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Abstract
Differentiation of infectious causes in severely ill children is essential but challenging in sub-

Saharan Africa. The aim of the study was to determine clinical indicators that are able to

identify bacterial co-infections in P. falciparum infected children in rural Ghana. In total,

1,915 severely ill children below the age of 15 years were recruited at Agogo Presbyterian

Hospital in Ghana between May 2007 and February 2011. In 771 (40%) of the children ma-

laria parasites were detected. This group was analyzed for indicators of bacterial co-infec-

tions using bivariate and multivariate regression analyses with 24 socio-economic

variables, 16 terms describing medical history and anthropometrical information and 68 var-

iables describing clinical symptoms. The variables were tested for sensitivity, specificity,

positive predictive value and negative predictive value. In 46 (6.0%) of the children with

malaria infection, bacterial co-infection was detected. The most frequent pathogens were

non-typhoid salmonellae (45.7%), followed by Streptococcus spp. (13.0%). Coughing, de-

hydration, splenomegaly, severe anemia and leukocytosis were positively associated with

bacteremia. Domestic hygiene and exclusive breastfeeding is negatively associated with

bacteremia. In cases of high parasitemia (>10,000/μl), a significant association with bacter-

emia was found for splenomegaly (OR 8.8; CI 1.6–48.9), dehydration (OR 18.2; CI 2.0–

166.0) and coughing (OR 9.0; CI 0.7–118.6). In children with low parasitemia, associations

with bacteremia were found for vomiting (OR 4.7; CI 1.4–15.8), severe anemia (OR 3.3; CI

1.0–11.1) and leukocytosis (OR 6.8 CI 1.9–24.2). Clinical signs of impaired microcirculation

were negatively associated with bacteremia. Ceftriaxone achieved best coverage of isolat-

ed pathogens. The results demonstrate the limitation of clinical symptoms to determine bac-

terial co-infections in P. falciparum infected children. Best clinical indicators are dependent

on the parasitemia level. Even with a moderate sensitivity of>60%, only low positive predic-

tive values can be obtained due to low prevalence of bacteremia. Rapid testing for distin-

guishing parasitemia and bacteremia is essential.
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Background
Differentiation of infectious causes of febrile illnesses in children presenting to hospitals in
rural sub-Saharan areas is a challenge for clinicians, in particular in co-infections [1,2]. Due to
an immature immune system, especially children tend to react with increasing body tempera-
tures to various infectious agents. The synonymously use of fever andmalaria is common in
the general public and also plays an important role as presumptive diagnosis of clinicians.

Reasons for misdiagnosis can partly be accredited to overlapping clinical symptoms of ma-
laria and acute bacterial infections as well as lacking diagnostic tools [3]. Deficient education of
laboratory staff complicates the diagnostic process [4].

Recent studies evaluating WHO guidelines for antimicrobial treatment in children admitted
to the hospital in an area of intense Plasmodium falciparum transmission reveals that guide-
lines failed to identify almost a third of bacteremic children [1].

According to WHO publication of 2011, Ghana is considered to be a high transmission area
(� 1 case per 1,000 inhabitants) for Malaria, which might contribute to demonstrable frequent
misinterpretation of acute systemic bacterial infection for malaria resulting in inadequate treat-
ment of bacteremia [5]. Recent data of settings with microscopy-based malaria diagnostics sug-
gests that interpretation of parasite slides often generates false positive results, accounting for
over-diagnosis of malaria [6]. Especially in the case of co-infection, bacteremia tends to be
missed after detection of parasites.

However, previous investigation of the study site revealed a surprisingly high percentage of
almost 20% bacteremic children below the age of five years who were hospitalized due to severe
non-traumatic illness [7]. These results underline the need of a focused investigation of bacter-
emia in high transmission areas of malaria and respective patterns of clinical occurrence in
case of co-infection.

We report the results of a hospital-based study on severe illness of children, describing a
population exposed to intense P. falciparum transmission. Our aim is to present clinical signs
and symptoms of children, which could help to clinically identify bacterial co-infections in ma-
laria slide positive children below 15 years of age in rural Ghana and which could complement
information to current guidelines.

Methods
Children were recruited at the Child Welfare Clinic of the Agogo Presbyterian Hospital (APH),
a local teaching hospital in the Ashanti Region, Ghana, between May 2007 and February 2011
(46 months). The hospital catchment area encompasses approximately 149,500 people [8],
with more than 28,000 inhabitants living in the town Agogo [9]. The area is holoendemic for
malaria with reported transmission rates of>100 per 1,000 inhabitants in 2008 [10]. Predomi-
nating species is P. falciparum, contributing to 92.4% of malarial infections [11] with two sea-
sonal peaks [12].

In the study area, bacterial blood stream infections are responsible for one-fifth of hospital
admissions in severely ill children below 5 years of age. Non-typhoidal salmonellae (NTS) con-
tribute to more than half of infections (53.3%), leading to a cumulative incidence of 25.2 (CI
21.1–29.4) per 1,000 per year [7]. A National Health Insurance Scheme (NHIS) was officially
launched in March 2004, covering 38% of the district population in 2009 [13]. The HIV preva-
lence was 1.8% for the adult Ghanaian population in 2009 [14]. In 2001, Haemophilus influen-
zae type B conjugate vaccine was introduced in the immunization schedule for children [15].
At the time of investigation, no routine pneumococcal vaccination was available, which was in-
troduced in the national immunization program of Ghana in April 2012.
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First-line treatment for severe malaria was parenteral quinine followed by oral administra-
tion. Antibiotics were not routinely used in treatment of all children admitted for malaria un-
less sepsis was also suspected on the basis of clinical parameters, in which case ceftriaxone,
gentamicin plus ampicillin for pneumonia, or co-amoxiclav/cloxacillin plus metronidazole for
sepsis resulting from abscess, or other combinations were used as first line treatments, with cef-
triaxone as the main first choice in doubtful cases. Modifications or additions of the antibiotic
regimen were made based on the clinical scenarios and results of bacteriologic culture and
sensitivity testing.

Recruitment
All patients below the age of 15 years who required admission because of severe illness were re-
cruited. Exclusion criteria were defined as obvious non-infectious cause for admission, such as
trauma, elective surgery, congenital abnormalities and exclusive dermatological cases.

Aims and principles of the study were explained in detail to participants and informed con-
sent was given by signature or thumb print by the caregiver. Ethical approval for the study was
obtained from the Committee on Human Research, Publications, and Ethics, School of Medical
Science, Kwame Nkrumah University of Science and Technology (KNUST), Kumasi, Ghana.

Clinical and laboratory data collection
Data collection was entirely embedded into the clinical routine. On admission of children, his-
tory and clinical data was recorded on standardized charts containing a 4-paged admission
sheet, including a registration form and a 3-paged clinical recruitment chart. The set of clinical
information contained WHO diagnostic criteria for septicemia in children and sepsis criteria
of the international pediatric sepsis conference [16,17].

Socio-economic data such as educational background, financial situation and everyday life
(e.g. housing, cooking, religion, health precautions) of the patient’s family was assessed by in-
terviewing a parent or the guardian with a structured questionnaire in English or the local lan-
guage, Twi.

Standardized malaria parasite diagnosis was performed for each patient on admission, in-
cluding thick and thin smears from capillary blood samples, described elsewhere (2).

1ml blood for aerobic and anaerobic blood cultures was taken at the children’s ward through
phlebotomy after alcoholic skin disinfection. The blood was inoculated into Becton Dickinson
(BD) BACTEC PEDS PLUS/F bottles containing 20 ml of enriched broth with resin using a
separate needle to pierce the rubber lid of the bottle after it had been cleaned with 70% Ethanol
and allowed to dry. Bottles were incubated in a BD BACTEC 9050 Blood Culture system (BD
Diagnostics, Sparks, Massachusetts, USA) [8]. Every positive vial flagged by the system was
subcultured on standard media for species differentiation. Broth from the positive bottle was
examined by direct methods, such as Gram stain. Isolates were identified based on colonial
morphology, biochemical tests, Analytical Profile Index (API) reaction and serology as neces-
sary. The sensitivity of amoxicillin/ampicillin, amoxiclav (amoxicillin & clavulanic acid),
cefuroxime, ceftriaxone, co-trimoxazole, ciprofloxacin, gentamicin, tetracycline and chloram-
phenicol was tested using the Kirby-Bauer disc diffusion method following CLSI guidelines.
S. enterica isolates were screened for resistance to fluoroquinolones by nalidixic acid disc dif-
fusion following the Clinical and Laboratory Standards Institute (CLSI) guidelines of 2011.
Nalidixic acid resistant strains were further tested by ciprofloxacin E test. When referring to
Streptococcus spp., it does not include S. pneumoniae throughout this study. Measurement of
hemoglobin was conducted semi-automatic via Sysmex-tool.
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Data entry and data cleaning
Admission charts were filled in by doctors or study nurses and subsequently double entered by
two independent data entry clerks using a 4th Dimension Database 2004.4 4D SA, 1985–2006.
(Clichy-la-Garenne, France).

Initially, 512 crude variables covering socio-economic background, medical history and
acute clinical symptoms were derived from questionnaires. Patients with missing data for sex,
age, bacteriological results or malaria diagnostics were excluded.

Continuous variables (e.g. “heart rate”) were categorized in generally accepted clinical sub-
groups (e.g. “bradycardia”/“normocardia”/“tachycardia”). In some cases, variables were merged
in order to establish a new, medically more reasonable variable, or to improve statistical power
of variables with small case numbers (e.g. “bulging fontanel” and/or “stiff neck” combined to
“clinical signs of meningitis”). Redundant, similar or variables with>50% missing values
were excluded.

In order to create a variable that can be used to describe the socio-economic status of the pa-
tient’s households, we applied a principal component analysis (PCA) on the following vari-
ables: mother’s and father’s profession and education, type of homestead, water supply,
existence of an indoor kitchen, electricity, indoor toilet, use of freezing as measure of conserva-
tion, existence of a relative abroad who might financially support the family, the self-rated abil-
ity to manage with the available monthly income as well as existing health insurance. The
factor that showed the highest eigenvalue was divided in three tertiles, which accordingly repre-
sent three categories of socio-economic status, which we labeled “poor/average/high”. For fur-
ther details see [18]. Single socio-economic values were still considered for further analysis.

After data cleaning, 24 socio-economic variables, 16 terms describing medical history and
anthropometrical variables and 68 variables describing clinical signs and symptoms were effec-
tively used for further analysis (see S1 Table).

Statistical analysis
To screen variables for their influence on bacteremia in parasitemic children, we applied three
consecutive analytical steps with bacteremia as the dependent variable using STATA 10 soft-
ware (College Station, Texas, United States). First, bivariate regressions analysis was applied to
all socio-economic, medical history and anthropometrical variables, as well as to all clinical
signs and symptoms (see S1 Table). Basic data and major variables describing the socio-eco-
nomic background of the children’s families are displayed in Table 1. Variables of p-
value� 0.1 were than identified for further analysis in a multivariate regression model. This se-
lective step was necessary, since multivariate regression analysis of all variables was not possible
due to a large volume of variables attended by a small common denominator due to heteroge-
neous patterns of missing data. Unstratified results of bivariate and multivariate regression
analysis (variables with identified p-value� 0.1 in bivariate model) of all children with co-in-
fection are shown in Table 2. Variables with a sample size<300 cases were excluded from anal-
ysis for a better significance of the model. The multivariate model was applied to eliminate
confounders and correlation across variables.

Second, we performed bivariate regression analysis for the respective subgroups of children
stratified for parasite count (<10,000 parasites per μl blood/�10,000 parasites per μl blood)
(variables of p-value� 0.1 in bivariate model shown in Table 3). Out of these two sets of vari-
ables, all factors positively associated with co-infection (“positive clinical predictors”) were
then entered into a parsimonious stepwise multivariate regressions model to identify the stron-
gest factors associated with co-infection (Table 4).
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Third, positive and negative predictive values of resulting factors were calculated, displayed
in Table 5. Negative and positive predictive values were compiled for each of six variables using
STATA 10 software.

Results
In total, 13,399 children below the age of 15 years were admitted to the children outpatient de-
partment of Agogo Presbyterian Hospital between May 2007 and March 2011. Out of 3,004
(22.4%) children requiring inpatient care due to severe febrile or non-febrile internal illness,
718 cases (23.9%) were excluded because of missing malaria slides, of which another 174
(5.8%) were excluded since bacteriological results were missing. Of remaining 2,112 patients,
197 (9.3%) showed a pathogen spectrum indication contamination, leaving 1,915 for further
analysis (Fig 1).

The proportion of female (45%) and male (55%) children in the study population was com-
parable. The age pattern showed a median of 24 and a mean of 39 months. Seventy-eight per-
cent (n = 1,503) of children were younger than five years, 29% (n = 556) younger than 1 year
and 7% (n = 127) younger than one month (Table 1).

Table 1. Basic data of the study group and socio-economic status.

Characteristic Total (%) Malarial parasite +ve (%) Malarial parasite -ve (%)

Sex (n = 1,915) Female 866 (45.2) 355 (46.0) 511(44.7)

Male 1,049 (54.8) 416 (54.0) 633 (55.3)

Age (n = 1,915) 0–1 month 127 (6.6) 8 (1.0) 119 (10.4)

1–11 months 429 (22.4) 108 (14.0) 321 (28.0)

1-<5 years 947 (49.5) 501 (65.0) 446 (39.0)

5-<15 years 412 (21.5) 154 (20.0) 258 (22.6)

Median (IQR) 24 (11–54) 32 20

Religion (n = 1,607) Christian 1,338 (83.3) 559 (82.5) 779 (83.8)

Moslem 197 (12.2) 85 (12.5) 112 (12.1)

Other 72 (4.5) 34 (5.0) 38 (4.1)

Ethnicity (n = 1,911) Akan 1,344 (70.3) 521 (67.6) 823 (72.1)

Northerners 444 (23.2) 203 (26.4) 241 (21.1)

Others 123 (6.5) 46 (6.0) 77 (6.8)

Access to electricity (n = 1,607) No 652 (40.6) 275 (40.6) 377 (40.6)

Yes 955 (59.4) 403 (59.4) 552 (59.4)

Water supply (n = 1,606) River/well 283 (17.6) 113 (16.7) 170 (18.3)

Tap/pipe 1.323 (82.4) 565 (83.3) 758 (81.7)

House type (n = 1,607) Wood/Mud 423 (26.3) 179 (26.4) 244 (26.3)

Cement/brick 1,184 (73.7) 499 (73.6) 685 (73.7)

Mother literate (n = 776) No 568 (73.2) 199 (80.6) 369 (69.8)

Yes 208 (26.8) 48 (19.4) 160 (30.2)

Father literate (n = 773) No 265 (34.3) 94 (38.2) 171 (32.4)

Yes 508 (65.7) 152 (61.8) 356 (67.6)

Health insurance (n = 1,604) No 523 (32.6) 249 (36.7) 274 (29.6)

Yes 1,081 (67.4) 429 (63.3) 652 (70.4)

Income management (n = 1,605) „Not difficult“ 414 (25.8) 139 (20.6) 275 (29.6)

„Difficult“ 1,191 (74.2) 537 (79.4) 654 (70.4)

doi:10.1371/journal.pone.0122139.t001
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Table 2. Unstratified bivariate andmultivariate analysis of characteristics associated with bacteremia in parasitemic children<15 years (with
p< 0.1).

Characteristics Bacteremia

Bivariate analysis Multivariate analysis5

(n = 377)

No Yes (%) OR (CI)1 p-value OR (CI)1 p-value

Age (n = 771) <5 years 575 42 (6.8) 1 *

5 - <15 years 150 4 (2.6) 0.4 (0.1–1.0) 0.06

Developmental delay2 (n = 145) No 129 2 (1.5) 1 -

Yes 12 2 (14.3) 10.8 (1.4–83.3) 0.02

Exclusive breastfeeding (n = 187) No 111 14 (11.2) 1 -

Yes 61 1 (1.6) 0.1 (0.0–1.0) 0.05

History of cough (n = 767) No 526 25 (4.5) 1 1

Yes 196 20 (9.3) 2.1 (1.2–4.0) 0.01 19.3 (0.0–15428.3) 0.39

Able to breastfeed (n = 656) No 403 28 (6.5) 1 1

Yes 219 6 (2.7) 0.4 (0.2–1.0) 0.04 1.9 (0.4–9.1) 0.40

Convulsions (n = 749) No 476 39 (7.6) 1 1

Yes 224 7 (3.0) 0.4 (0.2–0.9) 0.02 0.5 (0.1–2.7) 0.42

Circulation impaired3 (n = 722) No 42 7 (14.3) 1 *

Yes 644 29 (4.3) 0.3 (0.1–0.7 <0.001

Capillary refill time �2 (n = 715) No 144 23 (13.8) 1 1

Yes 536 12 (2.2) 0.1 (0.1–0.3) <0.001 2.6 (**) **

Cough (n = 767) No 477 23 (4.6) 1 1

Yes 245 22 (8.2) 1.9 (1.0–3.4) 0.04 0.1 (0.0–68.4) 0.47

Watery stool (n = 295) No 143 22 (13.3) 1 -

Yes 121 9 (6.9) 0.5 (0.2–1.1) 0.08

Thirsty drinking (n = 766) No 303 30 (9.0) 1 1

Yes 418 15 (3.5) 0.4 (0.2–0.7) <0.001 1.0 (0.2–5.0) 0.98

Splenomegaly (n = 573) No 497 11 (2.2) 1 1

Yes 58 7 (10.8) 5.5 (2.0–14.6) <0.001 1.3 (1.3–1.4) <0.001

Dehydration4 (n = 703) No 50 2 (3.9) 1 1

Yes 656 32 (4.7) 5.1 (1.4–19.1) 0.02 206.0 (4.5–9503.9) 0.006

Leukocytosis >10,000/μl (n = 768) No 456 18 (3.8) 1 1

Yes 266 28 (9.5) 2.7 (1.4–4.9) <0.001 0.9 (0.2–4.5) 0.94

Severe anemia <8 mg/dl (n = 769) No 442 18 (3.9) 1 1

Yes 281 28 (9.1) 2.5 (1.3–4.5) <0.001 2.3 (0.5–10.8) 0.28

Parasitemia (n = 626) <10,000/μl 153 15 (8.9) 1 1

>10,000/μl 441 17 (3.7) 0.4 (0.2–0.8) 0.01 0.2 (0.1–1.1) 0.06

Mosquito net (n = 676) No 523 33 (5.9) 1 1

Bed/ window net 119 1 (0.1) 0.1 (0.0–1.0) 0.05 0.5 (0.0–5.4) 0.54

Washing their hands (n = 677) Not before meals 50 8 (13.8) 1 1

Before meals 592 27 (4.4) 0.3 (0.1–0.7) <0.001 0.25 (0.0–1.6) 0.14

1 OR (CI), odds ratio (95% confidence interval)
2 Children who cannot hold their head at the age of three months, roll over at the age of 6 months, sit unsupported at the age of 9 months, stand

unsupported at the age of 12 months or walk single steps at the age of 18 months
3 Circulation impaired = cold extremities and/or capillary refill time >2 sec. and/or tachycardia
4 Dehydration �dehydration grade 1 (3–5%)
5 Variables developmental delay, exclusive breastfeeding and watery stool were removed from multivariate analysis due to small case number (<300

cases)

* Predicts failure perfectly

** No calculation possible due to small case numbers

doi:10.1371/journal.pone.0122139.t002
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Table 3. Bivariate analysis of characteristics associated with bacteremia in parasitemic children<15 years stratified for parasite count (with
p< 0.1).

Characteristics Bacteremia

<10,000 parasites/μl >10,000 parasites/μl

No Yes (%) OR (CI) p-value No Yes (%) OR (CI) p-value

Intake of antimalarials No 135 10 (6.9) 1 396 14 (3.4) 1

Yes 17 5 (22.7) 4.00 (1.21–13.18) 0.02 38 1 (2.6) 0.74 (0.09–5.76) 0.77

History of cough No 107 11 (9.3) 1 324 7 (2.1) 1

Yes 46 4 (8) 0.86 (0.26–2.86) 0.81 115 9 (7.3) 3.58 (1.31–9.84) 0.01

Cold extremities No - - 1 421 14 (3.2) 1

Yes - - - - 4 1 (20.0) 7.66 (0.80–73.05) 0.077

Capillary refill time �2 No 21 8 (27.6) 1 70 10 (12.5) 1

Yes 128 5 (3.8) 0.11 (0.03–0.36) 0.000 349 4 (1.1) 0.08 (0.02–0.26) 0.000

Abnormal skin No - - 1 165 9 (5.2) 1

Yes - - - - 7 3 (30.0) 7.90 (1.75–35.77) 0.01

High fever � 38.5°C No 90 6 (6.3) 1 177 11 (5.9) 1

Yes 63 9 (12.5) 2.19 (0.74–6.47) 0.16 264 6 (2.2) 0.37 (0.13–1.01) 0.05

Circulation impaired1 No 7 3 (30.0) 1 20 4 (16.7) 1

Yes 142 10 (6.6) 0.17 (0.04–0.77) 0.02 404 11 (2.7) 0.13 (0.04–0.46) 0.001

Cough No 99 11 (10.0) 1 290 6 (2.0) 1

Yes 54 4 (6.9) 0.69 (0.21–2.28) 0.54 150 10 (6.3) 3.18 (1.14–8.92) 0.03

Drawing-in of chest wall No - - 1 430 15 (3.4) 1

Yes - - - - 9 2 (18.2) 5.83 (1.17–28.95) 0.03

Respiratory distress No - - 1 409 13 (3.1) 1

Yes - - - - 13 2 (13.3) 4.93 (1.01–24.15) 0.05

Heavy diarrhoea2 No 14 1 (6.7) 1 54 2 (3.6) 1

Yes 4 3 (42.9) 14.00 (1.06–185.49) 0.05 28 1 (3.5) 0.93 (0.08–10.71) 0.95

Vomiting No 102 5 (4.7) 1 222 8 (3.5) 1

Yes 51 10 (16.4) 1.02 (0.38–2.76) 0.97 218 8 (3.5) 4.17 (1.35–12.89) 0.01

Vomiting everything No 32 3 (8.6) 1 125 6 (4.6) 1

Yes 19 6 (24.0) 3.53 (0.78–15.95) 0.10 91 2 (2.2) 0.46 (0.09–2.31) 0.34

Tenting of skin No - - 1 423 14 (3.2) 1

Yes - - - - 2 1 (33.3) 15.39 (1.32–179.95) 0.03

Splenomegaly No 121 5 (4.0) 1 331 3 (0.9) 1

Yes 12 1 (7.7) 1.88 (0.20–17.48) 0.58 27 4 (12.9) 16.74 (3.56–78.67) 0.00

Dehydration3 No - - 1 411 12 (2.8) 1

Yes - - - - 6 3 (33.3) 17.46 (3.90–78.24) 0.00

White blood cell count Normocytic 83 3 (3.5) 1 227 5 (2.2) 1

Leukocytosis4 50 11 (18.0) 6.16 (1.64–23.23) 0.01 160 12 (7.0) 3.40 (1.18–9.84) 0.02

Leukopenia 17 1 (5.6) 1.65 (0.16–16.85) 0.68 54 0 (0.0) - -

Severe anemia <8 mg/dl No 95 5 (5.0) 1 281 9 (3.1) 1

Yes 56 10 (15.2) 3.61 (1.17–11.13) 0.03 160 8 (4.8) 1.53 (0.58–4.04) 0.39

Toilet in house No 75 9 (10.7) 1 184 9 (4.7) 1

Yes 63 4 (6.0) 0.52 (0.15–1.77) 0.29 218 3 (1.4) 0.29 (0.08–1.07) 0.06

Socioeconomic status Low 46 8 (14.8) 1 134 4 (2.9)

Medium 49 2 (3.9) 0.23 (0.05–1.14) 0.07 124 5 (3.9) 1.36 (0.36–5.17) 0.65

(Continued)
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Malaria parasitemia was detected in 771 (40.3%) children, whereas 458 (73.2%) out of all
counted slides showed parasite concentrations>10,000 parasites/ml and 195 (31.3%) concen-
trations above the WHO defined threshold of 4% for hyperparasitemia.

In 46 (6.0%) of parasitemic cases, bacteremia was detected in blood samples indicating a co-
infection. In 69.6% (n = 32) of co-infections, data on parasite count (amount of parasites per μl
blood) was available. A low parasite count (<10,000/μl) was found in 46.9% (n = 15) and a
high parasite count in 53.1% (n = 17) of cases.

Comparable to earlier published data of the same study site [7], NTS dominates the isolated
pathogens accounting for 45.7% (n = 21) of all isolates in parasitemic children<15 years, fol-
lowed by Streptococcus spp. (n = 6; 13.0%), S. aureus (n = 4; 8.7%), S. pneumoniae and Pseudo-
monas spp. (n = 3; 6.5%, respectively). Salmonella ser. Typhi, Escherichia coli and Acinetobacter
spp. accounted for two isolates each (4.4% respectively). One isolate (2.2%) was detected for

Table 3. (Continued)

Characteristics Bacteremia

<10,000 parasites/μl >10,000 parasites/μl

No Yes (%) OR (CI) p-value No Yes (%) OR (CI) p-value

High 51 4 (7.3) 0.42 (0.12–1.49) 0.18 166 6 (3.5) 1.24 (0.34–4.48) 0.74

1 Circulation impaired = cold extremities and/or capillary refill time �2 sec. and/or tachycardia
2 Diarrhea >7 days
3 Dehydration �dehydration grade 1 (3–5%)
4 Leukocytosis = white blood cell count �10,000/μl; Leukopenia = white blood cell count <4,000/μl

doi:10.1371/journal.pone.0122139.t003

Table 4. Parsimonious multivariate regressions model of characteristics positively associated with
bacteremia in parasitemic children, stratified for parasite count.

Risk for bacteremia

OR (CI) 1p-value

Parasitemic children with <10,000 parasites/μl (n = 164)

Severe anemia <8 mg/dl No 1

Yes 3.3 (1.0–11.1) 0.05

Vomiting No 1

Yes 4.7 (1.4–15.8) 0.01

Leukocytosis >10,000/μl No 1

Yes 6.8 (1.9–24.2) 0.00

Highly parasitemic children with �10,000 parasites/μl (n = 357)

Cough No 1

Yes 9.0 (0.7–118.6) 0.10

Dehydration2 No 1

Yes 18.2 (2.0–166.0) 0.01

Splenomegaly No 1

Yes 8.8 (1.6–48.9) 0.01

1 OR (CI), odds ratio (95% confidence interval)
2 Dehydration � grade 1 (3–5%)

doi:10.1371/journal.pone.0122139.t004
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Klebsiella spp., Shigella spp. and Chryseobacter spp. each. In children below the age of five
years, the frequency of the three most prevalent species remained equal.

Table 5. Test accuracy.

Prevalence % Sensitivity % (CI) Specificity % (CI) PPV (%)1 NPV (%)2

Parasitemic children with <10,000 parasites/μl

Severe anemia <8 mg/dl (n = 166) 9.0 67 (38–88) 63 (55–71) 15 95

Vomiting (n = 168) 8.9 67 (38–88) 67 (59–74) 16 95

Leukocytosis >10,000/μl (n = 165) 9.1 73 (45–92) 67 (59–74) 18 96

Highly parasitemic children with �10,000 parasites/μl

Cough (n = 456) 3.5 63 (35–85) 66 (61–70) 6 98

Dehydration3 (n = 432) 3.5 20 (4–48) 99 (97–100) 33 97

Splenomegaly (n = 365) 1.9 57 (18–90) 93 (89–95) 13 99

1 PPV, positive predictive value for bacteremia (for prevalence 12.7%)
2 NPV, negative predictive value for bacteremia (for prevalence 12.7%)
3 Dehydration � grade 1 (3–5%)

doi:10.1371/journal.pone.0122139.t005

Fig 1. Admissions, enrollment, frequencies and percentages of parasitemia/bacteremia.

doi:10.1371/journal.pone.0122139.g001
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Comparing the subgroups of under five children with parasite count below 10,000μl blood
with those showing a high parasitemia, the dominating effect of NTS in those with a low parasi-
temia is more distinct (n = 7; 53.9%) than in the other group (n = 7; 43.8%). While Streptococ-
cus spp. and Staphylococcus aureus played a minor role in children with low parasitemia (n = 1;
7.7%, respectively), they accounted for the three most frequent isolates in cases with high para-
sitemia (n = 4; 25.0% and n = 3; 18.8% respectively).

Invasive bacterial infection was more likely in slide negative children (n = 198; 17.3%) than
in slide positive children (n = 46; 6.0%). Compared to the group of children with a negative
parasite count (n = 198), Streptococcus spp. is represented more than ten times more frequently
in the group of parasitemic children. On the other hand, Salmonella ser. Typhi only accounts
for 4.4% (n = 2) in parasitemic children, whereas 17.7% (n = 35) of isolates were detected in
non-parasitemic children. Similar effects were seen for S. pneumoniae that accounted for
12.6% in non-parasitemic (n = 25), but only for 6.5% (n = 3) in parasitemic children. NTS and
S. aureus showed similar percentages in non-parasitemic children (40.4%; n = 80 and 11.6%;
n = 23%) compared to the children with positive parasite count.

The outcome of disease at discharge was documented in 89.4% (n = 1,712) of cases. Other
unknown underlying conditions of children might have influenced recovery and clinical ex-
pression of bacterial infection. Cases of co-infection were fatal in 1 child (2.2%), 2 children suf-
fered from ongoing disabilities (4.3%) and 12 children (67.4%) fully recovered.

Overall, mortality of bacteremic children was 7.0% (n = 13) compared to 2.8% (n = 42) of
children without invasive bacterial blood stream infection. Isolates from fatal cases were four
NTS, three S. pneumoniae, two S. aureus, two Klebsiella spp., one Salmonella ser. Typhi and
one Acinetobacter spp.

In the only fatal case of co-infection, the child was highly parasitemic. High parasitemia was
found in 75% of non-bacteremic children who died during hospitalization.

NTS, S. pneumoniae, Pseudomonas spp. and Salmonella ser. Typhi were 100% susceptible to
ceftriaxone, whereas ciprofloxacin fully covered NTS, S. aureus and Pseudomonas spp. Sixty-
seven percent of S. pneumoniae were resistant towards ciprofloxacin. Streptococcus spp., the
second frequent isolate showed 20% resistance to ceftriaxone and 33% resistance to ciprofloxa-
cin. If presenting with symptoms of diarrhea and respiratory infection, ceftriaxone fully cov-
ered isolated pathogens. In 85% of NTS, 17% of Streptococcus spp. and 100% of Pseudomonas
spp., amoxicillin was tested resistant. S. pneumoniae has not built resistance yet, but was partly
intermediately susceptible. Gentamicin only covered 48% of NTS and 50% of S. pneumoniae
isolates. Multi drug resistance against amoxicillin, chloramphenicol and cotrimoxazole was de-
tected in one NTS und one Salmonella ser. Typhi strain.

When evaluating presumption diagnosis after clinical examination but without knowledge
of laboratory testing results, malaria was suspected in 1,272 cases (66.4%), whereas bacteremia/
sepsis was suspected in 1,155 cases (60.3%). Co-infection, respectively strong suspicion of both
diagnoses, was documented in 852 cases (48.2%). During primary inspection, if health care
professionals suspected an isolated malaria infection, 43.5% (n = 266) actually were parasite-
mic, whereas 7.5% (n = 46) showed positive blood cultures without clinical prediction. On the
other hand, 7.4% (n = 37) out of suspected bacteremic cases were predicted correctly, and 6.0%
(n = 30) of parasitemia could not be clinically detected.

Clinical factors associated with bacteremia in parasitemic children
Applying bivariate regression analysis to the 107 derived anamnestic and clinical characteris-
tics, 18 showed a significant association (p-value<0.1) with bacteremia in parasitemic children
(Table 2).
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Coughing or a history of coughing seems to increase the risk of suffering from bacteremia in
this study group. Dehydration (dehydration>grade 1�3–5%) as well as splenomegaly as an
unspecific reaction to acute or chronic infectious condition show a strong positive association
with bacteremia. As laboratory parameters, severe anemia (<8 mg/dl) and leukocytosis
(>10,000/μl) indicate a strong association with bacteremia in parasitemic children. This effect
dissolves for severe anemia when stratifying for cases with parasitemia of>10,000/μl only
(Table 3). A general developmental delay of the sick child can also be evidence of an additional
bacteremia. In multivariate analysis of significant factors in bivariate analysis, splenomegaly
and dehydration remain significantly associated with a co-infection, whereas all other factors
lose significance (Table 2).

In our analysis, the calculated variable of “socio-economic status” showed a slight negative
association of medium and high social standard with bacterial co-infection in bivariate model
but this association turned out to be irrelevant upon further analysis. Other particular socio-
economic aspects, like the domestic application of procedures improving hygiene (e.g. washing
their hands before eating), are negatively associated with bacteremia in this age group. Further-
more, the utilization of mosquito nets has a strong protective influence on bacteremia. The risk
of bacteremia is decreased if children have exclusively been breastfed till onset of the disease or
at least were able to breastfeed with or without intake of solid food or were simply strong
enough to drink thirstily. Anamnestic private preadmission intake of antimalarials without re-
duction of signs of severe illness in children with low parasite count is an indicator for clini-
cians of invasive bacterial disease.

Interestingly, signs of impaired microcirculation, like prolonged capillary refill time or cold
extremities as well as convulsions, were negatively associated with bacteremia and seem to sug-
gest malaria as a primary diagnosis.

In general, children below the age of five years with a low parasite count of<10,000/l are at
higher risk for bacteremic co-infection than others.

When stratifying for high parasite count of>10,000/μl blood, clinical signs of respiratory
infection like coughing, drawing-in of chest wall and respiratory distress gain even more in im-
portance. Dehydration and tenting of skin fold are also strongly associated with systemic blood
stream infection. Skin infections were not detected very often, but in cases of any skin abnor-
malities of the severely ill child, the likelihood of a bacteremic co-infection was higher than
without pathologic skin aspects. In this subgroup, high fever was not positively associated
with bacteremia.

In order to identify the most influential clinical predictors for co-infection with bacteremia,
we applied parsimonious stepwise multivariate regression analysis on the subgroup presenting
with high parasitemia. We could select coughing, dehydration and splenomegaly as the three
factors with strongest association. In the subgroup of low parasitemia, cellular blood parame-
ters like severe anemia and leukocytosis as well as vomiting were highly associated. Even with a
moderate sensitivity of>60%, only low positive predictive values<40% can be obtained due to
low prevalence of bacteremia (Tables 4 and 5).

A combination of two or all clinical predictors in terms of an algorithm could not increase
the positive or negative predictive value of single variables.

Discussion
Differentiation of causative infectious agents in children with severe disease in malaria endemic
areas in sub-Saharan Africa is a challenge for clinicians. Many efforts have been made to detect
clinical or laboratory discriminators powerful and feasible enough to support clinicians in the
diagnosis finding process [1,2,5,19,20,21].
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Unlike frequently quoted related studies from Tanzania and Kenya [1,2], we did not apply
currently recommended guidelines on our data to analyze their validity, but tested a compre-
hensive set of clinical, socio-economic, history and laboratory data for their association with
and prediction of bacteremia in children with malaria parasitemia. With this approach, we in-
tended to find indicators that might complement existing clinical algorithms. In a recent pro-
spective study from Tanzania, it has been demonstrated that in a population exposed to
intense P. falciparum transmission, WHO guidelines failed to identify almost one-third of in-
vasive bacterial infections [1]. Because of overlapping clinical symptoms, sensitivity for clinical
diagnosis of bacteremia was reduced with increasing P. falciparum density from 70% in slide
negative children to 53% in children with a parasite count of more than 50,000 parasites/μl.
Knowledge of parasite count might therefore be critical for a diagnostic algorithm to screen for
an additional bacteremia. In our study design, we referred to this hypothesis and generated dif-
ferent algorithms for high (>10,000/μl) and low parasite counts.

Out of 771 children with P. falciparum parasitemia, 6% were co-infected with invasive bac-
teria. Non-typhoidal salmonellae and Streptococcus spp. were the most frequent isolates irre-
spective of a positive or negative malaria count. This was twice as high as in observations of a
Kenyan study, where 3,0% of children had invasive bacterial infections and positive malarial
slides [2]. Direct comparability of the results is limited since children in Kenya were younger
(median 17 months) and children with bacteremia and meningitis were included in the group
of invasive bacterial infections. In general, co-infection is more commonly reported in areas of
high malaria transmission than in areas with low transmission intensity [22].

Clinical factors associated with bacteremia in parasitemic children
Results from Tanzania [1] identified “severe anemia” (hemoglobin<5 g/dl), “prostration” and
“current fever>38°C” to increase sensitivity of current WHO guidelines, resulting in a signifi-
cant increase of detection of bacteremic children. Our findings confirm a positive association
of severe anemia (<8 g/dl) with bacteremia in the group of all children below the age of 15
years. In this special setting of co-infection, prostration and fever was not identified as an im-
portant distinguishing factor, but fever and especially high fever was obviously significantly
positively associated with bacteremia, when not stratified for parasitemia. Prostration did not
show a significant predictive value in our models. In conclusion, considering our results, severe
anemia should further be investigated as a valuable factor of identifying bacterial co-infection
in high transmission areas for malaria. Additional factors that should be considered in algo-
rithms to identify a bacterial co-infection are coughing, dehydration, splenomegaly and leuko-
cytosis as well as a developmental delay of the child (Table 2).

Positive clinical predictors for bacteremia in children with high parasite
count
Asymptomatic parasitemia in children is frequent in high transmission areas. Data from
Uganda suggests an occurrence of 30% in school children [23]. After acquiring semi-immunity,
asymptomatic infections account for 12–52%, depending on the diagnostic method [24]. In
this study, the subgroup of children with high parasitemia is large, arguing against co-existing
asymptomatic parasitemia.

According to stepwise multivariate analysis, dehydration, splenomegaly and coughing show
strong association with invasive bacterial co-infection in children with high parasite counts
(Table 4). Due to low prevalence of bacteremia, even the best positive predictive values de-
tected, namely for dehydration, are only 33% (Table 5). Indeed, signs of dehydration, e.g. tent-
ing of the skin, are strongly associated with bacteremia in highly parasitemic children
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(Table 3). Dehydration can be the result of limited rehydration due to the inability to breastfeed
or drink, due to diarrhea or generalized reactions like fever or shock. Diarrhea and vomiting
are typical symptoms for gastroenteritis with NTS but can also occur in cases with NTS bacter-
emia [25].

Clinical presentation of invasive NTS infection is diverse. Recently published review data on
invasive non-typhoidal salmonella disease describes clinical presentation with fever [25], hepa-
tosplenomegaly and respiratory symptoms [26] as common features, whereas symptoms of en-
terocolitis are often absent [27]. The data presented here can statistically reproduce this
finding, since coughing (OR = 9.0) and splenomegaly (OR = 8.8) in parasitemic children are
strongly associated with bacteremia. After all, in our model, high parasite counts go along with
increased mortality in children without co-infection as well as in the only case with additional
bacteremia, stressing the importance of this parameter.

Positive clinical predictors for bacteremia in children with low parasite
count
In multivariate regression analysis, laboratory factors that are typically altered in invasive bac-
teremic infection, like leukocytosis and low hemoglobin, can prevail despite similar symptom
complexes occurring in clinical malaria. Additionally, vomiting was detected as a major posi-
tive clinical predictor of bacteremia in children with low parasite count. Besides fever, vomiting
is a commonly reported symptom (90%) of malaria in children [28]. Recent data from Ghana
describes a history of vomiting in 41% of children with parasites detected in thick smear. In
our study collective, half of highly parasitemic children were reported by guardians to have
vomited previously, and only 36% of those with low parasite count were affected. The percent-
age of children vomiting in the bacteremic group was similarly high with 35%. However, vom-
iting seems to be associated with bacteremia and bacterial co-infection, although it is known as
a clinical feature linked to parasitemia.

Impaired microcirculation—a valuable discriminating factor?
In a bivariate regression model, prolonged capillary refill time>2 sec was significantly nega-
tively associated with systemic bacterial blood stream infections independent of level of parasi-
temia. In contrast, cold extremities, another clinical sign for an impaired cardiovascular
system, indicated a bacterial co-infection in children with high parasitemia. It has been re-
ported that a prolonged capillary refill time is highly associated with severe malaria [29]. Nev-
ertheless, signs of cardiovascular dysfunction (prolonged capillary refill>5 sec; core to
peripheral temperature gap>3°C) belong to the organ dysfunction criteria of the latest defini-
tion of pediatric severe sepsis and septic shock criteria and might rather be a sign of severe dis-
ease [17].

Many epidemiological, clinical and molecular studies suggest a positive association between
malaria and invasive NTS bacteremia, reasoning that invasive NTS infections could be reduced
by eliminating malaria [30,31,32]. Our findings may support this theory, since usage of mos-
quito nets was significantly associated with a lower occurrence of bacteremia. Another explana-
tion for this strong association could be confounding through higher hygiene standards and
health education in these families. This is in accordance with our finding that a high social-eco-
nomic background allowing a water closet and proper cooking facilities in the house are nega-
tively associated with bacterial co-infections. Young children who have not been weaned, but
are exclusively breastfed, show significantly less invasive bacterial infections in this study group
compared to children receiving other liquids or solid food, indicating oral transmission
through contaminated food. In general, wealthy families seem to have the financial
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opportunities to seek professional medical help more often, represented in the association of
invasive bacterial disease and a high level of education (see S1 Table). Nevertheless, these re-
sults need to be interpreted carefully, since they may be confounded.

Validity and generalizability of results
In this study, a large set of socio-economic, clinical and laboratory parameters was analyzed in-
cluding basic clinical WHO criteria of the manual “management of the child with a serious in-
fection or severe malnutrition: guidelines for care at first-referral level in developing
countries”. The focus of this study was to investigate clinical parameters for the use under lim-
ited conditions. However, additional laboratory diagnostic suggested by WHO (e.g. bacterio-
logical culture carried out on the urine, lumbar puncture [16]) as well as HIV co-infection were
not evaluated and may be considered in further studies. Although the total number of patients
in this study was large, the absolute number of children with malaria and a positive blood cul-
ture was too small to achieve sufficient statistical power for further association analyses and
stratification for specific bacterial pathogens. The study was linked to the hospital routine
health care and missing data points were not completely preventable. Missing admissions at
night and weekends might have led to a selection bias with underestimation of severe diseases.
Future projects should consider these obstacles in terms of study design and data management.
Some variables, such as assessment of “cold extremities,” sometimes underlie subjective inter-
pretation. Assessment of socio-economic and socio-demographic data was prone to
reporting bias.

Conclusions
The results presented here demonstrate the limitation of clinical algorithms to clinically deter-
mine bacterial co-infections in children with malarial parasitemia. Best clinical indicators are
dependent on the parasite level, and even with an acceptable sensitivity of>60%, only low pos-
itive predictive values can be obtained due to the low prevalence of bacteremia. In children
with parasite counts>10,000/μl presenting to a rural hospital in a malaria endemic area of
Ghana, best indicators for bacterial co-infection were dehydration, splenomegaly and cough-
ing. In children with lower parasite counts, best indicators were severe anemia, leukocytosis
and vomiting. These symptom constellations indicate that presumptive antimicrobial treat-
ment, e.g. with ceftriaxone, would be beneficial.

Nevertheless, the combination of clinical and demographic indicators cannot replace thor-
ough microbiological diagnosis. Rapid testing on the basis of biochemical markers for distin-
guishing parasitemia and bacteremia should be further optimized for countries with
limited resources.

Supporting Information
S1 Table. Bivariate regression analysis of all variables in parasitemic children<15 years.
(DOCX)
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