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Abstract

Background: Analytics-as-a-service (AaaS) is one of the latest provisions emerging from the cloud services family. Utilizing
this paradigm of computing in health informatics will benefit patients, care providers, and governments significantly. Thiswork
isanovel approach to realize health analytics as servicesin critical care unitsin particular.

Objective: To design, implement, evaluate, and deploy an extendable big-data compatible framework for
health-analytics-as-a-service that offers both real-time and retrospective analysis.

Methods: We present a novel framework that can realize health data analytics-as-a-service. The framework is flexible and
configurable for different scenarios by utilizing the latest technologies and best practices for data acquisition, transformation,
storage, analytics, knowledge extraction, and visualization. We have instantiated the proposed method, through the Artemis
project, that is, a customization of the framework for live monitoring and retrospective research on premature babiesand ill term
infantsin neonatal intensive care units (NICUS).

Results: We demonstrated the proposed framework in this paper for monitoring NICUs and refer to it as the Artemis-In-Cloud
(Artemis-IC) project. A pilot of Artemis has been deployed in the SickKids hospital NICU. By infusing the output of this pilot
set up to an analytical model, we predict important performance measures for the final deployment of Artemis-IC. This process
can be carried out for other hospitals following the same steps with minimal effort. SickKids' NICU has 36 beds and can classify
the patients generally into 5 different types including surgical and premature babies. The arrival rate is estimated as 4.5 patients
per day, and the average length of stay was calculated as 16 days. Mean number of medical monitoring algorithms per patient is
9, which renders 311 live algorithms for the whole NICU running on the framework. The memory and computation power required
for Artemis-1C to handle the SickKids NICU will be 32 GB and 16 CPU cores, respectively. The required amount of storage was
estimated as 8.6 TB per year. Therewill always be 34.9 patientsin SickKids NICU on average. Currently, 46% of patients cannot
get admitted to SickKids NICU dueto lack of resources. By increasing the capacity to 90 beds, all patients can be accommodated.
For such a provisioning, Artemis-IC will need 16 TB of storage per year, 55 GB of memory, and 28 CPU cores.

Conclusions:  Our contributions in this work relate to a cloud architecture for the analysis of physiological data for clinical
decisions support for tertiary care use. We demonstrate how to size the equipment needed in the cloud for that architecture based
on avery realistic assessment of the patient characteristics and the associated clinical decision support algorithms that would be
required to run for those patients. We show the principle of how this could be performed and furthermore that it can be replicated
for any critical care setting within atertiary institution.
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Introduction

Over the past few decades, our society hastransitioned to astate
where bottlenecks have shifted from alack of datato limitations
in extracting meaningful knowledge from an abundance of data
and subsequently using that knowledge to drive decisions. This
data-rich, knowledge-poor oxymoron is particularly true in
computationally driven clinical decision support systems
(CDSSs), where advances in automated high-throughput data
acquisition and electronic health records (EHRs) have yet to be
translated into knowledge extraction [1].

Adoption of EHRs and systematic collection of physiological
data by health care providers were predicted to vastly improve
the efficiency and quality of patient care [2]. Unfortunately,
despite advancesin data collection and storage, these gains have
yet to be realized [3,4]. One reason for this failure is that our
power to utilize complex, large-scale datasets to generate
knowledge and inform clinical decisions remains limited. For
example, while CDSSs have existed for decades, they are mostly
limited to local alert systems and (data-oblivious) agent-based
suggestions that rely on hard-coded criteria.

Recently, enabled by cloud computing Web services, advanced
analytics methods have been applied and utilized acrossawide
spectrum of health care settings for many purposes. Cloud
computing has specia features for clients (eg, radiologists,
physicians, researchers, and patients), aiming to reduce the
burden of heavy investments and to utilize resource outsourcing,
software, hardware, automated resource management, parallel
computing, virtualization, and utility computing [5]. The
objectives of such usage include improving patient care,
augmenting less-sophisticated rules-based systems, analyzing
continuous feeds of physiological data, optimizing financial
processes, and resource utilization [6].

Health analytics offers many different methodsfor the potential
improvement of patient care [7]. For example, one predictive
risk assessment platform involves using risk assessment
analyticsto process EHR datato identify patients at the greatest
risk for utilizing more resources than their peers with the goal
of improving patient outcomes and managing costs. The EHR
data were input into a common data model that was then
processed by various analytic techniques to stratify patients as
“high risk” [8]. Another method described in the literature
focused on the potential value of aggregating data enhanced
with real-time analytics to provide point-of-care information to
oncologists that was tailored to individual patients [9]. One
group reported the application of predictive analytics for better
targeting of disease management and innovative patient care
approaches, while also warning of the unintended consegquences
that may arise such as excluding disadvantaged populations
[10]. Unlabeled and free-text databases such as mammaography
data can be transformed into computationally accessible

http://medinform.jmir.org/2015/4/e36/

collections that are usable for large-scale health analytics
[11,12]. Analytics can supplement real-time analysis of
physiological data streams in the neonatal intensive care unit
(ICV) for earlier detection of worsening medical conditions
[13].

Analyticsis also utilized in health care applications outside of
thetraditional inpatient and outpatient patient care settings, such
aswearable monitorsthat patients use at home. Wearable health
monitoring systems consist of a variety of sensors, actuators,
and multimedia devices, and enable low-cost, noninvasive
options for continuous monitoring of health, activity, mobility,
and mental status, both indoors and outdoors [14]. Thus,
wearable monitoring systems provide continuous physiol ogical
data that may reflect the general health of the monitored
individuals. The use of wearable sensors in health monitoring
systems is an emerging health care field that necessitates data
mining and analytics of physiological measurements in a
nonclinical setting [15]. Such health monitoring systems may
reduce health care costs by disease prevention and enhance the
quality of life with disease management and can be tailored to
specific uses such asintelligent health monitoring of the elderly
individual sin nursing homes and for individual swith dementia
or Parkinson’s disease [16,17].

Theserich sources of data a ong with af orementioned analytics
capabilities have potential for an increased understanding of
disease mechanismsand better health care; however, thevolume,
velocity, variety, veracity, and value of medical data (ie, big
data characteristics) present many challenges that limit the
effectiveness of outcomefor all stakeholders[8]. Onepromising

solution that addresses al these barriers is the
Health-Analytics-as-a-Service (HAaas) paradigm.
Analytics-as-arservice (AaaS), in general, is a new

“as-a-service” and it is more than just simplifying access to
technology. AaaS combines the on-demand aspects of cloud
computing with the democratization of information enabled by
big data analytics.

In this paper, we present and evaluate a cloud-based reference
framework for providing HAaaS for both real-time and
retrospective analysis. The framework has the capability to
provide all 4 types of analytics, that is, descriptive, predictive,
prescriptive, and discovery [18], in a service-oriented fashion.
It leverages the latest technologies and best practices for big
dataanalyticsand al so utilizesthe security and privacy measures
appropriate for health and medical data. The architecture has
been realized (or customized) for neonatal intensive care units
(NICUs) at The Hospital for Sick Children (SickKidsHospital)
in Toronto and is known as the Artemis project. We have also
developed an analytical model for evaluating the performance
and availability of an Artemis-IC platform in preparation for
migrating Artemis to Artemis-IC. We discuss the important
aspects of the system performance and capacity planning
process. Themain functionalities of the framework are presented
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via one of our developed algorithms (ie, Sepsis disease
detection). We also present a high-level security and privacy
schemafor theframework that can be customized and extended
for different health applications and use cases. We show the
principle of how this could be performed and show that it can
be replicated for any critical care setting within a tertiary
institution that has critical care.

Methods

In this section, we highlight the functional and nonfunctional
characteristics of the framework. Two editions of the framework,
research and clinical editions, are designed in such away that
support acquisition and storage of physiological dataaswell as
clinical information, for example, EHR, for the purpose of
real-time/retrospective analytics and visualization. The
framework is capable of gathering physiological data from a
vast variety of medical devices and transfers them in a secure
way toward the back-end system residing on the cloud.
However, anonymization and potential trandlation are in order
before data |eave the hospitals.

The framework has an interface for communication with each
hospital’s clinical information management system to obtain
complementary information (eg, admission information,
laboratory test results) of patients. The framework utilizes a
hospital interface, which facilitates the management of hospitals
connectivity invarious geographic locations. A hospital interface
can also be used for “extract, transform, and load” (ETL)
purposes as well as load balancing.

Even though the research edition is for retrospective analysis
and historic data visualization, it is capable of medical rule
deployment and real-time analytics. Thisisonly for testing the
new and modified medical rules before undergoing further
assessment and auditing. By contrast, the clinical edition was
specifically designed for real-time monitoring/visualization,
and here human domain experts deploy new or modified medical
rules after being extensively validated and certified.

http://medinform.jmir.org/2015/4/e36/
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Research Edition

Researchers are the main users of the research edition (RE).
Thisedition can be considered as acomprehensive sol ution that
facilitates retrospective analysis on large numbers of patient
data from different places. In addition to real-time analytics
capabilities, the RE isableto provide at-rest analyticsfor stored
data. Incorporating abig dataanalytics solution, that is, Apache
Hadoop, offers great power of anaysis as well as persistent
storage. More specificaly, the RE provides clean and
ready-to-process medical data (ie, physiological, medical,
laboratory, and other complementary data) along with the tools
from the Hadoop ecosystem for the researchersto perform their
analytics much easier than in the past. Researchers may apply
knowledge discovery techniques, for example, tempora data
mining [13], machinelearning, and statistical modeling, against
vast amounts of stored data and find new rules that may help
earlier detection of diseases. Such new rules or modified
parameters can be deployed to the real-time analysis framework
seamlessly. As can be seen in Figure 1, four distinct processes
can beidentified in the research edition framework.

1. Data Ingestion: A process that makes sure that RE stores
all relevant data in the Hadoop-based platform.

2. DataEnrichment: Historical context that isgenerated from
the data analytics component to bootstrap analytics and
enrich incoming data on real-time processing component;
more specifically, patient medical data or other related
persistent data to enrich the live physiological data during
the online processing.

3. Adaptive Analytics. Modelsthat are generated by analytics
such as data mining, machine learning, or statistical
modeling in Hadoop platform used as basis for analytics
on incoming physiological datain the real-time component
and updated based on online observations.

4. Data Misualization: A process that visualizes data and
information for different types of users.

In the “ Sepsis Case Study” section, we elaborate the data flow
and processing steps of the RE in which we describe one of our
developed algorithms for detecting sepsis in neonates.
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Figure 1. General architecture of the framework (research edition).
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Clinical Edition

Clinicians, nurses, specidists, and other authorized hospital
staff may use the clinical edition (CE; see Figure 2) to monitor
their patientsin amuch more effective manner inreal time. The
CE can be considered asa CDSS that can continuously monitor
a large number of patients simultaneously and automatically.
Thisedition is capable of monitoring large numbers of patients
physiological/clinical dataand producing appropriatealarmsin
case of any medical complication onset. In addition, it can
visualize aspecific patient’s data either live or historically back
aweek or more. The ontology for the collection of high-speed

http://medinform.jmir.org/2015/4/e36/

synchronous physiological data provides a standardized
terminology for acquired physiological data, including
measurement metrics, sampling frequency, and acceptable
ranges for the received values [19]. As with the collection of
physiological data, asynchronous clinical data collection is
supported by an ontology that specifies acceptable ranges for
the collected values. Examples of clinical data include age,
gender, medical history, and laboratory results. The core of the
CE is a streeam computing middleware component, which
provides scal able processing of multiple streams of high-volume,
high-rate data.
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Figure 2. General architecture of the framework (clinical edition).
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High-Level Security and Privacy Schema

In this section, we present a high-level security architectural
view of the framework. The details and implementation could
vary depending on circumstances and applications. As can be
seenin Figure 3, hospitals and research institutes are connected
to the framework back end through secure channels. Two
firewalls have been designed to isolate the framework from the
outside world sequentially. The outer one separates the proxy
server (ie, framework gateway), which isthe edge server of the
framework from the Internet. The inner firewall isolates the
core of framework from the proxy server. Depending on the
granularity of health analytics services, different type of users

Figure 3. Security and privacy perspective of the Artemis-1C framework.
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Tailoring of the Method for Monitoring Premature
Babies

Premature birth, also known as “preterm birth,” is defined as
birth before 37 weeks' gestational age. It has been identified as
one of the most important perinatal health problems in
industrialized nations. NICUs internationally provide critical
care for premature and ill term infants. Premature infants in
NICUs can be as young as 23 weeks' gestation [20].

Vital organ monitoring together with ventilation support and
nutrition or drug titration through smart infusion pumps all
generate large volumes of data at high frequency. An
electrocardiogram (ECG) graph can be generated based on 1000
readings asecond. Heart rate, respiration rate, and blood oxygen
are displayed each second resulting in 86,400 readings each
day. A premature newborn infant’s heart beats more than 7000
times an hour, which is approximately 170,000 timesaday. Yet
traditional charting protocols, whether documented on paper or
within an EHR, typically enable the persistent storage of one
value per hour of an indicative heart rate for that hour. A
newborn infant’s neurol ogical function could also be monitored
resulting in multiple waveforms each generating tens of millions
of data points per patient per day. Drug and nutrition infusion
data from smart infusion pumps can be more than 60 different
fields provided every 10 seconds. Given that these infants can
have morethan 10 infusions concurrently, infusion can generate
more than 1 GB of drug infusion data from a single patient per
day [21].

We propose acustomized version of theframework, Artemis-IC,
for monitoring preterm/surgical babies a NICUs. The
Artemis-IC provides HAaaS for concurrent multipatient,
multistream, and multidiagnosis through temporal analysis to
support real-time clinical decision support and clinical research
[22,23]. We deployed a pilot project by implementing
Artemis-IC at Toronto's SickKids hospital and proposed an
analytical model [24] to enable performance evaluation and
capacity planning in advance of final deployment. In addition,
there is another pilot of the Artemis-IC at Women and Infants
Hospital of Rhode Island (WIHRI), which is collecting
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physiological data for analytical and simulation modeling
purposes. Figure 4 shows the customization and tools that we
employed to deploy Artemis-IC framework in SickKids
Hospital. As IBM is one of the partners in this research, we
used IBM products to implement the framework.

To date, these environments (ie, SickKids and WIHRI
deployments) support clinical studies on late-onset neonatal
sepsis [22,25]; apnea of prematurity, in which the infant
experiences pausesin breathing and reductionsin heart rate and
blood oxygen saturation [ 26]; retinopathy of prematurity, which
can result in permanent blindness [27]; and pain [28].

Clinicians and researchers are leading these studies from
different institutes toward the certification and formal approval
of the medical algorithms. Algorithms for the Artemis-IC
platform are devel oped either using data mining techniques that
have not previously been detectable, such as our work on
late-onset neonatal sepsis [22,25] or identifying patterns
described in the medical literature using automated methods
such as our work on apneaof prematurity [26]. Thesea gorithms
arevalidated in robust clinical trials before being used to provide
decision support for clinicians. For example, the clinical rule
states that “If a pause in breathing occurs for greater than 20
seconds, or apausein breathing that is associated with achange
in heart rate, or blood oxygen saturations happens,” then a
reportable condition of apneais present [26].

The current Artemis-IC implementations at SickKids and
WIHRI have no impact on bedside care, as yet. We are
comparing analytical results with current clinical observation
and treatment practices to discover new patterns in real-time
physiological data that could lead to the earlier detection and
prevention of various diseases [26]. From first quarter 2015,
we plan to deploy new research where we will be able to
comparetheresults of using Artemis-IC with clinical outcomes
using current clinical practices. Some of the algorithmsthat we
have validated when they were running in parallel are due to
be certified in 2015/2016 and will be deployed in target clinical
institutions. We plan to provide experimental evaluation from
multiple deployments of the Artemis-1C in our future reports.
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Figure 4. Artemisdeployment at SickKids Hospital.
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Sepsis Case Study

In this section, we elaborate the interactions between the main
components of Artemis-IC for sepsis detection. Sepsis is a
potentially life-threatening complication of an infection, which
causes whole-body inflammation. In addition to real-time
detection, we also demonstrate the knowl edge extraction process
in detail. The Unified Modeling Language (UML) sequence
diagram shown in Figure 5 illustrates all steps including data
acquisition, online detection, temporary data storage, persistent
data storage within the big data platform, knowledge discovery,
knowledge trandation, and rule deployment.

Initially, multiple concurrent physiological data streams along
with related clinical data are received by the hospital interface.
Data are sent to the physiological and clinical database viathe
stream-computing platform. At the same time, the
stream-computing platform runs the current deployed medical
rule for sepsis detection. Upon patient discharge, their data
including physiological and clinical datawill beloadedintothe

http://medinform.jmir.org/2015/4/e36/

IBM InfoSphere Biglnsights 3.0
Cluster of Machines on Cloud

big data platform by the relational database management system
(ie, bulk move). Temporal abstractions (TAS) are then performed
for the specific service of critica care, in this case sepsis
detection, which involves (1) reading from the clinical rules
and physiological/clinical tables, and (2) writing the patient TA
to the TA table. Temporal data mining then can be performed
on the TA results, possibly resulting in updates to the clinical
rule table, after null hypothesis-based testing or other rule
assessment, for example. Note that the resulting clinical rules
are modeled in a UML concurrent activity diagram [19]. The
rule modifier is notified of a rule modification and translates
the UML representations of the new clinical rule to stream
processing language (SPL) based on the SPL mappings active
ontology. Finaly, the new rule can be deployed on the
stream-computing platform for upcoming real-time analysis.
Notethat the rule deployment on the Artemis-1C clinical edition
will be performed under supervision of domain human experts
as opposed to here where we consider the Artemis-IC research
edition.
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Figure5. UML sequence diagram of sepsis detection and temporal data mining steps.
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Quiality of Service

As the framework has a service-oriented architecture (SOA),
the quality of service (QoS) is of great importance. To assign
the proper amount of resources to each hospital, we present a
method to create an analytical model to enable an accurate
estimation of storage, memory, and computation power for the
real-time health anal ytics components and retrospective analytics
components. The model utilizes redlistic patient population
distribution that is based on gestation age characteristics and
condition onset probabilities within those contexts. Both of
these variables dictate the predicted length of stay for that infant.
Inthefollowing section, we present the model within the context
of SickKids hospital. In future work, we will do this for other
hospitals before deployment. We also leave performance
modeling of the research edition as our future work in which
we concentrate on another type of users of the framework (ie,
researchers).

Analytical Modeling of the Method

The analytical modeling of Artemis-IC deployment at SickKids
hospital’s NICU is required before any deployment because
critical care units (CCUs)/ICUs are different in terms of types
of patients, arrival process of patients, mean hospitalization
time, type of services, required QoS, etc. Figure 6 shows the
patient journey inthe NICU at SickKids hospital. SickKids has
36 NICU bedsincluding different types of patients. Depending
on the type of patients, different numbers of algorithms for
various periods will be triggered.

After discharging of a patient, a new patient will be submitted
to NICU in 4-6 hours. Fifty percent of patients are term babies
who are referred to SickKids for surgical purposes. Surgical
babies stay in hospital for 5 days approximately, and 8 medical
algorithms will be applied for after-surgery monitoring. The
rest of patients, that is, preterm babies, are classified into three
categories: babies who are born at 32-35, 27-32, and 23-27
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weeks of their gestation age. The first group (ie, 30% of the
patients) will be monitored by at most 8 medical algorithmsfor
amean period of 8 days. The second group (15%) of preterm
babies will be monitored by 10 or fewer algorithms for an
average time of 1 month. The third group is divided into two
subclasses depending on medical conditions: 80% of thisgroup
(ie, 4% of the whole population) needs to be monitored by 20
or more algorithmsfor 4 months, and 20% (ie, 1% of the whole
population) needs to be monitored by 20 or more algorithms
for approximately 6 months. As Figure 6 suggests, SickKids
NICU can be modeled as a single heterogeneous finite queue
with multiple servicefacilities. Each type of patient hasdistinct
characteristics in terms of length of stay and number of
algorithms. Algorithms are also different in terms of required
computational resources.

The SickKids NICU receives more admission requests than it
has space for and prioritizes neonatal surgical patients. Other
patients aretypically redirected to either Sunnybrook Hospitals
or Mount Sinai Hospital’s NICU when SickKids is operating
at or near capacity. The total number of bed spaces available
for admission is thus 118, with 40 and 42 of these spaces
available at these other 2 hospitals, respectively. We model the
Artemis-IC platform asan M/G/m/m queuing system (M stands
for Markovian, ie, Poisson), which indicatesthat theinterarrival
time of patient’s arrival is exponentialy distributed with the
mean value of A while patients' resident time at NICU is
independently and identically distributed random variables that
follows a general distribution. The system under consideration
contains m servers (ie, bed spaces) that renders service in order
of patients arrivals (first-in-first-serve [FIFS]). The capacity
of system ism, which meansthereisno extraroom for queuing
patients. As the population size of newborns is relatively high
while the probability that a given newborn baby to be preterm
is relatively small, the arrival process can be modeled as a
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Poisson process. The details of the performance modeling can
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be found in [24].

Figure 6. Types of patients and their medical service path at SickKids NICU.
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Results

The analytical model has been implemented in Maple 17 [29]
in order to obtain the numerical results. First, we characterize
the performance metrics for the current configuration of
Artemis-IC at SickKidsthat was described earlier in the section.
Table 1 showsthe performance metrics and important exogenous
parameters. The average length of stay for patients is 16 days,

http://medinform.jmir.org/2015/4/e36/

RenderX

and each patient requires 9 algorithms on average on the stream
computing platform (ie, IBM Streams). The mean number of
monitored patients (ie, occupancy rate) is 34.9, so that 311
algorithms will be running on Streams. Each algorithm is
consuming approximately 110 MB of memory, which indicates
the requirement of at least 32 GB of memory for the
stream-computing cluster. Note that this amount of memory is
just for application hosts and the management hosts require at
least 2 GB more of memory.
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Table 1. Configuration parameters and performance metrics for current capacity of SickKids NICU.

Parameter Value
BedsinNICU, n 36
Patient arrival (patient/day), mean rate 45
Length of stay for patients (days), mean 16
Number of algorithms for 1 patient, mean 9

All running algorithms on Streams, n 311
NICU’s service (patient/day), rate 0.062
Blocking probability 0.455
Number of patientsin NICU, mean 34.9
Memory per algorithm, mean MB 110
Required memory on Streams cluster, GB 32
Required CPU cores for Streams cluster, n 16
Required storage for a patient’s data (per day), MB 700
Required storage on Biglnsights cluster (per year), TB 8.6

As can be seen in Table 1, the amount of minimum storage for
the Hadoop cluster (ie, Biglnsights cluster) to only support the
accommodation of raw physiological datafor 1 yearis8.6 TB.
Depending on the data schema design on the Bigl nsights cluster,
additional storage might berequired for the metadata. Moreover,
the storage required for nonphysiological data such as patient
information, laboratory results, and other related medical data
should be added on top of this calculation.

Figure 7 showsthe amount of storagefor the Biglnsights cluster,
for 10, 36, 50, 60, 70-120 beds in the NICU. Note that this
amount isonly for raw physiological dataacquired from NICU.
The amount of storage increases linearly with respect to NICU
capacity up to 60 beds. Then between 60 and 80 beds, it is
increases sublinearly and in the end flattens. After reaching the
capacity of 90 beds, the amount of required storage remains
unchanged, which indicates that the NICU entered into the
unsaturated regime and can accommodate al new patient
arrivals. In other words, for 1 year, 16 TB of storageissufficient
for the SickKids NICU regardless of NICU’s capacity (ie, the
number of bed spaces).

We are also interested in studying the number of patients who
get blocked, that is, redirected to another NICU, due to the
capacity limitations of the NICU of interest. To this end, we

http://medinform.jmir.org/2015/4/e36/

characterize the blocking probability for the NICU with the
capacity of 10-120 beds. As can be seen in Figure 8, for the
current capacity of SickKidsNICU (ie, 36 beds), 46% of patients
get blocked. However, by increasing the capacity to 150 beds,
the blocking will be less than 1%.

We also investigated the amount of memory and computation
power for the stream-computing cluster for different
configurations. Figure 9 shows the trend of required memory
and number of CPU cores with respect to number of beds. For
up to 70 beds, thereisalinear dependency between the required
memory and capacity; however, results show 60 GB of memory
suffices for the Streams cluster based on these arrival and
departure rates.

Our calculation for computation power isbased on the standard
CPU cores, that is, 2.00-GHz core, on IBM Softlayer
cloud-based servers [30] and our experiments, which revealed
that for each 20 algorithmswe need a dedicated CPU core. The
trend for computation power is amost similar to memory,
explained above. We shall repeat the fact that these amounts of
memory and computation power are just for application hosts.
Depending on the deployment of management servers, extra
resources might be needed.
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Figure 7. Required storage for Biglnsights cluster for different configurations.
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Figure 9. Required memory and computation power for Streams cluster for different configurations.
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Discussion

Principal Considerations

We have described and evaluated the design, implementation,
and pilot deployments of a framework that provides health
analytics as services. This framework can be considered as a
general architecture that can be tailored for different use cases
inthe health informatics domain. One such customizationisthe
Artemis-IC project that provides a way for clinicians to have
online, real-time execution of the clinical rulesin an intensive
care environment. Moreover, Artemis-IC provides researchers
with arich set of easy access data and analytics tools by which
knowledge discovery will be much more attainable than in the
past. Because Artemis-IC'starget environments arecritical care
units, we have carried out extensive performance evaluation in
order to guarantee expected quality of service and a high level
of availahility in particular. This work has three main aspects
to be compared with similar works in the area, namely, data
collection, real-time, and retrospective analysis. Inthefollowing
sections, we compare our research to related work with regard
to these three aspects.

Data Collection

Collection of the physiological data is the first step in the
development of a CDSS. As technology has progressed, the
amount of physiological data as well as clinical information
about patients, for example, EHR, hasgrown significantly [31].
Assuch, developing systemsthat record these data securely and
at a suitable sampling rate and make them highly availableisa
research topic on its own [26,32,33].

http://medinform.jmir.org/2015/4/e36/

Sukuvaaraet al [34] devel oped asystem called Datalog, which
would connect to bedside monitors through an RS232 serial
interface to collect physiological signalsevery 5 seconds. They
performed some trending analysis on the signals and combined
it with heuristic “if-then” rules to create a knowledge-based
alarm system. However, capturing a data point once every 5
seconds is not enough to implement complex algorithmsin the
real-time environment, which is a part of our solution. In
addition, only numeric signals are collected with Datal_og, and
no waveform data are captured, which is an important
component of detecting conditionsin real time.

Moody et a [35] developed customized software to log the
signals coming from the Hewlett Packard content management
system (Merlin) bedside monitors that were being used in the
medical, surgical, and cardiac ICUs of Beth Israel Hospital,
Boston, using a pair of RS232 serial interface cards in the
monitor and communicating the data to a standard personal
computer over a serid interface. They were able to record 3
ECG signals each sampled at 500 Hz and 4 or 5 other signals
sampled at 125 Hz, in addition to periodic measurements and
alarm messages. While the amount of data collected is
impressive, their approach was to strictly record and store the
data for the purpose of retrospective analysis. There was no
functionality to serve the data for any online processing.

Saeed et d [36] designed a system that collected physiological
and clinical data from the information management system on
the hospital’s local area network for creating a temporal 1CU
patient database called MIMIC |I. They monitored patients
admitted to an 8-bed medical ICU and an 8-bed coronary care
unit. The physiological data consisted of 4 continuously
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monitored waveforms (2 leads of ECG, arterial blood pressure,
pulmonary artery pressure) sampled at 125 Hz, 1-minute
parameters (heart rate, blood pressure, oxygen saturation, and
cardiac output), as well as monitor-generated alarms. The
strength in their approach isthe ability to vary the presentation
of data depending on the specific type of research for which the
data are being used. Users of the database can extract adetailed
record of asingle signal, or more temporal analysis data from
many signals can be displayed in one view. However, thisability
to provide data temporally can be done only after considerable
preprocessing and data fusion and is inherently retrospective.

A pilot and customized implementation of our method (ie,
Artemis-IC) in SickKids Hospital is capable of collecting 15
datastreamsincluding 12 scalars (reading 1 integer per second)
and 3 waveform streams (reading 60 doubles per second) and
ECG (reading 512 double per second). In addition, the
Artemis-IC clinical information system (CIS) adapter interfaces
with the clinical information management system (CIMS) to
accessthe SickKids CIM S patient EHR and stream the datainto
the framework [22].

Real-Time Patient Monitoring

Current cutting-edge health informatics research projects aim
to discover new condition onset behaviors that are evident in
physiological data streams earlier than traditional detection of
conditionsin critical caredata[23]. To thisend, some hospitals
may participate in pilot programs that aim to collect rea-time
patient data from network-enabled monitoring devices. These
collected data are then analyzed to extract relevant temporal
behaviorsand usually stored for future datamining and analysis
operations.

Historically, physiological stream monitoring of ICU patients
has been provided by “black box” regulatory body-approved
medical devices located at the patients' bedside. While there
has been agrowing body of biomedical engineering and clinical
research over the past 20-30 years proposing newer approaches
for advanced physiologica stream monitoring, they till
predominantly have a physiological stream, clinical condition,
or patient-centric approach [37]. Zhang et a [38] have discussed
the implementation of a Health Data Stream Analytics System
caled the “Anesthetics Data Analyzer,” which has been
developed to provide anesthetists with the ability to monitor
and query trendsin physiological signals data, akind of stream
data from the health care domain.

The BioStream [39] research project was designed to support
the continuous monitoring of heart information of a patient on
top of ageneral-purpose stream processing software architecture.
The ECG wasthe main signal of interest. The goal of the group
was to develop the prototype and collaborate with a medical
institution on a pilot study. A Drexel University research team
set out to design a system that performed online continuous
processing of an ICU patient’s data stream and data capture to
perform offline analysis to develop new clinical hypotheses
[40].

As we propose a programmable component for the real-time
processing in our solution, it can be customized to track avast
variety of diseases simultaneously. This capability is in part

http://medinform.jmir.org/2015/4/e36/

Khazaei et a

because of acomprehensive data collection followed by efficient
ETL techniques that we employed in the design and
implementation process. Moreover, there exist five active studies
for developing and certifying medical algorithmsto be deployed
on the real-time component.

Retrospective Analysis and K nowledge Discovery

The taxonomy for analytic workflow systems has already been
presented [41]. Based on the taxonomy and a study of the
existing analytic software and systems, the authors proposed
the conceptual architecture of CLoud-based
Anaytics-as-a-Service (CLAaaS). They outline the features
that areimportant for CL AaaS as a service provisioning system
such as user- and domai n-specific customization and assistance,
collaboration, modular architecture for scalable deployment,
and service level agreement (SLA). We considered the
aforementioned outlined features for designing the proposed
framework in this work.

Analytics have been utilized in various aspects of health care
including predictive risk assessment, clinical decision support,
home health monitoring, finance, and resource allocation [6].
The proliferation of big data and analytics in health care has
spawned agrowing demand for clinical informatics professionals
who can bridge the gap between the medical and information
sciences.

John Tukey pioneered the use of exploratory dataanalysis nearly
four decades ago [42]. Various packages and languages that
support exploratory data analysis have been developed since.
Thisincludes S, S-Plus, R, SPSS, SAS, OLAPR, and MATLAB
[43,44]. A recent view of modern data exploration practicesis
available from Behrens and Yu [45]. All these approaches can
be used as the knowledge discovery engine in our proposed
architecture.

The retrospective analysis of previously persistently stored
physiological data through the determination and assessment
of TA-based qualitative behaviors from the analysis of
guantitative physiological data has been widely employed.
However, research is either physiological stream-clinical
condition or patient centric [1]. A structured approach for the
tranglation of the knowledge gained from this research, which
is predominantly statistical and sometimes more recently data
mining in nature, has been lacking [37,46].

One approach to the Software-as-a-Service utilizes the SOA
approach to software design where software services are made
available to the cloud through a series of Web services.
Examples of early work showing the potential for the use of
cloud computing in health care are emerging [11,47]; however,
these research efforts do not provide functional support to
critical care. McGregor [48,49] proposes a functional set of
Web services to support critical care as part of her solution
manager service as applied to health care. However, aspects
such as rule definition are not clearly defined within that
functional set. The application of cloud computing for the
provision of aservice of critical care supporting both real-time
patient monitoring and retrospective clinical research remains
an open research problem.
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Strengths and Limitations

One of the main strengths of our work is the openness of the
proposed framework. It is general enough to be applied to
various scenarios in health informatics. The stream computing
platform in the clinical edition can be programmed for
monitoring different types of patientsincluding but not limited
to neonates, children, adults, and the elderly in critical care
units, home, work, and even in transit. Any medical diagnostic
approach that can be described algorithmically can be deployed
and programmed on a real-time processing unit. Another key
strength of the framework is the modular design of the
architecture. In the research edition, any interested big data
solution can be utilized. For example, any Hadoop distribution
(eg, Cloudera[50], Hortonworks[51]) or other big dataanalytics
tools such as Spark [52] can be employed for different types of
retrospective analytics, provided that different types of analytics
such asmachinelearning, statistical modeling, batch processing,
interactive, streaming, graph, and in-memory anaysis are
accessible to researchers. In addition, our experience in
customization of the framework for the NICU revealed that it
could be deployed with minimum intervention with current
procedures and policies. For example, for ArtemisIC
deployment at SickKids we used only the spare port at the
bedside monitors. We also developed an interface to interact
with the clinical management information system to get the
EHR from the hospital. Moreover, the systematic performance
modeling can be easily extended or customized to support other
medical care units. Estimation and prediction of the appropriate
underlying infrastructure is no longer an unknown question.

Khazaei et a

However, there exist some limitations that need to be addressed
properly and according to the target deployment. First and
foremost is adopting appropriate privacy mechanisms for the
physiological and medical data. For Artemis-IC, we used a
simple deidentification technique that might not be compl etely
secure and efficient. We use this technique to enable a simple
reidentification process at hospitals. A more robust approach
may apply encryption and perform analytics on encrypted data
[53]. A second challengeisthe ETL process for physiological
data. Thisprocess should eliminate noiseinputsfromvalid data
efficiently; this is a research topic on its own [54,55]. Third,
the process of medical algorithms certification isacomplex and
time-consuming process that prevents acquiring actual benefits
out of the system in a timely manner. In other words, the lack
of standardization seemsto be an obstacle toward the adoption
of systems such as Artemis-IC.

Conclusion

Our work fills the gap by providing a solution that can utilize
the latest achievementsin cloud-based analytics for health care
informatics; it provides both real -time and retrospective analysis
capabilities for various stakeholders. Moreover, we proposed a
performance model that can be used for the capacity planning
of the Artemis-IC in advance of its physical deployment.
Artemis-IC and the corresponding performance model can be
tailored for other ICUsaswell; the architectureis plug-in—based
so that similar open-source or commercial components can be
integrated to realize the solution. Artemis-IC can also be
deployed on any other cloud environment (ie, cloud agnostic).

Acknowledgments

This research is supported by Southern Ontario Smart Computing Innovation Platform (SOSCIP), the Canada Research Chairs
Program (No 950-225945), and the Canadian Foundation for Innovation (No 203427).

Conflictsof Interest
None declared.

References

1. Tsoukalas A, Albertson T, Tagkopoulos |. From data to optimal decision making: a data-driven, probabilistic machine
learning approach to decision support for patients with sepsis. IMIR Med Inform 2015;3(1):e11 [FREE Full text] [doi:
10.2196/medinform.3445] [Medline: 25710907]

2. Gunter TN, Terry NP. The emergence of national electronic health record architecturesin the United States and Australia:
models, costs, and questions. JMed Internet Res 2005;7(1):e3 [FREE Full text] [doi: 10.2196/jmir.7.1.€3] [Medline:
15829475]

3. Fonkych KR, Taylor RC. The state and pattern of health information technology adoption. Santa Monica, CA: Rand Corp;
2005.

4. Kelermann AS. What it will take to achieve the as-yet-unfulfilled promises of health information technology. Health Aff
2013;32(1):63-68. [doi: 10.1377/hithaff.2012.0693]

5. Rosenthal A, Mork B, Li MH, Stanford J, Koester D, Reynolds P. Cloud computing: anew business paradigm for biomedi cal
information sharing. JBiomed Inform 2010 Apr;43(2):342-353 [FREE Full text] [doi: 10.1016/].jbi.2009.08.014] [Medline:
19715773]

6. Simpao A, Ahumadal, Géalvez JA, Rehman M. A review of analytics and clinical informaticsin health care. JMed Syst
2014 Apr;38(4):45. [doi: 10.1007/s10916-014-0045-x] [Medline: 24696396]

7.  Raghupathi WV. An overview of health analytics. JHealth Med Informat 2013;4(132):2. [doi: 10.4172/2157-7420]

8. ChawlaND, DavisDA. Bringing big datato personalized healthcare: a patient-centered framework. J Gen Intern Med 2013
Sep; 28 Suppl 3:S660-S665 [FREE Full text] [doi: 10.1007/s11606-013-2455-8] [Medline: 23797912]

http://medinform.jmir.org/2015/4/e36/ JMIR Med Inform 2015 | vol. 3 |iss. 4| €36 | p. 14

(page number not for citation purposes)


http://medinform.jmir.org/2015/1/e11/
http://dx.doi.org/10.2196/medinform.3445
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25710907&dopt=Abstract
http://www.jmir.org/2005/1/e3/
http://dx.doi.org/10.2196/jmir.7.1.e3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15829475&dopt=Abstract
http://dx.doi.org/10.1377/hlthaff.2012.0693
http://linkinghub.elsevier.com/retrieve/pii/S1532-0464(09)00115-4
http://dx.doi.org/10.1016/j.jbi.2009.08.014
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19715773&dopt=Abstract
http://dx.doi.org/10.1007/s10916-014-0045-x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24696396&dopt=Abstract
http://dx.doi.org/10.4172/2157-7420
http://europepmc.org/abstract/MED/23797912
http://dx.doi.org/10.1007/s11606-013-2455-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23797912&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MEDICAL INFORMATICS Khazaei et a

9.  Miriovsky BJ, Shulman LN, Abernethy AP. Importance of health information technology, electronic health records, and
continuously aggregating data to comparative effectiveness research and learning health care. J Clin Oncol 2012 Dec
1,30(34):4243-4248. [doi: 10.1200/JC0O.2012.42.8011] [Medline: 23071233]

10. Wharam JJ, Weiner JP. The promise and peril of healthcare forecasting. Am JManag Care 2012 Mar;18(3):e82-e85 [FREE
Full text] [Medline: 22435964]

11. Bhavani R, Senthilkumar J, Chilambuchelvan G, Manjula D, Krishnamoorthy R, Kannan A. Cimidx: Prototype for a
cloud-based system to support intelligent medical image diagnosiswith efficiency. IMIR Med Inform 2015 Mar;3(1). [doi:
10.2196/medinform.3709]

12. Rojas CC, Patton RM, Beckerman BG. Characterizing mammography reports for health analytics. JMed Syst 2011
Oct;35(5):1197-1210. [doi: 10.1007/s10916-011-9685-2] [Medline: 21671070]

13.  McGregor C. System, method and computer program for multi-dimensional temporal data mining. US Patent 8583686
2013 Nov.

14. Chan M, Estéve D, Fourniols J, Escriba C, Campo E. Smart wearable systems: current status and future challenges. Artif
Intell Med 2012 Nov;56(3):137-156. [doi: 10.1016/j.artmed.2012.09.003] [Medline; 23122689]

15. BanaeeH, Ahmed MU, Loutfi A. Datamining for wearable sensorsin health monitoring systems: areview of recent trends
and challenges. Sensors (Basal) 2013;13(12):17472-17500 [ FREE Full text] [doi: 10.3390/s131217472] [Medline: 24351646]

16. Tseng KC, Hsu CL, Chuang Y H. Designing an intelligent health monitoring system and exploring user acceptance for the
elderly. JMed Syst 2013 Dec;37(6):9967. [doi: 10.1007/s10916-013-9967-y] [Medline: 24037138]

17. Baig MH, Gholamhosseini H. Smart health monitoring systems: an overview of design and modeling. JMed Syst 2013
Apr;37(2):9898. [doi: 10.1007/s10916-012-9898-7] [Medline: 23321968]

18. Delen DH, Demirkan H. Data, information and analytics as services. Decis Support Syst 2013 Apr;55(1):359-363. [doi:
10.1016/j.dss.2012.05.044]

19. Catley C, Smith K, McGregor C, James A, Eklund JM. A framework to modeltranslate clinical rules to support complex
real-time analysis of physiologicalclinical data. 2010 Presented at: 1st ACM International Health Informatics Symposium;
2010; Washington, DC p. 307-315. [doi: 10.1145/1882992.1883036]

20. Kramer M, Platt R, Yang H, Joseph K, Wen S, Morin L, et al. Secular trendsin preterm birth: ahospital-based cohort study.
JAMA 1998 Dec 2;280(21):1849-1854. [Medline: 9846780]

21. McGregor C. Big datain neonatal intensive care. Computer 2013 Jun;46(6):54-59. [doi: 10.1109/MC.2013.157]

22. Blount M, Ebling MR, Eklund JM, James AG, McGregor C, Percival N, et a. Real-time analysis for intensive care:
development and deployment of the artemis analytic system. IEEE Eng Med Biol Mag 2010;29(2):110-118. [doi:
10.1109/MEMB.2010.936454] [Medline: 20659848]

23. McGregor C. A cloud computing framework for real-time rural and remote service of critical care. 2011 Presented at: 24th
International Symposium on Computer-Based Medical Systems (CBMS); Jun 27-30, 2011; Bristol, United Kingdom p.
1-6.

24. Khazael H, McGregor C, Eklund M, El-Khatib K, Thommandram A. Toward a big data healthcare analytics system: a
mathematical modeling perspective. 2011 Jun Presented at: |EEE 10th World Congress on Services (DSS); Jun 2014;
Anchorage, Alaska.

25. McGregor C, Catley C, Padbury J, James A. L ate onset neonatal sepsisdetection in newborn infantsviamultiple physiological
streams. J Crit Care 2013 Feb;28(1):e11-e12. [doi: 10.1016/j.jcrc.2012.10.037]

26. Thommandram A, Eklund J, McGregor C, Pugh J, James A. A rule-based temporal analysis method for online health
analytics and its application for real-time detection of neonatal spells. 2014 Presented at: |EEE International Congress on
Big Data (BigData Congress); Jun 2014; Anchorage, AL p. 470-477.

27. Cirdlli J, McGregor C, Graydon B, James A. Analysis of continuous oxygen saturation data for accurate representation of
retinal exposure to oxygen in the preterm infant. Stud Health Technol Inform 2013;183:126-131. [Medline: 23388268]

28. Nak T, Bressan N, James A, McGregor C. Design of temporal analysis for anovel premature infant pain profile using
artemis. J Crit Care 2013 Feb;28(1):e4. [doi: 10.1016/j.jcrc.2012.10.024]

29. Maplesoft Inc. Maple 18. 2014 Mar. URL : http://www.mapl esoft.com/ [accessed 2015-11-11] [WebCite Cache ID
6cyCcFZeZ]

30. Softlayer, an IBM company. 2015 Feb. URL: http://www.softlayer.com/ [accessed 2015-11-11] [WebCite Cache ID
6¢yFI4Hpn]

31. WilliamsH, Spencer K, Sanders C, Lund D, Whitley A, Kaye J, et a. Dynamic consent: a possible solution to improve
patient confidence and trust in how electronic patient records are used in medical research. IMIR Med Inform 2015;3(1):€3
[EREE Full text] [doi: 10.2196/medinform.3525] [Medline: 25586934]

32. Korosec L, Balenko K, Hagens S. Impact of information technology on information gaps in canadian ambulatory care
encounters. IMIR Med Inform 2015;3(1):e1 [FREE Full text] [doi: 10.2196/medinform.4066] [Medline: 25595130]

33. RochaP, Queirés A, Augusto F, Rodriguez YL, Cardoso C, Grade M, et a. Information persistence services designed to
support home care. IMIR Med Inform 2015;3(1):e15 [FREE Full text] [doi: 10.2196/medinform.3699] [Medline: 25757462]

34. SukuvaaraT, Koski EM, MékivirtaA, Kari A. A knowledge-based alarm system for monitoring cardiac operated
patients--technical construction and evaluation. Int J Clin Monit Comput 1993 May;10(2):117-126. [Medline: 8366312]

http://medinform.jmir.org/2015/4/e36/ JMIR Med Inform 2015 | vol. 3| iss. 4| €36 | p. 15

(page number not for citation purposes)


http://dx.doi.org/10.1200/JCO.2012.42.8011
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23071233&dopt=Abstract
http://www.ajmc.com/pubMed.php?pii=43825
http://www.ajmc.com/pubMed.php?pii=43825
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22435964&dopt=Abstract
http://dx.doi.org/10.2196/medinform.3709
http://dx.doi.org/10.1007/s10916-011-9685-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21671070&dopt=Abstract
http://dx.doi.org/10.1016/j.artmed.2012.09.003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23122689&dopt=Abstract
http://www.mdpi.com/resolver?pii=s131217472
http://dx.doi.org/10.3390/s131217472
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24351646&dopt=Abstract
http://dx.doi.org/10.1007/s10916-013-9967-y
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24037138&dopt=Abstract
http://dx.doi.org/10.1007/s10916-012-9898-z
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23321968&dopt=Abstract
http://dx.doi.org/10.1016/j.dss.2012.05.044
http://dx.doi.org/10.1145/1882992.1883036
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9846780&dopt=Abstract
http://dx.doi.org/10.1109/MC.2013.157
http://dx.doi.org/10.1109/MEMB.2010.936454
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20659848&dopt=Abstract
http://dx.doi.org/10.1016/j.jcrc.2012.10.037
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23388268&dopt=Abstract
http://dx.doi.org/10.1016/j.jcrc.2012.10.024
http://www.maplesoft.com/
http://www.webcitation.org/

                                                6cyCcFZeZ
http://www.webcitation.org/

                                                6cyCcFZeZ
http://www.softlayer.com/
http://www.webcitation.org/

                                                6cyFI4Hpn
http://www.webcitation.org/

                                                6cyFI4Hpn
http://medinform.jmir.org/2015/1/e3/
http://dx.doi.org/10.2196/medinform.3525
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25586934&dopt=Abstract
http://medinform.jmir.org/2015/1/e1/
http://dx.doi.org/10.2196/medinform.4066
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25595130&dopt=Abstract
http://medinform.jmir.org/2015/1/e15/
http://dx.doi.org/10.2196/medinform.3699
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25757462&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8366312&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MEDICAL INFORMATICS Khazaei et a

35.

36.

37.

38.

39.

40.

41.

42.
43.

45,

46.

47.

48.

49,

50.
51.
52.
53.

55.

Freudenthal FA, Van-Stuijvenberg M, Va-Goudoever J. A quiet NICU for improved infants health, development and
well-being: a systems approach to reducing noise and auditory alarms. Cogn Technol Work 2013;15(3):329-345.

Saeed M, Lieu C, Raber G, Mark R. MIMIC I1: amassive temporal |CU patient database to support research in intelligent
patient monitoring. Comput Cardiol 2002;29:641-644. [Medline: 14686455]

Stacey MC, McGregor C. Temporal abstraction in intelligent clinical data analysis: a survey. Artif Intell Med 2007
Jan;39(1):1-24. [doi: 10.1016/j.artmed.2006.08.002] [Medline: 17011175]

Zhang Q, Pang C, Mcbride S, Hansen D, Cheung C, Steyn M. Towards health data stream analytics. 2010 Presented at:
|EEE/ICME International Conference on Complex Medical Engineering (CME); 2010; Toronto, Canada p. 282-287.
Bar-Or A, Healey J, Kontothanassis L, Van Thong J. Biostream: A system architecture for real-time processing of
physiological signals. In: IEMBS 04. 2004 Presented at: 26th Annual International Conference of the Engineering in
Medicine and Biology Society; 2004; San Francisco, CA p. 3101-3104.

Han H, Ryoo H, Patrick H. An infrastructure of stream data mining, fusion and management for monitored patients. 2006
Presented at: 19th IEEE International Symposium on Computer-Based Medical Systems, CBMS; 2006; Maribor, Slovenia
p. 461-468.

Zulkernine F, Martin P, Zou Y, Bauer M, Gwadry-Sridhar F, Aboulnaga A. Towards cloud-based analytics-as-a-service
(claaas) for big dataanalyticsin the cloud. 2013 Presented at: | EEE International Congresson Big Data (BigData Congress);
2013; Santa Clara, CA p. 62-69.

Tukey J. Exploratory data analysis. Reading, Mass: Addison-Wesley Pub. Co; 1977.

Chambers JT, Hastie T. Statistical modelsin S. New York: Chapman & Hall; 1992.

Salley C. Providing OLAP (on-line analytical processing) to user analysts: An IT mandate. In: White Paper. Santa Clara,
CA: Arbor Software Corporation; 1993.

Behrens JC. Exploratory data analysis. In: Handbook of Psychology. New York: Wiley & Sons; 2003.

Catley C, Stratti H, McGregor C. Multi-dimensional temporal abstraction and data mining of medical time series data:
Trends and challenges. 2008 Presented at: 30th Annual International Conference of the Engineering in Medicine and Biology
Society, EMBS; 2008; Vancouver, BC p. 4322-4325.

Hoang DL, Chen L. Mabilecloud for assistive healthcare (MOCASH). 2010 Presented at: Asia-Pacific Services Computing
Conference (APSCC); 2010; Hangzhou, China p. 325-332.

McGregor C. e-baby web servicesto support local and remote neonatal intensive care. 2005 Presented at: HIC 2005,
Thirteenth National Health Informatics Conference and HINZ 2005, Fourth Health Informati cs Conference; 2005; Melbourne,
Australia p. 344-349.

Hayes G, Khazaei H, El-Khatib K, McGregor C, Eklund M. Design and analytical model of a platform-as-a-service cloud
for healthcare. J Internet Tech (JIT) 2014;16(1):139-150.

Clouderalnc. 2015. URL: http://www.cloudera.com/content/cloudera [accessed 2015-11-11] [WebCite Cache D 6¢cyEnZV JH]
Hortonworks Inc. 2015. URL: http://hortonworks.com/ [accessed 2015-11-11] [WebCite Cache ID 6¢cyEu3Nkb]

Apache Spark. 2015. URL : https://spark.apache.org/ [accessed 2015-11-11] [WebCite Cache ID 6¢cyF1345h]

BosJ, Lauter K, Naehrig M. Private predictive analysis on encrypted medical data. JBiomed Inform 2014 Aug;50:234-243.
[doi: 10.1016/j.jbi.2014.04.003] [Medline: 24835616]

Nizami S, Green J, McGregor C. Implementation of artifact detection in critical care: A methodological review. IEEE Rev
Biomed Eng 2013;6:127-142.

Percival J, McGregor C, Percival N, James A. Enabling the integration of clinical event and physiological datafor rea-time
and retrospective analysis. Lect Notes Bus Inf 2014:1-19.

Abbreviations

Artemis-IC: ArtemisIn Cloud

CDSS: clinical decision support system

CE: clinical edition

CIMS: Clinical Information Management System
CLAaaS: CLoud-based Analytic-as-a-Service
EHR: electronic health record

ETL: extract, transform, load

HAaaS: Health-Analytic-as-a-Service

ICU: intensive care unit

NICU: neonatal intensive care unit

QoS: quality of service

RE: research edition

SLA: servicelevel agreement

SOA: service-oriented architecture

SPL: Stream Processing Language

http://medinform.jmir.org/2015/4/e36/ JMIR Med Inform 2015 | vol. 3 |iss. 4| €36 | p. 16

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14686455&dopt=Abstract
http://dx.doi.org/10.1016/j.artmed.2006.08.002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17011175&dopt=Abstract
http://www.cloudera.com/content/cloudera
http://www.webcitation.org/

                                                6cyEnZVJH
http://hortonworks.com/
http://www.webcitation.org/

                                                6cyEu3Nkb
https://spark.apache.org/
http://www.webcitation.org/

                                                6cyF1S45h
http://dx.doi.org/10.1016/j.jbi.2014.04.003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24835616&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MEDICAL INFORMATICS Khazaei et a

SSL: secure socket layer

TA: temporal abstraction

UML: Unified Modeling Language

WIHRI: Women and Infants Hospital of Rhode Island

Edited by G Eysenbach; submitted 11.05.15; peer-reviewed by S Jagatheesan, | Kunnamo, R Vander Stichele; comments to author
29.07.15; revised version received 04.09.15; accepted 30.09.15; published 18.11.15

Please cite as.

Khazaei H, McGregor C, Eklund JM, El-Khatib K

Real-Time and Retrospective Health-Analytics-as-a-Service: A Novel Framework
JMIR Med Inform 2015; 3(4): €36

URL: http://medinform.jmir.org/2015/4/e36/

doi: 10.2196/medinform.4640

PMID: 26582268

©Hamzeh Khazaei, Carolyn McGregor, J Mikael Eklund, Khalil El-Khatib. Originally published in IMIR Medical Informatics
(http://medinform.jmir.org), 18.11.2015. This is an open-access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0/), which permits unrestricted use, distribution, and reproduction
in any medium, provided the origina work, first published in IMIR Medical Informatics, is properly cited. The complete
bibliographic information, alink to the original publication on http://medinform.jmir.org/, as well as this copyright and license
information must be included.

http://medinform.jmir.org/2015/4/e36/ JMIR Med Inform 2015 | vol. 3 |iss. 4| €36 | p. 17
(page number not for citation purposes)

RenderX


http://medinform.jmir.org/2015/4/e36/
http://dx.doi.org/10.2196/medinform.4640
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26582268&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

