Hospital Pilot Application in the SAPHIRE Platform: integration of wireless in-hospital monitoring with European guidelines in acute cardiac patients
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Abstract: We present the results of the Hospital Pilot Application (HPA), one of the two demonstrators of the SAPHIRE Platform (together with the Home Pilot Application). The SAPHIRE Project developed an intelligent healthcare monitoring and decision support system on a platform integrating the wireless medical sensors data with the hospital information system data and with computerized clinical guidelines models based on latest European medical guidelines. Semantically enriched Web services were used in the SAPHIRE Project to tackle the inetroperability problem, modified GLIF3 was used for clinical guidelines models and an IHE XDS Repository serving the Electronic Healthcare Records (EHR) in HL7 CDA format for the EHR system. We present here the design of the HPA, the technical details, some security and privacy issues and results form the 50 patients with acute coronary syndromes included in this pilot. Innovative aspects and future exploitation issues are also presented.
1. Introduction 
Cardiovascular diseases are the main cause of morbidity and mortality worldwide and increasing efforts are concentrated at amelioration of this global burden, under pressures imposed by increased costs of healthcare and the aging population. This is why standardisation of the medical care via implementation of clinical guidelines has become the state-of-the-art in Europe and elsewhere in the world. Developments in e-health are focused to assistance of this process and many recent projects are aimed not only at building e-health infrastructures based on electronic healthcare records, but also at guidelines modeling and telemonitoring. 

There are several projects which showed the feasibility of transmiting physiological data using wireless communications. Mobihealth [1] showed the feasibility of using GPRS or UMTS mobile communications for cardiology applications. The experience and the prototype developed are now being exploited in a pre commercial eTEn project called Health Service 24 [2].

Clinical guidelines serve a powerful method for standardization and uniform improvement of the quality of medical care. Clinical guidelines are a set of schematic plans, at varying levels of abstraction and detail, for management of patients who have a particular clinical condition. In contrast to paper presentations, computer-based guideline applications can include additional material, such as images, videos, sounds, simulations, and links to bibliographic databases. Given patient data—obtained either from the user in response to queries, or through direct access to an electronic medical record—guideline applications can automatically select the next step in the guideline. 

A number of methods to support the computerization of guidelines have been or are being developed by the Health Informatics community. Guideline-based decision support systems aim to enable the latest clinical knowledge to be accessible and usable at the point of care and so make significant contributions to quality and safety in healthcare. Such methods employ different representation formalisms and computational techniques, for example: rule-based: Arden Syntax, logic-based: PROforma or network-based: PRODIGY, workflow (Petri Nets): GUIDE [3]. Other current methods for representing clinical knowledge take a different approach by structuring guidelines on the basis of XML guideline document models, as GEM, Stepper and HGML. Another possible way to classify the existing methods currently being used for guideline modeling: executable methods: Arden Syntax, Asbru, EON, GASTON, GLARE, GLIF, GUIDE, Prestige, PRODIGY, PROforma, SAGE, and XML methods: CPG-RA, GEM, HGML, Stepper [4].


The Guideline Interchange Format (GLIF) is a computer-interpretable language for modeling and executing clinical practice guidelines. GLIF supports sharing of computer-interpretable clinical guidelines across different medical institutions and system platforms. GLIF has a formal representation. It defines an ontology for representing guidelines, as well as a medical ontology for representing medical data and concepts. An adaptation of GLIF3 was used to create the guidelines models in SAPHIRE.

The Hospital Pilot Application (HPA) of the SAPHIRE system [5] was intended to test the intelligent bedside monitoring of the patients through wireless sensors and to integrate the data from the sensors with the data from the electronic medical records in the system interoperability platform in order to generate alerts and recommendations via an intelligent Decision Support System based on specific clinical guideline models. This was one of the two pilot demonstrators of the SAPHIRE Platform, along with the Homecare Application. We briefly present here the main objectives of SAPHIRE and the methods used in this complex project, with focus on design, results, importance and future applications of the Hospital Pilot.
2. Objectives 
The scope of the SAPHIRE Project was to build an interoperability platform as an intelligent clinical decision support system, to integrate data from the wireless medical sensors with data from the Electronic Healthcare Records (EHR) and feed them in the guidelines models, to adapt standardized, guideline-based medical care to the individual patient data. 

One important goal of the project is to address the interoperability problem of wireless medical data and medical information systems through semantically enriched Web services and ontology mapping between systems that comply with different ontologies.


Cardiology is one of the most regulated fields in clinical medicine, but guidelines are text-based and their modeling into guidelines models is a continuous challenge. Availability of computerized guidelines models is promising for the emergency cardiologists dealing with acute cardiac patients and heavy workloads, while automatic integration of EHR data with real-time monitoring data has the potential of decreasing intensive care units length of stay and hospitalization costs. The ultimate goal of this pilot application was to provide clinical guideline-based, patient-specific recommendations to the hospital doctors, for optimized, standardized patient care and HPA was intended as a pilot demonstrator on real acute cardiac patients.
3. Methodology

The Hospital Pilot Application (HPA) was designed to include patients with acute coronary syndromes after the acute phase (after patients are discharged from the Coronary Care Units), that is 2-3 days after admission with the diagnosis of ST-elevation or non-ST elevation acute coronary syndromes (ACS). 


After enrolment, the wireless sensors were attached to the patient: 12-leads ECG sensor, blood pressure (BP) sensor and oxygen saturation (SpO2) ear sensor. Monitoring was started under the supervision of the physician on-call and of the cardiac nurse. Data of the patient were introduced in the EHR database, the sensors data were checked on the Real Time Viewer (RTV). The clinical guidelines were assigned according to the patient current diagnosis and execution of one guideline per patient was then completed, with validation of sensors and guidelines alerts and generation of the final pdf report for each patient. The patient monitoring continued up to 24 hours, until complete guidelines were executed and all the data were stored, together with alarms and clinical recommendations and actions. All patient’s data were medically validated and no medical action was taken before this step. Comparison between raw data and medically validated data allowed check-up of the system’s efficiency and security.

A patient’s medical data is considered sensitive and must be treated with full respect to security and privacy. Confidentiality is as much an issue as integrity, authenticity, validity, availability and other security goals that a system like SAPHIRE must meet and special measures that addressed these issues have been implemented on the SAPHIRE Platform [5] and are shortly described below.
4. Technology Description

In the SAPHIRE system, patient history stored in medical information systems is accessed through semantically enriched Web services and IHE XDS Registry/Repository serving the EHRs in HL7 CDA format, to tackle the interoperability problem. The alerts that are produced automatically by a gateway computer analyzes the data coming from the wireless medical sensors. SAPHIRE clinical decision support system (CDSS) is   responsible for executing the computerized clinical guideline models. As a result, SAPHIRE CDSS produces alarms and reccomendations by combining flow of data coming from medical sensors and Electronic Healthcare Records of the patient and sends them to the medical staff. Guideline Interchange Format (GLIF) [6] Version 3.4 was selected as the model for representing the Computerized Clinical Guidelines in SAPHIRE. As GLIF 3 specifications left the “implementable level” open, in order to have an implementable guideline definition referring to the several services necessary (such as accessing EHRs or medical sensors) in SAPHIRE architecture, GLIF 3.4 is semantically extended by a top-level layer named Medical Knowledge Layer.


The components involved in the “Intelligent Semantic Based Clinical Decision Support System based on Clinical Guidelines” implemented for the HPA in SAPHIRE can be summarized as follows:
· Guideline Repository: In the SAPHIRE architecture the clinical guidelines are defined in GLIF. After the guidelines are defined in the extended model described above, they are stored to the “Guideline Repository”. The Guideline Repository is in fact an ebXML registry ‎[7]. The Guidelines are registered to the registry by annotating them with ICD10 disease codes, so that they can be discovered easily. 
· Guideline Assignment Tool: The Guideline assignment Tool facilitates the assignment of appropriate guidelines to patients, by searching them from the Guideline Repository. The assignment information is stored to the SAPHIRE repository for further use. 
· SAPHIRE Repository: SAPHIRE Repository is a central repository for SAPHIRE components to share information. 
· Service Registry: In the SAPHIRE architecture, the Web services exposing sensor data and Medical Web services that allow us to interact with clinical information systems are published to Service registries through their semantics.
· XDS Registry: In SAPHIRE architecture the EHRs of the patients are registered to XDS Registry and Repository. In this way it is possible to locate the Electronic Healthcare records based on their semantic category. 
· Agent Factory Agent: The Agent Factory Agent is mainly responsible for specializing the Guideline definition to a patient, and creating the Guideline Agent which will execute the clinical guideline. It discovers the real implementations of the services of medical and sensor services and the document identifiers of the EHR documents of the patients, so that the guideline definition becomes ready to be executed. 
· Guideline Agent: The guideline agent is the main entity which executes the Clinical practice guidelines. The Guideline agent processes the specialized guideline definition and executes the activities specified in the guideline definition. It can be though as the enactment engine for the clinical guideline. The guideline agent exploits several modular handlers to achieve this responsibility. 
· EHR Agent: The EHR agent functions as the gateway to access and extract clinical data from the Electronic Healthcare records of the patient. EHR Agent is modelled as a separate agent, to abstract the access to EHR from other agents. Currently in the SAPHIRE architecture the main mechanism for sharing EHR documents is IHE XDS Registry/Repository architecture. The EHR agent is capable of communicating with IHE XDS Registry/Repository to retrieve the EHR documents. 
· Ontology Agent: The SAPHIRE architecture is capable of reconciliation of semantic interoperability problems while accessing the resources of healthcare institutes. In the extended guideline model patient data references are modelled in a reference information model based on HL7 RIM. It is possible that the medical Web services, the sensor data, and the EHR documents use different reference information models, and clinical terminologies. Through Ontology Agent this semantic interoperability problem is solved [8,9]. 
· Monitoring Agent: While the guideline is executed, the current status of the guideline execution is sent to a specific agent which we call Monitoring Agent. Monitoring Agent provides an interface to the Clinical Practitioners to visualize the execution of the guideline. 
· Alarm Distribution Agent: While the guideline is executed, several alarms, notifications, reminders may need to be issued to medical practitioners, and when necessary to the patient relatives. In such cases the alarm message and the role to whom the message should be delivered to an agent, the Alarm Distribution Agent, which is specifically designated to distribute these messages to the necessary recipients in the most efficient and reliable way. 

In terms of security and privacy of the sensors and patients data, Bluetooth transmission was used. Compared to other wireless protocols, Bluetooth has several mechanisms that make it less vulnerable to attacks: pairing with the gateway, single master – slave connection, frequency hopping. For the real time viewer, we used Java Messaging Service and encrypted the sensor data using the SSL protocol. These methods proved to be safe and feasible.
5. Developments

The Hospital Pilot was developed within the SAPHIRE architecture with the following main components: 
· HPA Sensors Network;
· HPA Interoperability Platform;
· HPA Clinical Decision Support System: Agent assignment + Agent Factory component; Clinical Guidelines Models; Alarms sending component; Support Interface for Doctors; Sensors Data Real Time Visualization Interface; 
· HPA EHR; 
· WebMedicalServices Interfaces;
· Med. Analyses Explanation Software Packages (ECG / Cardionics);
· Security and Confidentiality component;

The design of the HPA general architecture is depicted in Figure 1.
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Figure 1. General HPA architecture
6. Results and case description
During the HPA, 50 patients have completed the execution of at least one guideline, with generation of the final report. From the 50 patients analysed, 35 were males (70%) and 15 were females (30%). Age of the patients varried between 35 years and 81 years (mean age 58±6.25 years). According to the admission diagnosis, 48% of the enrolled patients had non ST-segment elevation ACS, while the remaining 52% had ST-elevation acute myocardial infarction (STEMI). 

The SAPHIRE Platform for HPA generated alerts, executed guidelines and performed a clinical decision support system for all the patients included.
We have noticed that most of the artifacts came from the ear sensor for oxygen saturation (pulseoxymeter), due to high sensitivity of this sensor to movement of the patient Many of the alerts came from the event button, most of them real alerts from the sensors point of view, but many generated by over-perception of non-cardiac chest pain in patients with acute myocardial infarction admitted in hospital. For the ECG sensors alerts, there were also a high number of alerts, with 1 in 5 alerts being artifactual (movement, lead displacement, aso), which was similar to other monitoring systems described in literature for continuous ECG monitoring. 

Types of sensors alerts according to the urgency level were classified into: red alerts (39% of the total alerts received) = highly urgent, telephone SMS message + e-mail report ; yellow-alerts (61%) = intermediate urgency, e-mail report only.


The main purpose of the Hospital Pilot was to demonstrate execution of the clinical guidelines and functionality of the Intelligent Clinical Decision Support System. For each patient, at least one guideline out of 4 guidelines modelled after the European Society of Cardiology Guidelines [10,11] was executed during the monitoring, according to the alerts and data generated by the sensors or coming from the EHR database or simply assigned to the patient.


The execution summary for the guidelines models were described with detailed steps in final reports for all patients. We shortly exemplify the steps of guideline execution for one patient included in the SAPHIRE HPA:

“EXECUTION SUMMARY (Patient ID : 1310110340028)

The monitoring process has been governed by mainly the following guideline execution decisions:

* "Check Other Risks" decision step has been evaluated favoring "Default Step".

* "Cardiac Troponin Is Elevated ?" decision step has been evaluated favoring "Default Step".

* "Coronary Angiography" decision step has been evaluated favoring "Default Step".

* "Asthma OR Acute Heart Failure OR AV Block" decision step has been evaluated favoring "Default Step".

* "Check Bleeding History" decision step has been evaluated favoring "Default Step".

* "Heart Rate > 60 bpm?" decision step has been evaluated favoring "HeartRateGraterThan60bpm".

* "Check Long Term Risk" decision step has been evaluated favoring "HasLongTermRisk".

* "High Risk ?" decision step has been evaluated favoring "HasLongTermRisk".”

There was a 12% artifacts rate in the execution of the guidelines engine, which was quite acceptable for a pilot system. All alerts received from the SAPHIRE Platform were medically validated before being applied to the patients.

Upon completion of the monitoring, patients and also medical staff were asked to fill-in feedback questionnaires regarding the use of the SAPHIRE system. While patients felt more safety and better care while monitored, the doctors and nurses also recognized an educational and quality control role of this application, in implementing standardized care and also in follow-up of severe in-hospital patients using wireless monitoring.
7. Business Benefits

SAPHIRE employs wireless sensor systems that represent the state of the art, as far as they are available off the shelf. SAPHIRE goes beyond being a simple monitoring system by employing clinical decision support systems that support the clinical staff by drawing conclusions based on clinical guidelines, which are applied to the medical data gathered from the wireless sensors. Agent technologies are used to implement the decision support system.


The success of SAPHIRE resides in the integration and representation of the data gathered by the wireless sensors. 

Current Decision Support Systems in the market mostly concentrates on the Electronic Health Records of the patients.  Integration of EHR data with the lab results and diagnosis is common in most of them. Interoperability is achieved through interfaces to legacy systems.  Web and handheld access is a portability enhancement that adopted by many of the products in the market. Decision making in these systems is generally manual, in which the decision parameters are entered by the user. Another point is that, use of clinical guidelines in current products is limited and not exploited to full extent. Some of the products in the market present and utilize clinical guidelines; however automated execution is not available in any of these systems. In addition to these, as mentioned above, most of these systems are based on EHR which are not updated very punctually; therefore naming these systems as real-time is questionable. The SAPHIRE Platform could be adapted to various EHR types, as there is large heterogeneity in the current concepts and availability of medical records databases at present. Also, it can be adapted to various clinical guidelines models built from medical texts based on the principles used in this project.

The Intelligent Decision Support System of SAPHIRE fits most of the shortcomings of current decision support systems.  First of all, the system does not deal with only EHR of the patient. In SAPHIRE, real time data retrieved from wireless medical sensors is analyzed and fed to the system. This sensor data is indispensable in decision mechanism of SAPHIRE. Automatic guideline execution mechanism of SAPHIRE constitutes a major innovation over the current products in the market. Moreover, decisions made as result of script execution, the parameters of which are retrieved automatically are not common in the industry. Interoperability in SAPHIRE is considered in depth, in which both semantic level and device level interoperability are taken into account. Generic ways to access patient records and sensor data is applied. Therefore, SAPHIRE Intelligent Decision Support System is not bound to any specific product or tool, thus interoperable. These strengths indicate a huge potential in SAPHIRE Intelligent Clinical Decision Support System to fill the current gaps in the market. The SAPHIRE Platform is a prototype that can be developed for the market if adapted to different largely used EHRs and if suitable sensors can be adapted for in-hospital or outpatient use.
8. Conclusions 
The Hospital Pilot Application of the SAPHIRE study fulfilled its scope to demonstrate feasibility, efficiency and functionality of the SAPHIRE architecture on real acute cardiac patients. Execution of the clinical medical guidelines that was the main endpoint for this pilot, with generation of clinical recommendations and prescription were successfully completed and medically validated. 

The perception of the system by the patients was generally favourable, in the sense that they felt more safe and better taken care of when using this system in hospital. The medical staff was even more satisfied with use of the system, admitting decrease in burden of hospital duties and real educational role of the application (end-users questionnaires).


The Hospital Pilot Application of the SAPHIRE system demonstrated feasibility and usability of wireless intelligent in-hospital monitoring of acute cardiac patients, integrating the sensors and EHR patient data with the European Society of Cardiology Guidelines, with generation of clinical decision support recommendations. Extension of this application to general in-hospital system is the further step to be achieved [12]. Difficulties encountered while performing this demonstration had to do with complexity and diversity of clinical and paraclinical medical data, with artifacts generated by the wireless medical sensors and also to speed of transmission, generation of messages and validation of medical actions and, not the least, with medical ethics aspects (security and privacy of data). Any future application or project in this field should deal with the particularities of healthcare in emergency in-hospital settings. This system might also be exploited to be used on pre-hospital premises (for example ambulances), where rapid decision and action needs to be combined with state-of-the art medical knowledge, for the benefit of the patient.

In the end, the future aim of this project’s development for the hospital monitoring systems will be to provide continuous feedback to the physicians that will be patient-specific and guideline-oriented, to provide optimized, European standardized medical care. The system could not only reduce the workload in the hospital and also diminish probability of human error, but could also in future ensure reduced medical costs by cutting down intensive care days and complex diagnostic investigations or therapeutic approaches where these are not necessary. 

The Hospital Pilot Application of the SAPHIRE Project was a succesfull, unique demonstration of medical information systems’ application in an emergency hospital setting, providing multiple functions, with large exploitation potential and major innovation in clinical guidelines modeling.
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