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Abstract
1.5 million UK children are admitted to hospital every year. Approximately 650 suffer cardiac arrest and
2,900 will die in hospital. Early warning systems are recommended to reduce avoidable complications
and death. To reduce or eliminate avoidable life-threatening illness developing in hospital, patients need
to be identi�ed reliably and quickly to people who can treat them effectively. We are combining the
clinical expertise of a Specialist Children’s Hospital with the technology expertise of Formula One racing
to monitor and care for children more effectively. This project will build upon prior work in Intensive Care
where we have used McLaren Formula One technology to accentuate changes in monitored physiology
and develop smart patient speci�c alarms (http://www.bbc.co.uk/news/technology-18997318). We will
have children in the cardiac wards continuously monitored with small wireless sensors. We will combine
their vital sign information with other risks related to their general health and display this combined early
warning to doctors and nurses. When children are deteriorating they can quickly be identi�ed, the required
expert can be called to the bedside and, if necessary, the child could be moved to High Dependency or
Intensive Care.

This study is to establish that we can collect continuous remote monitoring and act on it to improve
patient outcomes. The bene�ts to patients participating in this study will be reduced duration of stay in
hospital and Intensive Care, reduced acute life-threatening events, and less anxiety about intermittent
observations or deterioration.

Beyond this project, we will take the technology to the rest of the hospital patients and then out of the
hospital to patients at home and paramedics at the roadside.

Introduction
Key points for Early Warning System development:

An expert derived PEWS was implemented in BCH in 2008 (monitoring standards, paper chart with
embedded score, agreed response and review). This contributed to a reduction in morbidity, mortality and
signi�cantly reduced cardiac arrest on paediatric wards (from 18/ year with 66% mortality in 2005 to 4/
year who all survived in 2010). Over 90% of patients needing Intensive Care now receive optimal pre-PIC
care, as opposed to 70% before the system was introduced13. Currently observations are manually
entered on a chart and with simple thresholds and prompts to escalate care. We have learned in this time
that:

 An early warning score needs to be embedded in a support system of education and governance.
Therefore the technology will continue to be tested and embedded within an appropriate system of care
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by integrating the early warning technology with resource and e�ciency management systems.

 Senior review of care and feedback to staff by experienced nurses and doctors regarding each urgent
unplanned PIC admission and acute-life threatening events ensures standards are adhered to. When
escalation of care was not timely, or deterioration was predictable but not identi�ed, review ensures that
knowledge, resources and governance issues are dealt with rapidly.

 It is imperative to ensure that clinical assessment skills are taught and assessed in the context of
decision-making (these improved from 25-67% accurate to 90-100% accurate). Continuous remote
monitoring will assist in patient assessment and not replace it.

 Intermittent observations miss early deterioration and delay identi�cation of trends, because
observations are routinely done one or four hourly.

 When nurses are concerned they do frequent observations reducing time to care for the patient.

 Diagnostic criteria (e.g. cyanotic heart disease)that make some patients more susceptible, are needed

in addition to acute physiology8.

 When implementing large scale patient management change adequate clinical resources and time are

needed to allow integration into ward and staff procedures.

 The algorithm The pulse oximetry principal component analysis model developed in Young Lives

project performs well with an area under the Receiver Operating Characteristics curve (auROC) of 0.83,
sensitivity of 91% and 64% speci�city at a model distance of 5. Increasing model distance indicates
increasing deviation from normality for that patient.

There are automated early warning systems that have been developed for adults. Current clinical
approaches are typically population-based and often developed assuming adult patients and despite the
fact that even in adults age is a signi�cant independent risk factor for deterioration and do not appear to
be adaptive to the extreme variability observed in adult or children's physiological signals18. Therefore
�xed low thresholds tend to be adopted in order to maintain the conservative nature of the systems
leading to the high false alarm rate in current practical implementations. The independent component
analysis and adaptive nature of our signal processing and analysis enables age-independent early
warning.

VitalPAC http://www.thelearningclinic.co.uk/info/VitalPAC.htm requires purchase of a monitor and
nurses to
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input information intermittently 17, 18. Visensia http://www.obsmedical.com/products/visensia requires
purchase of a monitor with smart alarms. It has reduced cardiac instability in adult High Dependency
Care 19. Patients are wired and the mathematical fusion techniques use the most abnormal 1, 5 and 10%
of vital sign parameters to determine abnormality. Due to the broad variability of developing paediatric
physiology, this technique would require too many measurements to establish normal across the
paediatric age-range.

The Oxford-based CALMS2 and PICRAM study groups are investigating remote monitoring with simple
sensors transmitted by Bluetooth and Wi-Fi. This group has been helpful in discussing their experience
and Dr Peter Watkinson is on our Steering Group.

HeRO requires purchase of a monitor and uses heart rate variability to produce an hourly score which is
used to scan for infection-induced distress. It is designed for neonates and premature infants and is
particularly useful in very low birth weight infants (<1000g). This exploits a clinically signi�cant
difference in the population; very young children have increased autonomic tone and as such their heart
rate responses are different to people older than 28 days. Although heart rate variability may be useful as
part of a model, it is unlikely to provide adequate detection for an older population.

Artemis is closer to our concept. It is a platform for real time data gathering for asynchronous time series
data. However, it uses a back-end expert system with a rule-based approach to implement clinical rules
and these are not dynamically adjusted to be patient-speci�c. Artemis has been used for military triage
and neonatal intensive care. Other systems in development are based on traditional PEWS approaches
(which the PI has pioneered since 2002).

Although these other systems identify serious deterioration, we believe that our proposal has several
unique

features, speci�cally in the way the system is fundamentally adaptive to individual patients with the
patient

speci�c predictive algorithms that learn each patient’s ‘normal’ to warn of changes. Our new technology
will allow remote, continuous, accurate and patient speci�c warning regardless of age and does not
require a new monitor, or a nurse to input and analyse the physiological information.
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In addition:

 It is largely sensor-agnostic

 It uses continuous data which to automatically detect gradually changing trends and transient

changes in physiology.

 It is a software-based solution that doesn’t require large capital investment in bespoke equipment.

 It offers high speci�city, sensitivity and robust warnings of deterioration

 It will be predictive rather than reactive.

 It will reduce signal and alarm noise and false alarms. Our processing approach exploits a Principal

Component Analysis technique to extract the characteristic component patterns from the time series
signals from physiological sensors. Looking at the relationships between the different components at
any point in time will allow �delity checking of individual signals and removal of noise and other external
artefacts.

 The platform is highly scalable and so is able to cover a very large patient population

 It will be clinically robust based on a large number of hospital patients

 It will bypass some human fallibility to both alert at the bedside and alert remotely to a response

team.

Reagents

Equipment

Procedure
7. Research Plan

The aim of the study is to be able to manage a population of patients using continuous, wireless
physiological monitoring. This will be established in two paediatric cardiac wards (38 beds) caring for
infants, children and adolescents. The picture of success will be every child admitted to 2 cardiac wards
being monitored in real- time with a small sensor, such as a digital plaster, so that deterioration may
always be detected quickly and reliably, regardless of the patient’s location. Bedside monitors will gather
more extensive physiological measurements where used, for example in High Dependency Care. The
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small sensors will transmit data wirelessly using ultra-low power radio waves, Bluetooth and 3G/4G
telephony. Data will be recorded continuously, and in real-time, on a data server in the hospital. Software
will run on the server that extracts the characteristic patterns in the data and applies deterioration
thresholds for each child. These thresholds will be adapted for each patient based on the monitored
physiology and background risk to ensure reliable and rapid detection of a worsening condition.

Alarms will be raised whenever deterioration is detected. The raw data, patterns, thresholds and alarms
for individual or groups of patients will be instantly accessible to authorised doctors and nurses using
any secure laptop, tablet or smart phone in or outside the hospital.A dashboard will highlight, clearly and
in real-time, the deterioration and susceptibility to deterioration of all children in the 2 wards. This will
help ensure that every child gets the right level of care in the most appropriate available location and
hence promote better clinical and economic outcomes. The way in which nurses and doctors deploy
themselves, how escalation of care is managed, and how patients are moved in and around the hospital,
will all be in�uenced by this access to live information about the patients.

7.1. Study Process & Methodology

This is a mixed methods study using quantitative and qualitative methods to study and establish the
optimum

intervention, develop acceptable pathways of care and maximise impact14-17. Ethical permission will be
sought and research will be conducted in accordance with the National Information Governance Board
for Health and Social Care and Health Research Authority guidance and policies; including secure data
storage. The project will bene�t from adoption onto the UK Clinical Research Network.

 Clinical outcomes will be studied in a before and after design.

 The technical implementation will be studied with ‘Plan, Do, Study, Act’ cycles of Action Research.

 Patient/ carer outcomes will be studied with survey and interview techniques.

 Resources: NHS costs will be studied in a before and after design and cost-effectiveness determined

using cost-bene�t analysis.

7.2. Sample size and power calculation
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There is no population data to guide how many patients should be monitored, or for how long they
should be monitored. We know from our routine audit data that events will occur approximately once a
week on these wards, with the majority being minor deteriorations requiring urgent admission to Intensive
Care and only about 6 a year being seriously life-threatening. Based on our experience we will be able to
recruit 90% of patients which equates to 1350 patients. To be clinically meaningful we need to achieve
wireless monitoring more than 50% of the time in all recruited patients. During the set-up of Young Lives
we lost 20% of data due to data labelling problems. This will no longer be an issue with RAPID due to
pairing of sensors and patient information.

7.3. Inclusion criteria

All patients admitted to the cardiac wards will be eligible to be approached, consented, connected to the
system and entered into the study. An attempt to recruit all ward patients will be made including those
patients who do not speak English. Translation of patient information lea�ets and consent forms with a
translator for consent will ensure that these patients can be included. The number of patients requiring
translation services is estimated to be 10% based on those patients who have been excluded from the
Young Lives study due to translation not being available.

7.4. Exclusion criteria

Patients will be excluded if they have pacemakers because the Lifetouch monitoring device has not been
shown to be safe in these patients.

7.5. Phase 1 connectivity

The initial phase will include setting up connectivity between the sensors and the Wi-Fi system using
Isansys end to end technology platform. The hospital Wi-Fi system will be tested and if necessary extra
secure bandwidth will be installed in the ward areas.

Then the sensors will be connected through the Wi-Fi system to one or more gateway PCs which will relay
the data to the LifeInsight server for real-time analysis. Sensors will be identi�ed as recording a
particular patient’s data by entering the sensor code onto the database. Patients’ data will be visible on a
PC at the bedside and remotely on a ward dashboard.
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Members of staff working on the wards will be recruited to demonstrate that relevant physiologic data is
obtained and ensure adequate technical setup in the study ward areas. This data will only be used to test
connectivity and will not be used as part of the study.

Analysis of system performance data will be done during set-up and continuously during the project to
assess the amount of time that physiological signals are being recorded.

7.6. Phase 2 Recruitment

The research nursing time for this study will contribute to the current research nursing team who recruit
and consent patients 7 days a week for all current studies. A recruitment and non-consented log will be
maintained by the research team.

Patients will have routine observation, monitoring and documentation according to current BCH NHSFT
standards including calculation of the PEWs score for the duration of the study. Once the connectivity is
established and the sensor readings are correlating with the standard observations the bedside nurses
will have access to them to aid decision-making about escalation or de-escalation of care and discharge.

Most patients on the cardiac wards have intermittent one or four hourly observations with intermittently
applied sensor devices to measure heart rate, blood pressure, oxygen saturations and the bedside nurse
will also count the breathing rate, assess the work of breathing and measure the perfusion using the
capillary re�ll time. For this study we will attempt to keep the wireless sensors connected to patients for
the duration of admission. This will need two or three extra small sensors to be stuck to the chest wall or
arm. The research nurses and bedside nurses will attend to disconnected sensors. Some higher
dependency patients will be continuously monitored and their data can be extracted directly from the
monitor and relayed to the analytical software as is currently done in Intensive Care.

Thresholds of normal and abnormal for that patient will be informed by current physiological and early
warning knowledge and re�ned using pattern recognition from the RAPID algorithms. Adapt the
thresholds to the physiology and background diagnostic risk of individual patients to provide sensitivity
and speci�city.

Provide intuitive displays of changing patterns and alerts to encourage active use by Intensive Care and
Transport doctors and nurses at the bedside.
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7.7. Phase 3 Analysis of patient level data

A comparison will be made between the physiological measurements documented by bedside nurses on
the current paper chart with embedded PEWS and the continuous monitoring. Correlation between the
two measures and continuity of data will be assessed. In addition, a diagnosis-weighted automated
PEWS score will be running on the software, and this will be compared with the documented clinical
assessment and calculation of PEWS.

Events such as deterioration to needing Intensive Care, respiratory arrest, cardiac arrest and other acute
life- threatening events will be documented daily by the research nurses. Clinicians at the bedside will
make a judgement as to whether they considered the events to be predictable or potentially preventable.
This assessment is part of our ongoing hospital audit already. These events will be correlated with the
continuous monitoring and to examine how long before such event (if possible) early warning signs
develop and to examine the correlation or difference between the clinical decision of predictability and
the automated measure of predictability.

7.8. Phase 4 Development of patient care pathways and response to alarms and deterioration.

An interprofessional group including nurses, Cardiac and Intensive Care doctors, health-care assistants,
hospital managers, clinical co-ordinators, rapid response site-practitioners, parents and children will
develop the patient care pathways and responses with facilitation and leadership from Dr Duncan. These
pathways will be approved by the BCH NHSFT Clinical Risk and Quality Assurance Committee before
implementation. They will be continuously assessed for appropriateness and modi�ed according to need.
We have used a similar model to develop our current standardised responses except that parents and
patients were not included in the current standards. Following feedback from parents and children the
Trust is supportive of parents and children contributing to these care pathways. The methods used will be
focus-groups and then a modi�ed Delphi to achieve >90% agreement of Standards and Guidance. As with
previous developments all available National Standards and Guidance (e.g. National Institute of Clinical
Excellence and Royal College of Nursing) will be incorporated. Re�ning these pathways is an important
way in which we will change how care is organised and delivered. The research nurses, doctor, Dr Duncan
and the nursing education team will introduce and embed these models of care and provide updates
where required.

7.9. Phase 5 Analysis of whether the system works

1. The primary outcome is whether we can achieve connectivity > 50% of the time with continuous
wireless monitoring.
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2. Clinical outcomes will be measured in a ‘Before and After’ design. They will include the incidence of
predictable acute life-threatening events, avoidable deaths, pre-Intensive Care suboptimal care, and
patient length of stay (Intensive Care and wards). We have 8 years of historical data as comparison for
these measures.

3. The rate of false alarms from routine and wireless monitoring will be studied purposefully by carrying
out 24 hour observational studies at three intervals, in a Before and After design. The rate of false alarms
generated by current alarm systems and the RAPID system will be compared.

4. Parent/ carer anxiety during step-down care will be measured as part of a sub-study – RAPID Impact of
Continuous Monitoring - , using The Parental Stressor Scale: Pediatric Intensive Care Unit (Carter MC &
Miles MS 1983). This anxiety scale has been validated for parents of children admitted to Paediatric &
Neonatal Intensive Care20See Appendix IV for sub-study protocol

5. Evaluate whether sensors, monitors and responses are acceptable and valuable to children and
families will be conducted as semi-structured qualitative interviews as part of a sub-study. See Appendix
IV for sub-study protocol.

6. Information to assess the quality of life will be collected using the parent reported versions of CHU9D
covering the 3 to 7 years range. As a comparison with CHU9D, we plan to use the parent proxy versions of
PedsQL covering the 2 to 4, and 5 to 7, years range. Patients and Parents/Carers will be asked to
complete the questionnaires on step down from PICU when transferred back to the ward. We will use the
think-aloud technique, which enables researchers to explore the validity of different questions in
evaluating patient’s quality of life, and provides information about how each of the questionnaires are
understood by individuals at this stage in their care. This method has been chosen because it will quickly
identify whether the planned measures of HRQOL are feasible and useful in this context.

7. Bottom up studies on impact of time to care at the bedside and a cost consequences analysis will be
performed.

8. Healthcare bene�t (this proposal)

 The expected outputs for this study is that the children cared for on the cardiology wards will bene�t

from continuous monitoring which may detect deterioration earlier and generate a call for expertise

to the bedside. This may improve their morbidity and potentially mortality risk.

 The bedside nurses in this study will be doing routine observations alongside the continuous
monitoring so time to care won’t be released during this study but in future they may be released from
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doing some observations in order to do more general assessment of the patients and therefore

have more time to care for them.

 A 5% reduction in length of stay is anticipated which, in the current situation of unmet demand on the

cardiac wards and Intensive Care, will increase throughput and facilitate more patients to be

admitted, receive surgical interventions and be treated.

 There may be reduced anxiety of parents and patients when they need to step down from more

intensive monitoring and surveillance.

 Acute life-threatening events may be averted, or when they do happen the continuous data will

enhance understanding and learning about the path to deterioration that will improve detection and

avoidance in the future.

 This study will inform a larger hospital wide study that will have much greater impact. This limited

pilot will be expanded to study the whole hospital population of 32 000 admissions per year.

 The results will be used to inform a larger hospital-wide study which will be submitted for National

funding.

We expect to achieve at least a 5% reduction in average length of stay in PIC as a result of early detection
of

deterioration and more timely provision of acute care. Currently 160 children per year are admitted
urgently

to PIC at BCH, from the cardiac wards, with an average length of stay of 4.5 days . At an average cost of
care

of £13,500 per child (£2,500/day) this equates to a potential saving of about £108K per year on these
admissions. Improved e�ciency would permit an extra 25 PIC admissions per year without increasing
sta�ng. This equates to half the patients on the cardiac surgery waiting list.

Similarly, we expect also to achieve at least a 5% reduction in average length of stay in ward beds
through early warning of children at risk and hence more timely escalation of acute care. This is a
conservative, but not unreasonable, estimate in the absence of reference data. This will save 100 bed
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days (£250/day), with a projected saving of about £25k per year. We also expect to catch at least 1
preventable cardiac arrest per

7 year, representing a saving of £50k. Hence, annual savings for Birmingham Children’s Hospital,
when RAPID goes live, is conservatively estimated to be £183k. The healthcare bene�t is better long-term
recovery and fewer deaths as a result of more timely escalation of care when it is needed. Ultimately, the
system will extend to the whole hospital, and the cost savings at that scale are estimated at £3.7M.

9. Patient and Public Involvement

This study places patients at the centre of care. We have a group of candid and experienced children and
young people guided by Clinical Research Network Research Facilitators who have advised us about
study design, consent, and ethics, in future they will advise us on age-appropriate information lea�ets and
graphics. In addition we have a group of parents and a family of six, the youngest is home ventilated,
who advise on prototypes and grant applications.

An average of 12 young people between the ages of 10 – 18 attended the focus groups on 25/02/12,
12/04/12, 26/01/13 and 23/02/2013. The group expressed that this is “a really good study, especially if
it can prevent fatalities”. Younger generations expect this type of technological advance in healthcare and
trust it”. “We have been born into a world of technology.” “There will be less worry for parents when
children are transferred from intensive care to other wards – especially when faced with less nurse
support compared to PIC”. They helped us to determine patient related outcome measures, hospital and
health economic bene�ts to remote monitoring.

An important area where engagement with children and young people will be required and used is in
developing a lighter more portable form of remote monitoring. The sensors and connectivity is of great
importance to them and their parents. Bulky, visible, uncomfortable sensors and frequent false alarms are
poorly tolerated. Their input into design and usability will in�uence the sensors we use in hospital and for
children who are monitored at home in the future.

They introduced the idea of different models of care depending on the patient's situation. More
comprehensive monitoring which is visible, accurate and reliable is needed when leaving Intensive Care
and the monitoring and sensors can reduce later on the wards and then be minimal but reassuring when
patients are discharged home. Until then we had imagined a single design. They also advise us on who
can or should see their clinical information.
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Our research is based on measuring continuous vital signs from a remote sensor, currently the pulse
oximeter, which is usually applied to the �nger or toe. Our young advisors have told us they don’t want
any sensors on their �ngers or hands however there isn’t currently an ideal sensor on the market to do this
reliably. So we will start to collect remote continuous data in hospital with pulse oximeter probes that
measure from a �nger probe and work together with sensor manufacturers and the young people to
develop an ideal sensor before the programme extends to the rest of the hospital and beyond the hospital
to primary care, home monitoring and for trauma at the roadside.

In 2013 they were consulted speci�cally about the Patient Information Lea�ets and Assent form required
for this study. At the �rst meeting they listened to the feedback from the SWLREC and requested art work
to be designed and substantial changes to the content and layout of these documents. They requested
age-ranges to be removed and left to the researcher’s discretion to decide between 3 broad groups (young,
middle and older) so as not to prejudice children with reading or learning di�culties. They also gave clear
indications of the text and detail required, including adding an extra lea�et called ‘How does the RAPID
technology work?’. At the second meeting they were delighted with the changes made and said they were
so good they would read them even if they weren’t participating in the research.

They will continue to be consulted at each step in the research to ensure we design and test a system that
they value and that responds to their needs. The CLRN provides good support for our parent, patient and

public involvement and so we are likely to continue to bene�t from their facilitation and not go for further
training ourselves.

Our children and young people enjoy being involved in the write-up and dissemination of research. They
strongly believe that they have a shared responsibility to ensure that research is safely and carefully
conducted and responsibly reported.

10. Dissemination and projected outputs

Publications in bio-engineering and scienti�c journals on the system set-up, the performance of sensors,
and the solutions to technical challenges of continuous remote monitoring

Publications in medical journals on the healthcare-care bene�ts and the care pathways Presentation at
bioengineering, Informatics and healthcare conferences
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Already this research has generated huge interest with newspaper articles, BBC technology website and
Sky F1 coverage. It will not be di�cult to disseminate the results.

Expected outputs of research

Please describe how the outcomes of this research could be translated into the NHS and wider healthcare
community to provide improvements in service delivery, patient health and/or wellbeing

This study will inform a larger hospital wide study that will have much greater impact. This limited pilot
will be expanded to study the whole hospital population of 32 000 admissions per year.

The results will be used to inform a larger hospital-wide study which will be submitted for National
funding.

Project lead & clinical staff expertise and experience

Dr Heather Duncan – Project Lead / Chief Investigator/ Paediatric Consultant Intensivist. Heather is
responsible for developing and introducing in 2008 the Paediatric Early Warning Scores (PEWS)
throughout BCH. She provides strong clinical leadership together with overall leadership of the partner
and advisor team.

Research Doctor – provide clinical interpretation of recorded data, and guiding the development and
presentation of the analysis of physiological data, contribute to the care pathway framework, and
collection of evidence-based indicators of deterioration in children on the wards.

Research Nurse – will be responsible for arranging consent from patients in line with ethics, ensuring
sensors remain attached, collating supporting observations and notes to go with physiological data used
to establish the triggers and indicators of deterioration and, as the project evolves, creating, �ne-tuning
and testing new patient pathways that use the real-time data and adaptive thresholds.

Technical lead & personnel

Dr Adam Hill - Technical Lead / Commercialisation mentor. Adam has a medical and device
commercialisation background

Embedded software developer – to develop, commission, test and re�ne the various interfaces to bed-
side monitors and equipment, portable collectors and database.
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User Interface developer – create the user interfaces and displays for presenting data, patterns and
alarms to the doctors and nurses. These will range from bed-side displays for individual patients to ward
and unit dashboards to support the evolving patient pathways.

Analysis lead & personnel

Professor David Lowe – Data Analysis lead. David has a long history of signal processing, including
pattern recognition and extraction from complex data streams, and technology transfer. He will support
and mentor the Research Assistants in creating the algorithms for extracting patterns from physiological
data.

Dr Raje Matam – Post-doctoral Research Assistant and lead analyst developing mathematical
techniques for extracting patterns and applying adaptive and predictive thresholds to provoke warnings
of deterioration.

Dr Iain Rice – Post doctoral Research Assistant to develop new signal processing techniques for
extracting clinical information from single sensor outputs rich in physiological information.

Prof. Jon Deeks and Dr Alice Sitch – Biostatisticians: analysis of comparative data and preparation of
manuscripts.

Dr Hugh McLeod - Health Economist: interpretation of the impact of proposed and evolving patient
pathways on economical outcomes, including cost savings from reduced lengths of stay, modi�ed work
practices and fewer acute life threatening events.

Research timetable

M1: Connect the bedside instruments and wireless sensors to the Formula One data system on the
central data server.

Deliverables: Full connectivity from all bed spaces and all ward areas. Ethical approval and Research &
Development approval from BCH NHSFT

M2: Set up study processes, governance and timelines for mixed method studies. Measurement of
clinical and resource outcomes

Deliverable: Detailed timeline, Project plan, con�dentiality considerations, recruitment, and Standard
Operating Procedures approved by Steering Group.

M3: Recruit, process and store continuous physiological data in real-time.



Page 16/21

Deliverable: 95% patients recruited with labelled data and > 50% transmitted data

M4: Develop, test and validate RAPID thresholds for patients. Re�ne software algorithms. Provide
intuitive displays of patterns and alerts to encourage use at the bedside.

Deliverable: Algorithm performance, adaptive thresholds and displays approved by Clinical Risk and
Quality Committee and Steering Group.

M5: Establish patient pathways to utilise the early detection and greater clinician access to data.
Incorporate effective feedback mechanisms.

Deliverable: Patient pathways approved by Clinical Risk and Quality Committee M6: Monitor performance
and outcomes for 9 months

Deliverable: Performance reports on connectivity, prediction and impact.

M7: Write –up study results and Cost-effectiveness analysis

Deliverable: Results disseminated

Research management arrangements

The Core team includes Dr Heather Duncan (Chief Investigator & Clinical lead), Prof David Lowe (Complex
computational analysis, signal processing and prediction), and Dr Raje Matam (Post-doctoral Research
Assistant & Analyst, with expertise in data security). Dr Peter van Manen was the Technical & Commercial
lead, but this role will now be taken over by Dr Adam Hill. The Chief and Co-investigators will manage the
clinical, technical and systems resources, including the sta�ng allocation across tasks.

A Project Management team consisting of Project Manager, Intensive Care, Paediatric and Transport
Consultants, Health Economist, Biostatistician, nursing and parent advisors will meet quarterly. The
Technical team members (engineers from BCH IT, McLaren, Isansys, and Aston) will meet at least
monthly to establish progress.

The Research Steering Group including Dr Duncan, Professor Lowe, Matt Boazman, Dr Kevin Morris, Dr
Barney Schole�eld, MAT, IT, Isansys, research nurses, research doctors and external advisors Dr Tom
Clutton- Brock (Clinical Director, Healthcare Technology Cooperative), and Dr Peter Watkinson (Clinical
Trials & Remote monitoring from Oxford) will meet quarterly.

Exceptional advisors: Professor Richard Lilford (Health Economics & Technology Translation), Professor
Richard Bohmer (Healthcare Clinical Quality Improvement & Decision Support) and Professor Julian Bion
(Clinical Trials, Policy, Education and Adult Intensive Care) will be consulted as needed.
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A BCH Project Board set up and chaired by Dr Vin Diwakar, Chief Medical O�cer of BCH, will be a key
stop/go decision-making forum made up of executive decision-makers will manage the interface between
strategy and service demands.

Work relevant to this proposal already commenced. We have developed the system in Paediatric Intensive
Care (PIC), an environment that is rich in data and clinical expertise. Acute life-threatening events are
more frequent in PIC in comparison to the wards (16- 25/month vs. 16-25/year). The current stage of
development is as follows:

 The study where 27 PIC/KIDS Real-time Adaptive & Predictive Indicator of Deterioration (RAPID)
A collaborative development by Birmingham Children’s Hospital, McLaren Applied Technologies Limited,
Aston University, Isansys Lifecare Ltd & University of Birmingham

 Bedside Philips Intellivue monitors stream physiological data back to the real-time ATLAS data system
has completed recruitment.

 The �rst patient speci�c adaptive algorithm has been developed using the pulse oximetry
measurements which can detect when the physiological state is deviating from normal. This identi�es
subtle changes that are not visible to clinicians at the bedside.

 The pattern recognition software has enabled the pulse oximetry signals to be predicted 2 minutes into
the future.

 Analysis routines, developed from historical data, extract patterns which are now run in real-time to
develop and to establish adaptive thresholds.

 The original PEWS physiological thresholds are being compared to the new adaptive thresholds
developed to operate with the continuous data stream. This is the �rst time an early warning score has
been tested in Intensive Care.

Success criteria

1. Full connectivity from all bed spaces and all ward areas.

2. Ethical approval and Research & Development approval from BCH NHSFT.

3. 95% of patients recruited have labelled data and > 50% transmitted data

4. Algorithm performance, adaptive thresholds and displays

5. Patient pathways approved by Clinical Risk and Quality Committee
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6. Improved morbidity and potentially mortality risk.

7. The bedside nurses time to care for patient’s increases by 10%.

8. A 5% reduction in length of stay.

9. Reduced anxiety of parents and patients when they need to step down from more intensive monitoring
and surveillance.

10. Acute life-threatening events may be averted. 11. Pilot data secured

Barriers to success

1. Di�culty interfacing between sensors, monitors and database. We have overcome this problem before
in PIC and will employ expert engineers to assist. In addition, Isansys and MAT and BCH engineers will
help.

2. Wi-Fi bandwidth may need to be increased. BCH NHSFT IT will attend to this.

3. Sensors don’t stay attached to patients. Research and bedside nurses will attend to this problem.

4. Safety and risk issues are increased rather than reduced. The BCH NHSFT Executive Board, Chief
Medical O�cer and Clinical Risk and Quality and Steering Committee are fully supportive and will
monitor this.

Ethical issues

Patient con�dentiality, consent and additional sticky sensors are the main ethical issues.

Patients being studied are hospitalised and monitored with intermittent physiological data recorded for
clinical purposes. This research project will store patient physiological data, age, gender, diagnoses and
events in a separate secure database on the BCH secure internal server. A single con�dential paper log of
patients entered into the trial will be kept securely along with consent forms by Dr Duncan. Where consent
to store data is withdrawn the patient record will be deleted.

The Young Lives project which collects physiological data from Intensive Care patients has been
favourably reviewed by the Black Country Research Ethics Committee (REC Reference Number:
11/H1202/13) and permission was granted for ‘opt out’ consent and storage of patient identi�ers to track
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outcomes. Parents and children are overwhelmingly in favour of this research and only 3 of over 1200
families have opted out.

A new application will be made for this project because additional wireless sensors will need to be
applied to patients. The application of additional sticky sensors is unlikely to be a barrier to the research
but will need to be addressed in the patient information lea�ets and the ‘Opt in’ consenting process.

An ethical review will be completed: 13/SW/0001

Intellectual Property and Innovation

What relevant IP is held by the applicants and how does it relate to this application?

Birmingham Children’s Hospital owns the IP related to the adaptive algorithm based on pulse
oximetry. McLaren Applied Technologies Limited IP is embedded in 3 licensed software products namely:
SQL-Race, an Application Processing Interface (API) that is used to process multiple streams of time-
series data into a SQL database, enabling many patients to be monitored uniquely and concurrently.

vTAG, a PC-based processing platform that is used to run complex multiple input/output models to be run
in real-time, in this case clinically relevant processing algorithms being developed by
Birmingham Children’s Hospital to extract characteristic patterns from the physiological data will run on
this platform. LifeInsight is a healthcare software from MAT to provide remote visualisation od patient
data.

Aston University owns the background software platform on which the feature extraction and predictive
algorithms will build upon. The NetLab suite of Matlab libraries produced over the past 15 years inside
the NCRG are at available open source from

http://www1.aston.ac.uk/eas/research/groups/ncrg/resources/netlab/. The NetLab Library is distributed
under a creative commons licence and so is free for research purposes. Licences for commercial
exploitation would be required.

Isansys owns the IP relating to the platform required to connect remote wireless sensors to the database.
All Foreground IP developed in this project shall be owned by BCH and licensed to Collaborators.

Troubleshooting
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Time Taken

Anticipated Results
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