
VU Research Portal

Predicting the long-term outcome of bacterial meningitis in childhood

de Jonge, R.C.J.

2013

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
de Jonge, R. C. J. (2013). Predicting the long-term outcome of bacterial meningitis in childhood. [PhD-Thesis -
Research and graduation internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 23. May. 2023

https://research.vu.nl/en/publications/cb38cc52-93b9-478f-bb51-28775dd46f67


C hapter 5

Unsuccessful validation of a model for 
prediction of academic or behavioral 
limitations after childhood bacterial 
meningitis

Rogier C.J. de Jonge*

Marieke S. Sanders*

Caroline B. Terwee

Martijn W. Heymans

Reinoud J.B.J. Gemke

Irene Koomen

Lodewijk Spanjaard

A. Marceline van Furth

* Authors contributed equally to this paper.

Acta Paediatrica, accepted for publication



Chapter 5

Ch
ap

te
r 5

78

ABSTRACT

Aim:

Previously a model identifying children at risk of academic or behavioral limitations after 

bacterial meningitis (BM) was developed. Risk factors were: male gender, birth weight <3000 

grams, lower educational level of the father, Streptococcus pneumoniae, lower cerebrospinal 

fluid (CSF) leukocyte count, delay >6 hours between admission and start of antibiotics, dexa-

methasone <2 days, seizures treated with anticonvulsive drugs, prolonged fever >9 days. Aim 

was to validate this prediction model in an independent cohort.

Methods:

Academic or behavioral limitations were determined in 93 Dutch school-age BM survivors. 

Risk factors for limitations were obtained from medical files. Validation was performed by 

application of the model in the cohort followed by assessment of discrimination (Area Under 

the Curve (AUC) of the Receiver Operated Characteristics (ROC) curve) and goodness of fit 

(Hosmer-Lemeshow test). Multiple imputation techniques were used to deal with missing 

values.

Results:

Although fit of the model concerning similarity of expected and observed cases appeared 

good (p-value of the Hosmer-Lemeshow test 0.24-0.57), discrimination was poor: AUC of the 

model 0.83 (95% CI: 0.77-0.89) in the development and 0.53 (95% CI: 0.41-0.65) in the valida-

tion cohort.

Conclusions:

External validation of the model was unsuccessful. It is not suitable for implementation in 

practice.
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INTRODUCTION

Childhood bacterial meningitis (BM) is a serious infectious disease of the central nervous 

system with a high incidence of mortality and morbidity. Although the incidence of BM is 

decreasing in the Western world, in developing countries the incidence remains high. But 

also in developed countries the disease is still responsible for severe morbidity and long-term 

sequelae 1-4.

Mental retardation, epilepsy, motor handicaps and hearing loss are well known outcomes of 

BM. However, over the last decade growing attention is paid to more subtle adverse outcomes 

including neuropsychological, academic and behavioral problems. This type of sequelae ap-

peared to be present in more than 20% of childhood BM survivors 5-8. Although awareness of 

these problems has increased over the past years, there is often a delay in diagnosis, treat-

ment and support. Early detection of academic and behavioral problems enables adequate 

treatment and may prevent aggravation. Koomen et al. developed a clinical prediction rule to 

identify children at risk for academic or behavioral limitations after BM 7.

It is known that a prediction model usually does not perform as well in different cohorts as the 

one it was constructed in (development cohort). External validation in an independent cohort 

(validation cohort) is therefore essential before the model can be implemented in practice 9-12. 

This study aimed to perform external validation of the existing prediction model for academic 

or behavioral limitations after BM in childhood in a validation cohort of Dutch school-age BM 

survivors.

METHODS

The development of the original model has been described extensively by Koomen et al. in the 

original publication 7. Briefly: school-age children born between January 1986 and December 

1994 who survived non-Haemophilus influenzae type b (Hib) BM between January 1990 and 

December 1995 (5 to 10 years previously) were selected from the files of the Netherlands 

Reference Laboratory for BM (NRLBM) 2. A cohort of 674 included children (384 boys, 57%) was 

available. Subsequently, a nested case-control study including 201 children was performed: the 

cohort was divided according to the presence (n=134, 20%) or absence (n=540, 80%) of learn-

ing or behavioral problems based on parental perception, as revealed by questionnaires. This 

nested case-control design, in which only a subset of cases and controls are randomly selected 

for further analysis, is a known and appreciated methodology that results in more efficiency 

with reference to time and financial resources 13. This stepwise construction may lead to differ-

ences in case mix between the development cohort and the validation cohort due to selection.

From the groups an almost equal random sample of children was drawn: 100 with and 101 

without suspected limitations. After a second check of exclusion criteria, 89 children with and 
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93 without suspected limitations (nested cohort: n=182 children) were assessed for academic 

or behavioral limitations (see below). A number of 84 (46%) were found to have academic 

or behavioral limitations. The medical files were studied for the identification of risk factors. 

Finally, a clinical prediction rule was constructed:

Risk score = 3 + 3 * male gender + 2 * birth weight <3000 gram + 5 * lower educational level 

father + 4 * middle educational level father + 3 * S. pneumoniae as causative pathogen – 1 

* CSF leukocyte count (/µl)/10000 + 3 * delay between admission and start antibiotics >6 

hrs. + 1 * dexamethasone ≤2 days – 2 * dexamethasone >2 days – 4 * seizures treated with 

anticonvulsive therapy + 7 * prolonged fever >9 days

A total risk score was calculated for each patient and the matching probability of academic or 

behavioral limitations were presented as a fraction in a nomogram (Figure 1) 7.

Validation cohort:

In 2005 the files of the NRLBM were searched again for construction of the validation cohort of 

school-age children who had recovered from BM 5-10 years earlier. Exclusion criteria identical 

to those in the development study were applied: Hib meningitis, complex onset of BM (defined 

as: meningitis secondary to immunodeficiency states, central nervous system surgery, cranial 

trauma or cerebrospinal fluid shunt infection, or relapsing meningitis), pre-existing cognitive 

Figure 1: Nomogram to determine the predicted probability of academic or behavioural limitations, as 
presented by Koomen et al. 7
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or behavioral problems or severe handicaps) and refusal of parental informed consent. Pedia-

tricians from all Dutch hospitals where the patients were originally treated were sent a study 

information letter and were asked to forward the parents (or guardians) an invitation letter to 

participate in the study. Parents who gave consent were asked to fill in screening question-

naires regarding health, learning and behavior (School Achievement Rating Scale (SAR) and 

Functional Status II (FS-II)) of their children 14-16. Children with a score below the 10th percentile 

on the SAR or the FS-II, or attending a special-needs school were classified as having parental 

concerns about academic achievement or behavior 15, 16.

Once more the nested cohort approach was used: a random sample of 80 children was drawn 

from both the groups with- and without suspected limitations. Both groups were invited for 

extensive tests on academic performance and behavioral functioning for assessment of the 

dichotomous outcome measure “academic or behavioral limitations”. The used tools for this 

were an Academic Achievement Test (AAT) and the Child Behavior Checklist (CBCL), performed 

identically to the development study 7, 17, 18.

The AAT contained written arithmetic (copying and solving computational problems), reading 

aloud and reproducing stories, writing to dictation, and copying sentences. The tasks used 

were taken from standard educational packages. The tasks were selected according to the 

child’s actual educational level. A developmental psychologist, blinded for patients’ history, 

and the results of the parental perception questionnaires tested the children and scored per 

task whether the child performed according to group level (score 0), below group level (score 

1), presence of extraneous elements (perseveration or other manifestations of diminished 

control) (score 2), or the performance was both below group level and contained extraneous 

elements (score 3). Performances below group level or containing extraneous elements in at 

least two of the four AAT tasks were considered to indicate academic limitations.

The Child Behavior Checklist for 6-18 years (CBCL/6-18) is an extensively validated 138-item 

parent-questionnaire that provides an inventory of behavioral problems 17. For the outcome 

measure “behavioral limitations” the Total Problem Score (T-score) was used. A child with a 

T-score higher than two standard deviations above the mean of the Dutch norm group of 

healthy children (>63 points) was considered to have behavioral limitations 18. The outcome 

measure “academic or behavioral limitations” was defined as the combined outcome of hav-

ing academic or behavioral limitations or both.

Parents of the children in the nested cohort were asked consent for using the medical files 

for basic patient’s characteristics and for the presence of the nine independent risk factors for 

academic or behavioral limitations found in the development study.

The study was approved by the medical ethics committee of the VU University Medical Center 

in Amsterdam. Written informed consent was obtained from the parents or guardians of all 

children and from the children themselves if they were 12 years of age or older.
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Data Analysis

Univariable comparison of the distribution of patient characteristics and risk factors in the 

development and the validation cohort was performed using independent sample t-tests for 

continuous and Fisher’s Exact test for nominal data. Statistical significance was considered 

with 2-tailed p-values of ≤0.05.

Missing data

Multiple imputation techniques were used for missing variables in both development and 

validation cohort. A maximum of 5.4% of the data was missing per predictor in the validation 

cohort, except for prolonged fever, were 24.7% of the data was missing, resulting in 40.9% 

missing cases in the model. In the development cohort 18.1% of the information about 

prolonged fever was missing. Imputation was repeated five times, resulting in five different 

datasets 19, 20.

External validation

External validation was performed in two steps: first the discrimination of the model in both 

cohorts was compared. The model with the original regression coefficients was applied on the 

data of each individual child in all five imputed datasets. Receivers operating characteristic 

(ROC) curves of the datasets were made for these results predicting the outcome measure 

“academic or behavioral limitations”. An average area under the curve (AUC) was calculated 

and compared with the average AUC of the ROC curves of the model in the development 

cohort 21.

Second, the fit of the model in the validation cohort was tested with the Hosmer-Lemeshow 

test for goodness of fit: patients were grouped by decile of predicted probability and differ-

ences between expected and observed outcome in the groups were tested using χ2-tests 21.

All data was analyzed using SPSS Statistics 18.0 (IBM Corporation, Somers, NY) and R (The R 

Project for Statistical Computing).

RESULTS

Initially, 1036 children born between January 1993 and December 1999 who suffered from 

non-Hib BM between January 1997 and December 2001 were eligible for inclusion. The 

pediatricians of 228 children refused to cooperate or did not respond. These doctors were 

contacted by telephone to encourage participation. Reasons for refusal were diverse: to busy, 

not interested in the study, etc. From the 693 children invited, 257 did not respond. Because 

we did not have contact information of the individual children, we were not able to approach 

these parents. Finally, 358 children (198 boys (55.3%)) were included in this validation study. 

Figure 2 presents a patient flow chart of the first inclusion phase of this study.
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1036 BM patients eligib le 
for inclusion

693 - invitation letter 22 - died228 - no cooperation 
pediatr ician 

93 - missing information 
(moved etc)

22 - refusal parents 414 - informed consent 257 - no response

41 - questionnaires not 
returned 

12 – exclusion after 
second check cri teria

358 - included

3 - questionnaires 
returned incompletely

Figure 2: Flow chart of patient inclusion

Original
cohort:

358
(100%)

80

80
227

(63,4%) no 
complaints

131
(36,6%)

complaints

Screening 
questionnaires 

44

49

39 with 
limitations

54 without 
limitations

Assessment of academic 
achievement and behaviour

31

23

21

18

93
(nested cohort)

Random sample 
invited

Participating 
children

160

Figure 3: Flow chart of patient assessment of the outcome measure “academic or behavioural limitations”
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Then, 131 children (36.6%) met the criteria for having parental concerns about academic 

achievement or behavior based on the SAR or the FS-II, or because they attended a special-

needs school. The other 227 (63.4%) were classified as children without parental concerns.

Of the 80 invited children with suspected limitations, 47 participated in this study. This assess-

ment was completed by 44 of these children. Fifty-five children participated in the group of 

children without suspected problems of which 49 children completed the test. Together this 

resulted in a nested cohort of n=93 children). Figure 3 presents a flow chart of patient flow 

regarding assessment of the outcome measure.

Table 1: patient characteristics of the development and validation cohort

Characteristics

Validation cohort
n=93

Development cohort
n=182

p-value f

No a No a

Age at infection (years) b 93 2.5 (1.7) 182 2.3 (1.9) 0.36

Age at assessment (years) b 93 11.0 (1.9) 182 9.7 (2.1) <0.01*

Male gender c 93 44 (47.3) 182 118 (64.8) 0.01*

Birth weight (gram) b 88 3448 (591) 181 3442 (517) 0.93

Birth weight <3000 gram c 88 19 (21.6) 181 41 (22.7) 0.88

Educational level mother 92 181

Lower education c 17 (18.5) 59 (32.6) 0.02*

Middle education c 46 (50.0) 83 (45.9) 0.52

Higher education c 29 (31.5) 39 (21.5) 0.08

Educational level father 90 179

Lower education c 29 (32.2) 57 (31.8) 1.00

Middle education c 37 (41.1) 84 (46.9) 0.44

Higher education c 24 (26.7) 38 (21.2) 0.36

Patient history and physical examination at admission

Duration of symptoms prior to admission (days) b 91 2.2 (1.1) 181 1.8 (2.0) 0.02*

Decreased consciousness c 88 44 (50.0) 176 109 (61.9) 0.09*

Rectal temperature (°C) b 82 39.1 (1.2) 169 39.2 (1.0) 0.60

Rectal temperature ≥38 °C c 92 76 (82.6) 169 146 (86.4) 0.47

Meningeal irritation c 89 64 (71.9) 182 139 (76.4) 0.46

Petechiae c 92 59 (64.1) 181 102 (56.4) 0.24

Focal neurological deficits c, d 92 2 (2.2) 182 16 (8.8) 0.04*

Middle ear infection c 74 10 (13.5) 157 9 (5.7) 0.07

Laboratory tests

CSF leukocyte count (/uL)b 89 4089 (6918) 148 2768 (3984) 0.10

CSF glucose (mmol/l) b 88 2.4 (1.9) 160 2.4 (1.8) 0.75

CSF protein level (g/l) b 84 1.7 (1.4) 146 1.6 (1.4) 0.41
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Table 1 (continued)

Characteristics

Validation cohort
n=93

Development cohort
n=182

p-value f

No a No a

Causative pathogen in CSF: (total) 93 182

N. meningitides c 79 (84.9) 146 (80.2) 0.41

S. pneumoniae c 12 (12.9) 26 (14.3) 0.85

S. agalactiae (group B) c 2 (2.2) 5 (2.7) 1.00

E. coli c 0 (0.0) 4 (2.2) 0.30

L. monocytogenes c 0 (0.0) 1 (0.5) 1.00

Blood culture positive for BM causing pathogen 93 40 (43.0) 182 77 (42.3) 1.00

Serum leukocyte count (x10^9) b 93 16.5 (9.6) 179 17.5 (11.5) 0.45

Therapy and clinical course

Duration dexamethasone 88 182

No dexamethasone c 72 (81.8) 131 (72.0) 0.10

Dexamethasone <= 2 days c 7 (8.0) 12 (6.6) 0.80

Dexamethasone >2 days c 9 (10.2) 39 (21.4) 0.03*

Delay between admission and start
antibiotics >6 hrs. c 89 4 (4.5) 182 16 (8.8) 0.32

Mechanical ventilation c 93 11 (11.8) 181 9 (5.0) 0.05*

Duration of hospitalization (days) b 92 12.6 (7.9) 177 14.2 (7.4) 0.09

Seizures treated with anticonvulsive therapy c 92 7 (7.6) 180 22 (12.2) 0.30

Duration of anti-epileptic therapy (days) b 91 0.4 (2.1) 175 1.0 (4.1) 0.13

Duration of fever during hospitalization (days) b 70 4.0 (4.0) 149 3.5 (3.7) 0.34

Prolonged fever >9 days 70 6 (8.6) 149 10 (6.7) 0.59

Focal neurological deficits c, d 92 5 (5.4) 182 24 (13.2) 0.06

(Transient) ataxia c .e 92 2 (2.2) 182 4 (2.2) 1.00

Outcome measure

Academic or behavioral limitations 93 39 (41.9) 182 84 (46.2) 0.52

Academic limitations 19 (20.4) 44 (24.2) 0.55

Behavioral limitations 8 (8.6) 20 (11.0) 0.67

Combined limitations 12 (12.9) 20 (11.0) 0.69

a Number of subjects the variable was obtained
b Mean (standard deviation)
c Number of subjects (%)
d Focal neurological deficits are defined as cranial nerve deficits, increased or decreased reflexes of arms or 
legs, increased or decreased tonus of arms or legs, focal convulsions and ataxia.
e (Transient) ataxia was defined as signs of ataxia, which lasted at least until discharge from the hospital, as 
documented in the medical records.
f p-value: independent sample t-test for continuous data; Fisher’s Exact test for nominal data
* Statistical significant (2-tailed p-value of ≤0.05)
Predictors from the clinical prediction rule are printed in bold
Abbreviations: No. = number, CSF = cerebrospinal fluid, BM = bacterial meningitis, CBCL = Child Behavior 
CheckList
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The distribution of the patient characteristics, risk factors and the outcome measure “academic 

or behavioral limitations” in both development and validation cohort is presented in table 1. 

Differences in distribution of characteristics between the two cohorts were found in the age 

of assessment, gender, duration of symptoms prior to admission, focal neurological deficits 

at admission, mechanical ventilation and duration of hospitalization. Except for gender there 

was no significance difference in distribution of the predictors of the prediction rule.

The outcome measures “academic limitations”, “behavioral limitations” and “combined limita-

tions” and the primary outcome measure “academic or behavioral limitations” were distributed 

equally over the two cohorts.

Table 2: patient characteristics of children invited in the nested cohort: participating vs. not participating 
children

Characteristics Children participating in
the nested cohort

n=93

Children not participating
in the nested cohort

n=67

p-value a

Nob Nob

Male gender c 93 44 (47.3) 67 38 (56.7) 0.27

Age at infection (years) d 93 2.5 (1.7) 67 2.0 (1.9) 0.08

Age at questionnaires (years) d 93 9.3 (2.2) 67 8.7 (2.0) 0.08

Time between infection and 
questionnaires (years) d 93 6.7 (1.6) 67 6.7 (1.5) 0.8

Score on the SAR d 91 2.5 (3.4) 65 2.7 (3.1) 0.62

Score on the FS-II d 92 24.2 (3.2) 66 23.2 (3.7) 0.06

Known learning problems before BM c 93 0 (0.0) 66 0 (0.0) n.a.

Known behavioral problems before 
BM c

93 0 (0.0) 67 2 (3.0) 0.17

Hearing problem c 93 9 (9.7) 67 10 (14.9) 0.33

Causative pathogen in CSF: (total) 93 67

N. meningitides c 79 (84.9) 42 (62.7) <0.01*

S. pneumoniae c 12 (12.9) 22 (32.8) <0.01*

S. agalactiae (group B) c 2 (2.2) 2 (3.0) 1.00

E. coli c 0 (0.0) 1 (1.5) 0.42

L. monocytogenes c 0 (0.0) 0 (0.0) n.a.

a p-value: independent sample t-test for continuous data; Fisher’s Exact test for nominal data
b Number of subjects the variable was obtained
c Number of subjects (%)
d Mean (standard deviation)
* Statistical significant (2-tailed p-value of ≤0.05)
Predictors from the clinical prediction rule are printed in bold
Abbreviations: No. = number, CSF = cerebrospinal fluid, BM = bacterial meningitis, SAR = School 
Achievement Rating Scale, FS-II = Functional Status II
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The distribution of characteristics of the 93 children who participated in the nested cohort 

and of the 67 who did not, are presented in Table 2. Differences in distribution of charac-

teristics between these two groups were found in the distribution of pathogens: there were 

significantly more S. pneumoniae and less N. meningitides in the group who did not participate.

The univariable associations between academic or behavioral limitations and patient charac-

teristics and risk factors in the validation cohort, including the nine predictors of the prediction 

rule are presented in Table 3. Using a p-value of 0.05 as a cut-off point, the association with 

the following predictors of the prediction rule was still significant: S. pneumoniae as causative 

organism and dexamethasone more than 2 days. With a cut-off point of 0.10, male gender, a 

middle educational level of the father, and CSF leukocyte count showed significant associa-

Table 3: univariable comparison of distribution of risk factors between the two groups

Characteristics

Academic or 
behavioral limitations

n=39

No academic or
behavioral limitations

n=54

p-value f

No a No a

Age at infection (years) b 39 2.1 (1.3) 54 2.8 (1.9) 0.03*

Age at assessment (years) b 39 10.6 (1.7) 54 11.3 (2.0) 0.11

Male gender c 39 14 (35.9) 54 30 (55.6) 0.09

Birth weight (gram) b 35 3369 (720) 53 3502 (489) 0.34

Birth weight <3000 gram c 35 10 (28.6) 53 9 (17.0) 0.29

Educational level mother 39 53

Lower education c 9 (23.1) 8 (15.1) 0.42

Middle education c 23 (59.0) 23 (43.4) 0.21

Higher education c 7 (17.9) 22 (41.5) 0.02*

Educational level father 38 52

Lower education c 10 (26.3) 19 0.37

Middle education c 20 (52.6) 17 0.08

Higher education c 8 (21.1) 16 0.34

Patient history and physical examination at admission

Duration of symptoms prior to admission 
(days) b 38 2.2 (1.1) 53 2.2 (1.2) 0.89

Decreased consciousness c 38 22 (57.9) 50 22 (44.0) 0.28

Rectal temperature (°C) b 34 39.5 (1.1) 48 38.8 (1.2) 0.02*

Rectal temperature ≥38°C c 38 33 (86.8) 54 43 (79.6) 0.42

Meningeal irritation c 38 28 (73.7) 51 36 (70.6) 0.82

Petechiae c 39 24 (61.5) 53 35 (66.0) 0.67

Focal neurological deficits c, d 39 1 (2.6) 53 1 (1.9) 1.00

Middle ear infection c 33 6 (18.2) 41 4 (9.8) 0.33

Laboratory tests

CSF leukocyte count (/uL)b 38 2771 (4193) 51 5072 (8302) 0.09
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Table 3 (continued)

Characteristics

Academic or 
behavioral limitations

n=39

No academic or
behavioral limitations

n=54

p-value f

No a No a

CSF glucose (mmol/l) b 39 2.3 (2.1) 49 2.5 (1.7) 0.63

CSF protein level (g/l) b 35 1.8 (1.4) 49 1.7 (1.4) 0.78

Causative pathogen in CSF: (total) 39 54

N. meningitides c 30 (76.9) 49 (90.7) 0.08

S. pneumoniae c 9 (23.1) 3 (5.6) 0.03*

S. agalactie (group B) c 0 (0.0) 2 (3.7) 0.51

E. coli c 0 (0.0) 0 (0.0) n.a

L. monocytogenes c 0 (0.0) 0 (0.0)  n.a.

Blood culture positive for BM causing 
pathogen

39 18 46.2) 54 22 (40.7) 0.67

Serum leukocyte count (x10^9) b 39 16.9 (10.0) 54 16.2 (9.3) 0.74

Therapy and clinical course

Duration dexamethasone 37 51

No dexamethasone c 29 (78.4) 43 (84.3) 0.58

Dexamethasone <= 2 days c 1 (2.7) 6 (11.8) 0.23

Dexamethasone >2 days c 7 (18.9) 2 (3.9) 0.03*

Delay between admission and start
antibiotics >6 hrs. c 38 3 (7.9) 51 1 (2.0) 0.31

Mechanical ventilation c 39 5 (12.8) 54 6 (11.1) 1.00

Duration of hospitalization (days) b 38 12.3 (6.9) 54 12.9 (8.6) 0.80

Seizures treated with anticonvulsive 
therapy c 38 4 (10.5) 54 3 (5.6) 0.44

Duration of anti-epileptic therapy (days) b 38 0.3 (1.2) 53 0.5 (2.6) 0.62

Duration of fever during hospitalization 
(days) b 29 3.6 (2.8) 41 4.4 (4.7) 0.37

Prolonged fever >9 days 29 2 (6.9) 41 4 (9.8) 1.00

Focal neurological deficits c, d 38 2 (5.3) 54 3 (5.6) 1.00

(Transient) ataxia c .e 38 0 (0.0) 54 2 (3.7) 0.51

a Number of subjects the variable was obtained
b Mean (standard deviation)
c Number of subjects (%)
d Focal neurological deficits are defined as cranial nerve deficits, increased or decreased reflexes of arms or 
legs, increased or decreased tonus of arms or legs, focal convulsions and ataxia.
e (Transient) ataxia was defined as signs of ataxia, which lasted at least until discharge from the hospital, as 
documented in the medical records.
f p-value: independent sample t-test for continuous data; Fisher’s Exact test for nominal data
* Statistical significant (2-tailed p-value of ≤0.05)
Predictors from the clinical prediction rule are printed in bold
Abbreviations: No. = number, CSF = cerebrospinal fluid, BM = bacterial meningitis CBCL = Child Behavior 
CheckList
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tions. Birth weight below 3000 grams, a lower educational level of the father, dexamethasone 

less than two days, delay between admission and start of antibiotics of more than six hours, 

seizures treated with anticonvulsive drugs and prolonged fever of more than nine days were 

univariably not associated with the outcome.

External validation of the prediction rule

In the validation cohort the average AUC of the ROC curves of the model was 0.53 (95% CI: 

0.41-0.65) whereas it was 0.83 (95% CI: 0.77-0.89) in the development cohort. The Hosmer-

Lemeshow test for goodness of fit was not significant in the five imputed sets (p-value 0.24-

0.57). The risk score ranged from -4 to 18 in the validation cohort, and from 0 to 23 in the 

development cohort 7.

These results imply that although there is a good fit of the model in the validation cohort 

concerning the similarity of expected and observed cases, the discrimination is poor.

DISCUSSION

This study was unable to externally validate a previously developed prediction model for 

academic or behavioral limitations 5-10 years after childhood BM. Although there was a good 

fit of the model in the validation cohort concerning the similarity of expected and observed 

cases, discrimination was poor. This indicates that there is a large overlap in risk scores 

between patients with and without academic or behavioral limitations. Patients with and 

without the observed outcome measure were not classified in the corresponding category of 

expected probabilities.

We conclude that the clinical prediction rule in its present form is not suitable for implementa-

tion in clinical practice.

The strengths of our study are the following: this is the first model developed and validated 

that intends to predict academic or behavioral limitations after childhood BM. In the last 

decade, many prediction models have been presented in literature. Only few of the models 

are used in clinical practice, and in most cases external validation is lacking. Before practical 

implementation is possible, external validation is an essential step. Although internal and 

temporal validation in the same patient cohort is necessary and helpful, both of them do not 

completely evaluate the generalizability of the prediction model in an independent group 

of patients as performance in the development cohort is often optimistic. Therefore external 

validation, with new data from an independent, comparable population as done in this study 

is meaningful 11, 22, 23.

Although validation of our model was not successful, it is important to publish these results: 

first, to test the (in)ability to use this prediction rule in clinical practice, and second to highlight 

the potential inadvertent consequences of using non-validated models.
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Using files from the Netherlands Reference Laboratory for BM we were able to approach 90% 

of all the isolates of Dutch meningitis patients, a representative group 2. Most children were 

not included due to pediatricians or parents refusal to participate or because the parents 

could not be contacted by the pediatrician because of missing or incorrect contact informa-

tion. We did make an effort to encourage the pediatricians to participate, but we did not have 

access to the contact information of the children, leaving us dependent on the cooperation of 

the physicians. Chances are small that these reasons for exclusion have led to selection bias. 

In the development cohort the included children were not significantly different from the 

eligible children regarding, sex, age, and causative pathogens 7, 14. We therefore believe that 

our cohort is a representative sample.

We used a nested cohort design, in which only a subset of cases and controls are selected for 

further analysis, which is a well-known and accepted methodology that results in increased 

efficiency regarding time and financial resources 13. The outcome measures were determined 

prospectively and defined by standardized, extensive testing. Multiple imputation techniques 

were used to deal with missing data, which is considered the most reliable strategy to deal 

with missing information of covariates 19, 20. Further, we used state of the art methodology and 

described it clearly, enabling easy reproduction in future studies.

There are several explanations for the failure of external validation of the clinical prediction 

model. In general, selection bias might have been responsible for differences in case mix 

between development and validation cohort. Although patients were selected by the same 

inclusion and exclusion criteria, and the selection process of the nested cohort was identical 

to that of the development study, the development cohort contained significantly more boys 

compared to the validation cohort (64.8% vs. 47.3%, respectively). Since the baseline situa-

tion was almost identical, the differences between the nested cohorts are most likely due to 

chance. Further, the children invited for the nested cohort that did participate did not differ 

significantly from those that did not, except from a significant difference in the distribution of 

causative pathogens: there were more cases of N. meningitides infection in the participating 

group, and less cases of S. pneumoniae infection (Table 2). Where S. pneumoniae as a causative 

pathogen is one of the nine predictors of the prediction rule it is presumable that this differ-

ence can result in selection bias. however, it is not likely that an equal distribution would have 

resulted in a stronger prediction rule.

Second, information bias might have occurred. In our study, both collection of clinical data 

from the medical files and assessment of the outcome measures were performed by a dif-

ferent team than in the development study. However, the collection and interpretation of 

the clinical data was standardized, and consensus meetings were held when there was any 

doubt about the interpretation of the medical files. The distribution of clinical parameters was 

comparable between the two cohorts, decreasing the risk of information bias. The outcome 

measure “behavioral limitations” was determined by the CBCL, a standardized, validated ques-

tionnaire, with a minor risk of information bias. The outcome measure “academic limitations” 
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was assessed by a trained psychologist who was blinded for patient history and for the results 

of the screening questionnaire. In spite of these precautions, it is important to realize that 

academic limitations are difficult to define. Although the tests were based on standard Dutch 

educational programs and were equivalent in both studies, cut-off points are arbitrary.

Remarkably, age of assessment was higher in the validation than in the development study, 

which can be explained by a delay between inclusion and assessment in the validation study 

due to logistic issues. Although the mean difference was only 1.3 years, children’s development 

may differ significantly at this age. While information bias cannot be ruled out completely, it 

seems not the major explanation of the inability to validate.

In addition, the sample size might have been too small. A rule of thumb used in the methodol-

ogy of the prediction models is that in the development cohort the ratio events per variable 

(EVP) is at least 10 9. In the development cohort there are 93 events for 9 included predictors 

in the model, resulting in an EVP of 10.3. For the validation cohort, sample size issues are 

more complex. Earlier, a rule of thumb for the design of validation studies was that the cohort 

should be at least half the size of the development cohort. In recent years, new insights have 

been developed indicating this might be optimistic: to detect minor changes (and avoid type 

II errors) in calibration and discrimination the validation cohort should contain at least 100 

events and 100 non-events 24. The power of our validation cohort was therefore limited, and 

type II error (the failure to reject a false null hypothesis) might have occurred in comparison of 

the fit of the models. But regarding discrimination a type II error is not the issue in our study: 

the null-hypothesis that the model is valid in both development and validation setting was 

rejected.

Finally, for the creation of clinically useful prediction models simplicity is essential. Models 

that are too complex, with comprehensive selection of predictor variables, may result in over-

optimistic predictions, which are hard to reproduce in an independent population 10, 25. With 

9 predictors in the model and a large amount of variables investigated in the development 

process this might have been the case.

In summary, a combination of the factors mentioned above might have been responsible for 

the validation failure of the model.

In both the development and the validation study there was a striking bidirectional cross-over 

of children who were screened with the parental perception questionnaires as having prob-

lems or not and who were assessed definitely as having academic or behavioral limitations 

(Figure 3). This might be explained by the fact that parental perception is highly subjective 

and that cut-off points are arbitrary and difficult to match between different types of tests.
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IMPLICATIONS FOR FUTURE RESEARCH

New vaccines against N. meningitidis serogroup C and S. pneumoniae were introduced in 

recent years. Combined with a spontaneous decrease of N. meningitidis serogroup B disease it 

resulted in a major reduction in incidence of childhood BM. However, the incidence of menin-

gococcal disease still shows a fluctuating pattern, probably due to replacement of prevalent 

sero- or genotypes  2,  26. The incidence of BM may possibly increase again, emphasizing the 

need for good prediction models for sequelae.

Furthermore, the establishment of genetic risk factors is a very rapidly evolving field of 

science. Adding of these factors to the model might significantly improve clinical prediction 

models 27, 28.

Besides mathematical modelling, research should also focus on other techniques to predict 

outcome. For example, magnetic resonance imaging (MRI) was found to reliably predict 

hearing loss after BM in childhood  29. But regarding academic or behavioral limitations our 

own research group found no differences in the cerebral MRI-scans of children how did or did 

not develop problems after BM 30. Therefore, it is questionable if early structural imaging can 

predict these limitations. But functional imaging, like SPECT or fMRI is an interesting option 

to explore. To our best knowledge, it is not known if early testing of school achievements or 

behavior can predict later outcome, but this also is a serious option for further research.

Together with the aspects mentioned above, this implies that work on prediction models for 

sequelae after childhood BM remains of great importance. Other, preferably larger, develop-

ment and validation studies must be performed, in which the outcome measures academic or 

behavioral limitations are disentangled, and genetic risk factors are included in the construc-

tion of the prediction model. International collaboration can solve the methodological issue 

of decreasing incidence of BM and therefore academic or behavioral limitations, and should 

be pursued.
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