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Abstract

Multidrug-resistant non-typhoidal Salmonella (NTS) infection has emerged as a prominent

cause of invasive infections in Africa. We investigated the prevalence of ceftriaxone-resis-

tant invasive NTS infections, conducted exploratory analysis of risk factors for resistance,

and described antimicrobial use in western Kenya. We conducted a secondary analysis of

existing laboratory, epidemiology, and clinical data from three independent projects, a

malaria vaccine trial, a central nervous system (CNS) study, and the International Emerging

Infections Program morbidity surveillance (surveillance program) during 2009–2014. We

calculated odds ratios (OR) with 95% confidence intervals (CI) for ceftriaxone-resistant NTS

infections compared with ceftriaxone-susceptible infections. We surveyed hospitals, phar-

macies, and animal drug retailers about the availability and use of antimicrobials. In total,

286 invasive NTS infections were identified in the three projects; 43 NTS isolates were cef-

triaxone-resistant. The absolute prevalence of ceftriaxone resistance varied among these

methodologically diverse projects, with 18% (16/90) of isolates resistant to ceftriaxone in the

vaccine trial, 89% (16/18) in the CNS study, and 6% (11/178) in the surveillance program.

Invasive ceftriaxone-resistant infections increased over time. Most ceftriaxone-resistant iso-

lates were co-resistant to multiple other antimicrobials. Having an HIV-positive mother (OR

= 3.7; CI = 1.2–11.4) and taking trimethoprim-sulfamethoxazole for the current illness (OR =

9.6, CI = 1.2–78.9) were significantly associated with acquiring ceftriaxone-resistant inva-

sive NTS infection. Ceftriaxone and other antibiotics were widely prescribed; multiple issues

related to prescription practices and misuse were identified. In summary, ceftriaxone-resis-

tant invasive NTS infection is increasing and limiting treatment options for serious infections.
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Efforts are ongoing to address the urgent need for improved microbiologic diagnostic capac-

ity and an antimicrobial surveillance system in Kenya.

Introduction

Non-typhoidal Salmonella (NTS) infection has emerged as a prominent cause of bloodstream

infection in Africa with an associated case fatality of 20–25% [1, 2]. NTS is among the most

common pathogens causing bacteremia in Africa [3, 4]. HIV-positive adults and young chil-

dren carry most of the burden [3–5]. An extremely high burden of invasive NTS infections has

been observed in rural western Kenya, with the highest adjusted annual incidence of 3,914.3

per 100,000 person-years of observation (2009–2014) among children younger than 5 years of

age [6]. Additionally, multidrug-resistant NTS strains have emerged in Africa, which can lead

to treatment failure and complicate patient management [7]. Recent emergence of resistance

to extended-spectrum cephalosporins, such as ceftriaxone, is especially concerning because

these drugs are important for treating invasive NTS infection in children, for whom fluoro-

quinolones are usually avoided [8]. Ceftriaxone resistance had not been documented in Kenya

until recent years. However, investigators in Siaya county, western Kenya observed the emer-

gence in 2009 and increase through 2013 of ceftriaxone-resistant invasive NTS infections in

children participating in a malaria vaccine trial in whom blood culture was routinely per-

formed to evaluate febrile illnesses [9].

In addition to the malaria vaccine trial, hereafter referred to as “the vaccine trial,” two

other infectious disease projects conducted in the same county and period performed blood

cultures for participants with febrile illnesses. These projects were 1) a study of central ner-

vous system infections, hereafter called “the CNS study,” and 2) an ongoing morbidity sur-

veillance of the International Emerging Infections Program, hereafter called “the

surveillance program.” Using these data, we investigated the trajectory of prevalence of cef-

triaxone-resistant invasive NTS infections and conducted exploratory analysis of potential

risk factors for resistance. We also collected primary data about the use of antimicrobial

agents that could have contributed to the selection of resistant NTS in humans and animals

in western Kenya.

Materials and methods

Background on the three projects that contributed data to this analysis

Details of the vaccine trial, the CNS study, and the surveillance program have been described

previously [9–11]; for background, we briefly summarize these three projects. First, the vac-

cine trial enrolled 1,696 children aged 6 weeks to 17 months from 2009 through 2013, and

participants were followed for up to 53 months. Blood culture was performed for partici-

pants who were hospitalized or were evaluated for prolonged fever at outpatient clinics [9].

Second, the CNS study enrolled 320 participants aged�6 weeks who were hospitalized and

met criteria for evaluation for acute central nervous system infection from November 2011

through December 2013 [10]. Blood and cerebrospinal fluid (CSF) culture were performed

for all participants. Third, the surveillance program, which covers a population of about

25,000 persons, has conducted population-based infectious disease surveillance since 2005.

Blood cultures are performed for outpatients meeting the case definitions for severe acute

respiratory illness and acute febrile illness and for all inpatients admitted for conditions

unrelated to injury or obstetric causes [11]. We analyzed surveillance program data from

January 2009 through April 2014. The protocols for all three projects included routine
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culture of participant blood, and for all three projects, isolates were identified as NTS and

serogrouped at the Kenya Medical Research Institute (KEMRI) laboratory in Kisumu using

standard techniques [6, 9]. For all three projects, KEMRI assessed antimicrobial susceptibil-

ity using Kirby-Bauer disk diffusion methods and Clinical and Laboratory Standard Institute

(CLSI) guidelines for determining resistance [12]. The detection of ceftriaxone-resistant ser-

ogroup O4 (formerly serogroup B) NTS isolates triggered the current investigation, and we

conducted a secondary analysis of existing laboratory, epidemiology, and clinical data from

the three projects described above.

Secondary analysis of prevalence and risk factors for ceftriaxone resistance

in invasive NTS infections

We conducted a secondary analysis of existing data on cases of laboratory-confirmed invasive

NTS infections identified through the vaccine trial, the CNS study, and the surveillance pro-

gram, including all cases in which a blood culture yielded NTS. If NTS was isolated more than

once from a person, we included the first isolate, except in cases in which ceftriaxone-suscepti-

ble and ceftriaxone-resistant isolates were both identified, when we included the first ceftriax-

one-resistant isolate. Using existing epidemiologic, clinical, and antimicrobial susceptibility

testing (AST) data from the three projects, ceftriaxone-resistant NTS infections were com-

pared to ceftriaxone-susceptible infections; for some variables, information was available from

only one or two of the projects; the data available from each project is detailed in Table 1. We

conducted univariate analysis to calculate odds ratios (OR) with 95% confidence intervals (CI)

for ceftriaxone-resistant infections, as compared with ceftriaxone-susceptible infections. We

compared categorical data using the χ2 test or Fisher’s exact test, as appropriate, and continu-

ous data using the Mann-Whitney U-test. Statistical analyses were conducted using SAS 9.3

(SAS Institute, Cary, NC).

Surveys regarding availability and use of antimicrobial agents

We conducted surveys (S1, S2 and S3 Appendices) at 3 hospitals (including 7 healthcare

worker respondents), 23 pharmacies (including 23 pharmacy staff respondents), and 15 agro-

vets (shops that supply drugs, feeds, and other products for livestock; including 15 staff respon-

dents). We included all registered facilities in Lwak and Siaya towns in Siaya county. The

surveys covered questions about the availability and administration of antimicrobials, how

patients or their families purchase and use antimicrobials, common selling practices, the type

of livestock that were commonly administered antimicrobials, and the presence of antimicro-

bials in animal feeds and supplements that were available for sale on the day of the survey.

Participation was voluntary and anonymous, and we received verbal permission from all the

survey participants.

Further characterization of selected ceftriaxone-resistant NTS isolates

A convenience sample of 31 serogroup O4 NTS isolates (12 from the vaccine trial, 13 from the

CNS study, and 6 from the surveillance program) was serotyped and tested for antimicrobial

susceptibility using the broth microdilution method per CLSI guidelines in the Enteric Dis-

eases Laboratory Branch (EDLB) at CDC [12, 13]. Whole genome sequencing was performed

on 4 these isolates from the CNS study and the surveillance program using methods as

described by Tagg K.A et.al. [14].
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Institutional approvals

The Kenyan Ministry of Health and CDC determined that the activities we conducted for this

public health response to the emergence of ceftriaxone-resistant Salmonella infections did not

meet the definition of research. Therefore, formal review by research ethics boards was not

required for the activities we report.

Results

Prevalence and increase of ceftriaxone resistance in invasive NTS infections

In total, 286 invasive NTS infections were identified in the three projects; 43 NTS isolates were

ceftriaxone-resistant (Table 2). The absolute prevalence of ceftriaxone resistance varied

between these methodologically diverse projects, with 18% (16/90) of NTS isolates resistant to

ceftriaxone in the vaccine trial, 89% (16/18) in the CNS study, and 6% (11/178) in the surveil-

lance program (Table 2). The percentage of the NTS that was ceftriaxone-resistant increased

over time in all three projects; from 8% (1/12) in 2009 to 64% (7/11) in 2013 for the vaccine

Table 1. Variables available for risk factor analysis for malaria vaccine trial (vaccine trial), central nervous system infection study (CNS study), and International

Emerging Infections Program (surveillance program) participants during 2009–2014, Siaya county, Kenya.

Variables Study

Vaccine trial CNS study Surveillance program

Demographics

Age
pa p p

Gender
p p p

Host and maternal factors

HIV statusb p

HIV status of mother
p

Malaria within 2 weeks before invasive NTS infection diagnosisb p

Malaria at the time of invasive NTS infection diagnosis
p p p

Exposure to antimicrobials before visiting a clinic/hospital

Took antibiotics before arriving to hospitalb
p

Taken a medication for this illnessb p

Sulfadoxine/pyrimethamineb p

Trimethoprim-sulfamethoxazoleb p

Penicillinb p

Other antimicrobialsb p

Clinical history and symptoms

Fever with this illnessb p p

Temperature in Celsius
p p p

Stiff neckb p

Diarrhea
p p p

Vomitingb p p

Outcome

Admitted to hospital
p p p

Duration of hospitalizationb p

Hospital admission outcome
p p p

CNS, central nervous system.
ap-data available for analysis.
bblank-data not available for the current analysis.

https://doi.org/10.1371/journal.pone.0229581.t001
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Table 2. Characteristics of patients with invasive non-typhoidal Salmonella infections among malaria vaccine trial (vaccine trial), central nervous system infection

study (CNS study), and International Emerging Infections Program (surveillance program) participants during 2009–2014, Siaya county, Kenya.

Characteristics Study Ceftriaxone-resistant

infection n/N (%)

Ceftriaxone-susceptible

infection n/N (%)

Odds ratioa (95%

confidence interval)

Number of invasive NTS infection cases Vaccine trial 16/90 (18) 74/90 (82)

CNS study 16/18 (89) 2/18 (11)

Surveillance

program

11/178 (6) 167/178 (94)

Demographics

Age in months, median (range) Vaccine trialb 35 (4–53) 15 (2–47)

CNS study 16 (3–62) 15 (2–28)

Surveillance

program

42 (18–437) 50 (4–918)

Male gender Vaccine trial 6/16 (38) 35/74 (47) 0.7(0.2–2.0)

CNS study 10/16 (63) 0/2 (0) 8.1(0.3–196.2)

Surveillance

program

6/11 (55) 78/167 (47) 1.4(0.4–4.7)

Host and maternal factors

HIV positivec Vaccine trial 2/16 (13) 7/70 (10) 1.3(0.2–6.9)

Has an HIV-positive mother Vaccine trial 9/16 (56) 19/74 (26) 3.7(1.2–11.4)

Had malaria within 2 weeks before invasive

NTS infection diagnosis

Vaccine trial 10/16 (63) 46/74 (62) 1.0(0.3–3.1)

Had malaria at the time of invasive NTS

infection diagnosisc
Vaccine trial 8/16 (50) 37/74 (50) 1.0(0.3–3.0)

Surveillance

program

3/5 (60) 14/49 (29) 3.8(0.6–24.9)

Exposure to antimicrobials before visiting a clinic/hospital

Took antibiotics before arriving to hospitalc CNS study 5/9 (56) 1/1 (100) 0.4(0.0–12.6)

Taken a medication for this illness Surveillance

program

5/11 (45) 85/167 (51) 0.8(0.2–2.7)

Sulfadoxine/pyrimethaminec Surveillance

program

0/4 (0) 2/75 (3) 3.3(0.1–78.7)

Trimethoprim-sulfamethoxazolec Surveillance

program

2/4 (50) 7/74(9) 9.6(1.2–78.9)

Penicillinc Surveillance

program

0/4 (0) 8/76 (11) 0.9(0.0–18.1)

Other antimicrobialsc Surveillance

program

0/4 (0) 3/74 (4) 2.3(0.1–51.0)

Clinical history and symptoms

Feverc CNS study 14/16 (88) 2/2 (100) 1.2(0.0–32.1)

Surveillance

program

11/11 (100) 157/166 (95) 1.4(0.1–25.4)

Temperature in Celsius, median (range) c Vaccine trial 38 (36–41) 38 (35–41)

CNS study 38 (36–40) 39 (39–39)

Surveillance

program

39 (37–40) 39 (35–41)

Stiff neckc CNS study 7/15 (47) 1/2 (50) 0.9(0.0–16.7)

Diarrheac Vaccine trial 8/15 (53) 34/73 (47) 1.3(0.4–4.0)

CNS study 6/14 (43) 2/2 (100) 0.2(0.0–3.8)

Surveillance

program

0/11 (0) 44/166 (27) 0.1(0.0–2.1)

Vomitingc Surveillance

program

1/11 (9) 48/166 (29) 0.2(0.0–2.0)

(Continued)
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trial, from 80% (8/10) in 2012 to 100% (8/8) in 2013 for the CNS study, and from 2% (1/41) in

2009 to 25% (1/4) in 2014 for the surveillance program (Fig 1). The NTS isolates that were

resistant to ceftriaxone were also co-resistant to other antibiotics tested; all isolates were co-

resistant to trimethoprim-sulfamethoxazole and sulfisoxazole (43/43 and 40/40, respectively),

Table 2. (Continued)

Characteristics Study Ceftriaxone-resistant

infection n/N (%)

Ceftriaxone-susceptible

infection n/N (%)

Odds ratioa (95%

confidence interval)

Outcome

Admitted to hospitalc Surveillance

program

5/11 (45) 49/166 (30) 2.0(0.6–6.8)

Duration of hospitalization, days (median,

range) c
Surveillance

program

3 (2–7) 3 (0–9)

Discharged without sequelaec Surveillance

program

4/4 (100) 46/49 (94) 0.7(0.0–15.3)

Death Vaccine trial 0/16 (0) 3/74 (4) 0.6(0.0–12.6)

Data are presented as No. (%) unless otherwise indicated.

CNS, central nervous system.
aCalculated by X2 test or Fisher’s exact test, as appropriate.
bThe older age of patients with ceftriaxone-resistant NTS infection among the vaccine trial participants may have been related to the emergence of resistance relatively

late (2013 and 2014) in the study when the participants of this longitudinal study in general have grown older.
cMissing data were excluded from the analyses.

https://doi.org/10.1371/journal.pone.0229581.t002

Fig 1. Percentage (number) of ceftriaxone-resistant isolates among invasive non-typhoidal Salmonella cases identified in malaria vaccine trial

(vaccine trial; 2009–2013), central nervous system infection study (CNS study; 2012–2013), and International Emerging Infections Program

(surveillance program; 2009–2014), Siaya county, Kenya.

https://doi.org/10.1371/journal.pone.0229581.g001
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and almost all were co-resistant to ampicillin (98%, 42/43), gentamicin (95%, 41/43), tetracy-

cline (95%, 38/40) and chloramphenicol (93%, 40/43) (Table 3).

Risk factors for acquiring ceftriaxone-resistant invasive NTS infection

Demographic characteristics. There were no statistically significant differences in the

median age of the CNS study and surveillance program participants with ceftriaxone-resistant

isolates and ceftriaxone-susceptible isolates (16 months vs. 15 months, and 42 months vs. 50

months, respectively). Because of the longitudinal follow-up in the vaccine trial and the timing

of the emergence of ceftriaxone resistance, the patients with ceftriaxone-resistant invasive NTS

infections in the vaccine trial were older than patients with ceftriaxone-susceptible invasive

NTS infections (median age 35 months vs. 15 months, respectively). The gender distribution

of participants with ceftriaxone-resistant and ceftriaxone-susceptible NTS infection was simi-

lar in all programs. (Table 2).

Host and maternal factors. Having an HIV-positive mother was the only maternal factor

significantly associated with ceftriaxone-resistant NTS infection, with significantly higher risk

of resistant infection in the vaccine trial participants with HIV-positive mothers than in those

with HIV-negative mothers (OR = 3.7; CI = 1.2–11.4). However, ceftriaxone-resistant or sus-

ceptible invasive NTS infection was not found to be associated with HIV status of the partici-

pants themselves (OR = 1.3; CI = 0.2–6.9). The proportion of participants with malaria in the

two weeks before or at the time of invasive NTS infection was similar in ceftriaxone-resistant

Table 3. Antibiotic resistance patterns of the non-typhoidal Salmonella isolates from invasive infections identified among malaria vaccine trial (vaccine trial), cen-

tral nervous system infection study (CNS study), and International Emerging Infections Program (surveillance program) participants during 2009–2014, Siaya

county, Kenya.

CLSI Antimicrobial

Class

Antimicrobiala Vaccine trial CNS study Surveillance program

Ceftriaxone-

resistant isolates

Ceftriaxone-

susceptible

isolates

Ceftriaxone-

resistant isolates

Ceftriaxone-

susceptible

isolates

Ceftriaxone-

resistant isolates

Ceftriaxone-

susceptible

isolates

n/N (%) n/N (%) n/N (%) n/N (%) n/N (%) n/N (%)

Aminoglycosides Gentamicin 16/16 (100) 0/74 (0) 16/16 (100) 0/2 (0) 9/11 (82) 5/154 (3)

Kanamycin 14/15 (93) 1/74 (1) 16/16 (100) 0/0 9/11 (82) 11/154 (7)

Streptomycin 6/6 (100) 59/64 (92) 15/16 (94) 2/2 (100) 11/11 (100) 138/155 (89)

β-lactam/β-lactamase

inhibitor combinations

Amoxicillin-

clavulanic acid

16/16 (100) 34/66 (52) 16/16 (100) 1/2 (50) 6/10 (60) 62/146 (42)

Cephems Cefotaxime 1/1 (100) 0/1 (0) 0/0 0/0 0/0 0/0

Folate pathway

inhibitors

Sulfisoxazole 13/13 (100) 34/40 (85) 16/16 (100) 2/2 (100) 11/11 (100) 140/154 (91)

Trimethoprim-

sulfamethoxazole

16/16 (100) 67/74 (91) 16/16 (100) 2/2 (100) 11/11 (100) 137/156 (88)

Penicillins Ampicillin 16/16 (100) 63/70 (90) 15/16 (94) 2/2 (100) 11/11 (100) 135/155 (87)

Phenicols Chloramphenicol 16/16 (100) 57/74 (77) 14/16 (88) 2/2 (100) 10/11 (91) 123/156 (79)

Quinolones Ciprofloxacin 1/16 (6) 0/73 (0) 3/16 (19) 0/2 (0) 1/11 (9) 0/155 (0)

Nalidixic acid 1/16 (6) 6/73 (8) 2/16 (13) 0/2 (0) 3/11 (27) 26/155 (17)

Tetracyclines Tetracycline 13/13 (100) 12/24 (50) 15/16 (94) 0/2 (0) 10/11 (91) 60/156 (38)

Data are presented as No. (%) unless otherwise indicated.

CLSI, Clinical and Laboratory Standards Institute; CNS, central nervous system.
aNot all isolates were tested for every antimicrobial listed.

https://doi.org/10.1371/journal.pone.0229581.t003
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and -susceptible invasive NTS infection (OR = 1.0; CI = 0.3–3.1 and OR = 1.0; CI = 0.3–3.0,

respectively) (Table 2).

Exposure to antibiotics. Administration of trimethoprim-sulfamethoxazole, but not

other antimicrobials, for the current illness was significantly associated with ceftriaxone-resis-

tant invasive NTS infection in the surveillance program participants (OR = 9.6, CI = 1.2–78.9)

(Table 2). The overall percentage of the surveillance program patients who took any medica-

tion for the current illness before arriving to the hospital or clinic did not differ between ceftri-

axone-resistant and -susceptible invasive NTS infection patients (OR = 0.8; CI = 0.2–2.7).

Clinical presentation and outcomes

Although not statistically significant, presentation with diarrhea and vomiting was more com-

mon in patients with ceftriaxone-susceptible invasive NTS infections than ceftriaxone-resis-

tant NTS infections. The percentage of surveillance program participants who were

hospitalized and the duration of their hospital stay did not differ between patients with ceftri-

axone-resistant and ceftriaxone-susceptible invasive NTS infections. No deaths were reported

among the patients with ceftriaxone-resistant infection.

Survey findings regarding antimicrobial availability and use

Kenyan informants reported that the third-generation cephalosporins first became available as

early as 2005 in western Kenya. According to hospital respondents, the third-generation ceph-

alosporins were “always” prescribed for children admitted with suspected meningitis (5 of 7

responders) and for those with suspected sepsis (3/7), and “often” prescribed for patients with

acute febrile illnesses (2/7) (S1 Table). Interviews with clinicians revealed several issues related

to prescription practices and adherence to prescribed dosages, including drug supply shortages

at hospitals requiring inpatients to purchase drugs from outside pharmacies, antimicrobial

purchase without a prescription, self-medication, and using antimicrobials in sub-therapeutic

doses. In addition to ceftriaxone, clinicians commonly prescribed other antimicrobials, such

as amoxicillin, trimethoprim-sulfamethoxazole and gentamicin, to which the ceftriaxone-

resistant NTS was found to be co-resistant. Carbapenem antimicrobials were not available at

any of the hospitals on the day of interview.

All of the 23 interviewed pharmacist dispensed antimicrobials, and 20 of them sold third-

generation cephalosporins (S2 Table). Other beta-lactam antibiotics were available at 22 phar-

macies, trimethoprim-sulfamethoxazole at 21, gentamicin at 19, and ciprofloxacin at 19 on the

day of interview. Two of the 23 pharmacies had carbapenems available on the day of interview.

Of the 23 pharmacies, respondents for 13 reported that they would sell a partial prescription to

a customer. During the interviews, we observed that people could purchase antibiotics without

a prescription at some pharmacies.

The practice of dispensing antimicrobials for veterinary use was similar to that for human

use; antibiotic purchase without a prescription, treatment without veterinarian’s consult and

subtherapeutic dosing were common. Agrovets also sold a wide range of antimicrobials for

animal use to which ceftriaxone-resistant NTS in humans were co-resistant; all or most of the

15 interviewed agrovets sold sulfonamides (15), beta-lactams (14), tetracyclines (13) and

macrolides (13) (S3 Table). In addition to antimicrobials, more than half of commonly sold

brands of poultry nutritional supplements had tetracycline or oxytetracycline additives (15 of

27 observed supplements) that could contribute to co-selection of ceftriaxone-resistance.
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Further characterization of selected ceftriaxone-resistant NTS isolates

All 31 ceftriaxone-resistant serogroup O4 NTS isolates referred from the KEMRI laboratory to

CDC for further characterization were serotype Typhimurium (S4 Table). Whole genome

sequencing of 4 ceftriaxone-resistant NTS isolates from the CNS study and the surveillance

program identified several plasmid types and multidrug resistance genes, including blaCTX-M-

15 that confers resistance to broad spectrum cephalosporins and several folate pathway inhibi-

tor genes (dfrA1, dfrA14, sul1, sul2) that confer resistance to trimethoprim-sulfamethoxazole.

All four isolates were a single multilocus sequence type, ST313.

Discussion

Ceftriaxone-resistant invasive NTS infections rapidly emerged during 2009–2014 in this area

of western Kenya, where malaria and HIV are endemic (Fig 1). The true prevalence of multi-

drug-resistant NTS infections may be even larger than the prevalence these research and sur-

veillance programs identified, because many infections are undetected due to lack of

microbiologic diagnostic capacity in standard clinical settings and the absence of surveillance

systems that track antimicrobial resistance in Kenya [15].

Treatment options for invasive ceftriaxone-resistant NTS infections are limited because

most of the isolates were co-resistant to multiple antimicrobials, including ciprofloxacin (6%

[1/16], 19% [3/16], and 1/11 [9%] of isolates identified in vaccine trial, CNS study and surveil-

lance program, respectively) for some isolates. Similar findings of emerging multidrug resis-

tance among invasive NTS infection isolates were reported from multiple African countries [7,

16]. Carbapenems and tigecycline are treatment alternatives for invasive NTS infections that

are resistant to both first- and second-line drugs (amoxicillin, chloramphenicol, trimetho-

prim-sulfamethoxazole, extended-spectrum cephalosporins, and fluoroquinolones) [8]. Carba-

penems were not available in the surveyed hospitals in western Kenya at the time of survey,

and we did not inquire about tigecycline availability at the time of the study. Only the vaccine

trial investigators had carbapenems available to treat their participants; the drug had been pur-

chased and transported from a pharmacy in Nairobi. However, according to a later survey on

antibiotic use, carbapenems became available in western Kenya [17]. Despite the limited treat-

ment options, no deaths were reported among the patients with ceftriaxone-resistant NTS

infection. Early detection and diagnosis, timely microbiological results, immediate medical

care provided through the research and surveillance programs, and availability of appropriate

antimicrobial therapy (vaccine trial), may have improved outcomes.

In our examination of risk factors, we found that having taken trimethoprim-sulfamethoxa-

zole for the current illness or having an HIV-positive mother were each significantly associated

with having ceftriaxone-resistant invasive NTS infection. All the ceftriaxone-resistant NTS iso-

lates were co-resistant to trimethoprim-sulfamethoxazole, and the whole genome sequencing

of the 4 ceftriaxone-resistant NTS isolates identified several plasmid types and multiple resis-

tance genes that confer resistance to both drugs. A previous study reported that ceftriaxone-

resistant NTS isolates in Nairobi harbored ceftriaxone resistance and multidrug resistance

genes on a single plasmid [18]. Thus, it is possible that exposure to trimethoprim-sulfamethox-

azole co-selected for ceftriaxone resistance. Furthermore, Kenyan national manual for man-

agement of HIV-related opportunistic infections and conditions recommends daily

trimethoprim-sulfamethoxazole for all HIV-infected persons to prevent opportunistic infec-

tions [19]. Although we did not have information on mothers’ antibiotic use or their carriage

of ceftriaxone-resistant organisms, HIV-positive mothers may have been on daily trimetho-

prim-sulfamethoxazole prevention and may have harbored and passed multidrug-resistant
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bacteria to their children. Household transmission and intrafamilial co-carriage of resistant

Enterobacteriaceae have been documented in previous studies [20–22].

Our exploratory analysis of existing data did not identify other risk factors associated with

ceftriaxone resistance; the small number of isolates in each study and the varying study designs

limited our ability to assess associations. Also, these studies were conducted in a limited geo-

graphical area and the results may not be generalized to other areas. Furthermore, these studies

were not designed for examining antimicrobial resistance or risk factors associated with resis-

tance. Therefore, several variables were not collected that would have been important when

identifying risk factors associated with antimicrobial resistance, such as recent hospital visits,

other healthcare exposures, water and sanitation conditions at homes, or crowding. Also,

information on risk factors such as HIV infection was not available for every patient across the

three studies.

Injudicious antimicrobial use in the human and agriculture sectors are among the major

factors contributing to antimicrobial resistance worldwide [23]. Widespread and unregulated

use of antimicrobials is common in many countries, including Kenya. The findings from our

survey on antimicrobial use identified the same issues related to misuse of antimicrobials for

humans and animals; ceftriaxone and other antibiotics, to which NTS isolates were resistant,

were widely prescribed and purchased even without requiring doctor’s or veterinarian’s pre-

scriptions. The report of a situation analysis conducted in Kenya in 2011 similarly noted anti-

biotic misuse by patients, doctors, and other licensed prescribers as a factor affecting antibiotic

resistance in Kenya and listed lack of diagnostic capacity, fear of negative outcomes if antibiot-

ics are withheld, limited access to healthcare services, and self-medication as possible reasons

for misuse [24].

In addition to the risk factors we analyzed, the rapid emergence of ceftriaxone-resistant

NTS in Kenya may be driven by the bigger epidemic in sub-Saharan Africa. Clonal expansion

of multidrug-resistant Salmonella Typhimurium strain of sequence type ST313 has played a

major role in the dissemination of multidrug-resistant NTS in Africa [25]. Salmonella Typhi-

murium ST313 strains have been identified in all 4 isolates tested for the current study, and in

previous studies conducted at a private hospital in Nairobi [16, 18].

In summary, ceftriaxone-resistant serotype Salmonella Typhimurium infections, which

were rarely reported in western Kenya, rapidly emerged in 2009–2014, limiting treatment

options for serious infections. Efforts are ongoing to address the urgent need for improved

microbiologic diagnostic capacity in clinical settings to guide appropriate treatment in rural

Kenya [26]. In the long run, development of a surveillance system to monitor antimicrobial

resistance and measures to better control antibiotic misuse in human and agriculture sectors

in Kenya will be important for detecting and responding to emerging resistance and for pre-

serving the effectiveness of antimicrobials.
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