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ABSTRACT
Operative and perioperative information systemslyanteract with other healthcare information syss.

Creating information islands in various unrelatgstems, the data streams are isolated from usiinigm
their utility. Ultimately, much of this informatiogoes unnoticed, unrecorded, and unutilized. ridesl to
optimize perioperative throughput creates a denfianithtegration of the datastreams and for timedyad
presentation. Through a collaborative effort, weendeveloped a system that integrates perioperdéita
from anesthesia and surgical devices and operaiimg (OR) / hospital information systems and prigjec
the real-time integrated data as a single, unié@dy to visualize display. The system providesawgd
context-sensitive information display, improvedl+&ae monitoring of physiological data, real-time

access to readiness information, and improved Waxkfnanagement.

INTRODUCTION
Surgery is a complicated event where just-in-timeeas to vital information is instrumental for ol
team functioning. The operating room itself isqualy risky in that not only is an invasive proceau
taking place, but also the patient is unconsciomastherefore unable to represent themselves. moeth
and safe functioning of an operating room depemdhe coordinated action of a large team of caergiv
including physicians, nurses, technicians, trartgpersonnel, and housekeeping personnel, all ohwho
need ready access to patient and system informgtadmmust be integrated from many disparate data
sources. The additional emergence of high througbperating roonts’ requires a solid culture of
teamwork to facilitate the increased throughpute fieed for comprehensive and continuous OR team
synchronization underscores the importance of ceta@nd total patient data, integrated and predeate

all team members at the point of care when clirdedisions are being made.

In a typical operating room, most patient inforroatpasses through unrelated systems, going unmedtord
and underutilized. Benefits of integration are numerous and wouéddytremendous advantages, yet
many information systems remain far from this godlhe various monitoring and treatment delivery
systems do not communicate with each other, sorfeatation of data with redundancy is unavoidable.
Information systems require independent log-insiafamation display is limited to small screensange
for individual data consumption. Furthermore, méagm members must divide their attention between
displays. For example, the anesthesiologist interaith many separate displays, each attached twin
individual computer, for needs such as physiolaginitoring, automated anesthesia record keeping,
hospital information system access, order entrydind/supply chain manageménthese varied systems

divert caregivers from patient care and lead tdidafive effort by staff who are striving to create
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comprehensive clinical picture of the patient. sTéffort could potentially be directed toward other

endeavors to increase safety, efficiency, andadiréxcellence in the perioperative period.

Issues of communication create a significant batdeperative and perioperative efficiency and
situational awareness. Coordinating equipmentpatient preparedness, staffing, room assignmemnds, a
scheduling make up the bulk of communication née@szer a third of communication failures in the
operative environment result in visible effectssystem processes including inefficiency, team tamsi
wasted resources, delays, patient inconveniencemos’ Many communication failures occur because
of suboptimal timing of information exchange, wheformation is requested or provided too late to be
optimally useful. To diminish the possibility ofieerse events, improved information displays should
assist in matters of patient preparedness and mgmipmanagement, and provide information as it

becomes relevant, decreasing interruptions to pleeative team’s work.

We have undertaken a project to address thesesissukdevelop a system to record all data passing
through an operating room, provide unified displaf/that data in real time, and create real-tinmstdéo
provide augmented vigilance and decision suppdttéroperative setting. The project is a collabeea
effort by Massachusetts General Hospital, LiveDhta, (Cambridge, MA), and Aptima, Inc. (Woburn,
MA) with support from the Telemedicine and Advandesthnology Research Center, U.S. Army Medical
Research and Materiel Command. The goal of theegravas to develop a prototype system to perform
integration and display of information from a vayief disparate systems, ultimately to provide
information needed by the healthcare provider gtteme, from any location, and in any format neeegs
It aims to improve situational awareness and tditaie the capture and consumption of medical data
the Operating Room of the Future (ORF), a highubghput operating room at Massachusetts General
Hospital (Figure 1).

The ORF is a 1,315 sq ft space designed specifitmaupport advanced minimally invasive surgetry; i
provides a test environment to explore new andvatige perioperative patient / personnel movemedt a
workflow processes and to develop and evaluatetaelnologies in a live, patient care environnfeiithe
ORF accomplishes parallel processing of workflouilfimted by a redesigned operative suite floonpla
that includes separate induction, operating, andvery areas. This allows for preoperative pretxara
and induction of anesthesia concomitantly withrinstent setup in the operating room. Anesthetized
patients are then transferred to the operating ra®@R setup is completed. At the end of surgery,

patients are taken to the early recovery arearfmrgence from anesthesia or immediately following
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emergence, allowing the operating room to be tumest more promptly for the next patient. In ambdit
improved equipment including mobile operating ra@inletops with integrated monitoring and dedicated,
integrated endosurgical equipment mounted froningebooms facilitates rapid patient transfer and
improved OR turnover. The redesigned perioperati operating room processes lead to improved
throughput, allowing additional cases per day eaperating room. The improved throughput derives
from a 40% reduction in the non-operative time. (itliee sum of all intervals not devoted to the afien
itself). The non-operative period is when most ©&n members prepare for the subsequent case, so
reducing non-operative time magnifies the informatioad on clinical staff and increases the infdrama

demand required to provide optimal clinical care.

Early Recovery Area

Induction
Work Space

Figure 1 The Operating Room of the Future at Massdwsetts General Hospital consists of several
separate rooms that help facilitate parallel procesing of workflow. The operating room is separate
from induction and early recovery areas, allowing quipment to be set up concurrent with anesthesia
induction. Once the procedure is complete, patieatemerge from anesthesia and are immediately
moved to the early recovery area or emerge in theady recovery area itself, allowing the operating

room to start turning over more expeditiously.
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There is considerable variation in situational amass by members of the operative team leading to a
limited number of individuals in the room holdingtical but only partially overlapping informaticabout
the casé. Having detailed patient and case data prominefisiylayed in the operating room by a dynamic
and collaborative system can help improve coordinatommunication, efficiency, and safety, and
enhance the quality of information present in infation system& Thus, the case for an integrated, real-
time, collaborative display of perioperative aneigive data is compelling. In this paper, we dbsche
initial prototype of such a system, starting witke initial specifications and concluding by desicigithe

functionality of the working prototype installedchim daily use at the OR of the Future Project.

METHODS
The proposed system was required to have threer magpabilities: (1) complete data capture and
recording, (2) integrated data display and (3) aemgped vigilance with decision and workflow support.
Methods of system specification development, pymiog, implementation, and evaluation are detailed
below. Additionally, the system was intended to on readily available desk-top personal compaacs

to be implemented using relatively minor modifioas of commercially available software.

The Operating Room of the Future at Massachusettef@l Hospital is typical of new operating rooms
that are constructed to support minimally invasivegery and of other ORF initiatives seeking toradsl

the information needs of the perioperative téanive began with a search for input data sourcésisn
technologically advanced operating room. All equogmt in the operating room was catalogued and each
device’'s communication capabilities were determiaed recorded. Operating room administrative,
patient care and hospital information systems \aése catalogued and their interface opportunities
determined.

Since device data sources under investigation gnditinot implement the IEEE 1073 Medical
Information Bus, each device’s communication prot@nd data definition were analyzed to ascertasi t
it could be read by a commercially available datagration system. Using the physiologic moni®aa
example, we determined that the chosen integratftware (LiveData OR RTI Server, LiveData, Inc.,
Cambridge, MA) could capture all device data, idahg detailed physiological waveform data and all
critical data elements, without data loss and at tiene. Similar analyses were performed for dataing

from the other OR equipment, as well as adminisgapatient care, and hospital information systems
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Specification of the integrated displays was aatmilative effort between human factors designers
(Aptima, Inc., Woburn, MA) and the clinicians whawld be the end users. A “human factors
engineering” approach was undertaken, which ispgmaach to medical system design that centersen th
user and the workflow Initial characteristics of the physical displatfse information presented on the
display, and the form of the information was systhed from expert opinion and understanding thekwor
domain and workflow. A multidisciplinary team oferative room physicians and nurses, medical

informatics experts and user interface designens thorked iteratively to create the prototype digpl

RESULTS
Input data sources
Most devices in the Operating Room of the Futurth digital user interfaces have a digital output
including such key devices as the laparoscopicicalrmsufflator, physiologic monitors, breathinigoit
gas analyzers, level-of-consciousness monitorsattiesthesia machine, and medication infusion pumps.
Communication protocols have been obtained foofathese devices. At the time of this report, data

capture and integration for all devices exceptitfigsion pumps has been achieved.

Hospital information systems provide a rich sowtpatient data awaiting integration. At the
Massachusetts General Hospital, part of the Partdealthcare network, most of these information
systems were internally developed, and so presaom@ething of an integration challenge. Our ingtin
also uses an internally developed computerize@sysalled the Nursing Perioperative Record for
perioperative documentation including time stangrskey milestone events. An OR Dynamic scheduling
system provides administrative data for each aadading procedure, patient name and scheduling
surgeon. An Anesthesia Information Managemente®y¢Saturn, Drager North America, Telford, PA)
records anesthesia interventions, but without natiégn with other systems. Patient drug allergtadae
obtained from a system-wide database called thmé&arEnterprise Allergy Repository. An internally
developed computerized provider order entry sydtenes recording of allergy information before pati
orders can be written, ensuring that allergy ded¢zazailable. Interfaces with each of these systeave

been developed, utilizing XML and HL-7 messagingevehpossible.

Several operating rooms at Massachusetts Genegglitdh including the Operating Room of the Future,
are equipped with a location tracking system (RabalLawrence, MA) to track patients, assets and OR
personnel. The tracking system uses dual actdiefraquency / infrared technology to achieve room-

level spatial and 10-second temporal resolutiortedration is through an XML messaging system.
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Patients and OR staff are tracked throughout thes@t, and the tracking data are used to popalate
dynamic staff list included in the integrated ORmmation display. The list of personnel present i
updated throughout the case; personnel no longsept are designated as such. Timestamps ofricacki
system events, such as changes in location, aseltast via an XML feed and stored in a SQL datgbase
allowing improved auditing of patient progress tigh the perioperative workflow and more accuratk an

timely representation of patient movement into antlof the operating room.

Using a fast, consumer-level personal computer aitbnsumer-grade video card (dual Xeon processors
3.06GHz, 2GB RAM, Nvidia Quadro FX5200), the congrited data integration system successfully
captures, records and displays real-time data samebusly from a number of devices including the
laparoscopic surgical insufflator, physiologic ntonj breathing circuit gas analyzers, level-of-
consciousness monitors and the anesthesia maelhamg, with information systems including the Nugsin
Perioperative Record, the Anesthesia Informatiom&fgment System, the Radianse location tracking
system, the Partners Enterprise Allergy Reposiémg the OR Dynamic scheduling system (Figure 2).

Work continues to identify and integrate additiodalices and information sources.

Display of real-time integrated data

The characteristics of an ideal display are basetth® experiences of ORF personnel. Large ORaispl
boards need to address flexibility, task managenmeablem solving, resourcing, shared awareness,
orientation, communication, and collaboratf8nSpecifications that the display must be visibiid &gible
in any point in the operating room, up to 9 metargy, dictate a large aspect display to maintagyadte
font size and graphical resolution. This requiret@ legibility, along with the demand for infortian

content balanced by available wall space, requisesof a large, 42" LCD screen.
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Figure 2 The integrated information display (A), paitioned directly adjacent to the surgical video
display (B), collects information from a number ofdevices and information systems present within
the operative suite (C) such as the physiologic mitar and Nursing Perioperative Record along with
external information sources (D) including the Parhers Enterprise Allergy Repository and OR
Dynamic scheduling system. A Radianse location tcking system (E) also provides input to the
system. Information sources from other areas of # operative environment, including the induction
room (F) and early recovery area (G), also integra into the system and provide valuable hooks into
the operating room. Data created by the system, sh as the imminent end of surgery deduced from
entries into the OR computers and from OR equipmenstatus changes, can ultimately be made
available to other applications outside of the opettive environment (H) or the system, as a whole,

can be made available for viewing on a personal cqmater (1).

Prior to starting this project, the ORF already hddrge aspect plasma display for live displaghef
surgical procedure. This provides continuous digplf images from laparoscopes or cameras mounted i
the OR lights when surgery is being performed en@RF. This allows team members not directly & th
surgical field to “self-update” to surgical eventsalso minimizes interruptions of the surgiedm’s

work by reducing other team members’ need to askrfogress updates. A continuous visual display of
the operation also allows the rest of the teaneéorsost of what the surgeons see when a visually-

manifesting surgical complication develops.
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The second display for the integrated perioperatata system is positioned directly adjacent to the
surgical monitor (Figure 3). The integrated daspléy contains a number of persistent and dyndiyica
advancing elements based on the stage of the twase (Figure 4). The objective of this disp&yjo

present an at-a-glance “Gestalt” understanding@fpiatient and the case to complement the sungibad.

Figure 3 The integrated display resides directly ajgcent to the surgical display. The close proximit
of two large displays mandated that the design avébidetracting from the pre-existing surgical
display, which is often in use during cases. Thgstem is designed to provide adequate size of text
and graphical resolution to be visible and legibléo anyone in the room, requiring the use of a large
42" LCD display.

Persistent information panes are arranged franiegabbed, dynamically advancing panes. Persistent
information panes include patient demographicauigiclg name, age, weight, and medical record number,
case information such as diagnosis, procedurealite and type of anesthesia, and staffing infation
including nursing, anesthesia, and surgical teafgs information serves to uniformly orient menef

the team to the procedure, patient, and personmiglglthe case and during staffing changes. Aibsrg

and precautions are also displayed throughoutdke along with a progress log that provides a thaaif

the case with events recorded and time stamped.pfidgress log allows for easy knowledge acquisitio

of events that have occurred in the procedure drat the current stage of the procedure is. We are
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currently investigating other information that wddde deemed sufficiently important in the high leve
orientation of team members to warrant continuasgldy, such as laboratory values, current ordard,

comorbid conditions.

Figure 4 The integrated display consists of a seseof persistent and dynamically advancing panes.
Information such as the patient’s name and demogrdgics, procedure and laterality, staffing list,
allergies and progress log remain consistent acrosdl stages of the case. Information in the pane
may change, such as new events in the progress togstaffing changes updated via the location
tracking system, but the panes themselves are alwapresent and provide the same information. The
central area consists of dynamically advancing taléd panes which present the time out information,
physiologic trends and real-time information, and ead of case information concerning post-op needs,
orders, and assignments depending on the stage bEtcase. Tabs progress automatically based on

case events collected from attached systems.

Dynamically advancing panes are organized througiblaed scheme at the center of the display to
illustrate the current, prior, and future stagethancase progression. Tabs for the “time outtpss,
intraoperative, and closing time periods progregeraatically based on the stage of the case. imfeedut
pane provides case verification to reinforce suafa @lements as patient identity, procedure aedalktly .

The intraoperative pane provides real-time physgiiclononitoring with trend data over the last twaite
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and detailed data over the last five minutes. Aoidal information such as estimated blood loss wnitke
output can be presented graphically and numerieddigg with time stamps to provide an estimateatfd
staleness. The closing pane provides informatiothe post-anesthesia care unit (PACU) assignnmeht a

post-op notifications, needs, and orders.

Flexibility of the entire system is a design marbat informs the display. The display itself isated

using scalable vector graphics (SVG) and as atréswble to also be displayed in a web browseatr hias

the Adobe SVG viewer installed. SVG is an XML maglanguage for creating vector graphics and is an
open standard created by the World Wide Web Coinsort This allows for very rapid changes to the
system display, especially crucial when prototygfitmgn user feedback, and a practically infinite iegof
customizability. With an arbitrary granularity gitsle, from having unique displays for each surgieam

to having a single display standard for the entisgitution, we provide a small subset of screeplaiy
options to cover the basic types of proceduresvibatd have significantly different subsets of data
available. For example, a laparoscopic case wagdire display of the surgical insufflator whilease

not using the insufflator need not display thanklacreen real estate for a device that will notised.

DISCUSSION
We have successfully created a system that displagsitical perioperative data pertaining to bR
patient, as well as key elements of upstream amshsiveam workloads, on a single large format displa
These data include: surgical field video, outpatrirsurgical devices, physiologic and level of
consciousness monitors, anesthesia delivery systefasion pumps and hospital information systewis.
also incorporate data from an active RFID patient personnel tracking system, thus populating tRe O

personnel roster with instantaneous data.

Presenting the vast amount of information from ftasphformation systems, anesthesia and surgical
systems, surgical equipment, and workflow suppgstesns in a usable and cohesive way on a single wal
mounted display is a challenge. The informatiorsifoe rich, complete, accurate, and useful for team
situational awareness and also visible and legiblavhere in the operating room, up to nine metesxsya
We have accomplished this cross platform and aisssplinary integration of digital information smes

in the operative and perioperative environmentis BHows for improved context-sensitive informatio
display and decision support where a concise sufseitical data is projected, improved access to

information through real-time equipment, materiadl personnel readiness information, and sophisticat
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utilization of information to improve workflow, setfy and visualization of information that was pomisly

unattainable.

The immediate next step in this project is to asssers’ perceptions of the system’s success &\ach
the goal of creating a unified picture of critip@rioperative patient data. We are doing thisughopre-
and post-installation surveys. Pre-installatiorveys administered prior to the prototype instaiat
introduced members of the clinical team, includimysicians and nursing staff, to the system through
educational material and then questioned them @in plerceived utility of such a system. Persoafsd
completed the Safety Attitudes Questionnaire (SAerivative of the Flight Management Attitudes
Questionnaire (FMAQ) used in commercial aviatianassess attitudes about safety. The SAQ was
generated by focus groups of healthcare providev&w of literature and discussions with expeots t
generate a tool designed to assess six scaleswtelirolimate, job satisfaction, perceptions of
management, safety climate, working conditions, iness recognition. Thus we used it to obtairelirzes

data about ORF team members’ perceptions abosifiety climate prior to system prototype instadiati

Post-installation questionnaires will again assaiisy of the system and its component elementsraf
clinical teams have used the system for ten welks.will also conduct a second administration &f th
Safety Attitudes Questionnaire. Also included madified version of the Questionnaire for User
Interaction Satisfaction (QUIS). This tool wasidesd to assess users’ subjective satisfaction with
specific elements of the human-computer interfalee QUIS measures overall system satisfactiongalon
six scales along with eleven specific interfaceédexincluding screen factors, terminology and exyst
feedback, learning factors, system capabilitieshriecal manuals, on-line tutorials, multimedia,oi
recognition, virtual environments, internet accessl software installation. As designed, the doestire
has been configured according to the needs ofnterface analysis, only including sections of iagtito

us.

Future Direction

Looking farther ahead, we believe that part ofdtierall benefit of the system will be the creatamew
information and data streams through the integnadind processing of information. By integratinghwi
the hospital patient record, OR scheduling infofomtand patient location information obtained thgb
the indoor positioning system, completely automptimcess monitoring and exception detection funstio
will be enabled in the perioperative environmefs a proof-of-concept, we have demonstrated fully

automatic detection and notification of wrong patiewrong location error¥. More fundamental
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applications of this concept include sending autioraerts to provide necessary surgical equipr@nt

ORs about to start cases for which the needed eegie missing.

These forms of decision support need not be pgebgraphically based. For example, Xiao, et aleha
demonstrated the use of vital signs data flowingifinetworked monitors to help establish the pafient
and out-time for real-time operating room managerieiVith additional complementary information
including real-time location tracking and eventsnfran anesthesia information system, sophisticateld
intelligent PACU scheduling may occur for bettdlization of available bed space and improved bed
management with patient turnover. Through thedfisghysiologic information and automatically
generated events through several clinical southessystem could evaluate parameters indicating
readiness for patient transport to the PACU. Aasalt, PACU bed management could be informed
through the system of when a patient is actuaiglyi to be ready and adjust accordingly for procedu
taking an undue length of time. Other opportusit® utilize the integrated data to provide new

information are being investigated.

Decision support presents fertile ground for utiligthe summation of operative and perioperative tta
provide additional information concerning the patieUtilizing physiologic information, it has been
shown that decision support applications can bensmged through expert systems that help create and
validate alarms based on physiologic parameteesintiegration of information from several sources
improves reliability of alarms, decreases falsemata has fewer missed alarms, and creates alaanharth
more clinically acceptablé:*® This provides a basis for utilizing integrateddical data to provide
clinically relevant “smart” alarms during the pgy@rative process for decision support and augmented
vigilance in the operative environment. Algorithtosextract relevant information from patient, prdare,

and OR data to help guide intraoperative processerequired and future work will focus on thisagte

We are developing augmented vigilance and dec®ipport components by cataloguing input sources,
including devices and information system interfacesl systematically seeking opportunities for data
integration and synthesis of available informatidihe goal is to identify instances in which cliaits and
staff in the operating room manually perform thitegration during patient care, and also to ingasé
new opportunities for data integration and synthegi near miss catalogue is being created based on
expert experience from anesthesiologists, surgandsiurses; near misses are events or situatiahs th
could have negatively impacted patient outcomifdetected and corrected. The data source and

integration catalogue is being cross-referencet thi¢ near miss catalogue to identify instancesavhe
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near-miss detection and correction could be imptdiieough more comprehensive recording and

integration of operating room data.

The cataloguing and cross referencing of data ssusgainst typical near miss events is revealingnpial
targets for near miss reduction. Clinical scersaie being developed to be used in proof of cdancep
demonstration and testing under a simulated opera#tting based on feasibility of decision support

algorithm, frequency of near miss event, and impadimely intervention.

Additional interfaces and data sources are beingsitigated to extend the system beyond the opgratin
room and ultimately, be able to provide a comppétture of the patient throughout the entiretytaf t
perioperative process. Opportunities for datagirggon and processing are being investigatedacease
the value provided by the system as a whole toigeodecision support, augmented vigilance, and
workflow support, increasing both efficiency andesgin the perioperative environment by sophigtda

utilization of information that was previously utahable.
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