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Abstract 

Background  Early distinction between mild and serious infections (SI) is challenging in children in ambulatory care. 
Clinical prediction models (CPMs), developed to aid physicians in clinical decision-making, require broad external 
validation before clinical use. We aimed to externally validate four CPMs, developed in emergency departments, in 
ambulatory care.

Methods  We applied the CPMs in a prospective cohort of acutely ill children presenting to general practices, outpa-
tient paediatric practices or emergency departments in Flanders, Belgium. For two multinomial regression models, 
Feverkidstool and Craig model, discriminative ability and calibration were assessed, and a model update was per-
formed by re-estimation of coefficients with correction for overfitting. For two risk scores, the SBI score and PAWS, the 
diagnostic test accuracy was assessed.

Results  A total of 8211 children were included, comprising 498 SI and 276 serious bacterial infections (SBI). Feverkid-
stool had a C-statistic of 0.80 (95% confidence interval 0.77–0.84) with good calibration for pneumonia and 0.74 
(0.70–0.79) with poor calibration for other SBI. The Craig model had a C-statistic of 0.80 (0.77–0.83) for pneumonia, 
0.75 (0.70–0.80) for complicated urinary tract infections and 0.63 (0.39–0.88) for bacteraemia, with poor calibration. 
The model update resulted in improved C-statistics for all outcomes and good overall calibration for Feverkidstool 
and the Craig model. SBI score and PAWS performed extremely weak with sensitivities of 0.12 (0.09–0.15) and 0.32 
(0.28–0.37).

Conclusions  Feverkidstool and the Craig model show good discriminative ability for predicting SBI and a potential 
for early recognition of SBI, confirming good external validity in a low prevalence setting of SBI. The SBI score and 
PAWS showed poor diagnostic performance.

Trial registration  ClinicalTrials.gov, NCT02024282. Registered on 31 December 2013.
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Background
Examining a feverish child is part of daily practice for 
general practitioners (GPs), paediatricians and emer-
gency physicians. In most cases, it concerns a mild, often 
viral infection with a favourable natural course [1–5]. 
Physicians however must always be cautious of poten-
tially serious infections (SI) requiring more extensive 
treatment or hospital admission. Late recognition of 
these conditions may cause serious complications and 
possibly even death. The distinction between these mild 
and serious infections is difficult at an early stage [6]. 
The physician must decide solely based on clinical his-
tory taking and examination whether he can rule out SI 
or if immediate medical treatment or referral to second-
ary care is needed. Physician’s evaluation shows a low 
sensitivity, especially when specific signs or symptoms 
are missing [3]. This diagnostic problem may cause a 
delay in the appropriate antibiotic treatment or may lead 
to unnecessary antibiotic prescriptions, aggravating the 
problem of antibiotic resistance [3, 7].

To aid doctors in clinical decision-making, several 
clinical prediction models (CPMs) have been developed. 
CPMs calculate the risk of SI from different variables 
such as demographic factors, medical history, clinical 
examination, general clinical impression and physician’s 
gut feeling something is wrong; in some CPMs, point-
of-care (POC) tests are included as well [2–5, 8]. CPMs 
take several forms. First, we have risk scores where each 
variable counts for a specified number of points. Follow-
ing management decisions depend on predefined risk 
cut-offs. Second is binomial logistic regression models 
(LRMs) with a binary outcome, calculating the probabil-
ity of one specific disease and presenting it as a percent-
age. Third is an extension of these binomial regression 
models to multinomial LRMs (more than 2 outcome 
categories) which estimate the probabilities of several 
diseases simultaneously. This resembles more closely 
the traditional clinical diagnostic process where multiple 
diseases are considered in a differential diagnosis. Some 
CPMs have proven excellent clinical performance com-
pared to physician’s evaluations [3].

Deriving CPMs has an inherent risk of overfitting, 
where the prediction is fitted too strongly to the original 
derivation data. Consequently, the model underperforms 
in populations differing from the original derivation 
cohort, necessitating the external validation of CPMs in 
independent populations [9–11].

A previous external validation study of CPMs for 
acutely ill children in ambulatory care found promis-
ing rule-out values, with still a percentage of residual 
uncertainty [12]. More recently, one CPM has proven 
extremely sensitive to external validation in ambulatory 
care in identifying acutely ill children at risk for hospital 

admission for a serious infection [2]. Although most 
acutely ill children present in primary care [12], we are 
not aware of other recent CPMs for serious infections 
in children in ambulatory care. Therefore, we wished 
to investigate whether CPMs derived in EDs could be 
applicable in primary care settings as well. From a recent 
systematic review on CPMs for feverish children in the 
emergency department (ED), we identified three clinical 
prediction models potentially applicable in primary care: 
two multinomial LRMs and one risk score, based on a 
binomial LRM [3–5, 13]. For these three models, exter-
nal validation has been performed in EDs, but not yet in 
broader ambulatory care [4, 13–17]. We searched the ref-
erences of the included studies for other relevant CPMs, 
and we identified one additional CPM, another risk score, 
assessing the broader risk of serious illness [8]. In our 
study, we aimed to externally validate and, if applicable, 
update these four CPMs for SI in children in a population 
of children with an acute illness presenting to ambulatory 
care in Belgium.

Methods
We performed this secondary analysis of prospectively 
gathered observational data to externally validate these 
four CPMs for SI in children by assessing discrimina-
tive value and calibration. Subsequently, we performed a 
model update of the LRMs in our dataset. The study is 
reported in agreement with the TRIPOD guideline on 
transparent reporting of multivariable prediction models 
for diagnosis [18].

External validation dataset
From 15 February 2013 to 28 February 2014, children 
from 1  month to 16  years with an acute illness were 
included in 92 GP practices, 6 ambulatory paediatric 
practices and 6 EDs in Flanders, Belgium, as part of the 
ERNIE2 study [2]. Further details on the inclusion and 
exclusion criteria are reported elsewhere [19]. Seventy-
four diagnostic items were registered. Age is reported as 
mean and interquartile range.

In the ERNIE2 study, SI was defined as an infection 
requiring hospital admission for more than 24 h. It com-
prised both the serious bacterial infections sepsis and 
bacteraemia, meningitis, pneumonia, osteomyelitis, cel-
lulitis and cUTI as well as appendicitis, gastro-enteritis 
with dehydration and viral respiratory tract infection 
with hypoxia [19]. The diagnosis was checked in the 
GP’s electronic medical records and the hospital records. 
Depending on the condition, microbiological, biochemi-
cal, histological, radiological or clinical criteria were 
required for a definite diagnosis [19]. An adjudication 
committee of clinicians with expertise in acute paediatric 
care assessed all available information of cases with no 
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definite diagnosis in the medical record or after the inter-
view with the GP and assigned outcome by consensus [2]. 
Since the distinction between viral and bacterial gastro-
enteritis could not be made in the ERNIE2 dataset, the 
data of participants with gastro-enteritis were excluded 
from the analysis of SBI in the current study.

Clinical prediction models
The first CPM, Feverkidstool, is a multinomial LRM 
predicting the risk of pneumonia and other serious bac-
terial infections (SBI) in feverish children from 10 clini-
cal variables and a POC CRP test [4]. In the derivation 
of the Feverkidstool, positive cultures of normal sterile 
sites or consensus diagnosis were required [4]. In the 
main recruiting hospital, the diagnosis of pneumonia 
was based on radiological criteria, assessed by two radi-
ologists, blinded to the clinical information; in the other 
recruiting hospitals, assessment of chest radiographies 
was performed by a single radiologist, not blinded to the 
clinical information.

The second model, a CPM constructed by Craig et al. 
(hereafter named the Craig model), is a multinomial 
LRM predicting the risk of complicated urinary tract 
infections (cUTI), pneumonia and bacteraemia in fever-
ish children [3]. The model consists of 26 items, including 
several variables from history taking. Craig et al. divided 
the diagnoses of UTI, pneumonia and bacteraemia into 
definite and probable, based on microbiological and radi-
ological criteria, which were nearly identical to our diag-
nostic criteria [3]. All probable cases were reviewed by 
a final diagnosis committee, composed of two specialist 
paediatricians and a radiologist for pneumonia, blinded 
to the clinical information. The presence or absence of 
bacterial infections was based on consensus.

In our validation dataset, the broader inclusion crite-
rion of acutely ill children presenting at ambulatory care 
was used, whereas the derivation of Feverkidstool and 
the Craig model inclusions were limited to children pre-
senting with fever at the ED [3, 4]. Feverkidstool and the 
Craig model were developed to predict the risk of SBI, 
excluding viral infections. Unlike in the ERNIE2 cohort, 
the Feverkidstool and Craig model studies did not 
require hospital admission as a marker of SBI. Children 
with SBI receiving outpatient care therefore would have 
been included in these studies but were not considered 
SBI in our cohort.

The third CPM, the SBI score, is a risk score assess-
ing the risk of SBI (excluding viral infections) in acutely 
ill children. It consists of eight clinical items and was 
derived from a binomial LRM (hereafter named the SBI 
model) [5]. As in the ERNIE2 cohort, the SBI score study 
required hospital admission as a marker of SBI, plus dis-
ease-specific findings such as positive cultures in sterile 

sites or radiological signs, nearly identical to our diagnos-
tic criteria.

The fourth CPM, the Pediatric Advanced Warning 
Score (PAWS), is a risk score based on seven age-specific 
vital parameters in children [8]. PAWS was developed to 
predict the risk of serious illness, broader than serious 
infections alone, in the ED. In a pilot case–control study, 
admission from the ED to the paediatric intensive care 
unit was used as a marker of serious illness, compared 
to children admitted to the general paediatric ward. We 
applied PAWS to our clinical endpoint of serious infec-
tions requiring hospital admission (including viral infec-
tions). See Additional file 1: Tables S1-S7 for more details 
on participants, predictor and outcome variables and 
regression coefficients in the derivation studies [20–26].

Model validation
The presence of each predictor variable from the different 
models was evaluated in the ERNIE2 database. If vari-
ables were similar, but not exactly corresponding, a proxy 
was used. Missing values were considered non-deviant 
(see the ‘Discussion’ section), except for participants 
with missing data on outcome, age, sex or temperature, 
which were excluded. An outcome value was required to 
correctly perform the analyses, age was required for age-
specific vital signs, temperature was registered twice in 
our dataset (both recorded by the parents and recorded 
by the physician) and was required as an absolute value 
in the algorithm of Feverkidstool, and for sex, no non-
deviant result could be imputed.

To assess the discriminative ability of the multinomial 
LRMs, Feverkidstool and Craig model, we calculated 
the conditional pairwise concordance statistic, hereafter 
referred to as the C-statistic, using the original reported 
coefficients and intercepts. The conditional risk was 
calculated by dividing the probability of the disease of 
interest by the sum of the probabilities of the disease of 
interest and of the absence of SBI. The C-statistic and 
its 95% confidence interval (CI) were calculated as the 
area under the receiver operating characteristic curve 
(AUC) of this conditional risk with the R statistical soft-
ware version 4.1.2 (R Foundation for Statistical Comput-
ing, Vienna, Austria) [27] using the pROC-package [28]. 
To assess the calibration of the models, we constructed 
multinomial calibration plots and calculated calibration 
intercepts and calibration slopes using the non-paramet-
ric framework by Van Hoorde et  al. [24, 25] (see Addi-
tional file 1 for more details on calibration intercepts and 
slopes).

For the binomial SBI model, discrimination and cali-
bration were evaluated using the val.prob.ci.2 function, 
an adaptation of the rms package [21].
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For the risk scores SBI score and PAWS, sensitivity, 
specificity, positive (LR( +)) and negative likelihood ratio 
(LR( −)) and the respective 95%-CIs were calculated at 
the cut-offs proposed by the original authors.

Model update
First, we performed logistic recalibration of the LRMs 
[24, 25]. Next, we performed model revision by refit-
ting the variables in our dataset and re-estimating 
individual coefficients. Finally, we applied uniform 
shrinkage of the revised coefficients towards the 
recalibrated values using a heuristic shrinkage factor 
to correct for overfitting on our dataset [22]. For refit-
ting of the multinomial LRMs Feverkidstool and Craig 
model, the multinom-function of the nnet-package 
was used [26], and for the binomial LRM SBI model, 
the rms-package was used [23] (see Additional file  1 
for more details on logistic recalibration and the heu-
ristic shrinkage factor).

We assessed discrimination and calibration of the 
updated models as described above and calculated sen-
sitivity, specificity and positive and negative likelihood 
ratio at low- and high-risk cut-offs.

Results
Participants
A total of 8962 acutely ill children were included, of 
which 730 were excluded due to missing essential data 
(age, sex, temperature, outcome) and 21 for exceed-
ing the age range, leading to 8211 participants in the 
current analysis. SI was established in 498 children, 

leading to an intermediate prevalence of 6.1% (5.6–
6.6%) in our combined ambulatory setting [12]. SBI 
was diagnosed in 276 children, resulting in a preva-
lence of 3.4% (3.0–3.8%). These SI most often affected 
the youngest children. Two-thirds of SI consisted of 
pneumonia and gastro-enteritis with dehydration. The 
participant characteristics are summarized in Table  1 
(see Additional file  1: Tables S1, S3, S5 and S7 for a 
comparison between the validation and the derivation 
cohorts).

Model validation
For the Feverkidstool, all 11 variables were available 
in the ERNIE2 database. For the Craig model, 11 of 26 
variables exactly matched the available variables. The 
variables ‘rash’, ‘stridor’ and ‘audible wheeze’ were not 
systematically registered in our database but had been 
registered by physicians in the free text space ‘other 
signs of illness’. For nine variables, a proxy was used of 
which eight proxies closely resembled the original vari-
ables. For urinary symptoms, only the weak proxy ‘does 
your child urinate less’ was available. The categories 
‘felt hot’ and meningococcal and pneumococcal vac-
cination were not available. Four of the eight variables 
of the SBI model and SBI score matched the variables 
in the ERNIE2 database. For the other four variables, a 
proxy was used with a close resemblance to the origi-
nal variable. For PAWS, five of the seven variables were 
available. For the missing variables ‘work of breathing’ 
and the AVPU scale, two moderate-quality proxies were 

Table 1  Baseline characteristics of the included children

Children with serious infection (n = 498) Children without serious infection (n = 7713)

Median age in years (interquartile range) 1.62 (0.78–3.79) 1.97 (0.99–4.02)

Sex, male (%) 268 (54%) 4133 (54%)

Inclusion by general practitioner (n = 2902) 23 2879

Inclusion by ambulatory paediatrician (n = 2719) 109 2610

Inclusion by emergency department (n = 2590) 366 2224

Outcome (hospital admission > 24 h with)

  Abscess/cellulitis 10 0

  Appendicitis 15 0

  Complicated urinary tract infection 57 0

  Gastro-enteritis with dehydration (bacterial and 
viral)

162 0

  Meningitis (bacterial and viral) 16 0

  Osteomyelitis 0 0

  Pneumonia 171 0

  Sepsis/bacteraemia 7 0

  Viral respiratory tract infection with hypoxia 60 0

Non-serious infection 0 7713
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used (see Additional file 1: Tables S1, S3, S5 and S7 for 
a detailed description of the proxies).

Feverkidstool and the Craig model showed good dis-
criminative values with C-statistics of 0.80 (0.77–0.84) 
for pneumonia and 0.74 (0.70–0.79) for other SBI by 
Feverkidstool, and 0.80 (0.77–0.83) for pneumonia 
and 0.75 (0.70–0.80) for cUTI by the Craig model. For 
the SBI model and the prediction of bacteraemia by 
the Craig model, we found poor discriminative ability 
(C-statistics of 0.66 (0.59–0.73) and 0.63 (0.39–0.88), 
respectively) (Table 2 (A)).

Calibration plots for the LRMs are shown in Figs. 1, 
2 and 3, and calibration intercepts and slopes are sum-
marized in Table  2 (B). Feverkidstool showed a mild 
underestimation of the probability of pneumonia and a 
large overestimation of the risk of other SBI, resulting 
in a strong underestimation of the absence of SBI. The 
Craig model overestimated the risk for all outcome cat-
egories and thereby underestimated the absence of SBI. 
Risk predictions for SBI by the SBI model were gravely 
overestimated.

The analytical performance of the SBI score and 
PAWS are summarized in Table  2 (C). Both models 
showed extremely low sensitivities (< 32%).

Sensitivity analyses for the original age ranges and 
participants included in the emergency department are 
available in Additional file 1: Tables S8-S11.

Model update
The discriminative ability increased for both Feverkid-
stool and the Craig model, with the strongest increases 
for cUTI and bacteraemia (C-statistics of 0.86 (0.83–
0.86) and 0.80 (0.66–0.94), respectively). The SBI model 
barely improved after updating (Table  2 (A)). Calibra-
tion of all models improved markedly with accurate 
risk predictions for pneumonia and absence of SBI by 
both Feverkidstool and the Craig model. Predictions for 
bacteraemia remained overestimated, and for cUTI, we 
found mild underestimation of risk. Updated regres-
sion coefficients are available in Additional file 1: Tables 
S2, S4 and S6. Calibration plots of the updated models 
are shown in Figs. 4, 5 and 6, and calibration intercepts 
and slopes of the updated models are summarized in 
Table 2 (B).

Sensitivity was low for all outcome categories of the 
updated Feverkidstool and Craig model (< 71%). Espe-
cially for bacteraemia, the Craig model failed to correctly 
identify any of the cases. Specificities on the other hand 
were very high for all outcome categories from risk cut-
offs of 10%. The sensitivity of the updated SBI model 
however was good at a low-risk cut-off of 2.5% risk, at the 
cost of a very low specificity (Table 2 (C)).

Discussion
Main findings
In this study, we performed an external validation of four 
CPMs for SI in 8211 children from 1 month to 16 years 
presenting with acute illness in ambulatory care. The 
multinomial LRMs Feverkidstool and Craig model 
showed varying C-statistics for the different outcomes 
ranging from 0.63 to 0.80. Predictions of pneumonia by 
Feverkidstool were well calibrated, but the other out-
comes showed weak calibration. After the model update, 
Feverkidstool and the Craig model achieved good dis-
criminative ability with C-statistics for the different 
outcomes ranging from 0.78 to 0.86 and good overall 
calibration. At low-risk cut-offs, however, sensitivities 
ranged from 0 to 0.71, and negative likelihood ratios 
ranged from 1 to 0.37, limiting the rule-out value for SBI. 
Specificity (> 0.97) and positive likelihood ratios (> 10.29) 
on the other hand were very high at higher-risk cut-offs. 
The models therefore seem more suited for ruling in than 
for ruling out SI in ambulatory care. The risk scores SBI 
score and PAWS performed very poorly in our cohort 
with extremely low sensitivities of 0.11 and 0.32, respec-
tively. They appear unfit to effectively rule out SI in the 
ambulatory setting.

Strengths and limitations
This validation was performed in a very large, prospective 
cohort in a clinically relevant, broad ambulatory setting. 
It is the first validation study of these models to include 
GP and paediatric outpatient practices, representing a 
low-prevalence setting for SBI. However, the vast major-
ity of SI were diagnosed in the ED, making separate anal-
yses for those settings unreliable.

The CPMs were developed in different countries with 
distinct healthcare systems, vaccination policy and vacci-
nation uptake. Further heterogeneity is introduced by the 
different variables and the differences between the deri-
vation and validation cohorts. For the Feverkidstool, the 
most accurate external validation could be performed, 
since all variables were present in the validation dataset 
and the derivation and validation cohort had similar age 
and sex distributions. The proportion of SBI was clearly 
higher (12% vs. 3%), reflecting the difference in setting. 
The Craig model had the lowest proportion of variables 
available, yet still showed good diagnostic performance. It 
was derived in younger children from 0 to 5 years, while 
we applied it to children from 1 month to 16 years. For 
the SBI score, four good-quality proxies were used on a 
total of eight variables. Children in the derivation cohort 
were on average slightly younger (median 1.58  years vs. 
1.96  years), and had a similar proportion of SBI (3.8% 
vs. 3.4%). For PAWS two moderate-quality proxies were 
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Table 2  Diagnostic performance of the clinical prediction models

A: C-statistics of the logistic regression models

Original model (95%-CI) Updated model (95%-CI)

Feverkidstool (n = 8049) Pneumonia 0.80 (0.77–0.84) 0.83 (0.80–0.86)

Other SBI 0.74 (0.70–0.79) 0.78 (0.74–0.83)

Craig model (n = 8211) Pneumonia 0.80 (0.77–0.83) 0.83 (0.80–0.86)

Complicated UTI 0.75 (0.70–0.80) 0.86 (0.83–0.90)

Bacteraemia 0.63 (0.39–0.88) 0.80 (0.66–0.94)

SBI-model (n = 8049) 0.66 (0.59–0.73) 0.67 (0.60–0.73)

B: Calibration intercepts and calibration slopes of the logistic regression models

Original model Updated model

Calibration intercept (95%-CI) Calibration slope (95%-CI) Calibration intercept (95%-CI) Calibration slope (95%-CI)

Feverkidstool

  Pneumonia vs. absence of SBI 0.09 (− 0.07 to 0.24) 1.01 (0.87 to 1.14) 0.00 (− 0.16 to 0.16) 1.04 (0.92 to 1.17)

  Other SBI vs. absence of SBI  − 2.76 (− 2.96 to − 2.56) 0.50 (0.38 to 61) 0.00 (− 0.20 to 0.20) 1.05 (0.86 to 1.25)

Craig model

  Pneumonia vs. absence of SBI  − 0.87 (− 1.03 to − 0.71) 0.72 (0.63 to 0.81) 0.00 (− 0.16 to 0.16) 1.05 (0.93 to 1.18)

  Complicated UTI vs. absence of SBI  − 1.33 (− 1.59 to − 1.06) 0.69 (0.49 to 0.88) 0.00 (− 0.26 to 0.26) 1.27 (1.00 to 1.55)

  Bacteraemia vs. absence of SBI  − 1.31 (− 2.06 to − 0.55) 0.30 (− 0.10 to 0.71) 0.00 (− 0.75 to 0.75) 0.34 (0.02 to 0.65)

SBI model  − 4.97 (− 5.10 to − 4.85) 0.71 (0.60 to 0.83) 0.00 (− 0.12 to 0.12) 1.03 (0.87 to 1.20)

C: Diagnostic test parameters for updated regression models and original risk scores

Sensitivity (95%-CI) Specificity (95%-CI) LR( +) (95%-CI) LR( −) (95%-CI)

Updated Feverkidstool

  Pneumonia

    Risk ≥ 2.5% 0.71 (0.64–0.78) 0.77 (0.76–0.78) 3.09 (2.79–3.42) 0.37 (0.29–0.47)

    Risk ≥ 10% 0.29 (0.22–0.36) 0.98 (0.97–0.98) 12.40 (9.41–16.36) 0.73 (0.66–0.80)

    Risk ≥ 30% 0.08 (0.04–0.13) 1.00 (1.00–1.00) 31.52 (15.83–62.78) 0.93 (0.89–0.97)

  Other SBI

    Risk ≥ 2.5% 0.51 (0.41–0.61) 0.87 (0.86–0.88) 3.91 (3.21–4.75) 0.56 (0.46–0.68)

    Risk ≥ 10% 0.04 (0.01–0.10) 1.00 (0.99–1.00) 10.29 (3.69–28.67) 0.96 (0.93–1.00)

    Risk ≥ 30% 0 (0–0.04) 1 (1–1) NA 1 (1–1)

Updated Craig model

  Pneumonia

    Risk ≥ 2.5% 0.69 (0.61–0.76) 0.81 (0.80–0.81) 3.56 (3.19–3.97) 0.38 (0.31–0.48)

    Risk ≥ 10% 0.27 (0.21–0.35) 0.97 (0.97–0.98) 10.89 (8.24–14.39) 0.74 (0.68–0.82)

    Risk ≥ 30% 0.08 (0.04–0.13) 1.00 (1.00–1.00) 43.66 (20.84–91.47) 0.93 (0.89–0.97)

  Complicated UTI

    Risk ≥ 2.5% 0.23 (0.13–0.36) 0.96 (0.95–0.96) 5.62 (3.45–9.16) 0.80 (0.70–0.93)

    Risk ≥ 10% 0.04 (0.00–0.12) 1.00 (1.00–1.00) 40.87 (8.68–192.51) 0.97 (0.92–1.01)

    Risk ≥ 30% 0 (0–0.06) 1 (1–1) NA 1 (1–1.00)

  Bacteraemia

    Risk ≥ 2.5% 0 (0–0.41) 1.00 (1.00–1.00) 0 (0–0.13) 1.00 (1.00–1.00)

    Risk ≥ 10% 0 (0–0.41) 1.00 (1.00–1.00) 0 (0–0.97) 1.00 (1.00–1.00)

    Risk ≥ 30% 0 (0–0) 1 (1–1) NA 1 (1–1)

Updated SBI model

  Risk ≥ 2.5% 0.93 (0.89–0.95) 0.25 (0.24–0.26) 1.23 (1.19–1.27) 0.30 (0.19–0.45)

  Risk ≥ 10% 0.11 (0.07–0.15) 0.98 (0.98–0.99) 6.23 (4.25–9.15) 0.91 (0.87–0.95)

  Risk ≥ 30% 0.01 (0.00–0.03) 1.00 (1.00–1.00) 3.78 (0.87–16.46) 0.99 (0.98–1.00)

SBI score

  Score ≤ 5 0.11 (0.08–0.15) 0.98 (0.98–0.98) 5.81 (4.15–8.15) 0.90 (0.87–0.94)

  Score > 8 0.01 (0.00–0.02) 1.00 (1.00–1.00) 4.20 (0.93–18.87) 0.99 (0.98–1.00)

PAWS

  Score ≥ 3 0.32 (0.28–0.37) 0.86 (0.85–0.87) 2.28 (1.98–2.61) 0.79 (0.74–0.84)
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available on seven variables, mildly reducing the accuracy 
of our external validation.

Inevitably, as in any large study in daily clinical prac-
tice, not all data were registered completely. We per-
formed single imputation of the missing values and 
considered them non-deviant, from the assumption 
that normal parameters are less frequently registered 
in a child in good clinical condition with a low prob-
ability of SI, especially by GPs. Further research focus-
sing on developing more appropriate methodology to 
perform multiple imputation for multinomial models 
could facilitate future analyses for similar research 
questions [29].

Comparison with existing literature
The Feverkidstool is by far the most studied model, with 
several external validation studies in EDs both by the 

original research team and independent external valida-
tions [4, 13–17, 30]. We found a comparable C-statistic 
for pneumonia as in the original derivation study, but a 
clearly lower C-statistic for other SBI [4]. In external vali-
dation studies, C-statistics ranged from 0.72 to 0.89 for 
pneumonia and from 0.68 to 0.82 for other SBI, increas-
ing after the model update [13–17]. Sensitivities at low-
risk cut-offs were clearly higher compared to our findings 
[4, 16].

Decision rules in the ED based on the Feverkidstool did 
not report a substantial impact on the patient outcome 
or reduction of overall antibiotic prescription [17, 31]. 
The decision rule however proved non-inferior to usual 
care and resulted in fewer antibiotic prescriptions in 
children with low to intermediate risk for SBI, suggest-
ing more appropriate antibiotic prescriptions [31], and 

Table 2  (continued)
2.5% was chosen as a low-risk cut-off, and 10% and 30% were chosen as high-risk cut-offs. Diagnostic test parameters were calculated at the proposed risk cut-offs for 
PAWS and the SBI score, with a score ≤ 5 as a low-risk cut-off and > 8 as a high-risk cut-off for the SBI score

SBI Serious bacterial infections, UTI Urinary tract infection, CI Confidence interval, LR( +) Positive likelihood ratio, LR( −) Negative likelihood ratio

Fig. 1  Non-parametric multinomial calibration plots of Feverkidstool. SBI, serious bacterial infections
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Fig. 2  Non-parametric multinomial calibration plots of the Craig model. SBI, serious bacterial infections; UTI, urinary tract infections

Fig. 3  Calibration curve of the SBI model. SBI, serious bacterial infections; RCS, restricted cubic splines; CL, confidence limit
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was cost-saving by reducing hospitalization and parental 
absenteeism [32].

The discriminative value of the Craig model was bet-
ter in the original study [3] and lower in a validation 
study in children under three months [13]. The AUC of 
the original SBI model was 0.77 [5], but similar to our 
findings, this could not be confirmed at external valida-
tion [13]. The developers of PAWS found a sensitivity of 
70% and a specificity of 90%, contrasting strongly with 
our findings [8].

Impact on research
Our study contributes to the broad external validation 
required before using a CPM reliably in daily practice 
[11]. Children with acute illnesses most often consult GP 
practices, yet less studies are conducted in general prac-
tice [12], necessitating the need to validate existing pre-
diction rules in this setting.

In our study, we found a comparable performance 
between the Craig model with a large number of clini-
cal variables on three outcome categories [3] and 
Feverkidstool with less variables, but including a POC 

CRP test and a broad outcome category of other SBI 
[4]. Both strategies can lead to well-performing mod-
els, raising the question whether CPMs for SI in pri-
mary care should include both a sufficient number of 
clinical variables and an additional POC test. Calibra-
tion of original models proved best for the Feverkid-
stool predicting pneumonia. Adding the POC CRP test 
may therefore prove the model more applicable across 
settings with less need for more complicated model 
updating strategies.

Impact on clinical practice
Implementation of these models may be impacted by 
the availability of resources. Feverkidstool includes 
the result of a POC CRP test, which may not be read-
ily available at all sites. Pulse oximetry and meas-
urement of other vital signs in children, useful for 
Feverkidstool, the SBI score and especially the physi-
ology-based risk score PAWS, are often not routinely 
available in primary care. The other variables are easy 
to determine after proper history taking and clinical 

Fig. 4  Non-parametric multinomial calibration plots of updated Feverkidstool. SBI, serious bacterial infections



Page 10 of 12Bos et al. BMC Medicine          (2023) 21:151 

Fig. 5  Non-parametric multinomial calibration plots of the updated Craig model. SBI, serious bacterial infections; UTI, urinary tract infections

Fig. 6  Calibration curve of updated SBI model. SBI, serious bacterial infections; RCS, restricted cubic splines; CL, confidence limit
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examination and applicable across different settings 
and healthcare systems. The Craig model, consisting of 
26 clinical signs and symptoms, only requires a ther-
mometer, a stethoscope and an otoscope. The LRMs 
Feverkidstool, Craig model and SBI model require a 
simple software application.

The Feverkidstool and the Craig model can sup-
port clinical reasoning and the decision-making pro-
cess of physicians. Combining the numerous findings 
from history taking and clinical examination at various 
stages of disease is challenging and may lead to under-
estimation of SI by discarding information [3] or lead 
to overestimation of SI from fear to miss serious, but 
treatable conditions [33]. Physicians appear most suc-
cessful in correctly identifying serious bacterial illness 
in the presence of very specific signs and symptoms 
[3]. A CPM may perform better in identifying SI by 
combining individual findings in the absence of very 
specific signs [3, 4]. Rule-out values however seemed 
limited in our study.

For primary care, these models could be calibrated 
to be more accurate at lower risk thresholds, making 
them more suitable for the exclusion of SBI at the cost 
of more false-positive results and less accurate predic-
tions in higher probability ranges [3]. These models 
could then be translated into decision rules with clini-
cal management suggestions at predefined risk cut-
offs and integrated in electronic health records to aid 
physicians in real time. Broad impact studies in ambu-
latory care could further investigate the potential for 
better recognition of SBI, more appropriate antibiotic 
prescription and possible cost reduction by applying 
these decision rules.

Conclusions
The Feverkidstool and the Craig model show good dis-
crimination for predicting SBI, confirming good external 
validity in a low prevalence setting of SBI. Their rule-out 
values at low-risk probabilities were rather limited. Their 
potential for early recognition and management of SBI 
should be evaluated in broad-impact studies in ambula-
tory care. The SBI score and PAWS showed poor perfor-
mance in our cohort.

Abbreviations
AUC​	� Area under the curve
CI	� Confidence interval
CPM	� Clinical prediction model
cUTI	� Complicated urinary tract infections
ED	� Emergency department
GP	� General practitioner
LR( −)	� Negative likelihood ratio
LR( +)	� Positive likelihood ratio
LRM	� Logistic regression model

POC	� Point-of-care
SBI	� Serious bacterial infections
SI	� Serious infections

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12916-​023-​02860-4.

Additional file 1: Table S1-S7. Comparison of population characteristics, 
proxy variables, missing data and original and updated coefficients for 
each model. Table S8-S11. Sensitivity analyses for each model.

Acknowledgements
This paper was written on behalf of the ERNIE 2 collaboration. The prin-
cipal ERNIE 2 investigators are Bert Aertgeerts, Dominique Bullens, Frank 
Buntinx, Frans De Baets, Tine De Burghgraeve, Karin Decaestecker, Katrien 
De Schynkel, An de Sutter, Marieke Lemiengre, Karl Logghe, Jasmine Leus, 
Luc Pattyn, Marc Raes, Lut Van den Berghe, Christel Van Geet and Jan 
Verbakel. We would like to thank all participating GPs and all participating 
paediatricians, at UZ Leuven under the supervision of Prof. Christel Van 
Geet and Prof. Dominique Bullens, at AZ Turnhout under the supervision of 
Dr. Luc Pattyn, at Jessa Hasselt under the supervision of Dr. Marc Raes, at UZ 
Gent under the supervision of Prof. Frans De Baets, at AZ Maria Middelares 
under the supervision of Dr. Jasmine Leus and Dr. Katrien De Schynkel, 
at AZ Sint-Vincentius Deinze under the supervision of Dr. Lut Van den 
Berghe, at Stedelijk Ziekenhuis Roeselare under the supervision of Dr. Karin 
Decaestecker and at Heilig Hart Ziekenhuis Roeselare under the supervision 
of Dr. Karl Logghe. We would like to thank Frederick Albert, Greet Delvou 
and Annelien Poppe for the daily follow-up during the study. We would like 
to thank Alere Health Bvba, Belgium, for the technical support of the POC 
CRP devices. We would like to thank IKEA, Belgium, for the finger puppets, 
provided during this study. Last but not least, we would like to thank all the 
children and parents who took part in this study.

Authors’ contributions
DB and JYV developed the methodology of this study. DB performed the data 
cleaning and processing and statistical analyses and drafted the manu-
script. JYV, TDB, ADS and FB provided the data of the validation cohort and 
reviewed and edited the manuscript. The authors read and approved the final 
manuscript.

Funding
This study was funded by the National Institute for Health and Disability 
Insurance (RIZIV, Belgium) under reference CGV n° 2012/235 and the Research 
Foundation Flanders (FWO Vlaanderen) under research project n° G067509N.

Availability of data and materials
Data used during the current study are available from the corresponding 
author upon reasonable request.

Declarations

Ethics approval and consent to participate
The study was approved by the Ethics Committee Research UZ/KU Leuven 
under the reference S54664. Formal written consent was obtained for each 
child.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 EPI-Centre, Department of Public Health and Primary Care, KU Leuven, 7 
Kapucijnenvoer block H ‑ Box 7001, Leuven 3000, Belgium. 2 Department 
of Family Practice and Primary Health Care, Ghent University, Ghent, Belgium. 
3 Department of Public Health and Primary Care, KU Leuven, Leuven, Belgium. 

https://doi.org/10.1186/s12916-023-02860-4
https://doi.org/10.1186/s12916-023-02860-4


Page 12 of 12Bos et al. BMC Medicine          (2023) 21:151 

4 Research Institute Caphri, Maastricht University, Maastricht, The Netherlands. 
5 NIHR Community Healthcare Medtech and IVD Cooperative, Nuffield Depart-
ment of Primary Care Health Sciences, University of Oxford, Oxford, UK. 

Received: 15 November 2022   Accepted: 3 April 2023

References
	1.	 van den Bruel A, Bartholomeeusen S, Aertgeerts B, Truyers C, Buntinx F. 

Serious infections in children: an incidence study in family practice. BMC 
Fam Pract. 2006;7:1–9.

	2.	 Verbakel JY, Lemiengre MB, de Burghgraeve T, de Sutter A, Aertgeerts 
B, Bullens DMA, et al. Validating a decision tree for serious infection: 
diagnostic accuracy in acutely ill children in ambulatory care. BMJ Open. 
2015;5:1–8.

	3.	 Craig JC, Williams GJ, Jones M, Codarini M, Macaskill P, Hayen A, et al. 
The accuracy of clinical symptoms and signs for the diagnosis of serious 
bacterial infection in young febrile children: prospective cohort study of 
15 781 febrile illnesses. BMJ (Online). 2010;340:1015.

	4.	 Nijman RG, Vergouwe Y, Thompson M, van Veen M, van Meurs AHJ, 
van der Lei J, et al. Clinical prediction model to aid emergency doctors 
managing febrile children at risk of serious bacterial infections: diagnostic 
study. BMJ (Online). 2013;346:1–16.

	5.	 Brent AJ, Lakhanpaul M, Thompson M, Collier J, Ray S, Ninis N, et al. Risk 
score to stratify children with suspected serious bacterial infection: obser-
vational cohort study. Arch Dis Child. 2011;96:361–7.

	6.	 van den Bruel A, Aertgeerts B, Bruyninckx R, Aerts M, Buntinx F. Signs and 
symptoms for diagnosis of serious infections in children: a prospective 
study in primary care. Br J Gen Pract. 2007;57:538–46.

	7.	 Lemiengre M, Verbakel J, Burghgraeve T, Aertgeerts B, de Baets F, Buntinx 
F, et al. Optimizing antibiotic prescribing for acutely ill children in primary 
care (ERNIE2 study protocol, part b): a cluster randomized, Factorial 
controlled trial evaluating the effect of a point-of-care C-reactive protein 
test and a brief intervention combined. BMC Pediatr. 2014;14:1–9.

	8.	 Egdell P, Finlay L, Pedley DK. The PAWS score: validation of an early 
warning scoring system for the initial assessment of children in the emer-
gency department. Emerg Med J. 2008;25:745–9.

	9.	 Bleeker SE, Moll HA, Steyerberg EW, Donders ART, Derksen-Lubsen G, 
Grobbee DE, et al. External validation is necessary in prediction research: 
a clinical example. J Clin Epidemiol. 2003;56:826–32.

	10.	 van Calster B, McLernon DJ, van Smeden M, Wynants L, Steyerberg EW, 
Bossuyt P, et al. Calibration: the Achilles heel of predictive analytics. BMC 
Med. 2019;17:1–7.

	11.	 Wallace E, Smith SM, Perera-Salazar R, Vaucher P, McCowan C, Collins G, 
et al. Framework for the impact analysis and implementation of clinical 
prediction rules (CPRs). BMC Med Inform Decis Mak. 2011;11:62.

	12.	 Verbakel JY, van den Bruel A, Thompson M, Stevens R, Aertgeerts B, 
Oostenbrink R, et al. How well do clinical prediction rules perform in 
identifying serious infections in acutely ill children across an international 
network of ambulatory care datasets? BMC Med. 2013;11:10.

	13.	 de Vos-Kerkhof E, Gomez B, Milcent K, Steyerberg EW, Nijman RG, 
Smit FJ, et al. Clinical prediction models for young febrile infants at the 
emergency department: an international validation study. Arch Dis Child. 
2018;103:1033–41.

	14.	 Nijman RG, Vergouwe Y, Moll HA, Smit FJ, Weerkamp F, Steyerberg EW, 
et al. Validation of the Feverkidstool and procalcitonin for detecting seri-
ous bacterial infections in febrile children. Pediatr Res. 2018;83:466–76.

	15.	 van Houten C, van de Maat JS, Naaktgeboren C, Bont L, Oostenbrink R. 
Update of a clinical prediction model for serious bacterial infections in 
preschool children by adding a host-protein-based assay: a diagnostic 
study. BMJ Paediatr Open. 2019;3(1):e000416.

	16.	 Irwin AD, Grant A, Williams R, Kolamunnage-Dona R, Drew RJ, Paulus S, 
et al. Predicting risk of serious bacterial infections in febrile children in the 
emergency department. Pediatrics. 2017;140(2):e20162853.

	17.	 de Vos-Kerkhof E, Nijman RG, Vergouwe Y, Polinder S, Steyerberg EW, 
van der Lei J, et al. Impact of a clinical decision model for febrile children 
at risk for serious bacterial infections at the emergency department: a 
randomized controlled trial. PLoS One. 2015;10(5):e0127620.

	18.	 Collins GS, Reitsma JB, Altman DG, et al. Transparent reporting of a multi-
variable prediction model for individual prognosis or diagnosis (TRIPOD): 
the TRIPOD Statement. BMC Med. 2015;13(1). https://​doi.​org/​10.​1186/​
s12916-​014-​0241-z.

	19.	 Verbakel J, Lemiengre M, Burghgraeve T, de Sutter A, Bullens D, Aertgeerts 
B, et al. Diagnosing serious infections in acutely ill children in ambulatory 
care (ERNIE 2 study protocol, part A): diagnostic accuracy of a clinical 
decision tree and added value of a point-of-care C-reactive protein test 
and oxygen saturation. BMC Pediatr. 2014;14:207.

	20.	 Steyerberg EW. Updating for a New Setting. In: Gail M, Samet JM, Singer 
B, editors. Clinical Prediction Models: A Practical Approach to Develop-
ment, Validation, and Updating. Second Edition. Cham (Switzerland): 
Springer Cham; 2019. p. 399-429.

	21.	 Van Calster B, Nieboer D, Vergouwe Y, De Cock B, Pencina MJ, Steyerberg 
EW. A calibration hierarchy for risk models was defined: from utopia to 
empirical data. J Clin Epidemiol. 2016;74:167–76.

	22.	 Van Hoorde K, Vergouwe Y, Timmerman D, Van Huffel S, Steyerberg 
EW, Van Calster B. Simple dichotomous updating methods improved 
the validity of polytomous prediction models. J Clin Epidemiol. 
2013;66:1158–65.

	23.	 Harrell FE. Regression modeling strategies. 2nd ed. Cham: Springer Inter-
national Publishing; 2015.

	24.	 Van Hoorde K, Vergouwe Y, Timmerman D, Van Huffel S, Steyerberg EW, 
Van Calster B. Assessing calibration of multinomial risk prediction models. 
Stat Med. 2014;33:2585–96.

	25.	 Van Calster B, Van Hoorde K, Vergouwe Y, Bobdiwala S, Condous G, Kirk 
E, et al. Validation and updating of risk models based on multinomial 
logistic regression. Diagn Progn Res. 2017;1:2.

	26	 Venables WN, Ripley BD. Modern applied statistics with S-PLUS. New York: 
Springer, New York; 2002.

	27.	 R core team. R: a language and environment for statistical computing. 
2020.

	28.	 Robin X, Turck N, Hainard A, Tiberti N, Lisacek F, Sanchez J-C, et al. pROC: 
an open-source package for R and S+ to analyze and compare ROC 
curves. BMC Bioinformatics. 2011;12:77.

	29.	 van Buuren S. Flexible imputation of missing data. second edition. Boca 
Raton: CRC press; 2018.

	30.	 Keitel K, Kilowoko M, Kyungu E, Genton B, D’Acremont V. Performance of 
prediction rules and guidelines in detecting serious bacterial infections 
among Tanzanian febrile children. BMC Infect Dis. 2019;19(1):769.

	31.	 van de Maat JS, Peeters D, Nieboer D, van Wermeskerken AM, Smit FJ, 
Noordzij JG, et al. Evaluation of a clinical decision rule to guide antibiotic 
prescription in children with suspected lower respiratory tract infection 
in the Netherlands: a stepped-wedge cluster randomised trial. PLoS Med. 
2020;17(1):e1003034.

	32.	 van de Maat J, van der Ven M, Driessen G, van Wermeskerken AM, Smit F, 
Noordzij J, et al. Cost study of a cluster randomized trial on a clinical deci-
sion rule guiding antibiotic treatment in children with suspected lower 
respiratory tract infections in the emergency department. Pediatr Infect 
Dis J. 2020;39(11):1026–31.

	33.	 de Vos-Kerkhof E, Roland D, de Bekker-Grob E, Oostenbrink R, Lakhanpaul 
M, Moll HA. Clinicians’ overestimation of febrile child risk assessment. Eur 
J Pediatr. 2016;175:563–72.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1186/s12916-014-0241-z
https://doi.org/10.1186/s12916-014-0241-z

	Clinical prediction models for serious infections in children: external validation in ambulatory care
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 
	Trial registration 

	Background
	Methods
	External validation dataset
	Clinical prediction models
	Model validation
	Model update

	Results
	Participants
	Model validation
	Model update

	Discussion
	Main findings
	Strengths and limitations
	Comparison with existing literature
	Impact on research
	Impact on clinical practice

	Conclusions
	Anchor 25
	Acknowledgements
	References


