs or symp-
toms to ensure that controls were not likely to be in the
pre-clinical, asymptomatic stage of an acute infection.
Cases with other systemic illnesses such as measles,
symptomatic congenital heart disease, congenital mal-
formation, or Acquired Immune Deficiency Syndrome
(AIDS) and those that presented symptoms of measles
or pertussis in the preceding 10 days were excluded from
the study at the data collection phase to avoid outcome
definition bias. Similarly, controls hospitalized for res-
piratory or allergic conditions or with complaints of an
LRTTI in the past 30 days were excluded from the study.

Data collection and procedure

The caregivers of recruited cases and controls were inter-
viewed by trained public health personnel using a struc-
tured questionnaire modified from a previously validated
child health questionnaire to obtain basic demographic,
household and family characteristics [24]. In addition,
the health status of the child was determined by a trained
nurse using a clinical proforma.

Clinical and health data

A clinical proforma (Additional file 1: Table S1) was used
to collect vital health information about the child such as
breastfeeding status/duration, immunization status/vac-
cine received, anthropometric measurements, respira-
tory symptoms/signs, severity of LRTI/other diagnosis,
x-ray findings, and outcome of hospital admission.

Home walkthrough assessments

After enrollment, a relative of cases led the study team
to their homes within 24 h for home survey and envi-
ronmental monitoring during which a matchable control
from within the same community as the case was iden-
tified and recruited. A validated walkthrough checklist
[25] was used by trained inspectors to document real-
time observations on housing conditions (including
type of house, material used in the construction of roof,
walls and floor, presence of doors and windows, visible
mould growth and dampness or moisture on surfaces)
and household characteristics (such as house ownership,
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type of cooking and heating energy sources used, num-
ber of rooms, occupancy, number of tobacco smok-
ers, and keeping of pets). The cooking and heating fuels
used in the households were classified as clean (electric-
ity and liquid petroleum gas (LPG)) and dirty (kerosene
and wood) and those households that used a combina-
tion of clean and dirty fuels were classified as mixed fuel
[25]. Occupant density was defined as the total number
of occupants divided by the total number of rooms pre-
sent. The presence of visible water stain/dampness was
defined as any sign of moisture damage on the roof, walls
or housing materials at the participating child’s sleeping
area while visible mould growth was said to be the pres-
ence of mould growth on moist surfaces within the house
or the smell of mouldy odour.

Indoor environmental monitoring and microbial
estimation

Indoor environmental conditions

Indoor air temperature and relative humidity (RH) were
monitored in homes of recruited cases and controls using
EXTECH datalogger model 42270. The datalogger was
installed in the homes of cases and controls for 24 h, and
the readings were retrieved using TRLog software ver-
sion 4.0 (FLIR Commercial Systems Inc., Townsend West,
Nashua, NH, USA).

Air sampling and microbiological analysis

The concentration of indoor air bacteria and fungi was
estimated by collecting air samples in homes of cases and
controls using a BioStage Anderson air sampler equipped
with 90 mm petri dish containing agar medium [Nutri-
ent, Blood, and McConkey Agar for bacteria isolates and
Saboraud Dextrose Agar (SDA) for fungi isolates] pre-
pared according to the manufacturer’s specifications. All
samples were collected within 24 h after identification
and recruitment of the participants. Samples were col-
lected in the daytime at about 1.5 m height (to simulate
the location of the breathing zone) in the room where the
child sleeps/plays, at an air flow rate of 28.3 +2 1/min for
15 min [26]. Collected samples were then stored in an ice
pack and transferred to the laboratory within 24 h before
incubation. Cultures on Nutrient, Blood, and McConkey
Agar were incubated using a microbiological incubator
at 3542°C for 48 h while SDA plates were incubated at
room temperatures for 5 days with daily observation. The
number of colonies on all agar media were counted using
a Quebec darkfield colony counter (Cambridge Instru-
ments, Inc., Buffalo, NY). The total bacterial count (TBC)
and total fungal count (TFC) were estimated as colony-
forming units per cubic metre (cfu/m3) using the formula
[27]:
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[Total bacterial/fungal colonies x 103] 1)

Total bacterial/fungal count (cfu/ m3) =

[Air flow rate x time (minutes)]

Afterwards, the identification and classification of colo-
nies was performed to obtain distinct specie of the organ-
isms. The identification of bacterial isolates were carried
out based on their colonial morphology, cellular mor-
phology and biochemical characteristics [28]. The fungal
isolates were characterized and identified based on their
macroscopic and microscopic characteristics [29]. The
indoor microbial count (IMC) was estimated based on
the mathematical model below:

k
Indoor Microbial count: IMC (cfu/mg) = Z mi=m+my+ -+ my
i=1

()
where “M” is the total count (cfu/m?) for the individual
bacterial and fungal species “i” and “k” is the last bacte-
rial/fungal species identified.

Microbial alpha-diversity measures

Exposure to indoor microbial aerosols in this study was
defined in terms of the IMC and the microbial alpha-
diversity indices as described below.

The microbial richness (R), Shannon diversity index
(H) and Simpson’s diversity index (D), were estimated
based on the individual distinct species of bacteria and
fungi identified representing distinct species. Species
richness, R defined as the number of species per sample
was estimated using the formula:

Species richness (R) = n/N (3)

where ‘n’ is the number of species and ‘N’ is the number
of individual microorganisms in the sample.

The Shannon diversity index, H, was used as a meas-
ure of species evenness. Species evenness refers to how
close in numbers each species in a sample is.

k
Shannon’s diversity index (H) = Z pi(ln pi) (4)
i=1

where p is the proportion (n/N) of individuals of one
particular species found (n) divided by the total number
of species found (N), “/n” is the natural log, and k is the
number of species.

To obtain the Simpson’s diversity index (D), the pro-
portion of bacterial and fungal species “i” relative to
the total number of bacteria and fungi genera (p;) was
calculated and squared. The squared proportions for all

the microbial species were summed, and the reciprocal
taken as indicated in Eq. 4 below:

2 ’ i3 . . ].
Simpson’s diversity index (D) = ———— (5)

x .
Zi:l Pl2

where “i” is the proportion of bacterial and fungal species
and (p,) is the total number of bacteria and fungi genera.

Statistical analysis

All data from completed child health questionnaires,
clinical proforma, household walkthrough checklists and
indoor air sample results were entered into Excel spread-
sheets. Data were subjected to logic checks to ensure
validity and consistency. A validated and complete data-
set was exported to Stata SE 12.0, and R statistical pro-
gram (version 4.0.0) for further analyses.

We analyzed the associations between microbial expo-
sures and case status using conditional logistic regression
with adjustment for potential confounders that were not
used in the matching. The exposure variables including
microbial counts (IMC, TBC, and TFC), microbial rich-
ness and Simpson’s diversity index were dichotomized at
the median to define high and low exposures. The multi-
ple logistic regression models included covariates based
on the hypothesized connection in the directed acyclic
graph (DAG) (Fig. 1). The individual circle in the DAG
connotes an individual exposure (node) of theoretical rel-
evance. The association of interest is the link represented
by the green arrow connecting indoor microbial aero-
sols and LRTI. Age and sex (blue nodes) are theoretically
causally associated with the outcome alone (ancestors
of outcome). The other exposure (red node) is theoreti-
cally causally associated with both the exposure and the
outcome. Therefore, housing tenure, season, occupant
density, keeping pets, season, history of LRTI, cooking
fuel and environmental tobacco smoking were identified
as variables requiring adjustment. We further assessed
associations between risk factors and case status using
McNemar’s test for paired categorical outcomes. We
analysed differences in the distribution of IMC, TBC and
TEC of cases and controls using Mann Whitney U test.
Correlation between the microbial counts (IMC, TBC
and TFC), alpha-diversity indices and environmental
variables among cases and controls were assessed using
Spearman’s rank correlation analysis.

Conditional likelihood was employed to estimate the
odds ratios (ORs) and 95% confidence intervals (CIs) in
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Fig. 1 Directed acyclic graph (DAG) demonstrating causal relationships affecting the association between exposure to indoor microbial aerosols
and lower respiratory tract infections (LRTI). ETS environmental tobacco smoke, RH relative humidity, DAG was created using http://www.dagitty.

net/

eight models. All statistical tests of hypotheses are two-
sided with a p value <0.05 considered significant.

Results

Boys (60.1%) more frequently presented with LRTI than
girls. The median (IQR) age of participants was 5 (6)
months (Table 1). Notably, more cases (15.7%) had a pre-
vious history of LRTI than controls (9.0%). In addition,
the proportion of subjects with one or more under-five
siblings was greater among cases (94.4%) than controls
(86.5%) and a smaller proportion of cases (69.1%) com-
pared to control (84.2%) were exclusively breastfed.
Fewer mothers of cases had a secondary education
(36.0%) compared to controls (46.1%) and the proportion
of any smoker between cases and controls was signifi-
cantly different (11.2% vs 5.1%; p=0.03).

Occupant density>5 (33.1% vs 19.1%; p=0.01), pres-
ence of visible dampness (11.2% vs 2.2%; p<0.001), and
presence of visible moulds (21.9% vs 3.9%; p=0.001)
differed significantly in homes of cases and controls. A
significant difference was observed in the use of clean
cooking fuel (83.1% vs 91.6%; p=0.02), pet owner-
ship (38.8% vs 20.2%; p<0.001), and house ownership

(25.8% vs 41.0%; p=0.003) between cases and controls
respectively. In terms of the meteorological conditions
in homes of cases and controls, the mean (SD) indoor
RH (%) in homes of cases (68.02+12.99%) versus con-
trols (64.27410.58%), p=0.003, differed significantly
(Table 2).

The overall median IMC, TBC, and TFC across the
sampling period was 515 cfu/m® (range 236-1076),
456 cfu/m® (range 213-989), and 54 cfu/m® (19-129)
respectively. Comparing homes of cases versus con-
trols, the median IMC (641 vs 477 cfu/m?), TBC (576 vs
428 cfu/m?®) and TFC (66 vs 49 cfu/m?®) were higher in
homes of cases than controls (Table 3). The predominant
bacterial agent found in homes of cases and controls were
Staphylococcus aureus and Staphylococcus epidermidis
(19% and 20%) while the dominant fungal agents were
Aspergillus niger (23% vs 20%), and Aspergillus fumigatus
(22% vs 11%). Significantly higher median bacterial and
fungal diversity was found in homes of cases (R=3.00;
H=1.04; D=2.67 and R=2.56; H=0.82; D=2.33)
than homes of controls (R=2.00; H=0.64; D=1.80 and
R=1.89; H=0.55; D =1.88) respectively (Fig. 2).
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Table 1 Description [n (%)] of child and caregiver characteristics among cases and controls

Page 6 of 14

Sociodemographic variables Cases (n=178); n (%) Controls (n=180); p value
n (%)
Child characteristics
Sex Male 107 (60.1) 110 (61.8) 0.74
Age (months) Median (IQR) 5(6) 5(6) 097"
Number of siblings U5 years > 168 (94.4) 154 (86.5) 0.012
Mean £ SD 1694073 135+£0.76 <0.001
Breastfeeding Exclusive 121 (69.1) 149 (84.2) 0.001
Immunization Up to date 26 (14.6) 27 (15.2) 0.88
History of LRTI Yes 28 (15.7) 16 (9.0) 0.04
Caregiver’s characteristics
Age (years) Mean=+£SD 3044+5.16 32884559 <0.001
Marital status Married 170 (95.5) 168 (93.3) Ref
Cohabiting 6(34) 5(2.8) 0.88
Divorced/widowed 2 (1 1) 7(3.9) 0.19
Mother’s educational status No education 3(7.3) 5(2.8) Ref
Primary 35(19.7) 19(10.7) 0.57
Secondary 64 (36.0) 84 (46.1) 0.04
Tertiary 66 (37.1) 72 (40.4) 0.07
Father's educational status No education 2(1.1) 3(1.7) Ref
Primary 55(30.9) 33(18.3) 0.31
Secondary 46 (25.8) 64 (35.6) 0.72
Tertiary 75 (42 1) 80 (44.4) 0.58
Mother’s occupation Gov. employed 1(28.7) 53(294) Ref
Self-employed/trading 123 (69.1) 113 (62.8) 0.86
Farming 4(2.2) 14 (7.8) 043
Mother’s monthly income ($) >100 33(185) 46 (25.6) Ref
<100 64 (36.0) 42 (233) 0.14
Refuse to answer 81 (45.5) 92 (51.1)
Any smoker in the house Yes 20(11.2) 9 (5.1) 0.03

Statistical analysis was carried out using chi-square test for categorical variables and independent sample t-test for quantitative variables; /QR Interquartile range; fp

value obtained using Mann-Whitney U

IMC, TBC and TFC were positively and significantly
(p<0.001) correlated with indoor RH among cases
(r=0.56; r=0.50; and r=0.64), and controls (r=0.47;
r=0.43; and r=0.49) respectively, Table 4. The relation-
ship between microbial diversity and indoor environ-
mental conditions among cases revealed that bacterial
richness and Simpson’s diversity (r=0.39, r=0.38) and
fungal richness and diversity (r=0.27, r=0.29) corre-
lated positively and significantly (p<0.001) with indoor
RH respectively (Table 4). A similar pattern was observed
among controls.

Seasonal variation in the IMC, TBC and TFC strati-
fied by case/control status is shown in Additional file 1:
Table S2 (A and B). Comparing wet versus dry sea-
sons, the median IMC (729 vs 484 cfu/m®), TBC (659
vs 418 cfu/m®) and TFC (70 vs 53 cfu/m?) in homes of
cases were significantly different. Similar seasonal differ-
ences were observed among controls. In homes of cases,

bacterial and fungal communities were significantly more
diverse in the wet season (R=3.00; H=1.05; D=2.78
and R=3.00; H=1.04; D=2.67) than the dry season
(R=2.00; H=0.64; D=1.80 and R=2.00; H=0.63;
D=1.78). A similar pattern was observed among controls
(Fig. 3A, B).

When adjusted by key covariates (Table 5), expo-
sure to above median levels of IMC (OR=2.67,
95% CI 1.44-4.97), TBC (OR=2.51, 95% CI 1.36—
4.65), TFC (OR=2.75, 95% CI 1.54-4.89), bacte-
rial richness (OR=1.84, 95% CI 1.06-3.19), fungal
richness (OR=3.17, 95% CI 1.65-6.07), bacterial diver-
sity (OR=1.87, 95% CI 1.08-3.24) and fungal diversity
(OR=3.00, 95% CI 1.55-5.79), showed statistically sig-
nificant associations with LRTI. Of note, the variable
“presence of visible moulds in child’s sleeping area’, also
showed a more than three-fold increased odds of LRTI
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Table 2 Description [n (%)] of home and exposure characteristics among cases and controls
Home characteristics Cases (n=178); n (%) Controls (n=180); n (%) p value
Type of home A room apartment 65 (36.5) 39(21.9) 0.05
Mini flat 88 (49.4) 91 (51.1) 0.52
Apartment building/flat 8(4.5) 23(129) 0.23
Bungalow 17 (9.6) 25 (14.0) Ref
Total number of rooms in the house 1-3 152 (854) 104 (57.8) <0.001
>4 26 (14.6) 76 (42.2) Ref
Mean £ SD 2.70+1.29 381£1.79 0.002
Occupant density <2 19(10.7) 28 (15.7) Ref
3-5 100 (56.2) 118 (65.2) 0.50
>5 59 (33.1) 34(19.1) 0.01
Mean £ SD 478+£2.10 4144162 0.002
House ownership Owned 46 (25.8) 73 (41.0) Ref
Rented 132 (74.2) 107 (59.0) 0.003
House wall construction Wood 1(0.6) 2(1.1) Ref
Cement 147 (82.6) 164 (91.0) 0.74
Mud 30(16.9) 14 (7.9) 0.30
Visible water stain/dampness in CSA Yes 20(11.2) 4(22) 0.001
Visible mold growth presence in CSA Yes 39(21.9) 7(3.9) <0.001
Cooking area Kitchen 131 (73.6) 152 (85.4) Ref
Corridor 32(18.0) 20(11.2) 0.06
Where the child sleeps 15(84) 6 (3.4) 0.04
Primary cooking fuel Clean 148 (83.1) 165 (91.6) 0.02
Pet ownership Any type 69 (38.8) 36(20.2) <0.001
Season Dry 71 (39.9) 89 (50.0) Ref
Wet 107 (60.1) 89 (50.0) 0.03
Indoor RH (%) Mean £ SD 68.02£12.99 64.27 £10.58 0.003
Indoor temperature (°C) Mean=+SD 31464221 31074212 0.09

Occupant density—total no. of occupants/no. of rooms
CSA child’s sleeping area, RH relative humidity

Statistical analysis was carried out using chi-square test for categorical variables and independent sample t-test for quantitative variables

(95% CI 1.36—15.02). Apart from these variables of inter-
est, it is important to note that history of LRTT and non-
exclusive breastfeeding were consistently associated with
an increased risk of LRTI among under-five children in
all models. Furthermore, home characteristics such as
occupant density, house ownership, and use of dirty
cooking fuel were associated with risk of LRTI among
under-five children.

Discussion

Our study found a significantly increased risk of LRTI
among under-five children in the higher categories of
indoor microbial exposures, after adjusting for criti-
cal covariates such as housing and child characteristics.
Subject to exposure variable, there was a 2-threefold
statistically significant increase in risk of LRTI among
under-five children, with the indices for exposure to fun-
gal aerosols being at the higher end of this range.

We found that quantitative indices of exposure to
indoor microbial aerosols such as IMC, TBC, and TFC,
and bacterial and fungal diversity measures were posi-
tively associated with LRTI risk among under-five chil-
dren. This finding corroborates the few available studies
that employed similar methods [19, 30]. A recent system-
atic review and meta-analysis [16] reported exposure to
high concentrations of indoor microbial aerosols to be
associated with an increased risk of LRTI among under-
five children (pooled OR=1.20; 95% CI 1.11-1.33), with
a higher risk from exposure to TFC (pooled OR=1.27;
95% CI 1.13-1.33). This suggest that possible exposure
to indoor microbial aerosols should be considered in
the development of preventive measures and treatment
options for childhood LRTI. A study carried out among
students in China contradicts our findings and reported
no association between overall microbial richness and
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Table 3 Relative abundance of bacterial and fungal species in homes of cases and controls
Indoor Microbiome Cases (n=178); n (%) Controls (n=180); n (%) p value
GM (95% Cl) Median (IR) Min Max GM (95% Cl) Median (IR) Min  Max
Total bacterial count (TBC) cfu/m? 575 (546-605) 544 (287) 237 989 428 (408—448) 414 (226) 213 732 <0.001
Staphylococcus aureus 140 (127-153) 141 (47) 0 656 1(95-125) 111(147) 0 452 <0.001
Staphylococcus epidermidis 69 (62-75) 70 (24) 0 328 54 (47— 62) 55(77) 0 226 <0.001
Streptococcus pneumoniae 127 (113-140) 157 (193) 0 325 97 (83-111) 121 (168) 0 384 <0.001
Streptococcus pyogenes 60 (53-67) 77 (95) 0 163 45 (32— 52) 53(83) 0 192 <0.001
Klebsiella aerogenes 77 (64-91) 78 (168) 0 387 (57 —-89) 75(127) 0 514 0.35
Micrococcus spp. 64 (50-77) 64 (160) 0 387 0(19-41) 30 (0) 0 543 <0.001
Pseudomonas fluorescens 38 (28-48) 38 (66) 0 400 16 (9-23) 16 (0) 0 270 <0.001
Unidentified colonies 2(2-3) 22 0 20 1(04-1) 1(0) 0 15 0.05
Total fungal count (TFC) cfu/m? 66 (63-69) 67 (35) 32 129 49 (46-52) 47 (25) 19 118 <0.001
Aspergillus niger 19 (17-21) 19(12) 0 73 12 (10-14) 12 (22) 0 70 <0.001
Aspergillus fumigatus 9(8-10) 9(7) 0 29 5 (4-6) 5(10) 0 38 <0.001
Penicillium spp. 19 (16-22) 20 (26) 0 102 13(11-16) 13 (22) 0 66 0.001
Alternaria alternata 6 (5-8) 6(12) 0 65 4 (2-5) 4(0) 0 45 0.001
Fusarium oxysporum 4 (3-6) 4(0) 0 48 4 (3-6) 4(0) 0 62 0.38
Candida albicans 7 (5-8) 7(13) 0 74 4 (3-6) 4(0) 0 38 0.03
Cladosporium spp. 3(2-4) 3(0) 0 38 5(3-6) 5(0) 0 73 0.54
Unidentified colonies 04(0.2-07) 0(0) 0 13 1(1-2) 0(0) 0 18 0.06
Indoor Microbial count (IMC) cfu/m? 641 (610-673) 606 (293) 283 1076~ 477 (455-498) 464 (246) 236 796 <0.001
IR interquartile range, GM geometric mean, Min minimum, Max maximum, cfu colony forming unit
p value obtained using Mann-Whitney U test
p<0.001 p<0.001 . p<0.001  p<0.001
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Fig. 2 Microbial richness and diversity index in homes of under-five children

respiratory infection (OR=1.00; 95% CI 0.83—1.21), but
a link between abundance of several microbial genera in
the Gammaproteobacteria class and occurrence of res-
piratory infection [31].

The bacterial genera observed in this study commonly
occur in the indoor and outdoor environment but could

become opportunistic in immunocompromised indi-
viduals [32]. This implies that microorganisms that
usually inhabit a particular indoor environment could
become infectious or pathogenic when the immune sys-
tem of the host becomes compromised especially among
under-five children with immature immune response,
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Table 4 Spearman’s rank correlation coefficient between indoor microbial concentrations/diversity and environmental/household

parameters among cases and controls

Indoor microbiome Cases Controls
Indoortemp.  IndoorRH (%)  Occupancy Indoor temp. IndoorRH (%)  Occupancy
(°Q) Q)
rho pvalue rho p value rho p value rho pvalue rho p value rho p value
Total bacterial count (TBC) cfu/m®  0.16*  0.04 0.50% <0001 006 047 0.23* 0.002 043* <0001 010 017
Staphylococcus aureus 0.07 034 0.08 0.30 0.03 073 0.06 042 0.21* 0.01 001 086
Staphylococcus epidermidis 008 0.29 0.07 0.35 001 096 009 026 0.16* 0.03 001 093
Streptococcus pneumoniae 006 041 0.12 0.10 001 086 005 052 0.16* 003 —003 067
Streptococcus pyogenes 0.07 034 0.09 0.24 0.05 049 002 075 0.21* 001 —=003 065
Klebsiella aerogenes 009 023 027 <0001 —0.03 068 —001 094 —-0.17 010 —007 038
Micrococcus spp. 013 0.09 0.25% 0001 004 063 013 008 0.03 0.71 012 011
Pseudomonas fluorescens 003 067 028* <0001 —002 077 —003 073 —0.10 0.19 0.05 053
Unidentified colonies 001 096 0.25 0.001 —0.03 065 —0.07 037 —0.11 0.16 005 051
Total fungal count (TFC) cfu/m? 002 075 0.64* <0001 —0.01 090 013 009 049* <0001 —0.05 050
Aspergillus niger 0.05 051 0.16 0.04 0.15  0.05 —002 081 0.08 027 —=0.10 0.18
Aspergillus fumigatus 004 057 0.15 005 —008 030 012 011 0.27 <0.001 001 099
Penicillium spp. 004 061 0.26% <0001 0.15% 0.04 003 071 0.07 033 —001 099
Alternaria alternata 0.07 033 0.10 017 —=003 070 0.01 088 0.14 006 —001 095
Fusarium oxysporum 005 048 0.28* <0001 001 087 007 034 0.09 022 —011 015
Candida albicans 003 074 0.25% 0.001 —0.02 082 001 095 0.08 0.29 0.16* 0.04
Cladosporium spp. 008 029 —0.07 0.38 002 080 005 049 0.05 053 —003 069
Unidentified colonies 008 028 —0.02 082 —005 048 001 087 —0.02 0.82 008 031
Bacterial richness 0.16*  0.03 039* <0001 006 043 010 0.18 0.08 028 —004 057
Fungal richness 006 045 027% <0001 004 058 005 052 032* <0001 —001 086
Bacterial diversity" 0.17* 003 0.38* <0001 008 029 0.10 019 0.08 028 —003 065
Fungal diversity" 007 037 029* <0001 005 050 007 038 030* <0001 001 086
IMC cfu/m? 0.16* 004 056* <0001 005 055 0.22*  0.003 047% <0001 010 0.19

cfu/m? colony forming unit per meter cube, rho correlation coefficient; RH relative humidity, temp. temperature, IMC indoor microbial count

T Simpson’s diversity index; *P < 0.05

thereby leading to unhealthy conditions such as LRTIs.
As obtained in the current study, a recent clinical study
reported Streptococcus pneumoniae as the leading path-
ogen of LRTI even with the introduction of 13-valent
pneumococcal conjugate vaccine [33], followed by Hemo-
philus influenza and Klebsiella pneumonia [34]. Also,
a similar study in Nigeria, reported Klebsiella pneumo-
niae as the most detected pathogen [35] in LRTIs. This
therefore confirms that bacteria play a major role in the
aetiology of LRTI among under-five children. The fun-
gal genera identified were similar to the submission
by Ana et al. [20], who found Aspergillus spp to be the
dominant fungal species in home of under-five children
with and without acute respiratory infections. Further-
more, we observed a significant difference in the micro-
bial diversity during the wet compared to dry seasons
among cases and controls which may suggest a seasonal
variation. Even though indoor temperature and RH were
found to be significantly correlated with indoor microbial

concentrations, it does not necessarily mean that mete-
orological variables exert a direct effect on the microbial
community.

Proxy assessment of microbial exposure such as pres-
ence of visible moulds on a variety of surfaces in the
house, often used in studies [18, 30], were found to result
in similar associations with LRTI as the quantitative
measures of microbial exposures employed in the current
study, but the quantitative measures provide additional
useful evidence of the types and diversity of the microbial
community which cannot be obtained using the proxy
measures. We found a greater risk of LRTI among under-
five children with exposure to fungal aerosols. Stark et al.
[19], in their study found a significantly increased risk of
LRTI in infants with exposure to higher in-home fungal
concentrations (RR=1.86, 95% CI 1.21-2.88). In addi-
tion, they reported presence of visible mould growth to
be an independent predictor of LRTI in the first year of
life (OR=1.34, 95% CI 0.99-1.82) [19]. In support of
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Fig. 3 Seasonal variation in microbial richness and Simpson’s diversity index in homes of A cases and B controls. Each box and whisker plot shows:
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using Mann-Whitney U test

our findings, a case—control study carried out in New
Zealand among under-five children to investigate the
dose—response association of objectively assessed hous-
ing quality measures, particularly the presence of visible
moulds presented as the damp-mold index (DMI) and
hospitalization with acute respiratory infections (ARI)
showed a significant adjusted dose—response relationship
(aOR=1.15; 95% CI 1.02-1.30) [18]. Possible biological
mechanism could be that prolonged exposure to aero-
solized fungal components mainly target the respiratory
and nervous system causing specific pathological changes
in the host characterized by inflammation of the mucosal
lining of the airways [36]. Relevant studies both in vitro
and in vivo have demonstrated that repeated activation of
immune responses and inflammation from fungal expo-
sures may contribute to inflammation-related diseases,
and the resulting inflamed mucosal tissue may provide a
diminished barrier to respiratory infections [37].

The high microbial concentrations and diversity
recorded in homes of under-five children with LRTI
could be attributable to the high occupant density,
reduced ventilation and high indoor RH. A modest posi-
tive correlation was recorded between indoor microbial
exposure indices and indoor RH which was corroborated
with previous reports by Frankel et al. [38], who found

that indoor RH correlated positively with indoor fungal
exposure (r=0.32, p=0.002). Increased relative humid-
ity contributes to microbial survival [39], and antigenic
potential from fungi [40], and can better facilitate the
direct-contact transfer of microorganisms [41]. Even
though the microbial concentrations and diversity in
the current study was not significantly correlated with
occupant density, a number of studies have established
that occupancy is associated with increased microbial
concentrations, and diversity and abundance of human-
associated microbes in indoor environment [42, 43]. This
incongruity is probably due to the nature of the environ-
ment where these studies were carried out.

Also, we observed that child characteristics such as
history of LRTL, >1 under five sibling and non-exclusive
breastfeeding, and household characteristics such as
house ownership, high occupant density, and use of dirty
cooking fuels in the household were independently asso-
ciated with LRTI risk among under-five children which
are consistent with previous epidemiological studies [5,
44, 45]. Environmental Tobacco smoking (ETS) was not
found to be significantly associated with LRTI risk but
was a potential risk factor. This is possibly because smok-
ing is not encouraged in the environment where the
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Table 5 Adjusted associations (aOR and 95% Cl) for LRTI risk among under-five children using conditional multiple logistic regression

model
Predictors Crude OR IMC IndoorTBC  Indoor TFC  Bacterial Fungal Bacterial Fungal Visible mould
(95% CI) richness (R)  richness (R)  diversity" diversity' in CSA
aOR (95% Cl) aOR (95%Cl) aOR (95% Cl) aOR(95% Cl) aOR (95% Cl) aOR (95% Cl) aOR (95% aOR (95% CI)
(d)]

High levels of exposures

IMC 360 (2.24- 267
5.79)% (1.44-497)*
IndoorTBC ~ 3.30 (2.09- 2.51
522)* (1.36-4.65)*
Indoor TFC 342 (2.12- 2.75
5.50)* (1.54-4.89)*
Bacterial 2.60 (1.66— 1.84
richness 4.06)* (1.06-3.19)*
(R
Fungal 377 (217~ 3.17
richness 6.55)% (1.65-6.07)*
(R
Bacterial 2.64 (1.69- 1.87
diversity’  4.11)* (1.08-3.24)*
Fungal 3.58 (2.05— 3.00
diversity”  6.23)* (1.55-5.79)*
Visible 5.18(1.77- 3.15(1.36-
mould 15.19)* 15.02)*
Home characteristics
Occupant 216 (1.30- 277 297 271 293 2.89 290 299 3.19(1.59-6.42)*
density;>5 3.59)* (1.37-5.60)* (1.47-6.00)* (1.32-5.57)% (1.46-5.88)* (1.40-5.84)% (1.45-5.82)* (147-6.10)%
Pet owner- 225 (1.42- 153 1.46 1.80 1.75 1.77 1.75 1.75 1.79 (1.00-3.22)*
ship; any 3.58)% (0.84-2.80) (0.79-2.69) (0.98-3.30) (0.98-3.15) (0.98-3.22) (0.97-3.14) (0.97-3.18)
pet
Any 2.11 (0.96-4.67) 2.05 2.02 1.81 242 2.08 242 2.06 2.67 (0.93-7.70)
smoker; (0.71-5.89) (0.70-5.80) (0.63-5.18) (0.87-6.71) (0.71-6.13) (0.87-6.71) (0.70-6.06)
yes
Primary 225(1.14- 288 2.90 244 2.56 267 2.55 268 290 (1.18-7.12)%
cooking 4.44)% (1.15-722*  (1.16-7.26)*  (1.00-597)*  (1.04-6.33)* (1.07-6.66)*  (1.03-631)*  (1.08-6.66)*
fuel; mixed
House 217 (133- 251 2.57 243 264 268 263 268 2.66(1.38-5.12)%
ownership; 3.56)* (1.27-497)* (1.29-5.09)* (1.22-4.85)* (1.35-5.17)* (1.35-5.34)* (1.34-5.14)* (1.35-5.31)*
rented
Wet season 1.75 (1.06— 144 145 1.05 11 1.00 112 1.03 1.00 (0.51-1.96)
2.89)* (0.70-2.99) (0.70-2.98) (0.52-2.12) (0.56-2.20) (0.50-1.99) (0.56-2.23) (0.52-2.05)
Child's characteristics
Historyof ~ 4.09(135- 1178 11.69 1373 12.06 987(1.08- 1209 979(1.07-  1131(1.27-
LRTI; yes 12.38)* (1.15-21.22)*  (1.16-20.16)*  (1.32-24.35)* (1.31-20.05)*  19.40)* (1.31-19.24)*  17-53)* 21.86)*
No. of sib- 251 (1.16- 258 263 235 2.56 265 2.56 267 242 (1.00-591)*
lings;>1 543)* (1.05-6.33)* (1.07-6.45)* (0.94-5.89) (1.05-6.25)* (1.06-6.62)* (1.05-6.25)* (1.08-6.60)*
Non- 245(1.41- 218 218 231 210 229 2.10 231 2.01(1.02-3.95)*
exclusive 4.25)% (1.08-4.38)* (1.09-4.35)* (1.13-4.74)* (1.06-4.15)% (1.13-4.67)*% (1.06-4.15)* (1.13-4.70)*
breastfeed-
ing
Pseudo R’ 0.23 022 023 0.20 0.22 0.20 023 0.20

Exposures >median value is considered as high levels of exposures

All multivariate models were adjusted for age, sex, geographical location, occupancy, pet ownership, ETS, season, house ownership, history of LRTI, number of siblings
under-five and breastfeeding status

OR odds ratio, aOR adjusted odds ratio, CSA child’s sleeping area, C/ confidence interval, TBC total bacterial count, IMC indoor microbial count, TFC total fungal count
“p<0.05
* Simpson diversity index (D) was used as a measure of microbial diversity in the model
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current study was carried out, therefore only very few
individuals reported their smoking status. Notably, even
after adjusting for these important factors, all microbial
exposure indices remained significantly linked to LRTI
risk among under-five children.

The median age of subjects recorded in the current
study suggests that most of the under-five children with
LRTI were below 12 months of age. This is similar to
the report by Ahmed et al., in their study to assess the
risk factors for acute lower respiratory tract infections
(ALRTI) among hospitalized children under-five in
Northern Nigeria. They reported children between 2 to
12 months of age to have accounted for 56.0% of hospi-
talization due to ALRTI [46]. Studies in other develop-
ing countries such as Ethiopia [47] and Rwanda [48] also
showed similar findings. The preponderance of male sex
among under-five children with LRTI observed in the
current study is also similar to previous studies on LRTI
among under-five children [46, 48].

A major strength of the study was the objective
measure of microbial exposure from culture-depend-
ent methods which provided detailed information of
the microbial concentrations and diversity, as com-
pared to other studies that employed proxy meas-
ures. Although culture-dependent method has been
reported to underestimate the types of microorgan-
isms observed by not accounting for non-culturable
microbes, it has been proven to provide useful infor-
mation in the study of microbial diversity [49]. The
assessment of microbial diversity using species rich-
ness, Shannon and Simpson Diversity Indices was a
unique step that gave insight into the microbial com-
munity and seasonal pattern in this environment. In
addition, the diagnosis of LRTI based on chest radiog-
raphy was a major strength as this help minimize the
risk of misclassification.

A limitation of the study was the use of respira-
tory signs and symptoms to define (absence of) LRTI
among community controls which could have intro-
duced some outcome definition bias. This was strongly
minimized by actively engaging the same doctor that
assessed cases in the assessment of the community
controls. The use of respiratory signs and symptoms
in defining LRTI among under-five children is a com-
mon practice especially in sub—Saharan Africa (SSA)
[20, 44, 50] and we strongly believe it has no impact
on the validity and generalizability of our results. The
inability to assess the siblings of cases on episodes of
LRTI is another limitation of the study as this infor-
mation could have further supported the association
with exposure to diverse microbial aerosols. It is pos-
sible that households especially for cases may have

Page 12 of 14

changed the practices before home visitation, there-
fore the observed measured concentrations could be
lower compared to when the children were infected,
resulting in underestimation of the risk associated
with microbial exposure. However, this was minimized
by a short lag from recruitment into the study, and the
home survey.

Conclusions

This study provides comprehensive epidemiological evi-
dence of the microbial concentration and diversity in res-
idential environments in sub-Saharan Africa in relation
to LRTI among under-five children. This study suggests
that exposure to indoor microbial aerosols is indepen-
dently associated with LRTI risk among under-five chil-
dren. The increased risk was most pronounced for fungal
aerosols. Therefore, indoor microbial exposure-tailored
intervention should be considered in the management of
LRTI among children under the age of five years.
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