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ABSTRACT
Introduction Systemic inflammatory response 
syndrome (SIRS), sepsis and associated organ 
dysfunctions are life- threating conditions occurring at 
paediatric intensive care units (PICUs). Early recognition 
and treatment within the first hours of onset are critical. 
However, time pressure, lack of personnel resources, and 
the need for complex age- dependent diagnoses impede 
an accurate and timely diagnosis by PICU physicians. 
Data- driven prediction models integrated in clinical 
decision support systems (CDSS) could facilitate early 
recognition of disease onset.
Objectives To estimate the sensitivity and specificity 
of previously developed prediction models (index tests) 
for the detection of SIRS, sepsis and associated organ 
dysfunctions in critically ill children up to 12 hours before 
reference standard diagnosis is possible.
Methods and analysis We conduct a monocentre, 
prospective diagnostic test accuracy study. Clinicians in 
the PICU of the tertiary care centre Hannover Medical 
School, Germany, continuously screen and recruit patients 
until the adaptive sample size (originally intended sample 
size of 500 patients) is enrolled. Eligible are children 
(0–17 years, all sexes) who stay in the PICU for ≥12 hours 
and for whom an informed consent is given. All eligible 
patients are independently assessed for SIRS, sepsis and 
organ dysfunctions using corresponding predictive and 
knowledge- based CDSS models. The knowledge- based 
CDSS models serve as imperfect reference standards. The 
assessments are used to estimate the sensitivities and 
specificities of each predictive model using a clustered 
nonparametric approach (main analysis). Subgroup 
analyses (‘age groups’, ‘sex’ and ‘age groups by sex’) are 
predefined.
Ethics and dissemination This study obtained 
ethics approval from the Hannover Medical School 
Ethics Committee (No. 10188_BO_SK_2022). Results 
will be disseminated as peer- reviewed publications, at 
scientific conferences, and to patients in an appropriate 
dissemination approach.
Trial registration number This study was registered 
with the German Clinical Trial Register (DRKS00029071) on 
2022- 05- 23.
Protocol version 10188_BO_
SK_2022_V.2.0–20220330_4_Studienprotokoll.

INTRODUCTION
Medical staff in paediatric intensive care medi-
cine are faced with the challenge of recog-
nising and treating clinically relevant disease 
processes safely and early in an environment 
characterised by high stress levels, time pres-
sure, work interruptions and risk situation. 
Currently, clinicians rely on a combination 
of expertise, experience and the best avail-
able evidence- based medicine. However, the 
necessary combined, implicit knowledge is 
often only represented in individual persons 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ Currently, healthcare professionals rely on their ex-
pertise, experience and the latest scientific findings 
(evidence- based medicine) to diagnose systemic 
inflammatory response syndrome (SIRS), sepsis and 
associated organ dysfunctions.

 ⇒ The criteria for SIRS, sepsis and associated organ 
dysfunctions must be assessed for various age 
ranges in children; thus, diagnosing can be chal-
lenging, in particular for less experienced and over-
loaded clinicians from paediatric intensive care units 
(PICUs).

 ⇒ Digitalisation, data availability and data accessibil-
ity in PICUs are increasing; thus, data- driven pre-
diction models, implemented as clinical decision 
support systems, can be applied to support clinical 
decision- making.

WHAT THIS STUDY ADDS
 ⇒ The evaluation of the performance (ie, sensitivity 
and specificity) of previously developed prediction 
models for diagnosing SIRS, sepsis and associated 
organ dysfunctions.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ The prediction models could allude the healthcare 
professionals to possible health deteriorations relat-
ed to SIRS, sepsis and associated organ dysfunc-
tions in a timely manner.
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and not permanently accessible to less experienced 
persons. Risks for medical errors are omnipresent due 
to high dynamics, uncertainties, immediate decision- 
making needs and large data volumes.1 2

Systemic inflammatory response syndrome (SIRS), 
sepsis and associated organ dysfunctions (OD)3 are 
common and relevant disease processes in paediatric 
intensive care. These processes significantly influence the 
morbidity and mortality of critically ill children.4 The diag-
nosis and recognition of these diseases are more complex 
than in adults due to the large number of different vital 
and laboratory parameters that must be evaluated consid-
ering various age- specific reference ranges.4 In this chal-
lenging situation, medical informatics tools, such as 
clinical decision support systems (CDSSs), could assist 
clinicians5 in everyday problem solving as they summarise, 
analyse, and present clinically relevant data at the point of 
care. However, their diagnostic performance must be first 
proven6 by estimating the sensitivity and specificity with 
which the index test correctly diagnoses patients. Such 
an assessment should be part of a diagnostic test accuracy 
(DTA) study that uses an established reference standard 
(ie, current gold standard) as the ground truth.7 8

Within the preceding CADDIE- 2 study ( Clinical-
Trials. gov NCT03661450), the diagnostic accuracy of a 
knowledge- based model for onset detection of SIRS, its 
length, and end, was evaluated. This model detected 
SIRS with a sensitivity and specificity of 91.7% (95% Wald 
confidence interval [CI]: 85.5% to 95.4%) and 54.1% 
(95% Wald CI: 45.4% to 62.5%), respectively.9 Additional 
knowledge- based models for the diagnosis of sepsis and 
associated OD (ie, hepatic, haematologic, respiratory, 
renal and cardiovascular OD) were developed and 
evaluated. The knowledge- based models are able to 
assess retrospectively the onset, length, and end of the 
conditions. However, for predicting their onset before 
knowledge- based models can react, data- driven predic-
tion models are required which we developed using data 
from the last 7 years of our study centre and intend to 
assess in a DTA study setting.

We hypothesise that the early warning of such poten-
tial life- threatening diagnoses, supported by prediction 
models, is beneficial for patients as clinicians can early 
on implement treatment measures to minimise/avoid 
further health deterioration.

METHODS AND ANALYSIS
Reporting and trial registration
We report our study in accordance with the ‘Standard 
Protocol Items: Recommendations for Interventional 
Trials’ (SPIRIT)10 11 guideline that we altered to fit a DTA 
study (online supplemental file 1). The trial is registered 
with the German Clinical Trial Register (DRKS00029071; 
(table 1)).

Study objectives and hypotheses
In this study, the prediction models are externally vali-
dated (ie, in the newly sampled prospective dataset) for 

their DTA in a purely research- oriented analysis (ie, the 
models are not running as a live application on the ward) 
addressing the following objectives:

 ► Five primary confirmatory objectives are evaluated to 
determine the performance of the prediction models 
for SIRS, sepsis, hepatic OD, haematologic OD and 
respiratory OD. These hypotheses are tested hierar-
chically (ie, in the listed order) which is based on the 
underlying pathophysiology as OD can develop from 
SIRS and sepsis. Each analysis estimates the sensitivity 
and specificity (co- primary endpoints) of the predic-
tion model for the corresponding target disease and 
whether the corresponding prediction model has a 
sensitivity ≥75% and a specificity ≥75%, including 
their 95% Wald CIs, in detecting the target disease. 
Only if this is the case, the next hypothesis is tested. 
The threshold of 75% marks the minimum DTA with 
which our prediction models should diagnose to still 
be considered a useful support for clinicians.

 ► Two key secondary exploratory objectives
 – To determine the performance of the prediction 

models for renal OD and cardiovascular OD, and
 – To test if the sensitivities and specificities of the 

prediction models are superior to the real- time 
evaluations of clinicians working in routine clini-
cal care.

Study design and setting
This study is a monocentric, prospective DTA study, which 
classifies as non- interventional (according to the German 
Medical Products Act12) since it does not include any 
interventions using a medical product yet.5 6 Single study 
centre is the Paediatric Cardiology and Paediatric Inten-
sive Care Unit (PICU) of the Hannover Medical School 
(MHH) situated in an urban North- German federal prov-
ince with a large catchment area and a patient volume 
of approximately 1000 paediatric patients per year who 
receive also treatment other than post anaesthesia care. 
The MHH does not use any diagnostic tools for the target 
diagnoses yet.

The study design is outlined in figure 1. Recruitment 
and eligibility screening started on 2022- 07- 25 and 
continues for approximately 9 months until the required 
sample size is included (see the Intended sample size 
section).

Study timeline
During the enrolment and clinical assessment, clinicians of 
the study centre continuously screen all PICU patients. 
Patients who stay for at least 12 hours qualify for enrol-
ment and their physicians start the recruitment process. 
Simultaneously, the clinicians assess all prospectively 
collected routine patient data once per shift for potential 
episodes of SIRS, sepsis and associated OD (ie, standard 
of care). Each assessment is stored in a secure, closed off 
file in the patient record.

Then, during the model assessments, the data integra-
tion processes are conducted to extract, transform and 
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integrate the complete dataset of the recruited patients 
from the primary source system. This is followed by the 
automatic application of the prediction models (index test) 
and the knowledge- based models (reference standard) that 
have been previously trained and tested on the CADDIE- 2 
dataset. Both assessors evaluate the occurrence of any diag-
nostic episodes of SIRS, sepsis and associated OD using the 

patient’s routine data, retrospective to the PICU stay, while 
being blinded to the other assessor’s (incl. clinicians) eval-
uations. A comparison between different patient popula-
tions (single- arm; except patient strata) or interventions 
(non- randomised) is not pursued. Adverse events, requiring 
emergency unblinding, cannot occur due to the retrospec-
tive data evaluation.

Table 1 Summary of the study’s registration of the German Clinical Trial Registry

Item Description

Primary registry and trial identifying no German clinical trial registry DRKS00029071

Date of registration in primary registry 23 May 2022

Secondary identifying numbers Universal Trial Number: U111- 1278- 2581

German Federal Ministry of Health: ZMVI1- 2520DAT66C

Hannover Medical Ethic Committee: 10188_BO_SK_2022

Source(s) of monetary or material support Department of Paediatric Cardiology and Paediatric Intensive Care, Hannover Medical School, 
Germany

Primary sponsor Department of Paediatric Cardiology and Paediatric Intensive Care, Hannover Medical School, 
Germany

Secondary sponsor(s) German Federal Ministry of Health

Contact for public and scientific queries Department of Paediatric Cardiology and Paediatric Intensive Care, Hannover Medical School, 
Germany

Public and scientific title A Learning and Interoperable, Smart Clinical Decision Support System for the PICU (ELISE) 
– preparation work for work package 4: A retrospective evaluation of the predictive model in 
comparison to the real time assessment of clinicians

Countries of recruitment Germany

Health condition(s) or problem(s) to be 
studied

ICD10: N17.9 – Acute renal failure, unspecified
ICD10: K72.0 – Acute and subacute hepatic failure
ICD10: J96.0 – Acute respiratory failure
ICD10: R57.9 – Shock, unspecified
ICD10: D77 – Other disorders of blood and blood- forming organs in diseases classified 
elsewhere
ICD10: R65 – Systemic Inflammatory Response Syndrome
ICD10: A41 – Other sepsis

Intervention(s) Index test: Assessment for the presence of SIRS, sepsis and associated organ dysfunctions 
using predictive models (up to 12 hours prior to disease onset)

Reference standard: Assessment for the presence of SIRS, sepsis and associated organ 
dysfunctions using knowledge- based models

Standard of care: Routine data assessment for the presence of SIRS, sepsis and associated 
organ dysfunctions performed by clinicians of the study centre in real- time conditions

Key inclusion and exclusion criteria Inclusion criteria: Children (0–17 years of age) of all sexes who stay at the study centre for 
at least 12 hours and of whom a written informed consent was issued by the patient’s legal 
guardians/representatives.

Exclusion criteria: All patients who were staying in the PICU for less than 12 hours to the study 
centre and/or of whom no written informed consent was issued or revoked by the patient’s 
legal guardians/representatives.

Study type Non- interventional, diagnostic test accuracy study

Allocation: Single arm; Blinding: Open (masking not used); Control: Uncontrolled/Single arm

Primary purpose: Diagnostic

Date of first enrolment 25 July 2022

Target sample size 500

Recruitment status Ongoing

Primary outcome(s) Estimation of sensitivity and specificity of the predictive models to correctly classify the 
presence of SIRS, sepsis and associated organ dysfunctions

Key secondary outcome(s) Superiority of the diagnostic accuracy of the predictive models in comparison to the real- time 
evaluation of clinicians

ICD, International Classification of Diseases; PICU, paediatric intensive care unit; SIRS, systemic inflammatory response syndrome.
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During the data analysis, the primary and secondary 
endpoints are evaluated (see the Research objectives 
section).

Eligibility
Study participants are patients (0 days to 17 years at enrol-
ment) who are eligible if they stay at the study centre - 
independent of sex, underlying disease or admission 
time—and if written, informed consent is signed by them 
(if patients are ≥6 years old) and their legal guardians/
representatives. Excluded are patients who stay in the 
PICU for less than 12 hours (ie, decreased probability of 
experiencing SIRS, sepsis and/or associated OD) and/or 
informed consent was not given/withdrawn before data 
analysis.

Eligible patients can only be recruited once, but re- ad-
missions to the study centre after being determined 
‘eligible’ are included in the final analysis regardless 
of the length of stay. Non- participation has no negative 
effects on the patient’s medical care. Patients will not be 
compensated, neither monetarily nor otherwise.

Intended sample size
To investigate all hypotheses, including those with a rather 
low prevalence, a sample size of 500 patients was consid-
ered sufficient using the method by Stark and Zapf13 with 
an overall power of 80%. However, an adaptive sample size 

planning method is used and scheduled after including 
the first 250 patients to account for the actual prevalence 
among the recruited patients. This new sample size is the 
target; hence, either enrolment is stopped if the target is 
met or continued until the target is met, but no longer 
than 12 months (online supplemental file 2).

Recruitment
The study centre physicians approach all patients and 
their legal guardians/representatives if they stay in the 
PICU for at least 12 hours. They inform them about the 
research’s scope and ask for their consent. All study- 
related information is provided orally and written prior to 
signing the informed consent form (available in German, 
English, Turkish and Arabic) and is modified for the age 
groups 6–11 years, 12–14 years and 15–17 years (online 
supplemental file 3). Consent can be given during the 
PICU stay at any time, but also later during the enrol-
ment and clinical assessment. All physicians are regularly 
reminded to engage in the recruitment process.

Diagnostic approaches
All data of eligible patients are assessed using equal 
testing methods.

Index test
For the prediction of SIRS, sepsis and associated OD, 
various machine learning techniques such as boosting 

Figure 1 The study design of the ELISE study. Note that only during the enrolment and clinical assessment patients are 
recruited in the paediatric intensive care unit (PICU) and all routine data monitoring measures take place for approximately 
9 months (ie, prospectively). Only routine data are used; no new or additional data are collected. All subsequent model 
assessments and the data analysis are performed using the previously recorded routine data (ie, retrospectively). 

https://dx.doi.org/10.1136/bmjpo-2022-001618
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regression, naive Bayes, support vector machine, decision 
tree and random forest are tested before determining the 
optimal approach for usage in a data- driven prediction 
model (ie, the best performance considering the study 
objectives).14 The prediction models (ie, specifically 
tailored for one diagnosis) should trigger an alert for 
a potential SIRS, sepsis or associated OD episode up to 
12 hours prior to the disease onset defined by the refer-
ence standard; thus, in future, clinicians can start an early 
treatment. Each prediction model is trained and tested 
on an extended CADDIE- 2 study dataset15 16 before they 
are validated using the new prospectively enrolled popu-
lation of this study.

Reference standard
In this study, knowledge- based models (see refs. 17 18 for 
technical details) are applied as the reference standard 
for retrospective detection of SIRS, sepsis and associ-
ated OD. They are used to label the diagnostic status per 
patient within the dataset and have been previously vali-
dated against the current gold standard of independent 
retrospective extensive chart reviews by two experienced 
intensive care clinicians. Using a knowledge- based model 
as the reference standard is more efficient and reliable 
given the enormous volume of data to be reviewed per 
patient. The relevant multimodal parameter values are 
queried for one patient per day from a previously harmo-
nised and standardised openEHR- based data repository16 
and added to a knowledge base, a set of computerised 
diagnostic expert rules for the research diagnoses. After-
wards, the rule engine activates the appropriate rules. 
These include, for example, deriving age- specific refer-
ence range values, summarising the queried values to 
medians, checking the exceeding of the limit values, 
triggering individual parameter alerts, and checking 
the presence of a relevant combination of alerts, which 
then lead to a decision. Technically, the knowledge- based 
procedures were realised via Java and the open- source 
business rule management system Drools from JBoss 
(RedHat).19

Routine assessments
Inexperienced (<10 years) and experienced (≥10 years) 
clinicians document the present and suspected condi-
tions of the patients at the end of their shifts using a 
digital documentation form (online supplemental file 
4). These assessments are carried out without an in- depth 
analysis of the data available in the patient data manage-
ment system (PDMS), and happen completely under 
routine care conditions. The aim is to document whether 
and when a patient was diagnosed clinically with SIRS, 
sepsis and associated OD and which symptoms led to the 
assessment. All clinicians are trained on how to use the 
digital documentation and will be regularly reminded to 
document their assessments.

Data management and collection
For eligible patients, intensive care routine data20 are 
extracted from the PDMS m.life20 and the data warehouse 

of the MHH, are transferred into a semantic interoper-
ability standard for clinical information representation 
(openEHR)17 and loaded into an openEHR- based data 
repository, using internationally agreed on, standardised 
data models.17 No additional examinations and tests are 
performed (ie, only available routine data are used). 
Assessment data from the index tests, the reference tests 
and the clinicians (ie, start and end time of SIRS, sepsis 
and associated OD episodes) as well as general documen-
tations of the patient conditions, events or unintended 
effects will be documented.

Data monitoring and auditing
Quality assurance measures are carried out continu-
ously throughout the project. When integrating primary 
source data into the standardised data repository, plau-
sibility checks—ranging from simple counts to uncover 
missing data from the primary system to logical checks—
are executed. Automatically executed validation checks, 
like semantic checks or double data entries, are ensured 
when transferring and loading data into our data reposi-
tory by using the openEHR standard. We strive to detect 
missing or wrong values automatically during data inte-
gration. The contributing authors and designated clini-
cians monitor the trial procedures continuously and 
supervise study protocol compliance and data privacy.

Data protection: data access and confidentiality
For compliance with local data protection laws, data are 
integrated in a pseudonymised way. Patient identifiers 
and personal data are removed and replaced by pseu-
donyms. Data from patients who withdrew their consent 
are deleted immediately from the openEHR- based data 
repository. The dissolution of a pseudonym requires the 
involvement of the data repository administrators and 
the responsible physicians.

The data repository is located in the MHH Information 
Technology (MIT) network and is subject to the MIT- 
specific data protection concept. Unauthorised storage, 
processing or reproduction of protected data is prevented 
by standard technical and organisational measures. All 
system accesses are made via encrypted connections. 
The usual measures apply for software protection (ie, 
firewall, virus protection, encryption programmes). Non- 
pseudonymised data are processed exclusively for the 
purpose of patient care. All measures were coordinated 
with the data security officer and recorded in a data 
protection concept. Patients are informed about these 
procedures and their rights (ie, the possibility to with-
draw consent and to obtain information about collected 
datasets at any time), and are asked to consent to these 
(see the Recruitment section).

Statistical analysis
The statistical analysis plan (online supplemental file 
5) provides details on the evaluation of the primary 
confirmatory and secondary exploratory analyses. As 
described above, the primary confirmatory analyses will 

https://dx.doi.org/10.1136/bmjpo-2022-001618
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be performed in a hierarchical approach due to the rela-
tions of the diagnoses and their individual diagnostic prev-
alences. Sensitivities and specificities with their 95% Wald 
CI for the detection of SIRS, sepsis and associated OD are 
estimated using a clustered nonparametric approach21–23 
that accounts for the longitudinal data format (ie, 24 
hours per day and several days per patient). The DTA 
estimates will be adjusted for potential misclassifica-
tion caused by using an imperfect reference standard.24 
Exploratory subgroup analyses will be performed for age 
groups, sexes, and age groups by sexes using the same 
statistical approach as for the main analysis.

Ethics and dissemination
This study (ie, study protocol, patient information and 
informed consent forms) received ethical approval from 
the MHH Ethics Committee (No. 10188_BO_SK_2022; 
online supplemental file 6). All aspects were reviewed 
and accepted by the data security and privacy officers of 
the MHH. Any modifications to the study protocol and/
or the patient information and informed consent forms 
require a formal amendment (ie, ethical approval) to the 
original study documents.

The patient and/or the legal guardians/representa-
tives sign the informed consent form after a personal 
prestudy consultation through the attending physician. 
All information is also provided in written form. The 
information sheet for children is provided in age- specific 
forms.

Results are disseminated via peer- reviewed publica-
tions, scientific conference presentations, and in an 
appropriate way to the participants that is still to be 
defined. Data will only be stored pseudonymised and 
processed within the specified concept (see the Data 
protection section).
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