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Abstract. Reliable data on antimicrobial resistance (AMR) transmission dynamics in Uganda remains scarce; hence,
we studied this area. Eighty-six index patients and “others” were recruited. Index patients were those who had been ad-
mitted to the orthopedic ward of Mulago National Referral Hospital during the study period; “others” included medical
and non-medical caretakers of the index patients, and index patients’ immediate admitted hospital neighbors. Others
were recruited only when index patients became positive for carrying antimicrobial-resistant bacteria (ARB) during their
hospital stay. A total of 149 samples, including those from the inanimate environment, were analyzed microbiologically
for ARB, and ARB were analyzed for their antimicrobial susceptibility profiles and mechanisms underlying observed
resistances. We describe the diagnostic accuracy of the extended-spectrum b-lactamase (ESBL) production screening
method, and AMR acquisition and transmission dynamics. Index patients were mostly carriers of ESBL-producing Enter-
obacteriaceae (PE) on admission, whereas non-ESBL-PE carriers on admission (61%) became carriers after 48 hours of
admission (9%). The majority of ESBL-PE carriers on admission (56%) were referrals or transfers from other health-care
facilities. Only 1 of 46 samples from the environment isolated an ESBL-PE. Marked resistance (. 90%) to b-lactams and
folate-pathway inhibitors were observed. The ESBL screening method’s sensitivity, specificity, positive predictive value,
and negative predictive value were 100%, 50%, 90%, and 100%, respectively. AMR acquisition and transmission
occurs via human–human interfaces within and outside of health-care facilities compared with human–inanimate environ-
ment interfaces. However, this remains subject to further research.

INTRODUCTION

For many decades, antibiotics have contributed greatly to
the reduction in morbidity and mortality, particularly in the
treatment and prevention of infections.1–3 However, antibiot-
ics are currently threatened by the emergence and spread of
antimicrobial resistance (AMR) within a wide range of infec-
tious agents.4–6 The rise in AMR likely contributes to the
post-antibiotic era in which minor infections become fatal as
a result of the ineffectiveness of currently available antibiot-
ics, and such infections are on the increase globally.1,2,7 The
post-antibiotic era first described as an apocalyptic fantasy
before the 21st century has now become a very real
possibility.1,2,7

It is now estimated that, each year, at least 700,000 people
worldwide die of infections caused by antimicrobial-resistant
bacteria (ARB). By 2050, infections involving ARB are pre-
dicted to cause the death of an estimated 10 million lives per
year, with Africa alone contributing about 4.15 million deaths
annually.8,9 It is also predicted8 that the economic cost in
lost global production caused by AMR will amount to ap-
proximately $100 trillion between now and 2050 if the AMR
problem is not tackled.
In East Africa, accurate and reliable data expressly about

AMR acquisition and transmission dynamics remain scarce,
and yet these data are essential for formulating and monitor-
ing effective responses to AMR.3,9,10 Hence, this study

aimed to leverage a source perspective to elaborate the ac-
quisition and transmission dynamics of AMR and the risk
factors influencing them in the orthopedic ward of Mulago
National Referral Hospital, Uganda, to contribute ultimately
to a deeper understanding of these AMR-related topics.

MATERIALS AND METHODS

Study design and duration. This was a laboratory-based
unicentral longitudinal study that was part of and foundation-
al to a larger study titled “Understanding Transmission Dy-
namics and Acquisition of AMR at Referral Hospitals and
Community Settings in East Africa” (GCA-AMR-2019). Our
study was conducted between September 2019 and March
2020, and aimed to leverage a source perspective to under-
stand transmission dynamics and acquisition of AMR in the
orthopedic ward of Mulago National Referral Hospital, Ugan-
da. The specific aims of this study included determining the
carriage of ARB by study participants, antimicrobial suscep-
tibility profiles of the isolated ARB, common phenotypic
mechanisms mediating resistance in the ARB, and based on
these results, transmission dynamics and acquisition of
AMR in the orthopedic ward.

Study population and sampling strategy. The sample
sizes were determined based on the admitted index patients
positive for ARB during their hospital stay. Briefly, purposive
consecutive sampling was used to recruit index patients ad-
mitted into the orthopedic ward of Mulago National Referral
Hospital. Samples were collected from index patients on ad-
mission or within 24 hours of their stay in the orthopedic
ward. In the event the index patients were positive for carry-
ing ARB on admission or within 24 hours of their stay, sam-
pling of their home environment was done. However, in the
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event index patients were negative for carrying ARB on ad-
mission or within 24 hours of their stay, similar additional
samples were obtained subsequently from these patients 48
and 72 hours after their stay in an attempt to isolate ARB.
When index patients became positive for carrying ARB 48 or
72 hours after their stay, similar samples were obtained from
the other study participants (medical caretakers or health-
care workers attending to the index patients, non-medical
caretakers of the index patients, the immediate admitted
hospital neighbors of the index patients) and the index pa-
tients’ immediate inanimate environment (bed headboards
and bed handrails) in an attempt to isolate ARB. In addition,
environmental sampling was done twice (at the start of the
study and 3 months after the start of the study). During this
sampling, samples were collected using 0.9% saline pre-
moistened sterile cotton swabs and included those from the
inanimate ward environment (electrical switches, health-care
worker handwashing sinks, health-care worker reception ta-
bles, and ward door handles). Because of the low number of
admissions per week (n 5 4–5), the purposive consecutive
sampling of the index patients was based on five, with a
consent rate of 100%. In other words, all five patients admit-
ted each week were included in the study. Also, because of
the limited number of medical caretakers or health-care
workers attending to the index patients during the day shift,
some were included more than once. However, during analy-
sis, their data were considered once.

Study samples, sample collection, and transportation.
Study samples included rectal swabs and swabs from the in-
animate environment: index patient bed headboard, index
patient bed handrails, and inanimate ward environment
(electrical switches, health-care worker handwashing sinks,
health-care worker reception tables, and ward door han-
dles). The samples were collected aseptically and were then
labeled properly and transported to the clinical microbiology
laboratory of Mulago National Referral Hospital for testing
within 2 hours after collection.

Microbial culture and antimicrobial susceptibility
profiling. Isolation of AMR Gram-negative and Gram-posi-
tive bacteria was done using conventional microbiological
culture. Briefly, isolation of the Gram-negative bacteria was
done by inoculating the collected samples on MacConkey
media, a selective and differential culture media containing
4 mg/mL cefotaxime, a third-generation cephalosporin, or
16 mg/mL ceftazidime, also a third-generation cephalospo-
rin. Determination of the concentrations of the antibiotics
cefotaxime and ceftazidime was done per the Clinical Labo-
ratory and Standard Institute (CLSI) 2019 guidelines.11

Similarly, isolation of the Gram-positive bacteria was done
by inoculating the samples on Mannitol salt agar, a selective
and differential culture media containing 6 mg/mL oxacillin.
Determination of the concentration of oxacillin was done per
the CLSI 2019 guidelines.11 After inoculation of the samples
on the respective culture media, incubation was done at
356 2�C for 16 to 18 hours in ambient air.11

After incubation, identification of the bacteria was done
using the organisms’ phenotypic characteristics (respective
morphological, cultural, and biochemical characteris-
tics).12,13 The morphological characteristics were used in the
identification were based on the Gram-staining properties of
the respective bacteria. Cultural characteristics included the
colony morphology characteristics of respective colonies of

the different bacteria on culture media. Biochemical charac-
teristics were those derived from different tests—namely,
catalase, triple sugar iron (TSI), sulfur indole and motility, cit-
rate, urease, and oxidase.12,13

In particular, Escherichia coli colonies were identified by
their lactose fermentation characteristic; entire, fixed mar-
gins; and their steady growth pattern that creates concentric
growth rings in the colonies when viewed using a micro-
scope.12,13 Also, positive catalase, TSI, motility, indole, and
negative citrate, urease, and oxidase were used to identify E.
coli.12,13

Klebsiella pneumoniae colonies were identified by their
characteristic Gram-negative reaction; short, plump, and
straight rod appearance when viewed using a microscope;
lactose fermenting mucoid dome-shaped characteristic;
positive catalase, TSI, citrate, and urease; and negative in-
dole, motility, and oxidase.12–14

Antimicrobial susceptibility profiling was performed with
the Kirby Bauer disk diffusion method on Mueller Hinton
Agar (Biolab, Budapest, Hungary) as recommended by the
CLSI 2019 guidelines.11 Briefly, two to three colonies were
emulsified in sterile saline. The turbidity of the resulting sus-
pension was then adjusted to the 0.5 McFarland standard.
Antibiotic disks (Biolab) used included ampicillin, 10 mg;
amoxicillin–clavulanic acid, 20/10 mg; cefotaxime, 30 mg; cef-
tazidime, 30 mg; meropenem, 30 mg; trimethoprim/sulfa-
methoxazole, 1.25 mg/23.75 mg; chloramphenicol, 30 mg;
gentamycin, 10 mg; ciprofloxacin, 5 mg; cefepime, 30 mg; pi-
peracillin–tazobactam, 100 mg/10 mg; tetracycline, 30 mg;
amikacin, 30 mg; colistin, 10 mg; aztreonam, 30 mg; and
cefoxitin, 30 mg. The results were interpreted according to
CLSI 2019 guidelines.11 Escherichia coli ATCC 25992/ATCC
35218 and K. pneumoniae ATCC 700603 were used to con-
trol the antimicrobial susceptibility profiling for quality.

Testing for extended-spectrum and class C
b-lactamases (AmpC) production. Extended-spectrum
b-lactamase (ESBL) production was screened for using the
modified double-disk synergy method.15,16 During testing,
disks of 30 mg cefotaxime, 30 mg ceftazidime, and 30 mg
cefepime were placed at 30 mm and 20 mm (for cefotaxime)
from 20/10 mg amoxicillin–clavulanic acid or 100/10 mg pi-
peracillin–tazobactam.15,16 Cefepime was placed at 25 mm
when 100/10 mg piperacillin–tazobactam was used in place
of amoxicillin–clavulanic acid.15,16 The results of this test
were reported to two groups after incubation at 35 6 2�C for
16 to 18 hours in ambient air as follows: group 1 (ESBL pro-
ducers), which included ESBL producers sensitive, interme-
diate, or resistant to cefotaxime and ceftazidime; and group
2 (derepressed mutants), which include non-ESBL pro-
ducers resistant to cefotaxime and ceftazidime.15,16 AmpC
b-lactamase producers are resistant to b-lactam–b-lactam
inhibitor combinations and give positive and negative tests
during ESBL production screening and confirmation,15 it is
on these features that screening and confirmation of AmpC
b-lactamase production in this study was based. Briefly, the
target isolates were first screened for AmpC production us-
ing 30 mg cefoxitin. Isolates with inhibition zones # 18 mm
were considered positive for AmpC b-lactamase production.
Confirmation of AmpC b-lactamase production was done by
using a combination of 30 mg cefoxitin and 200 mg cloxacillin,
and by comparing the resulting inhibition zones against
those of 30 mg cefoxitin without 200 mg cloxacillin.
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Differences in inhibition zones $ 4 mm in the cefoxitin and
cloxacillin combination compared with cefoxitin alone were
considered positive for AmpC b-lactamase production.

Data management and analysis. Data obtained from mi-
crobial culture, antimicrobial susceptibility profiling, and in-
terviewer-administered questionnaire responses were
checked for completeness. The data were also double-en-
tered for validation using EpiData (v. 3.1; EpiData Associa-
tion, Odense, Denmark). The data were then exported to
STATA (v.13; Stata Corp., College Station, TX) for analysis.
Pearson x2 analysis was used to assess for any differences
between ESBL production and non-ESBL production re-
garding demographic characteristics. Means of continuous
variables (particularly age and inhibition zone) were com-
pared using the independent t-test. Crude logistic regression
analysis was used to explore laboratory characteristics of
ESBL producers for comparison with non-ESBL
producers. The differences were considered significant at
P # 0.05. Multi-drug resistance was defined as resistance to
three or more classes of antibiotics.17 The types of antibiot-
ics included amikacin and gentamycin (aminoglycosides);
amoxicillin–clavulanic acid and piperacillin–tazobactam
(b-lactam inhibitor combinations); meropenem (a carbape-
nem); ceftazidime, cefotaxime, and cefepime (extended-
spectrum cephalosporins/third-generation cephalosporins);
cefoxitin (a cephamycin); ciprofloxacin (a fluoroquinolone);
sulfamethoxazole/trimethoprim (a folate pathway inhibitor);
ampicillin (a penicillin); chloramphenicol (a phenicol); aztreo-
nam (a monobactam); colistin (a polymyxin); and tetracycline
(a tetracycline). The sensitivity, specificity, and positive and
negative predictive values of the screening test were deter-
mined as described elsewhere.18 In these computations, the
modified double-disk synergy testing method was consid-
ered the gold standard. Microbial culture and antimicrobial
susceptibility data are described elsewhere19,20 and were
used to determine the acquisition and transmission dynam-
ics of ARB in the orthopedic ward.

Ethics approval and consent to participate. Ethical
approval was obtained from the School of Biomedical Scien-
ces–Research and Ethics Committee, College of Health Sci-
ences, Makerere University (approval no. SBS-650); Mulago
National Referral Hospital-Research and Ethics Committee
(approval no. MHREC-1702); and the Uganda National
Council for Science and Technology (approval no.
HS411ES). Permission to access the ward was also sought
from the orthopedic department of Mulago National Referral
Hospital and the orthopedic ward in-charge. Written in-
formed consent was obtained from each index patient, non-
medical caretakers of the index patients, medical caretakers
or health-care workers attending to the index patients, and
the index patients’ immediate hospital neighbors before
sample collection. Also, consent for children was provided
by their parents or guardians.

RESULTS

Demographic characteristics of the study
participants. A total of 103 participants were enrolled. Of
these, 84% were index patients and 16% were “others.”
Males constituted 57% of the study participants whereas fe-
males constituted 43% of the study participants.
Although the study participants were from different regions

of Uganda (i.e., western, northern, southern, eastern, and
central), the majority (64%) were from Kampala
District, which is the capital city of Uganda, and Wakiso Dis-
trict, which partly encircles Kampala, both found in the cen-
tral region. Several study participants (35%) stated they
were employed informally in several skilled and unskilled
trades of the informal sector, including farming, carpentry,
bricklaying, welding, building and construction, public trans-
port, and business. The unemployed category consisted of
pupils (those attending primary school), students (those at-
tending secondary school, university, tertiary or vocational
institutions), and housewives. The formally employed
category included public servants. The majority of the
study participants (93%) had attained a minimum of primary
education (Table 1).

Time to positivity of the index patients after their
admission to the orthopedic ward. The majority of the
index patients (70%) was positive for carrying ARB within 48
hours of their admission to the orthopedic ward. Noticeably,
the majority (61%) of the index patients was positive for car-
rying ARB within 24 hours of admission to the orthopedic
ward. No index patients were positive for carrying ARB after
72 hours of their stay in the orthopedic ward. With regard to
the origin of the index patients positive for carrying ARB on
admission or within 24 hours of their stay in the orthopedic
ward, the majority (56%) were not from home, but were
referrals or transfers from other wards of Mulago National

TABLE 1
Demographic characteristics of the study participants (N 5 103)

Characteristic Value, n (%)

Gender
Male 59 (57)
Female 44 (43)

Age, y
0–16 32 (31)
17–35 43 (42)
36–52 20 (19)
$ 53 8 (8)

Participant definition
Index 86 (84)
Others 17 (16)

Participant address
Kampala 34 (33)
Wakiso 32 (31
Other 37 (36)

Nature of address
Urban 80 (78)
Suburban 7 (7)
Rural 16 (15)

Occupation
Formal 18 (17)
Informal 36 (35)
Unemployed 49 (48)

Religion
Catholic 45 (44)
Anglican 16 (16)
Muslim 14 (14)
Pentecostal 13 (12)
Other 15 (14)

Education level
No formal education 7 (7)
Primary school 37 (36)
Secondary school 34 (33)
Technical/vocational 17 (16)
University 8 (8)
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Referral Hospital and other regional referral hospitals as well
as local clinics and health centers. Index patients negative
for carrying ARB on admission or within 24 hours of their
stay in the orthopedic ward were mostly from home (77%).
Of the seven positive “others,” four were health-care
workers and three were non-medical caretakers of the index
patients (Table 2).

Bacterial species isolated from the study participant
samples. The majority of samples obtained from the index
patients (90%) had bacterial species belonging to the family
Enterobacteriaceae—namely, E. coli and K. pneumoniae.
The other bacterial species isolated were defined as uniden-
tified Gram-negative bacteria (Table 3). Samples that had
been obtained from inanimate environments immediate to
the index patients (index patients’ bed headboard and hand
rails) did not yield any ARB. Of the other samples obtained
from the inanimate environment, only 1 of 30 collected at the
start of the study yielded E. coli. This sample was from the
health-care worker handwashing sink (Table 3).

Antimicrobial susceptibility profiles of the isolated
bacterial species. Resistance to cefotaxime, ampicillin, and
cotrimoxazole was more pronounced, with 96% of the bac-
teria isolates showing resistance to each of the antibiotics.
Worth noting, a greater percentage of the bacterial isolates
showed resistance to cefotaxime (96%) compared with
ceftazidime (55%). Although analysis using binomial logistic
regression revealed that ESBL production was associated
significantly with resistance to cefotaxime, but not with resis-
tance to ceftazidime as well as the bacterial species. Analy-
sis using the independent sample t-test revealed that inhibi-
tion zones of cefotaxime and ceftazidime were associated

statistically and significantly with ESBL production. Bacterial
isolates were predominantly sensitive to meropenem (94%),
colistin (93%), and amikacin (91%).
Upon initial phenotypic screening of the bacterial isolates

for the production of ESBLs using ceftazidime or cefotaxime
containing media, all (100%) were producers of ESBLs.
However, upon confirmatory phenotypic testing using the
modified double-disk synergy test, 90% were true producers
of ESBLs whereas the other bacterial isolates were dere-
pressed mutants (i.e., non-ESBLs resistant to ceftazidime
and cefotaxime). Of the eight isolated positive for ESBL pro-
duction upon screening, and negative for ESBL production
upon confirmation, eight (100%) were producers of AmpC
b-lactamases. In addition, the majority of the bacterial iso-
lates (n 5 75, 94%) were multi-drug resistant. Use of the
modified double-disk synergy test showed sensitivity, spe-
cificity, and positive and negative predictive values of 100%,
50%, 90%, and 100%, respectively. Analysis using Pear-
son’s x2 and the independent t-test revealed no statistically
significant association between the phenotype of the bacte-
rial isolates (i.e., ESBLs or non-ESBLs) and participant age,
gender, address, nature of address, occupation, religion, ed-
ucation level, or Enterobacteriaceae species (Table 4).

Antimicrobial resistance acquisition and transmission
dynamics in the orthopedic ward: Index patients positive
for carrying ARB on or 24 hours after admission to the
ward. Our results show that when index patients were posi-
tive for carrying ARB on admission or 24 hours after admis-
sion to the orthopedic ward, the spread of these bacteria
was from index patients to others (i.e., medical caretakers or
health-care workers attending to the index patients, non-
medical caretakers of the index patients, and immediate ad-
mitted hospital neighbors of the index patients) via routes 1,
2, and 4. The findings, however, show no ARB spread from
index patients to their inanimate environment via route 3.
Broadly, the findings also showed that, in this case, index
patients are reservoirs of ARB (Figure 1).

Antimicrobial resistance acquisition and transmission
dynamics in the orthopedic ward: Index patients positive
for carrying ARB 48 hours after admission to the ward.
Our results show that the practical interfaces for AMR acqui-
sition and spread in the orthopedic ward were predominantly
human–human interaction compared with human–inanimate
environment interaction. After 48 hours in the orthopedic
ward, index patients acquired ARB primarily from their medi-
cal caretakers or health-care workers on the ward and not
by any other source (via route 1). During this time, the medi-
cal caretakers or health-care workers also spread the ARB
to either the index patients’ non-medical caretakers, imme-
diate admitted hospital neighbor, and other admitted pa-
tients as well as the inanimate environment (via routes 2, 3,
and 4).

TABLE 2
Time to positivity and origin of the index patients (N 5 86)

Characteristic Value, n (%)

Time to positivity
24 h 52 (61)
48 h 8 (9)
72 h 0 (0)

Negative after 72 h 26 (30)
Others positive, n 5 24� 7/24
Origin of index patients positive during 24 h, n 5 52
Home 23 (44)
Local clinics and health centers 19 (36)
Wards other than orthopedic 7 (14)
Other regional referral hospitals 3 (6)

Origin of index patients negative during 24 h, n 5 34
Home 26 (77)
Local clinics and health centers 8 (24)
Wards other than orthopedic 0 (0)
Other regional referral hospitals 0 (0)
�Nonmedical caretakers of the index patients, medical caretakers or health-care workers

attending to the index patients, and index patients’ immediate admitted hospital neighbors.
“Others” was linked specifically to patients who became positive 48 to 72 hours after
admission.

TABLE 3
Bacterial species isolated from the participant samples (N 5 80)

Escherichia coli, n (%) Klebsiella pneumonia, n (%) UGNB, n (%)
Bacterial isolates from inanimate environment, n (%)�

1 2 3

57 (71) 15 (19) 8 (10) 0/8 (0) 0/8 (0) 1/30 (3.3)
UGNB5 unidentified Gram-negative bacteria�1, index patients’ bed’s headboards; 2, index patients’ bed’s handrails; 3, samples from inanimate ward environment (electrical switches; 4, health-care workers’ handwashing sinks; 5, health-

care workers’ reception table; 6, ward door handles)
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Index patients acquired ARB from their non-medical care-
takers as well as other admitted hospital neighbors (i.e., im-
mediate and other admitted patients) after 48 hours (via
routes 5 and 7). It is unlikely that index patients acquired and
transmitted ARB from or to the inanimate environment dur-
ing this time (via route 10) (Figure 2).
Similar to the events that took place during the 24-

hour period, index patients positive for carrying ARB
at 48 hours spread these bacteria to their medical
caretakers or health-care workers, non-medical care-
takers, and immediate hospital neighbors (via routes 8,

9, and 11), but not to their inanimate environment (via
route 10) (Figure 2).
Interactions between the non-medical caretakers of the

index patients, medical caretakers, or health-care workers
attending to the index patients and immediate admitted
neighbors of the index patients as well as the inanimate envi-
ronment were not routes for AMR acquisition and transmis-
sion during the index patients’ hospital stay (routes 6, 12, 13,
and 14) (Figure 2). In the orthopedic ward, medical care-
takers or health-care workers attending to index patients are
reservoirs of ARB.

DISCUSSION

We explored AMR acquisition and transmission dynamics
in health-care settings based on the orthopedic ward of Mu-
lago National Referral Hospital in Uganda. Our results reveal
thought-provoking findings concerning AMR acquisition
and transmission dynamics and we make several recom-
mendations to inform the need as well as the nature of AMR
surveillance.
Regarding the time to positivity and origin of the index pa-

tients, the majority of our index patients were positive for
carrying ARB on admission or within 24 hours of their stay
on the orthopedic ward. For index patients who were nega-
tive on or 24 hours after admission to the ward, carriage of
ARB was reported markedly after 48 hours. Some of the

FIGURE 1. Schematic showing antimicrobial resistance (AMR) acquisition and transmission dynamics in the orthopedic ward of index patients
positive for carrying antimicrobial-resistant bacteria 24 hours after admission. 1 5 AMR transmission from the index patient to the health-care
worker; 25 AMR transmission from the index patient to the index patient’s neighbor and other admitted patients; 35 AMR transmission from the
index patient to the immediate and non-immediate environment of the index patient; 4 5 AMR transmission from the index patient to their non-
medical caretaker. This figure appears in color at www.ajtmh.org.

TABLE 4
Phenotypic characterization of antimicrobial resistance in the

isolated bacterial species, sensitivity, specificity, and positive and
negative predictive values of the screening test (N 5 80)

Characteristic Value

ESBL positive, initial screening, n (%) 80 (100)
ESBL positive, confirmatory testing, n (%) 72 (90)
Derepressed mutants, n (%) 8 (10)
AmpC production testing, n (%) 8/8 (100)
AmpC inclusive, n (%) 0/0 (0)
Multidrug-resistant carbapenem-

susceptible bacteria species, n (%)
75/80 (94)

Sensitivity of screening method, % 100
Specificity of screening method, % 50
Positive predictive value of screening method, % 90
Negative predictive value of screening method, % 100

AmpC5 Class C b-lactamases; ESBL5 extended-spectrum b-lactamase.

MBOOWA AND OTHERS502

http://www.ajtmh.org


index patients remained negative for carrying ARB after 72
hours. With regard to the origin of the index patients, the ma-
jority—particularly those who were positive for carrying ARB
on or 24 hours after admission—did not come from
home but were referrals or transfers from several units/wards
within Mulago National Referral Hospital and other regional
referral hospitals, or had been admitted to several local clin-
ics or health-care centers prior their transfer to Mulago Na-
tional Referral Hospital. Similar to other related studies,21–23

our results demonstrate that AMR in the community and
health-care settings is increasing progressively. Also, similar
to another related study,24 we showed, to some extent, how
larger health-care settings and smaller health-care settings
can be contributing to the AMR problem, as well as the po-
tential subsequent spillover of healthcare-associated patho-
gens to the community. Because of the substantial public
health consequences, including the numerous challenges in
managing community- and hospital-acquired bacterial infec-
tions—particularly those involving ARB—there is a need to
evaluate accurately the interactions between the community
and health-care settings to identify sources and/or reservoirs
and sinks of AMR to understand further the transmission

dynamics and acquisition of AMR; to initiate monitoring and
surveillance of AMR originating from the community and
health-care settings; to identify, recommend, and spearhead
the implementation of strategies that prevent increases
in reservoirs and sinks of AMR in the community and health--
care settings; to leverage unique antimicrobial use behaviors
and practices of individuals who remain negative for ARB af-
ter their hospital stay in efforts to combat AMR; and to ascer-
tain the role of other Mulago National Referral Hospital units/
wards, regional referral hospitals, and smaller health-care
settings (local clinics and health-care centers) in AMR.
Our results evidence an alarming prevalence of ESBL-PE

(90%) from fecal samples of our study participants—several-
fold greater than the 5.3% reported in a related study
conducted in 2006 and 2007 at Mulago National Referral
Hospital,21 and greater than the 62% reported in another re-
lated study at Mulago National Referral Hospital in 2014,25

but only slightly greater than the 89% reported in a study
conducted in 2015 and 201626 at Kasese regional referral
hospital, southwestern Uganda. The ESBLs-PE isolated in
this study were E. coli and K. pneumoniae. Similar to other
related studies,21–23 ours provides data suggestive of

FIGURE 2. Schematic showing antimicrobial resistance (AMR) acquisition and transmission dynamics in the orthopedic ward of index patients
positive for carrying antimicrobial-resistant bacteria 48 hours after hospital stay. 1 5 AMR transmission from health-care worker to the index pa-
tient; 2 5 AMR transmission from health-care worker to index patient’s neighbor and other admitted patients; 3 5 AMR transmission from health-
care worker to the non-medical caretaker of the index patient; 4 5 AMR transmission from health-care worker to the immediate and non-immedi-
ate environment of the index patient; 5 5 AMR transmission from the non-medical caretaker of the index patient to the index patient; 6 5 AMR
transmission/acquisition among the non-medical caretaker and index patient’s neighbor and other admitted patients; 7 5 AMR transmission from
the index patient’s neighbor and other admitted patients to the index patient; 85 AMR transmission from index patient to index patient’s neighbor
and other admitted patients; 9 5 AMR transmission from the index patient to the non-medical caretaker of the index patient; 10 5 AMR transmis-
sion/acquisition between the index patient and the immediate and non-immediate environment of the index patient; 11 5 AMR transmission from
the index patient to the health-care worker; 12 5 AMR transmission/acquisition between the non-medical caretaker of the index patient and the
immediate and non-immediate environment of the index patient; 135 AMR transmission/acquisition among the index patient’s neighbor and other
admitted patients and the immediate and non-immediate environment of the index patient; 14 5 AMR transmission/acquisition between the
health-care worker and the non-medical caretaker of the index patient. This figure appears in color at www.ajtmh.org.
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persistent intestinal shedding of ESBL-PE by both healthy
individuals and hospitalized patients. This lessens treatment
options for both community- and hospital-acquired
infections involving ESBL-PE.27 The source of ESBL-PE in
participant samples from the community could have been a
consequence of participants visiting the health-care setting
or interacting with health-care workers in that setting. This
was also suggested as a possibility in other related stud-
ies.27,28 However, some studies suggested that population
exposure to antibiotics could explain this observation,21,29

but others demonstrated ESBL-PE in individuals with no his-
tory of having taken antibiotics;30,31 others highlighted food
products from animals as potential sources of the bacte-
ria.30,31 These findings underscore the need to spearhead
the introduction of monitoring and surveillance of AMR origi-
nating in the community and health-care settings to guide
both clinical care and the review of national clinical guide-
lines for the management of infections involving ESBL-PE,
agitate for a multi-layered behavioral-based approach aimed
at (but not limited to) reducing the volume of antimicrobial
use wherever and whenever possible. Also, we need to
investigate further the potential of using ESBL-PE from
sewage as AMR detection markers that could be used in
monitoring and surveillance, and develop a scheme (includ-
ing the use of double-selected culture media in a single step
to detect ESBL-PE, as used in our study) to reduce the turn-
around time and cost of phenotypic ESBL-PE screening
while eliminating the need for molecular approaches.
The screening approach using double-selected culture

media in a single step to detect ESBL-PE in our study had a
high diagnostic accuracy with regard to its ability to
identify ARB (specifically, ESBL producers) directly from pa-
tient/non-patient samples. This screening method could
potentially revolutionize AMR monitoring and surveillance,
especially in limited-resource settings, because the inability
to diagnose several diseases quickly has been documented
as a significant cause of the disproportionate number of
deaths resulting from communicable diseases in limited-
resource settings compared with high-income settings.32,33

The potential of using ESBL-PE from sewage as AMR
detection markers that can then be used in monitoring and
surveillance—particularly E. coli and K. pneumoniae—is sup-
ported by the fact that these are documented priority patho-
gens as a result of their widespread levels of AMR, distribu-
tion in the gastrointestinal tract of humans as well as
animals, and involvement in the sharing of AMR gene carry-
ing mobile genetic elements with other bacteria that are
found in similar environments.34,35

Regarding the abundance of ARB in the hospital environ-
ment (ward environment). Environmental sampling in our
study revealed that hospital environments were mostly free
of ARB except for the health-care worker handwashing sink,
where these bacteria were isolated. Unlike related studies
that have indicated the presence of ARB from inanimate sur-
faces,36,37 our results reveal otherwise. However, our find-
ings are similar to those of other related studies, all of which
point toward the transmission of AMR through human–hu-
man interface compared with human–inanimate environment
interface, emphasizing the potential role of health-care work-
ers and patient attendants in the cycle of AMR transmis-
sion.38,39 Patient exchange among hospital units/wards
and regional referral hospitals driven primarily by limited

space,40 specialization of care,24 and other factors (e.g., the
availability of free care in these facilities24) could be exacer-
bating human–human transmission and acquisition of ARB.
Also, patient exchange suggests a high patient turnover and
a probable absence of ARB transmission and acquisition to
and from inanimate surfaces, hence a reduction in the ARB
that results in rapid decays and eventual pathogen extinction
due to limited adaptation time. By contrast, humans can po-
tentially act as reservoirs,38,39 orchestrating continuous
transmission and acquisition of ARB. In light of this, there re-
mains a need to evaluate accurately the interactions among
humans in the community and health-care settings to under-
stand AMR transmission dynamics and acquisition further at
the human–human interface. However, this finding could be
the result of common hygienic and sanitation practices on
the target ward that could have also limited the isolation of
ARB from the inanimate environment. Poor hygienic and
sanitary practices have been shown previously to drive the
spread of resistant bacteria in health environment surfa-
ces.41,42 Hence, the influence of common hygienic and sani-
tation practices should be investigated further in the context
of this work.
We report high rates of resistance to antibiotics in com-

mon usage–namely, penicillins with ESBL-resistant penicil-
lins, sulfonamides in combination with trimethoprim, third-
generation cephalosporins, and combinations of penicillins
including b-lactamase inhibitors. Also, we report high multi-
drug resistance (i.e., resistance to three or more classes of
antibiotics) prevalence in ESBL-PE isolates. Similar to other
related studies,21,43 we report high rates of multi-drug-resis-
tant ESBL-PE in both community samples of healthy and
diseased individuals, and those of hospitalized patients. Like
other related studies,21,43–46 we attribute these findings to
the empirical use of antibiotics in health-care settings; com-
munity exposure to antibiotics; acquisition/transmission of
the bacteria from environmental sources exacerbated by
several factors that include, among others, community hy-
giene levels and peoples’ antibiotic use behaviors; and the
lack of an AMR monitoring and surveillance system for the
community and health-care settings. Multi-drug-resistant
ESBL-PE remains a major threat to patients because infec-
tions involving these organisms render possible treatments
impractical and call for the use of more expensive treatment
alternatives. Hence, these findings underscore the need to
boost microbiology laboratory capacity to spearhead cul-
ture-guided antibiotic therapy, strengthen monitoring and
surveillance of AMR in community and health-care settings,
and pursue infection control interactive community and
health-care setting-based education sessions aimed at eval-
uating and exploring the acceptability of habit-based infec-
tion control behavior change interventions.
Our study had limitations. First, despite our initial hope of

recruiting more index patients into the study, we discovered
that only a limited number of admissions were possible each
week because of space-related challenges on the target
ward and the emergence of the coronavirus disease 2019
pandemic, which triggered a countrywide lockdown and the
cessation of all research activities. Second, we were unable
to sample index patients’ home environment as initially con-
ceptualized because we learned the majority of our index pa-
tients were not from home, but were referrals or transfers
from several units/wards within Mulago National Referral
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Hospital or other regional referral hospitals, or had been ad-
mitted to several local clinics or health-care centers prior
their transfer to Mulago National Referral Hospital. This
could have limited our comprehensive understanding of the
transmission dynamics and acquisition of AMR not only at
the community level, but also at health-care setting level. In
addition, we encountered unanticipated resources (especial-
ly funding) required to explore the additional sites, including
obtaining administrative and ethical clearance at the respec-
tive sites, materials and consumables, as well as other ex-
penses. Third, although genomic data have been described
as being better at providing closer insight into AMR trans-
mission dynamics and acquisition,34,47 we do not present
these data, which could have affected our interpretation of
AMR transmission dynamics and acquisition data.
Despite these limitations, we are able to provide invaluable

insight into AMR transmission dynamics in health-care set-
tings using our unique approach of basing our study on the
orthopedic ward of Mulago National Referral Hospital in
Uganda. Our findings are crucial and have the potential to
spur further monitoring and surveillance of AMR. They could
also promote the development and deployment of effective
interventions and innovations to reduce AMR incidence, es-
pecially in limited-resource settings.

CONCLUSION

AMR transmission and acquisition occur primarily via hu-
man–human interface within and outside of health-care
facilities, compared with human–inanimate environment
interface. However, this remains subject to additional re-
search. A better understanding of human-human and hu-
man-environment interactions could aid in the development
of evidence-based and effective interventions that could ulti-
mately reduce the burden of AMR in humans. Also, whole-
genome sequencing approaches, when explored, could pro-
vide a greater understanding of AMR transmission dynamics
and acquisition in health-care and community settings.
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