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Abstract

Background: Klebsiella pneumoniae bloodstream infection (Kp-BSl) is a serious threat to pediatric patients. The
objective of this study was to explore the risk factors, validate the prediction efficiency of pediatric Sequential
Organ Failure Assessment (SOFA) and establish better early predictors of mortality in pediatric patients with Kp-BSI.

Methods: All children diagnosed with Kp-BSI were included in this retrospective cohort study from January 2009 to
June 2019. Basic characteristics, symptoms and physical examinations, treatments, laboratory statistics, and SOFA at
the onset of Kp-BSI were recorded. The Cox proportional hazard model and receiver operating characteristic curves
were used to assess the association between the variables and the 90-day mortality and their predictive value.
Delong'’s test of receiver operating characteristic curves and integrated discrimination improvement index were
used to determine the improvement in predictive capacity of the modified SOFA models. A predictive score was
developed using multivariate logistic regression.

Results: Of the 146 children enrolled, 33 (22.6%) patients died within 90 days. Hospitalization in the last 6 months,
intra-abdominal source of infection, presence of organ failure, and altered levels of blood biomarkers, including C-
reactive protein, albumin, and lactate were significant risk factors for 90-day mortality. The area under the curve
(AUC) of SOFA for predicting 90-day mortality was 0.80 (95% CI 0.71-0.89). Moreover, we found that a prediction
model combining SOFA with two other parameters, namely hospitalization in the last 6 months and intra-
abdominal source of infection, was better at predicting mortality (AUC =0.89, 95% Cl 0.82-0.96; sensitivity = 0.86;
specificity = 0.84). According to this novel risk model, we defined three statistically different groups: low-risk,
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cohorts.

medium-risk and high-risk groups, with an observed 90-day mortality of 5.4, 35.7, and 72.0%, respectively. With
reference to the low-risk patients, the medium-risk and high-risk groups had a higher mortality, with hazard ratios
of 836 (95% Cl 3.60-27.83) and 20.27 (95% Cl 7.47-54.95), respectively.

Conclusions: The modified SOFA may be better than the original score to predict 90-day mortality in pediatric
patients with Kp-BSI. Future prospective studies are required to validate this novel scoring system in external

Keywords: Klebsiella pneumoniae, Children, Mortality, Risk score

Background

Infections caused by Ewnterobacteriaceae, especially the
carbapenem-resistant Enterobacteriaceae, which can cost
up to $66,031 per patient for hospital treatments in the
US [1], are currently considered an urgent threat to
global public health. Klebsiella pneumoniae (K. pneumo-
niae), a member of the family Enterobacteriaceae, is an
opportunistic pathogen mainly associated with nosoco-
mial infections [2]. In addition to the increased health-
care expenditure, K. pneumoniae is associated with high
mortality and prolonged hospital stays [3]. Compared
with the overall mortality owing to pneumonia (0.65%)
[4], the mortality caused by K. pneumoniae bloodstream
infection (Kp-BSI) in young children is even higher, ran-
ging from 12.3 to 26.6% in individual institutions [5, 6].
Notably, bloodstream infections by K. pneumoniae are
more deadly than any other type of infection caused by
this species of bacteria [7]. For this reason, instruments
with high sensitivity and specificity for early prediction
of survival may aid in the timely initiation of treatments
and improve the outcome of patients with Kp-BSI.

There have been several studies focused on the early
prediction of mortality in children with Kp-BSI. It was re-
ported that intensive care admission, severity of comor-
bidities, and carbapenem resistance may be independent
predictors [5, 6, 8]. The mortality rate in patients with
bloodstream infections due to carbapenem-resistant K.
pneumoniae (CR-Kp) was found to be eight times higher
than in those infected with carbapenem-susceptible strains
[6]; in other studies, however, the results were inconsistent
[5, 9]. Additionally, the clinical history, symptoms, and
physical examinations were often ignored in these studies.
Critical values of acute-phase reactants typically associated
with infections, including the C-reactive protein and pro-
calcitonin, are also used to predict mortality of patients
with general sepsis, with a moderate predictive power
[10]. However, the predictive capacity of these biomarkers
in patients with Kp-BSI remains unknown. As Kp-BSI
frequently leads to sepsis, the Sequential Organ Failure
Assessment (SOFA) score is accepted as an indicator of
mortality in patients with Kp-BSI [11]. However, few stud-
ies have validated the sensitivity and specificity of the
SOFA score in predicting the mortality of patients with

Kp-BSI; moreover, the organ-based SOFA sub-scores are
not specific for K. pneumoniae infections. In pediatric pa-
tients with sepsis, the age-adapted SOFA score is a prom-
ising prognostic instrument [12], but it has not been
validated in children with a specific type of infection.
Overall, risk factors and early predictors of mortality in
children with Kp-BSI have not been thoroughly
investigated.

In this study, we aimed to identify prognostic predic-
tors of mortality and evaluate whether consecutive
combination of pediatric SOFA score with clinical char-
acteristics or biomarkers could improve the score’s
ability to predict mortality in a cohort of pediatric pa-
tients with Kp-BSL

Methods

Study design

This was a 10-year retrospective cohort study conducted
at Xinhua Hospital affiliated to Shanghai Jiao Tong
University School of Medicine, a 3000-bed tertiary care
university teaching hospital in Shanghai, China. Pediatric
patients (< 18 years old) diagnosed with Kp-BSI between
January 2009 and June 2019 were included in the study.
Patients who were transferred from other hospitals were
excluded. The primary outcome was the 90-day mortal-
ity after diagnosis of Kp-BSI; the 14- and 30-day mortal-
ity were also recorded. Discharged patients made routine
visits to the clinic every month. Patient follow-up was
performed retrospectively by phone interviews and by
checking medical records. The study was approved by
the ethics committee and the review board of Xinhua
Hospital (ID: XHEC-C-2019-109) and complied with the
ethical principles stated by the Declaration of Helsinki.

Clinical data collection

All medical records of the enrolled patients were
reviewed by a team of physicians from the microbiology
department, the infectious diseases department, and the
pediatric/neonatal intensive care unit. The following
variables were collected from the medical charts: demo-
graphic characteristics (age, sex, admission year, and ad-
mission ward), birth status (preterm birth and cesarean
delivery), the weight-for-age z-score (calculated using
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the Anthro software version 3.2.2) [13], comorbidities
(congenital gastrointestinal anomalies, congenital heart
diseases, and malignancies), probable source of infection,
prior hospitalization in the last 6 months, invasive treat-
ments before the onset of Kp-BSI (surgery, urinary
catheterization, gastrointestinal decompression, sputum
suction, and invasive ventilation), and levels of bio-
markers (leukocyte counts, platelet counts, hemoglobin,
procalcitonin, C-reactive protein, albumin, total biliru-
bin, creatinine, and lactate). The severity of organ failure
was measured using SOFA score age-adapted for chil-
dren [12]. The level of biomarkers and risk scores at the
time of Kp-BSI onset were determined within 24 h after
the index blood culture [14]. The definitive antimicrobial
treatments, which defined as the agents used for the lon-
gest duration within the first week after the index blood
culture [15], were recorded for children with CR-Kp
bloodstream infection.

Definitions and methods of microbiology

A case of bloodstream infection was defined as positive
blood cultures from two separate venipuncture sites. A
solitary blood culture was considered contaminated and
excluded from the analysis [16]. Bloodstream infections
were considered healthcare-associated in patients who
stayed in the hospital for more than 48h or fulfilled
other published criteria [17]. K. pneumoniae isolates
were identified by matrix-assisted laser desorption
ionization time-of-flight mass spectrometry (MALDI-
TOF MS, Bruker Daltonics, Bremen, Germany). The
antibiotic susceptibilities of the isolates were determined
using Vitek 2 automated system (BioMérieux, Marcy I
Etoile, France), combined with a disk diffusion method.
The results were interpreted according to the Clinical
and Laboratory Standards Institute criteria [18]. Isolates
resistant to at least one carbapenem were considered
carbapenem-resistant. Polymicrobial bloodstream infec-
tions were defined as the isolation of more than one bac-
terial species from a set of blood culture bottles [19].
Intra-abdominal infection was broadly defined as local-
ized or diffuse peritoneal inflammation caused by micro-
organisms. The source of the bloodstream infection and
the specific infection sites were determined by two in-
vestigators according to the standard definitions by the
Centers for Disease Control and Prevention [20].

Statistical analysis

Continuous variables with normal distribution were
presented as mean * standard deviation; non-normal
variables were presented as median and interquartile
range; and categorical variables were described as fre-
quencies. Differences in continuous variables between
survivors and non-survivors were compared using the
Student’s ¢-test or the nonparametric Mann-Whitney U
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test. Proportions were compared using the x-squared
test for large samples, and the Fisher’s exact probability
test for small samples. To estimate the association be-
tween patients’ clinical characteristics and mortality, we
evaluated the hazard ratio (HR) and the 95% confidence
interval (CI) using the Cox proportional hazard model.
We grouped the levels of procalcitonin, C-reactive
protein, and albumin within the interquartile range
(between P25 and P75) for the regression analysis. We
used a multivariate Cox regression adjusted for baseline
characteristics (age, sex, admission year, and admission
ward) to identify independent risk factors of mortality.
Risk factors with P< 0.10 in the Cox analysis were in-
troduced stepwise into the predictive model as add-
itional components of the SOFA score. Receiver
operating characteristic curves were analyzed and each
respective area under the curve (AUC) was calculated to
evaluate the discriminatory power of single parameters
and combined models for prediction of mortality.

To quantify the incremental value of the modified
SOFA scores, we compared the predictive performance
of the models using the DeLong’s test [21] and the inte-
grated discrimination improvement index [22]. An opti-
mal score (Kp-specific SOFA) was established using the
model reported by Sullivan et al. [23]. Three cut-off
points of the risk score were selected to stratify patients
at three-tiered risk corresponded to the observed mor-
tality rates. The Kaplan-Meier curves and log-rank tests
were used to compare survival between risk-stratified
patients. A two-tailed P-value of less than 0.05 was con-
sidered statistically significant. The R software version
3.6.1 (http://www.R-project.org) and the EmpowerStats
(www.empowerstats.com; X&Y Solutions, Inc., Boston,
MA, USA) were used for all statistical analyses.

Results

Characteristics of the study population

During the study period (January 2009 to June 2019)
there were 50,000 estimated admissions per year in
pediatric wards at Xinhua Hospital, and 154 (0.03%) pa-
tients were diagnosed with Kp-BSI. Eight (5.5%) patients
were lost to follow-up; a total of 146 patients were in-
cluded in this retrospective study. Overall, 20 (13.7%), 25
(17.1%), and 33 (22.6%) patients died within 14, 30, and
90 days from Kp-BSI onset, respectively.

The median age of patients was 2.7 months (interquar-
tile range: 1.0, 10.9 months, Table 1). Bloodstream infec-
tions were mainly secondary to pneumonia (50.0%),
followed by intra-abdominal infection (20.5%) and
indwelling central catheters (6.8%). Primary bacteremia
occurred in 22.6% of patients (Table 2). Most of the Kp-
BSI (84.9%) cases were healthcare-associated, and nearly
half of the patients (48.6%) were infected with CR-Kp.
The most common organ failure within 24 h from Kp-
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Table 1 Baseline characteristics of the survivors and the non-survivors in children with Klebsiella pneumoniae bloodstream infection

during January 2009 to June 2019

Variable Total Survivors Non-survivors P value
(N =146) (n=113) (n=33)
Boys, n (%) 89 (61.0) 69 (61.1) 20 (60.6) 0.96
Age, months, median (IQR) 2.7 (1.0, 10.9) 23 (0.8, 104) 40(13,14.7) 0.13
Age group 0.38
< 1month, n (%) 38 (26.0) 32(283) 6(182)
1-12 months, n (%) 74 (50.7) 57 (504) 17 (51.5)
> 12 months, n (%) 34 (233) 24 (21.2) 10 (30.3)
Weight-for-age z-score, median (IQR) -0.7 (- 18,0 -0.7 (- 18,0 -05(=25,04) 0.65
Preterm birth, n (%) 48 (32.9) 33(29.2) 15 (45.5) 0.08
Cesarean delivery, n (%) 81 (55.5) 64 (56.6) 17 (51.5) 0.60
Prior hospitalization within 6 months, n (%) 66 (45.2) 44 (38.9) 22 (66.7) <0.01
Underlying comorbidities
Congenital gastrointestinal anomalies?, n (%) 61 (41.8) 48 (42.5) 13 (394) 0.75
Congenital heart disease, n (%) 55 (37.7) 44 (38.9) 11 (33.3) 0.56
Malignancies, n (%) 11 (7.5) 6 (5.3) 5(15.2) 0.13
Admission year 043
2009-2012, n (%) 28 (19.2) 22 (19.5) 6(18.2)
2013-2016, n (%) 43 (29.5) 36 (31.9) 7212
2017-2019, n (%) 75 (514) 55 (48.7) 20 (60.6)
Admission ward 0.20
Pediatric intensive care unit, n (%) 18 (12.3) 11 (9.7) 7212)
Pediatric surgery intensive care unit, n (%) 49 (33.6) 38 (33.6) 11 (33.3)
Neonatal intensive care unit, n (%) 36 (24.7) 27 (23.9) 9(27.3)
Others, n (%) 43 (29.5) 37 (32.7) 6(182)

IQR interquartile range

#Congenital gastrointestinal anomalies included esophageal atresia, intestinal atresia, anal atresia, and diaphragmatic hernia

BSI onset was respiratory failure (63.0%), followed by hep-
atic failure (52.7%), coagulation disorder (39.7%), shock/
hypotension (29.5%), renal failure (22.6%), and altered
mental status (15.1%). Only 11.6% of the patients had no
organ failure at the time of Kp-BSI onset (Table 2).

Risk factors associated with 90-day mortality in patients
with Kp-BSI

A total of 33 (22.6%) patients died within 90 days after
the onset of Kp-BSI, and 113 (77.4%) were discharged
from the hospital after reaching clinical stability. No
significant differences in baseline characteristics (age,
sex, admission year, and admission ward, weight-for-age
z-score) were observed between survivors and non-
survivors (Table 1). There were more patients with a
history of preterm birth and a malignant disease as co-
morbidity among the non-survivor group compared to
the survivor group. Non-survivors were characterized by
a history of hospitalization in the last 6 months
(P< 0.01, Table 1). Before the onset of Kp-BSI, no dif-
ferences in invasive procedures during hospitalization

were observed between survivors and non-survivors
(Table 2). Intra-abdominal sources of infection were
more frequent among non-survivors (48.5%) than survi-
vors (12.4%), while bloodstream infections of patients
alive at day 90 were more likely to result from primary
bacteremia. The prevalence of carbapenem-resistant
strains in the survivors and the non-survivors was 44.2
and 63.6%, respectively. Compared to the survivors, the
non-survivors had lower levels of serum albumin and
platelet counts, and higher levels of C-reactive protein,
procalcitonin, total bilirubin, creatinine, and lactate.
Additionally, the median SOFA score of non-survivors
was approximately 2-fold higher than that of survi-
vors. The increased number of organ failures at the
onset of Kp-BSI was associated with a higher risk of
mortality (Fig. 1). The proportion of non-survivors
with abnormal function of at least three organ sys-
tems was 41.4% (24/58).

After adjusting for age, sex, admission year and admis-
sion ward, patients were nearly twice as likely to die if
they were born prematurely, and prior hospitalization in
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Table 2 Mortality predictors at the onset of Klebsiella pneumoniae bloodstream infection
Variable Total Survivors Non-survivors P value
(N =146) (n=113) (n=33)
Invasive procedures prior to the onset of infection
Surgery, n (%) 66 (45.2) 52 (46.0) 14 (42.4) 0.72
Urinary catheterization, n (%) 72 (49.3) 57 (50.4) 15 (45.5) 061
Gastrointestinal decompression, n (%) 85 (58.2) 66 (58.4) 19 (57.6) 093
Sputum suction, n (%) 67 (45.9) 52 (46.0) 15 (45.5) 0.95
Invasive ventilation, n (%) 54 (37.0) 40 (354) 14 (42.4) 046
Source of bloodstream infection
Primary bacteremia, n (%) 33 (22.6) 30 (26.5) 3(9.1) 0.04
Intra-abdominal infection, n (%) 30 (20.5) 14 (124) 16 (48.5) <0.01
Pneumonia, n (%) 73 (50.0) 60 (53.1) 13 (394) 0.17
Catheter-related infection, n (%) 10 (6.8) 9 (8.0) 1(3.0) 0.46
Microbiological characteristics
Healthcare-associated infection, n (%) 124 (84.9) 96 (85.0) 28 (84.8) 0.83
Carbapenem-resistance isolate, n (%) 71 (48.6) 50 (44.2) 21 (63.6) 0.05
Polymicrobial bloodstream infection, n (%) 34 (23.3) 26 (23.0) 8 (24.2) 0.88
Laboratory predictors®
Leukocyte counts, median (IQR), 10%/L 99 (5.3, 189) 93 (6.7, 15.7) 13.1 (5.0, 24.5) 044
Hemoglobin, median (IQR), g/L 105 (89, 121) 105 (93, 122) 97 (86, 118) 0.84
Platelet counts, median (IQR), 10%/L 190 (102, 282) 213 (115, 314) 103 (17, 151) <0.01
Procalcitonin, median (IQR), ng/mL 14 (0.1,17.0) 08 (0, 13.8) 7.5 (0.32, 69.6) 0.06
C-reactive protein, median (IQR), mg/L 30 (8, 77) 19 (8, 54) 88 (39, 143) <0.01
Albumin, median (IQR), g/L 280 (276, 354) 324 (288, 35.8) 26.8 (20.1, 34.0) <0.01
Total bilirubin, median (IQR), mg/dL 1.6 (0.5,3.9) 1.1 (04, 33) 22(13,58) 0.06
Creatinine, median (IQR), umol/L 26 (21, 43) 25 (20, 37) 40 (22, 64) 0.01
Lactate, median (IQR), mmol/L 1.6 (0.8, 4.1) 14 (0.8, 24) 24 (14,53) <0.01
Organ failure
SOFA score, median (IQR) 5@3,7) 4(2,6) 7 (6, 10) <0.01
Altered mental status, n (%) 22 (15.1) 10 (8.9) 12 (364) <0.01
Respiratory failure, n (%) 92 (63.0) 68 (60.2) 24 (72.7) 0.19
Shock/hypotension, n (%) 43 (29.5) 28 (24.8) 15 (45.5) 0.02
Hepatic failure, n (%) 77 (52.7) 53 (46.9) 24 (72.7) <0.01
Renal failure, n (%) 33 (22.6) 22 (19.5) 11 (33.3) 0.09
Coagulation disorder, n (%) 58 (39.7) 35 (31.0) 23 (69.7) <0.01
Number of organ failure(s) <0.01
0,n (%) 17 (11.6) 15(13.3) 2 (6.1)
1, n (%) 36 (24.7) 34 (434) 2(6.1)
2,n (%) 35 (24.0) 30 (26.5) 5(15.2)
3,n (%) 28 (19.2) 17 (15.0) 11 (333)
24, n (%) 30 (20.5) 17 (15.0) 13 (39.3)

IQR interquartile range, SOFA sequential organ failure assessment
“Laboratory examinations were performed within 24 h after the collection of blood culture samples
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Fig. 1 Ninety-day mortality and survivor numbers according to the number of organ failure(s) in children with Klebsiella pneumoniae
bloodstream infection

the last 6 months was associated with a 2.4-fold increase
in mortality (Table 3). For patients infected with K
pneumoniae from intra-abdominal sources, the risk of
death was 6.8-fold higher compared to that of patients
with primary bacteremia or catheter-related infections.
Malignancies, carbapenem-resistant isolates, and respira-
tory failure were not significantly associated with mortal-
ity. Among the various types of organ failure, altered
mental status was associated with the worst outcome
(HR =5.19, 95% CI 2.50-10.77), followed by coagulation
disorder (HR =4.54, 95% CI 2.12-9.72), hepatic failure
(HR =2.90, 95% CI 1.33-6.35), shock/hypotension (HR =
241, 95% CI 1.21-4.82), and renal failure (HR =2.20,
95% CI 1.02—4.73). Low levels of albumin and high levels
of sepsis-related biomarkers, including the C-reactive
protein and lactate, were also significant risk factors for
mortality (Table 3).

Antimicrobial treatments in patients infected with CR-Kp

Among the 71 patients with CR-Kp bloodstream infec-
tion, 40 (56.3%) received a carbapenem combined with
another antibiotic as a definitive therapy, proven to be
effective in vitro (including amikacin, fosfomycin, or
polymyxin B), while the remainder received a high-dose
extended or continuous infusion of a carbapenem. The
mortality rate of patients receiving polymyxin B plus car-
bapenem or fosfomycin plus carbapenem was 19.4% (6/
31), while that of patients treated with amikacin plus
carbapenem and with carbapenem monotherapy was
44.4% (4/9) and 35.5% (11/31), respectively [see Table
S1, Additional file 1]. Additionally, a subgroup analysis
using Cox proportional hazards model showed no

significant association between the type of definitive
antimicrobial therapy and the 90-day mortality of pa-
tients with CR-Kp bloodstream infection [see Table S1,
Additional file 1].

Development of a combined model on the basis of the
SOFA score

The pediatric SOFA score had a moderate predictive
power for 90-day mortality, with an AUC of 0.80 (95%
CI 0.71-0.89), along with a high sensitivity (0.84) and a
low specificity (0.68). The predictive value of clinical
characteristics and blood biomarkers was also evaluated.
Each combination of SOFA with risk factors (including
prior hospitalization, intra-abdominal source of infec-
tion, C-reactive protein, and albumin) improved the pre-
dictive performance of the model to different degrees
[see Table S2, Additional file 1]. A modified SOFA
model combining SOFA plus prior hospitalization and
intra-abdominal source of infection was selected as the
optimal multivariate predictive model (AUC =0.89, 95%
CI 0.82-0.96; sensitivity = 0.86; specificity = 0.84; positive
predictive value = 0.64; negative predictive value = 0.95),
outperforming the original SOFA score (DeLong’s test,
P< 0.01, Fig. 2). According to the integrated discrimin-
ation improvement index, other combinations of SOFA
with risk factors had no additional prognostic value over
the selected model [see Table S3, Additional file 1]. The
final multivariate model (Logit [mortality] =-5.86 +
0.53 x [SOFA score] + 1.81 x [prior hospitalization, 0 or
1] + 1.83 x [intra-abdominal source, 0 or 1]) was used to
develop a scoring system (Kp-specific SOFA) including:
SOFA (original score), prior hospitalization (4 points)
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Table 3 Multivariate Cox proportional hazard regression results for risk factors of the 90-day mortality
Predictor No. of deaths/total (%) Adjusted HR* P value
(95% CI)
Preterm birth 15/48 (31.3) 2.25(1.04, 4.86) 0.04
Malignancies 5/11 (45.5) 2.36 (0.74, 7.56) 0.15
Prior hospitalization within 6 months 22/66 (33.3) 240 (1.12,5.14) 0.02
Carbapenem-resistant isolate 21/71 (29.6) 2.13 (098, 4.61) 0.06
Source of bloodstream infection
Primary or catheter-related 4/43 (9.3) Ref -
Pneumonia 13/73 (17.8) 1.69 (0.51, 5.58) 0.39
Intra-abdominal infection 16/30 (53.3) 6.75 (211, 2157) <0.01
Organ failure
Altered mental status 12/22 (54.5) 5.19 (2,50, 10.77) <0.01
Respiratory failure 24/92 (26.1) 140 (061, 3.20) 042
Shock/hypotension 15/43 (34.9) 241 (1.21,4382) 0.01
Hepatic failure 24/77 (31.2) 290 (1.33,6.35) <0.01
Renal Failure 11/33 (33.3) 2.20(1.02,4.73) 0.04
Coagulation disorder 23/58 (39.7) 454 (2.12,9.72) <0.01
Laboratory predictor®
Procalcitonin (ng/mL) < 0.1 7/43 (16.3) Ref
0.1-17 15/65 (23.1) 1.17 (043, 3.19) 0.76
>17 11/38 (28.9) 1.72 (060, 491) 0.31
C-reactive protein (mg/L) <8 5/47 (10.6) Ref
8-77 9/60 (15) 148 (048, 4.53) 049
>77 19/39 (48.7) 646 (2.26, 18.52) <0.01
Albumin (g/L) > 35 6/40 (15.0) Ref
28-35 8/58 (13.8) 091 (0.32, 2.63) 0.86
<28 19/48 (39.6) 3.32(1.31, 840) 0.01
Lactate (mmol/L) <2 17/101 (16.8) Ref
=2 16/45 (35.6) 344 (146, 811) <0.01

HR hazard ratio

“Multivariate adjustment was made for age, sex, admission ward and admission year
PProcalcitonin, C-reactive protein and albumin were categorized into three strata by the boundaries of interquartile range (P25 and P75)

and intra-abdominal source (4 points). The mean esti-
mated risk score for the study population was 8 +4
(range 0-21).

The observed risk of mortality and the estimated prob-
abilities based on the Kp-specific SOFA for three risk
strata (low, medium, and high) are shown in Table 4.
The 90-day mortality rate was 5.4%, 35.7%, and 72.0%
for low- (score 0-8), medium- (score 9-11), and high-
risk (score >12) patients, respectively. Compared to the
low-risk group, patients with medium- or high-risk
scores were more likely to die (HR =8.36, 95% CI 3.60—
27.83 for medium-risk and HR =20.27, 95% CI 7.47-
54.95 for high-risk; Table 4). This Kp-specific SOFA
score was able to stratify patients into low-, medium-,
and high-risk groups on the basis of the Kaplan-Meier
survival curves (log-rank test, P < 0.01, Fig. 3).

Kp-specific SOFA in predicting 30-day mortality

The 30-day mortality rate was 17.1% (25/146). For pre-
dicting 30-day mortality, the AUC value of pediatric
SOFA and Kp-specific SOFA was 0.79 and 0.85, respect-
ively [see Figure S1, Additional file 1]. Three categories
of risk were performed by Kaplan-Meier survival curves
using the predetermined cut-off values, which demon-
strated a significant difference in 30-day mortality
among three strata by log-rank test (P< 0.01) [see
Figure S2, Additional file 1].

Discussion

In this 10-year retrospective study, we aimed to investi-
gate the early predictors of mortality in patients with
Kp-BSI. We found that a history of preterm birth,
hospitalization in the last six months, intra-abdominal
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source of infection, organ failure, low serum albumin,
and high levels of C-reactive protein and lactate, were
independent risk factors for 90-day mortality. In particu-
lar, we demonstrate for the first time that combining
two risk factors (prior history of hospitalization and
intra-abdominal source of infection) with the pediatric
SOFA score at the early onset of Kp-BSI has a satisfac-
tory predictive power of 30- and 90-day mortality, with
an AUC value of 0.85 and 0.89, respectively. Adding
these two variables raised the score’s specificity from
0.68 to 0.84 for predicting 90-day mortality. Moreover,
this Kp-specific SOFA was also able to group patients by
three mortality strata.

In recent years, the global prevalence of K. pneumo-
niae has increased rapidly. A multi-center study in the

US reported a 3.8% point prevalence of K. pneumoniae
[24]. In China, the prevalence of K. pneumoniae was
found to be 12.0% among 244,843 clinical isolates, of
which 19.1% were collected from the bloodstream [25].
The overall mortality reported in the literature for adult
patients was as high as 29.3% [26]. In our pediatric
study, the 90-day mortality was 22.6%, which was higher
than that reported previously in a tertiary children’s hos-
pital in China (12.3%) [6]. The common presence of
multiple organ failure at the onset of Kp-BSI in our
study population might explain the high mortality rate.
As K. pneumoniae is able to evade early innate immune
reactions, it can cause systemic toxicity and result in
multi-organ failure [27]. Septic shock and mechanical
ventilation at the early stages of Kp-BSI are considered

Table 4 Risk categories for the 90-day mortality after the onset of Klebsiella pneumoniae bloodstream infection

Risk Estimated Estimated No. of Cox Analysis
category risk scores risk of non- HR (95% Cl) P value
mortality survivors/
(%) total no.
of patients
(%)
Low risk <8 <16.24 5/93 (5.4) Ref -
Medium risk 9-11 24.73-48.55 10/28 (35.7) 8.36 (3.60, 27.83) < 001
High risk 212 26153 18/25 (72.0) 20.27 (747, 54.95) <001

HR hazard ratio



Li et al. BMC Infectious Diseases (2020) 20:916 Page 9 of 12
1.00+ F_._ Score < 8 (n =93)
[ 1Y
754
0.75 “ . Score = 9-11 (n = 28)
é .-----------:------------l
: L
©
o) -"L
2 0.504 1_L
= Score 212 (n = 25)
2 -1
7 i
0.254
0.004
0 25 50 75
Survival times, days
Number at risk
— | O3 89 89 89
amm= | 28 19 19 18
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infection in children estimated by the Kaplan-Meier analysis (log-rank test, P < 0.01)

strong risk factors for mortality [6, 28]. In our study, the
respiratory tract was the most common organ to fail at
the onset of Kp-BSI, but this was not associated with
fatal outcomes. Altered mental status, coagulation dis-
order, hepatic failure, shock/hypotension, and renal fail-
ure were significantly associated with mortality. We
demonstrated that the risk of mortality increased with
high SOFA scores at Kp-BSI onset, thereby highlighting
the importance of systematic evaluations of clinical pa-
rameters relevant to organ function at the early stages of
infection.

Apart from organ failure, there was a significant differ-
ence in mortality between patients with- and patients
without- prior hospitalization in the last six months,
though significant difference in the specific categories of
comorbidity was not observed. Impaired host defense in
children with severe underlying conditions is responsible
for severe sepsis and poor prognosis [29]. Additionally,
complicated intra-abdominal infections, including necro-
tizing enterocolitis, bacterial peritonitis, and intra-
abdominal sepsis associated with bowel perforation, are
serious complications in premature babies and children
recovering from surgery or with other serious condi-
tions. The gastrointestinal system is considered critical
for the host resistance to sepsis, with the bacterial

translocation and microbiota disturbances in critically ill
patients supporting the concept of impaired communi-
cation across the gut-organ axes [30, 31]. Moreover, tis-
sue damage caused by intra-abdominal sepsis can be a
source of pro-inflammatory cytokines that induce distant
organ failure [32]. Compromised gut-barrier functions
also perturb the clearance of bacteria and endotoxins
from the systemic circulation [33]. In this study, the
intra-abdominal source of bloodstream infection was as-
sociated with the worst prognosis. However, the impact
of the primary infection site on mortality in patients
with Kp-BSI is controversial and needs to be investigated
further [34, 35].

Additionally, we explored several biomarkers that have
not been considered for SOFA sub-scores but have been
commonly measured in the intensive care unit. The
combination of serum albumin and C-reactive protein
levels with SOFA also improved risk prediction of mor-
tality. Albumin, which is exclusively synthesized by the
liver and reflects the physiological response to injury
and infection, has been identified as an independent pre-
dictor of mortality in patients with Kp-BSI [36]. On the
other hand, C-reactive protein is an acute-phase reactant
with prognostic significance in patients with infections
[10], and its response to infection is determined by the
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invasive mechanisms as well as host predisposition [37].
Although the measurement of multiple biomarkers may
improve the identification of patients at risk, it may in-
crease the complexity and costs of the diagnostic pro-
cesses. Moreover, including the levels of C-reactive
protein and albumin in the risk model added only a
minimal advantage compared to the Kp-specific SOFA,
as determined by the integrated discrimination improve-
ment analysis.

In this study, we validated the pediatric SOFA score
updated in 2017 to prognosticate the outcomes of chil-
dren with Kp-BSI, and determined its AUC value to be
0.80. This finding filled the knowledge gap on the prog-
nostic value of SOFA when applied to specific infections.
Based on this data, and to address the urgent need for
research on prognostic factors in pediatric Kp-BSI, we
developed a Kp-specific SOFA score with enhanced
AUC value by adding two risk factors as sub-scores. The
Kp-specific SOFA had a high negative predictive value
(0.95), suggesting that if extensively applied in the clin-
ical field, it may be a reasonable reference to rule out
high-risk pediatric patients. Most of our study popula-
tion consisted of patients with healthcare-associated in-
fection and with different comorbidities, which was
representative of children with Kp-BSI in clinical prac-
tice. Therefore, our results can be extrapolated to the
pediatric population with Kp-BSI. Considering different
etiologies beyond Kp-BSI, combination of risk factors
with the SOFA score also may strengthen its predictive
accuracy in identification of high-risk patients related to
other sites of infection and with infections caused by
other pathogens [38].

This study had some limitations. First, this was a
retrospective study and the recall bias might be a prob-
lem. Prospective validation was not conducted for the
risk score derived from our study population. Neverthe-
less, the recall bias has been reduced as all 146 patients
underwent regular follow-ups in this hospital, which in-
cluded electronic medical records, for 90 days after the
onset of Kp-BSI. Second, 48.6% of the children were
infected by CR-Kp and received treatments including
extended/continuous infusion of carbapenem and carba-
penem plus amikacin, fosfomycin, or polymyxin B.
However, it is generally accepted that the first-line
treatment of CR-Kp infection is based on colistin or a
novel cephalosporin/f-lactamase inhibitor combination,
ceftazidime-avibactam [39], which was not used in this
study group. Considering the paucity of available data in
pediatric population [40], the therapy used at our
institution was adjusted on the basis of the severity of
infection, the susceptibility profile of isolates, and
pharmacokinetics to achieve adequate antibiotic serum
concentrations. Treatment is a crucial part for patient
prognosis, but we did not consider the antimicrobial
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therapy as a factor in our predictive model due to the in-
consistency between the treatments in this retrospective
cohort and the current standard. Third, this was a
single-center study with a potential selection bias. Future
multicenter studies are needed to better determine the
clinical value of the Kp-specific SOFA at the early stages
of Kp-BSI in children.

Conclusion

In conclusion, hospitalization in the six months, intra-
abdominal source of infection and organ failure at the
early onset of Kp-BSI were important factors determining
the clinical outcomes of pediatric patients. The Kp-
specific SOFA may offer a better predictive tool of 90-day
mortality in children with Kp-BSI.
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