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1. EXECUTIVE SUMMARY

Overvi ew

The objective of the Mbile
Tel enedi ci ne System (MIS) proj ect
was to determne the feasibility
of transmtting real-tine vital
signs data and video images from

enroute anbul ances to t he
recei vi ng trauma center via
digital cellular conmmunications.

The goal was to inprove the
quality and tineliness of care
provided during the prehospital

transport phase of the *“golden
w ndow’ i mredi ately foll ow ng
insult or injury and to provide
better i nformation to t he
energency departnment staff prior
to arrival at the hospital.
MTS System Architecture
- Video & Base Station
Patient . 8 Cdlular N LAN
HVital Signs | [ = th NT/SQL ——
Data Processor Macroplexer \Aslérver
Independent two-way voice Tertiary
Voice -700mmunicalions Hospital | Care
Headset \Voice Net Epter
i pe\'
Emer gency 3'6\\’2;\\?2\e
Vehicle

Clinical Evaluation Mdel

The project focused on speeding
the treatnment of brain attack
(acute ischemc stroke) patients.
Because treatnent of brain attack
is time critical, options are
constrained by the delay between
synptom onset and definitive
di agnosi s. Using the nobile
tel emedi cine system to transmt
di agnostic information enroute
shortens delays to therapeutic
t reat ment, I ncreasi ng t he
available treatnent options and
i nprovi ng patient outcones.
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Acute | schemic Stroke

Background: maximum 3 hour “window” from symptom onset for
administration of t-Pa

Protocol: neurologist at hospital views patient vital signsand the
administration of the NIH Stroke Scalein ambulance
by atrained EMT

Measure: timefrom arrival at hospital to definitive diagnosis of
stroke - compareto timeto diagnosisprior to use of
Mobile Telemedicine System (MTS)

Systens Integration & Test

The proj ect t eam desi gned,
i nt egr at ed, and installed in
t hree anbul ances a nmobi | e
tel enedi cine system (MIS) wusing
commerci al -of f-t he-shel f (cars)
equi pnent with data mnagenent
and physician interface software

devel oped in JAVA The team
conducted a series of tests
i ncl udi ng a dozen pati ent
transports. Resolving stability
i ssues caused by t he COors
equi pnent del ayed t he dat a

col | ecti on.

Project Activities
Phase1 System Design

—

Phase 2 System Integration & Test
| ]

Phase 2 No Cost Extension

System Enhancement
& Data Collection

6 Months 9 12 15

Technol ogy Proven

Thi s gr oundbr eaki ng proj ect
denonstrat ed t he techni ca
feasibility of the MIS and
obt ai ned prelimnary dat a
suggesting that the system i ndeed
provi ded clinical val ue.



Key Project Results

- MTS Technical Feasibility Demonstrated

= Cédlular communications integration accomplished
- Macroplexing multiple phones possible
- Frameratesof 1image/ 3 seconds sufficient
Real-time vital sign data transmitted with video
Information automatically presented to physician via
intuitive, easy to use browser interface
- Clinical Effectiveness Suggested
Insufficient data collected to date for definitive analysis
Preliminary data suggests benefits will be achieved
Physician participants enthusiastic about potential
EMT participants excited about assistance MTS provides

Recomrended Next Steps
Addi ti onal data <collection is
needed for the brain attack nodel

as well as for other acute care
clinical model s such as
myocar di al infraction (heart
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attack). Additional investigation
iIs needed to assess alternative
communi cations nodes such as
multiple cellular providers in
paral | el and use of
connectionless IP services to
expand MIS wusability to rura
ar eas. Alternative vi deo
conpression algorithns need to be

assessed for i nproving video
transm ssion franme rates. O her
reconmended infrastructure
enhancenent activities include

integration of nore patient data,
such as heart and lung sounds and
bl ood chem stry.



2. Introduction

The project Team of BDM [ now owned by TRW Inc.], the University
of Maryland at Baltinmore (UMAB) and HCI Technol ogi es has been
investigating the feasibility of transmtting real-tine vital signs
data and video i mages from en-route anbul ances back to the receiving
trauma center via digital cellular communications. Each nenber of the
Team brought uni que yet conplenmentary features to the project - TRW
suppl yi ng project managenent, systens integration, progranmm ng, and
techni cal expertise; HC supplying their network comuni cations
expertise, and UMAB supplying clinical perspective, requirenents
definition, and testing of the system The project has al so been
generously supported by Maryl and ExpressCare, the primary critical
patient transport conpany for the University of Maryland Hospital.

The goal of the project has been to inprove the quality and
tinmeliness of care provided during the "golden w ndow' inmediately
followng injury and to provide better information to the energency
departnment (ED) staff prior to the arrival of patients at the
hospital. The Teamoriginally proposed the foll ow ng objectives for
meeting this goal

Techni cal Feasibility (Does it work?)

Denonstrate that a nobile tel enedi ci ne system can be i npl enent ed
via cel lul ar conmuni cati ons between anbul ances and correspondent
trauma centers,

Denonstrate that both real-tinme vital sign data and video inmage
data can be transmtted and used effectively in such a nobile
system and

Denonstrate that the electronic patient record can be inpl enented
effectively at the initial point of care.

Process I nprovenent (Does it nmake a difference?)

Enhance the di agnosis and managenent of trauma care and ot her
medi cal energenci es,
Leverage trauma center and hospital resources (i.e.
Physi ci ans and ot her caregivers),
Provide audit trail of care provided,

Better prepare trauma centers for incomng patients,

Experinents perforned by the Teamprior to the start of the
proj ect had successfully denonstrated the wirel ess transm ssion of
i mages and data from a nobil e anbul ance, proving the feasibility of
the project and providing a test-bed foundation for neeting the
proj ect objectives. A phased inplenentation approach was used,
| everaging the initial proof-of-principle work acconplished by the

Mobi | e Tel enedi ci ne Test bed
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Team in Phase 0 as a starting point. The two subsequent
i npl ement ati on phases were defined as foll ows:

Phase |: System Design, enconpassing

the analysis of the results of the UVB proof-of-principle
denonstration

the identification of additional emnerging technol ogies which can
support video transm ssion via digital cellular,

t he upgrade of the systemarchitecture descri bed bel ow based on
the emergi ng technol ogies identified,

t he devel opnment of a detailed work plan and schedul e for a Phase
Il testbed denonstrating the feasibility and practicality of such
a nobile tel enedi cine application, and

the refinenment of the collection plan and evaluation criteria for
assessing the clinical contribution of the nobile tel enedicine
appl i cation.

Phase Il: System Integration and Test, enconpassing
- the establishnent of the nobile tel enedicine testbed,

the collection of performance and clinical effectiveness data,
usability assessnent, and

t he eval uation and publishing of results.

Based upon insightful feedback fromthe NLMreview of the Phase |
Pl an, the Team sharpened the clinical evaluation nodel to focus upon
speeding the treatnment of brain attack (acute ischem c stroke)
patients. Treatnment of brain attack is tinme-critical; the avail able
treatnent options are constrai ned by the del ay between synptom onset
and definitive diagnosis. The FDA-approved treatnent protocol
requires that reconbinant human tissue plasm nogen activator (t-PA)
must be administered within three (3) hours of synptom onset®. Del ays
in receiving treatnent result in only around 3% of the patients that
could potentially benefit fromreceiving t-PA

The revi sed nodel was chosen with the col |l aboration of the
Maryl and Brain Attack Center (MBAC), a specialist teamfornmed in
August 1996 to speed the treatnment of brain attack patients. Using
the nobile tel enedicine systemto transmt diagnostic information en-
route allows shortening the delays to therapeutic treatnent,
i ncreasing the available treatnent options and potentially inproving
patient outcomes. This redirection of the project provided a nmuch
clearer clinical nodel for the evaluation of the systemefficacy than
t he sonmewhat inprecise 'process inprovenent' objective originally
pl anned.

The clinical effectiveness of the nobile tel enmedicine system was
to be nmeasured by the saved tinme to definitive diagnosis of stroke by

Mobi | e Tel enedi ci ne Test bed
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t he MBAC neurol ogi st followi ng adm ssion to the University of Maryl and
Hospital. Patients with stroke transported prior to the study were
used as controls and conpared to those transported during the study.
The time fromthe nonent of arrival at the University of Mryl and
Hospital to conpletion of the diagnosis was the netric for conparison
(ref. Fig 1). Analysis of over 300 historical controls showed the
shortest tinme to definitive diagnosis as 7 mnutes, the |ongest as 82
mnutes, with the average tinme as 35 m nutes.

ExpressCare Metric of Study: Time
Patient Transport to Definitive Diagnosis
Onset of Initial Patient Patient Arrival at Definitive Diagnosis
Symptons | [Presentation at a UMAB Hospital and Intervention
Hosptial
Figure 1: Time to Definitive Diagnosis
Phase Il activities took significantly | onger to acconplish than

had originally been planned, delays due primarily to failures of the
comerci al system conponents to performin a stable and reliable
manner when integrated within the nobile tel enmedicine system Each of
these failures resulted fromconditions unexpected by the conponent
vendors, and only encountered by this Team s aggressive use of
cutting-edge technology. While the project successfully addressed
each problem the problemsolving activities del ayed achi eving a
stable and reliable system Hence, a no-cost extension was granted to
address remaining stability issues and to continue the data

col | ecti on.

Mobi | e Tel enedi ci ne Test bed
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3. Summary of Work Performed

Since the project's inception in October 1996, the Team has
devel oped, installed, and field-tested an anbul ance data transm ssion
system a hospital reception/information delivery system and a
protocol for the renote neurol ogical evaluation of brain attack
patients.

The system has been depl oyed on three anbul ances, one of which
has subsequently been retired fromservice. The systemis currently
in use on two anbul ances for renote eval uation of brain-attack
patients.

Figure 2 represents the overall design of the systeminformation
flow of the nobile tel enedicine system Data containing video i mages
and patient biosignals are transmtted separately from voi ce.

I ndi vi dual video inmages are captured sequentially over tine and stored
in individual files. Each of the inages are tagged with a tinme stanp
for proper sequencing during replay.

Patient Con;u_ltmg
physician(s)
A 4 i I
Video < . Voice channel Desktop computer
Camera Paramedics (cellular phone) with Web Browser
Patient

monitor Image selection
controler

' !

. . o Data channel Basestation and
»1 Mobile unit (Multiple cellular phones) Web server

Local area network

Figure 2 Information Flow within the System

The design approach taken was to use existing, open-systens,
comerci al conponents wherever possible in order to keep costs | ow and
to best |everage external technol ogy devel opnent. |n canvassing the
mar ket pl ace, the project identified the foll ow ng vendor technol ogies
as key conponents for the nobile transm ssion system

1) FoNet (www. firstlook.com
FoNet is an award-w nni ng manuf acturer of nobile video
transm ssion systens for the broadcast television market. Early

Mobi | e Tel enedi ci ne Test bed
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(Phase 0) testing with a FoNet ResQCand system (devel oped by
FoNet in support of the Cklahoma bonbing rescue efforts) led to

the selection of the FoNet AnmbuCanmd system as a core project
technol ogy. The FoNet systemis responsible for capturing,
digitizing, and conpressing the video data stream and for
managi ng the wireless comuni cati ons. A uni que, patent-protected
feature of the FoNet systemis the ability to nmanage the

transm ssion of data over nmultiple cellular lines in parallel,
requi red by the project to achieve the desired aggregate
transm ssi on bandw dt h.

2) Protocol Systens, Inc. (ww. protocol.com
Prot ocol Systens designs, manufactures and markets vital signs
monitoring instrunments and systens. Their portable nonitoring

unit, the Propaq Encored, is the standard patient vital signs
monitor used within the Maryl and ExpressCare anbul ances.

3) WESTECH Mbbi |l e Sol utions (www. west echnobil e.com

WESTECH i s a | eadi ng manufacturer of software prograns for the
pre-hospital environnment. WESTECH had devel oped a digital
interface to an earlier version of the patient vital signs

nmoni tor, and was recomended by Protocol Systens as the firm of
choice for developing the interface software required by the
project to |load data fromthe patient nonitors.

4) Sprint/American Personal Communi cations (Sprint/APC)

(www. sprintsectrum apc. con
Sprint/APC was sel ected as the wirel ess comruni cations carrier
because of their digital PCS network and data transm ssion
services in the Washington/Baltinore area. The Sprint PCS
network offered both an encrypted signal for patient data
protection and the prom se of hi gh-bandw dth speed i nprovenents
t hr oughout the project.

The identified comercial conponents were integrated within the
remote nobile anbul ances as shown in Figure 3. Patient vital signs
data are captured fromthe standard Propaq nonitoring equi pment by the
commercial interface software (WESTECH) executing upon the video and
comruni cations conputer (FoNet). The patient data are transmtted to

the FoNet video and communications processing conputer. The FoNet
software's queuing nechanism integrates the patient data with the
i nput video data for conmunication back to the hospital. The VCR is

used to record anbul ance audio and video data, allow ng perform post-
transit data conparisons against the transmtted information. The data
transm ssion uses nultiple Nokia cellular phones in parallel (i.e.
si mul taneous transm ssion over nultiple lines) to increase the system
t hr oughput .

Mobi | e Tel enedi ci ne Test bed
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Speaker-Phone =~ =
Microphone [ —
Digital Camera L i I i

B hh FoNet Video
Processing and
Communications
Computer
(Also running

Propaq Encore WESTECH

Patient Vital Signs Propaq Interface
Software)

Fi gure 3 Anmbul ance Configuration

Two design objectives for the nobile unit were: mninmal need for
user interaction during usage on anbul ance, and pre-transm ssion
editing capability for selecting inmages or a series of inmages to be
transferred. The nobile unit was designed to be installed in a
cabi net on the anbul ance, with no keyboard or nonitor. The paranedics
sinply press a single OV OFF switch to activate all parts of the unit.
Vi deo i mages are sanpled autonatically at rates determ ned by the
transm ssion capacity available (on the order of 1 inage every 12
seconds). For certain diagnostic procedures, a higher sanpling rate
may be required (e.g. to approximte |ive video) and i mages nmay need
to be sanpled at specific tinmes (e.g., to capture at the nonent when
the patient closes his eyes). An inage selection controller is
provided to the paranedics; by pressing the button on the controller,
t he paranedi cs can sel ect which images are captured at any given tine.
By hol ding down the button, a stream of inmages are captured at a

Mobi | e Tel enedi ci ne Test bed
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sanpling rate higher than transm ssion capacity. The buffered inmages
are then transmtted as the system capacity all ows.

Two queues were used in image capturing and transfer. O her data,
such as patient biosignals, are injected directly into the priority
gueue. Figure 4 sunmmarizes the | ogic design used in capturing and

transferring video inmages.
Start Data

Priority

Start Image
Capture

Normal Yes
queue full?

Transfer first file in Transfer first file in
priority queue normal queue
Capture an image Capture an image *
putin priority queue put in normal queue

Remove file from
— piqueue

B

|

Transfer
successf

Figure 4 System Logic for Image Capture and Transm ssion

Upon the hospital side, data is received over regular land-Iline
nodens and stored on a secure Mcrosoft NT server (see Figure 5). The
data are served with the Mcrosoft Internet Information Server (a web
server) to make the data available over the hospital Intranet.
Physi ci ans use a sinple web-browser client (e.g. Netscape or Internet
Expl orer) to access anbul ance data in real-tine over the hospital LAN
fromtheir desktops.

Mobi | e Tel enedi ci ne Test bed
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Browser +

TeleBAT Java ‘Applet’

Phone Lines NT SEFHEF

Data In = il
'

Hospital
Intranet
Secure Link

5 *{

'SQL Database
b rdsnbtarionis i

R TR -

Physician’s Desktop

Figure 5 Hospital Configuration

The software architecture |everages the |atest “Server-Push”
technol ogy to update the desktop display. A secure HITP connection is
established from the desktop client to the Intranet server that is
kept open by the client. As new data arrives from the anbul ance into
the server, project software on the server generates dynam c updates
that are automatically transferred to the client. This approach
continually presents the viewer wth the latest data received (see
Figure 6), without requiring the user to initiate frequent requests

for data updates.

This approach has several advantages over a nore traditional
client/server approach. Al project software is ‘hidden” from the
users, running upon the backend web server. No customclient software
is needed (beyond a current web browser), mnimzing the costs
associated with adding additional users. Al'l conmponents within the
architecture renmain based upon open Internet standards, allow ng the

rapi d adoption of technol ogy inprovenents.

Mobi | e Tel enedi ci ne Test bed
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4. Results Achieved

The key objectives of the nobile tel enedicine testbed can best be
summarized in the foll ow ng questions:

| s the approach feasible? (Does it work?), and
Is it clinically effective? (Does it make a difference?).

Each of these objectives and their respective conponents are
di scussed bel ow.

4.1 Technical Feasibility Objective: Demonstrated

The feasibility objective required the successful integration of
the core technol ogi cal conponents necessary for the systemto
function. Each of these was denonstrated within the integrated system
as descri bed bel ow

4.1.1 Cdlular Communications: Demonstrated

The project successfully denonstrated that a nobile tel enedicine
system coul d be inplenented via cellular conmunicati ons between anbul ances
and correspondent trauma center. However, two issues were identified:

1. Published digital cellular bandw dth i nprovenents have yet to
materialize.
Each cel l ul ar phone channel has a theoretical speed of 9. 6Kbps,
but the connectivity testing neasured realized throughputs of
around 5Kbps. Throughputs of the Sprint Spectrum network were
expected to increase during 1997 by a factor of between 2 and 4
t hrough i nprovenent of the underlying network protocols, but
standardi zation of the revised GSM protocol s has taken | onger
than Sprint anticipated. Nevertheless, the future growh
potential for this wireless transm ssion technol ogy remnains
strong, with technol ogy ' prototypes' denonstrating data
t hroughputs of up to 100Mops.

2. Stability of the transm ssion |ink remains an issue.

The team worked closely with the Anbucamd system vendor FoNet to
enable their systemto automatically reconnect the cellular data
connecti on whenever a |ine disconnected ('drops'). However,
three scenarios continue to cause transmssion link stability

pr obl ens:

a) all connected phones dropping sinultaneously when
traveling through 'holes' in network coverage,

b) connected phones droppi ng when traveling from one
network cell into another (if the newly entered cell has
insufficient circuits available to support both all of
t he connected anbul ance |lines and regul ar calls being
handl ed by that cell), and

Mobi | e Tel enedi ci ne Test bed
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c) reconnection occurring only when circuits were avail abl e
within the newy entered cell, and
In practice this neant that we could not rely upon having nore
than two phones connected at any tinme, and that the connectivity
of those two lines was intermttent.

These issues could be resol ved by introducing a hybrid
communi cations architecture with overlappi ng network coverage. Such a
systemwoul d still drop and reconnect |ines, but overall system
connectivity would remain stable. Cellular conpetition throughout the
USis resulting in multiple digital cellular providers in nost areas;
for exanple, Sprint Spectrum has now been joined in offering digital
cellular service to the Washington/Baltinore area by Bell Atlantic and
AT&T. It should also be noted that the | atest of cellular phones are
now dual - node, conbi ning anal og and digital network connectivity.
These dual node phones provide hybrid network connectivity at the
phone itself, switching to the anal og network when the digital network
is unavailable in order to provide nore stable connectivity. The Team
has entered into discussions with Bell Atlantic to exam ne introducing
their recently announced data transm ssion services into the system
but exploring this approach was beyond the project resources.

4.1.2 Real-Time Patient Data Transmission: Demonstr ated

The project successfully denonstrated that both real-tinme vital sign
data and video image data can be transmtted and used effectively in such a
nmobi |l e system The original project goals included the transm ssion of the
followng three categories of real-tine patient information:

1. Vital signs information

Nunerical Vital Signs information
Heart Rate
Bl ood Pressure
Pul se oxi neter
End tidal CO2
Tenper at ure

Real -tinme vital signs information
Digitized waveform data from pul se oxi neter
End tidal CO2
El ectrocar di ogram

Vendor delays in supplying all the needed conponents del ayed the
i npl enentation and testing of the vital-signs data transm ssion
until the last few nonths. The Team successfully denonstrated
the end-to-end transfer of both the numeric and waveformvital -
signs data, yet did not have the opportunity to test this with a
real patient. Furthernore, although the waveformdata is

Mobi | e Tel enedi ci ne Test bed
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included in the transm ssion, the software to decode and properly
di spl ay the waveform data has not yet been conpl et ed.

2. Blood test analysis information
bl ood gas
bl ood chem stry
bl ood coagul ati on

Maryl and ExpressCare is piloting the use of the i STATa portable
el ectronic blood chem stry anal ysis device. The results of the
bl ood analysis are currently being conmuni cated verbally over the

audi o- communi cations link. Integration of the i STAT4 results
directly into the systemlis data-streamremains possible
(transmtted via an on-board infrared printer-interface port),
but requires the devel opnent of interface software.

3. Real-tinme or near real-tine video transm ssi on

The Teami s early systemtesting determ ned that the optinal inmage size
and rate woul d vary dependi ng upon the task nodel being eval uated; the
Team worked with the vendor FoNet to nodify their video and

communi cations processing software to allow us to specify the frane
size and conpression ratios used by the renote unit.

For the brain attack task nodel, we found that medi um conpression
of 320x240 size image provided sufficient information to

di stingui sh the subtle asymmetries in facial expressions needed
for the conduct of the renote neurol ogi cal exam

At this size and conpression, an individual inage requires
approxi mately 7Kbytes of storage, and takes roughly 10 seconds to
transmt over a single phone line. The rate of the inage
transfer may be i nproved dependi ng upon how nany phone |lines are
connected; we are realizing an average of 2 inmages every 10
seconds.

The project has exam ned switching froma JPEG i mage conpressi on
schene to a wavel et/fractal conpression schene, and found that a
factor of two inprovenent in the conpression of the inage data
woul d be possible (but would require the introduction of slightly
faster processors on the anbul ance). Taken together with a
hybri d conmuni cations architecture, these inprovenents would

i kely quadruple the data transm ssion rate. However,

i npl emrentation of these inprovenents were beyond the project
resour ces.

Mobi | e Tel enedi ci ne Test bed
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4.1.3 Initiation of Electronic Patient Record: Partially Demonstrated

The project attenpted to denonstrate that the el ectronic patient
record can be inplenented effectively at the initial point of care. W
found that the entry and transm ssion of patient records was possible, but
that the inplementation was too difficult to use in practice for the
foll ow ng reasons:

1. Poor display screen on the records entry conputer

The project purchased the Westech EMS&a systemthat had been

depl oyed extensively in police vehicles and had been tested in
Vancouver anbul ances. The systens we received were based upon the
Fujitsu Stylistic 1000 tablet conmputer, which uses a
"transflective' display. This type of display is nore expensive
than traditional LCD panels, with the screen's legibility inproving
in direct sunlight (traditional LCD screens becone 'washed-out' and
hard to read in sunlight).

Unfortunately, the "transflective' display performed poorly under
the fl orescent ambul ance lighting, making the systemdifficult to
use. Using an alternative screen technol ogy may produce better
results.

2. Poor performance of the handwiting recognition system

The handwriting recognition systemwas found to be too inaccurate
to be useful, requiring excessive user training and user care to
produce acceptable data entry.

Usi ng a keyboard and nouse for data-entry would address this
pr obl em

3. Unique records requirenents not addressed

Maryl and ExpressCare's record requirenments were not fully nmet by

the Westech EMsa system Al t hough sonme custom zation of the
West ech screens is possible, resolution of this issue was deened
| ess inmportant than the data i nput and screen display issues

di scussed above.

Each of these issues could be resolved by using custom zed run sheets
hosted upon a different patient record conputer (i.e. one with a better
di spl ay and keyboard).

4.2 Reduction of the Time to Definitive Diagnosis Objective: Partially Demonstrated

Unfortunately, technical problenms in the system inplenentation have
del ayed sufficient data collection to <conpletely assess this
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objective. A total of 37 testing sessions were conducted, in which 18
were lab tests, 7 were anbul ance tests, and 12 of which were during
patients transports (of which 6 were non-stroke patients, 3 were
cardiac catheterization patients, and 3 of which were stroke
patients). The tests were conducted in Baltinore-Washington area
using Sprint-Spectrum digital PCS networks, transmtting over 32,000
i mges over a cunulative duration of 64 hours (averaging 8.3 imges
per mnute).

The images captured were optinally set (as determ ned through
experinmentation) at 320x240 24-bit pixels, with JPEG conpression of
30% quality (lossy conpression). The size of imge files is dependent
on image content and lighting, and varied between 2~12 Kbytes (Figure
). Four phones with digital data service were used for the system
setup, each with a nomnal data rate of 9.6 kbps. The actual
t hroughput rate fluctuated considerably, as shown in the Figure 7 for
two lab tests and Figure 8 for two patient transfers.
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Figure 7 Transmtted | nnage sizes

The first mode at 2kB was for highly compressed 'dark’ images during ambulance tests when
lights were out; the second mode at 8kB was for images under normal lighting conditions.
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Figure 8 Data Transfer Rates During 2 Lab Tests

Data rate for two lab tests in bytes/second. Trend analysis reveals the number and
connectivity of phones transmitting in parallel, ranging from a single phone providing roughly
6Kb/s to four phones providing roughly 22.5Kb/s connectivity.
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Figure 9 Data Transfer Rates During 2 Patient Transfers

Data rate for two patient transfers in bytes/second. The deep trough in the second patient
transport represents a loss of connectivity by all phones, followed by the automatic
reconnection.
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The average rate of image transfer was 8.3 images/mnute (see
Figure 10). Due to the variability in file size per image, a nore
meani ngful indicator of data transfer speed was bytes per second. An
average of 882 bytes/seconds was achieved (Figure 11). There was a
signal latency (lagtine) of 10~15 seconds between when an inmage was
captured and when it was displayed on the receiving conputer in the
hospi t al
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Figure 11 H stogram of Data Throughput Rate

Feedback received fromthese initial patient runs suggests that
the system can provide significant useful clinical information. This
was denonstrated during a cardiac patient transport of August 27'"
1997, wherein 260 i mages were transmtted over the course of 21
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m nutes - a new i mage roughly every 5 seconds. The transmtted inmages
provi ded enough di agnostic information to conplete the initial portion
of the NIH Stroke Scal e, sufficient information was transmtted to
assess the patient’s Level of Consciousness.

This was again denonstrated for the stroke patient transport of
January 12'" 1998, wherein the NI H stroke scal e exami nation was
conpleted. Towards the end of the exam however, the paranedic
recogni zed a change in the patient's status for the worse. The
par anedi c repeated the exam and the physician was able to observe the
dramatic change in the patient's abilities since the initial exam (see
Figure series 12a..12i). [Note: The patient's consent was obtained to
use the data for presenting the project results.]

Patient is asked to raise his arnms (Note 12 seconds interval)

Figure 12b Tinme: 18:35:05. 89
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Figure 12d Time: 18:42:11.89

Toward the end of the transport, note the patient's left arm drops
fromhis lap indicating possible weakness
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Figure 12e Tine: 18:42:31.01

Figure 12g Tinme: 18:42:51.67
Par anedi cs recogni zes decline in status and repeats exam but
patient's left armis paretic
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Figure 12i Tinme: 18:43:009. 24

Figure 12 series a..i:

Vi si bl e change in patient's status
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5. Lessons Learned
Key | essons | earned on the project are that:

Leveragi ng comerci al conponents requires a trade-off of internal
control versus |lower costs and a faster external devel opnent
cycl e.

Achi eving reliable, high-bandwi dth wi reless data comruni cations
is difficult today but possible; it should get easier over the
next few years as the underlying networking infrastructures and
products nature.

The transm ssion of patient data from enroute anbul ances is
feasi bl e and can nmake significant difference in patient outcones.

More detail is provided bel ow about the specific problens
encountered on the project and their resol utions.

5.1 Remote Diagnosis May Be Difficult

Shortly after the first anbulance installation of the FoNet
equi pnent, the Team was presented with the first Brain Attack
transport. Although the conplete software and hardware infrastructure
was not yet in place, we seized the opportunity to ‘try-out’ the imge
transm ssion capabilities of the system (using a single phone line).
The followng Figure 13 is taken fromthat first patient transport.
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Figure 13 First Patient Transport

Al t hough the system perforned well, the patient was never a
candi date for t-PA because the onset of synptons occurred over two
weeks prior to the transport (the patient had presented four tinmes at
two separate hospitals within the previous two weeks). Interestingly,
this transport did reveal a valuable |l esson - a patient that is
difficult to diagnose in person is also difficult to diagnose
remotely. The patient was | ater diagnosed with spinal neningitis that
had di m ni shed his neurol ogical function in such a way as to mrror
t he synptons of stroke.

5.2 Unreliable Commercial Components

The project deliberately chose to heavily | everage cutting-edge
commer ci al conponent technologies. Wile this decision allowed the
project to incorporate externally devel oped, inexpensive conponents,
it al so exposed the project to additional risk. None of the conponent
technol ogi es perforned reliably when integrated within the system
exposi ng probl ens unantici pated by the conponent vendors.

Despite vendor assurances that their equi pnent was ready for
integration, repeated partial deliveries delayed the system
integration and testing. In hindsight, these vendor del ays were
caused by the inability of the vendor software platforns - FoNet’'s
systemoriginally ran under Wndows 3.1 and WESTECH s system
originally ran under DOS - to neet the project’s rigorous timng and
interfacing constraints. Satisfying the project requirenents has
forced both vendors to mgrate their systens to the nulti-tasking
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W ndows 95 operating system \VWile this architectural nodification
provi ded significant advantages (e.g. the ability to integrate al
anbul ance software upon a single conputer), it has also introduced
unexpected errors.

These problens are often encountered on conpl ex system
integration projects such as this, and can be exceedingly difficult to
resol ve. Because one is tying together nultiple commercial products,
each of the vendors presunes the problemnust lie in the other
vendor’s conponent. The situation is exacerbated when the problemis
“one-of -a-kind”, has been reported by no other custoners, and the
vendor is unable to replicate the error

As with any new system there are unknown vari abl es influencing
the success of the systemoperation. |Identification of these
variables is difficult due to the turnkey nature of the system design,
e.g. the anbul ance equi pnment was intentionally designed with only an
on/off switch. Most frustrating to the end-user was the sparse
notification when problens do occur, e.g. the client browser software
has no nethod of know ng that the cellular phones are out of range of
the network, or that the hospital server has crashed. The Tean s
approach was to isolate each problemand either correct it or devel op
a work-around. The main issues encountered are described in nore
detail bel ow

5.2.1 Cédlular Connectivity Issues

The Team struggled early in the project wwth problens interfacing with
the cellular network. The conputer interface to the cellular phone network
is made using a Type Il PCMCIA card that emul ates a Hayes AT-conpati bl e
nmodem The transmtting conputer’s interface software expects to use AT
commands to initiate and nanage the renote connection and data transfer.

Al though the interface was expected to be seanless, testing identified
problenms with the automatic detection and reconnection of dropped |ines.
Thi s problem was believed to be caused by network timng issues unique to
the digital cellular network that result in a ‘race’ condition for the
software drivers. Because the cellular network coverage is not perfect,
resolution of this problemwas critical for ‘turn-key’ hands-off operation
of the system

Detailed testing was perforned to isolate and renpove this problem
w th exceptional support provided by both FoNet (provider of the
vi deo/ conmuni cati ons conputer) and Sprint/Amrerican Personal Comruni cations
(provider of the digital cellular phone service). Sprint/APC hosted
mul ti pl e rounds of |aboratory testing at their engineering facilities in
Bet hesda to isolate this problem bringing in both their network
engi neering staff and Mdtorola GSM experts. Initial suspicions were that
this problemwas a minor timng issue that could be corrected by altering
the FoNet software drivers, but this was proven not to be the case.
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Testing finally tracked the cause to firmmare within the Mtorola cellular
phone PCMCI A interface cards. |Initial testing nade using the cellular
phone equi pnent from Nokia - the only alternative equi pnent provider -
confirmed that the problemlay within the Mtorola cards

Wrking with Motorola to identify and correct their software was
deened beyond the project scope, and the decision was made to abandon
the Motorola equi pment in favor of Nokia. This change neant that the
slightly higher throughput of the Mtorola equi pnment (achieved through
deactivation of the wireless RLP network protocol) had to be
sacrificed for the superior connectivity of the Nokia. Further, the
Noki a equi pnment did not support the attachnent of an external antenna,
which earlier testing proved desirable for a stronger network
connection. A vigorous nmarket search identified a European firm
(Al 'gon) which makes an inductive coupling for the Nokia phone. The
Al gon connector provides a inductive ‘sleeve’ that slides over the
smal | phone antenna, which is then connected to the |arger external
ant enna.

The frequent dropping and automatic reconnecting of calls exposed
two additional unanticipated problens: the stability of the Mcrosoft
W n95 Tel ephone Application Programmatic Interface (TAPI) |ayer, and
the stability of the Nokia phone’s internal conputers.

The FoNet Anmbucam software communi cates with the phones through
the Wn95 TAPI software interface. A |ockout problem was encountered
within the Wn95 TAPI |ayer that is preventing the Anbucam software
fromreconnecting lines. As |lines are repeatedly dropped and
reconnected, Wn95 is locking up the interface to individual I|ines,
bl ocki ng t he Anbucam software’s ability to use that line. The FoNet
vendor is investigating a software workaround, but noving to an NT
platformis expected to resolve this issue.

Each of Nokia phones is actually an enbedded a conputer system
running its own operating environnment. The project encountered random
crashes of the Nokia phone conputer during the automatic redial
process. Resetting the phone requires di sconnecting the phone cabling
and renoving the battery — a process too cunbersone for the anbul ance
personnel. This problem has been reported to Nokia and shoul d be
resolved in a subsequent release of the firmvare, but to date no
wor kar ound has been identified.

5.2.2 Maturing Internet Software M odel

Key to project's software architecture is to provide anbul ance data to
t he physician's desktop over the hospital’s existing LAN, using standard
web browser technology (i.e. Netscape or Explorer) to view the dta. As
data arrives at the server, the data viewed by the client workstations nust
be dynam cally updated. Because web pages are normally static in their
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content, we had planned to acconplish this using a conbination of the
Internet *Server-Push’ and ‘Cient-Pull’ techniques. This was to have been
acconplished via a mxture of the straightforward Hyper Text Transfer
Protocol (HTTP), HyperText Markup Language (HTM.), and the sinple browser
scripting | anguage, JavaScri pt.

In theory, these techniques allow the Server to push new data to the
client that updates the screen, and allows the client to automatically
request data updates without requiring the user to push any buttons. In
practice, the initial *Push/Pull’ prototypes found the underlying open-
standard techni ques to be poorly supported by both M crosoft and Netscape’s
browsers. Techni ques that worked for one would crash the other; neither
were robust and would fail after running properly for 10-20 m nutes.

The deci sion was nmade to nove the software devel opnent to Java,
requiring a significant redesign of what had been anticipated as
relatively sinple web software. Mowving to Java required accepting a
tradeof f of additional software conplexity in exchange for greater
al gorithmc control and operational stability.

The revised architecture enbeds a Java ‘applet’ (a small browser-based
application) within an HTM. web page. The applet establishes connectivity
fromthe client to a Java application running on the Wb Server. The Java
‘push’ server application can accept connections frommultiple clients, and
pushes data as it is received at the server out to each of the clients.

The client’s Java appl et updates the display with the new data as it is
received fromthe server

Operational testing revealed that the wite-once/run-anywhere
prom se of Java remains an elusive goal. Furthernore, the Team found
that the Mcrosoft Java run-time environnment - on both the Wn96
client and the WnNT server - would becone unstable after | ong periods
of operation (e.g. on the order of an hour for the client, on the
order of days for the server). These problens are due to cumul ative
i npl ementation errors (such as nenory | eakage) within the M crosoft
and Netscape Java Virtual Machines (JVM. The Team has renui ned
vigilant in testing and installing the latest Mcrosoft JVM patches,
and plans to mgrate to Sun Mcrosystenis JVM which can be enbedded
to run under both browsers for nore consistent perfornance.

We found that the Java client software was extrenely sensitive to
differences in the browser within which the software runs — and
between different versions of the sanme browser. For exanple, the
sof tware woul d crash when run under different versions of Internet
Expl orer and Netscape. Furthernore, the operation of the user
interface el ements (pull-down choice boxes, sliders) would function
differently between the browsers. Software work-around sol utions have
been found for each of these issues, gradually inproving the stability
of the client software.
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Crashes of the Java Push Server software were traced to a failure
in the underlying Mcrosoft NT Java Virtual Machine (JVM run-tine
environment (i.e. the Java programitself was fine, but the operating
systemwas crashing). This problemwas resol ved by running the Push
Server within a loop froman alternative runtinme environnent. A
sinple Perl script was devel oped that runs the Push Server in an
infinite | oop:

Loop
Run the Java Push Server
End Loop

Wen the Mcrosoft Java environnent crashes, control is returned
to the Perl environment. The Perl Loop ends and the software is
automatically restarted with the environnent reinitialized.

The | oop nodification of the server software all owed the Teamto
i npl ement a browser-based renote server adm nistration feature.
Server | ogs were added that allow the renpte adm nistrator to nonitor
the status of the server, the software execution, and the client-to-
server connections. The server software itself was nodified to accept
a control nessage that aborts the Java Push Server. \Wenever the
Server software is updated, a renote term nati on nessage can be sent
fromthe Admnistrative Interface. The Java Push Server will exit,
but the loop within the Perl script will restart the execution using
the | atest version of the software.

5.2.3 Microsoft Software | ssues

The overwhelmng majority of software issues were traced to
problenms within the Mcrosoft Wndows 95 (W n95) and W ndows NT
(WnNT) environnments. |In addition to the Java, Browser, and TAPI
i ssues descri bed above, problens were encountered with both the
configuration and the stability of the runtime environnents.

Once the cellular network connectivity issues described above
were resol ved, the Team worked to achieve parallel comrunications over
mul ti ple cellular phone Iines. These efforts were slowed by an error
eventually tracked to a Wn95 bug in the internal handling of the
nmodem's 'friendly' name. Having multiple nodemis of the sanme type
(1.e. "Nokia PCMCI A Data Card 1', 'Nokia PCMCI A Data Card 2', etc.)
created a systemresource error in mapping the nodemnane to the
physi cal nodemline. Once the source of this problemwas identified,
t he nodens were renaned through manual editing of the Wn95 resource
registry. The Team successfully achieved parallel video transm ssion
over four digital cellular phone lines on June 24'" of 1997. To our
know edge, this has never before been acconplished - the best previous
paral l el connectivity had been nade (by FoNet) using two anal og
cel l ul ar phones.

It was discovered that the anbul ance systens woul d occasional |y
activate a lowlevel Wn95 system di agnostic (a | engthy surface scan
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of the hard disk) when the unit was powered-on. There is no neans of
determ ning when Wn95 will run the diagnostic — which can easily take
over 30-mnutes to conplete — leading to inconsistent and
unpr edi ctabl e performance. Because any system nmal functi on woul d
require transferring the unit to a maintenance facility, these

di agnostics provide no value within the anbul ance environnent. The
Team di sabl ed the system di agnostics of the anbul ance units in order
to resolve this problem

The system architecture originally used a separate Wn95 conputer
as the FoNet receiving basestation, which would transfer data received
fromthe anbul ances to the NT Intranet server. Stability error within
t he FoNet basestation (nanifested as crashes of the FoNet Anbucam
software) was traced to a runtinme error wwthin the Wn95 nenory
managenent routines. These routines were conpletely rewitten by
M crosoft for Wndows NI, giving the WnNT runtime greater stability
than the Wn95 runtinme environnent. Integrating the Anbucam software
within the NT web server resolved this problemwhile sinplifying the
system architecture by renoving the need for the basestation.

5.3 Desirable System Enhancements

As a direct result of the project experinentation, the follow ng
system enhancenents were identified and shoul d be inpl enent ed:

Create a hybrid connectivity architecture wusing overlapping
wireless infrastructures. By taking advantage of the overl appi ng
network coverage, higher data throughput and inproved cell-to-
cell connectivity can be achieved. The resulting hybrid
communi cations subsystem architecture wll allow dynamcally
optimzing the selected communication channels for bandw dth,
stability, and cost.

I ncorporate a commercial real-tinme wavel et - base i mage conpressi on
algorithm Prelimnary investigations suggest that noving from a
JPEG to a wavel et/fractal imge conpression scheme will produce a
factor of 2 inprovenent in the data throughput w thout noticeably
changing the quality of the transmtted imges. As part of the
conpression upgrade, the store-and-forward of conpr essed
vi deo-streans should be nodified to use the superior conpression.
The current systemis able to capture video streans at a rate of
approximately 1.6 franes per second. This limtation is due to
the frame-by-frame nature of the inmage capture; achieving a
hi gher frame rate requires redesigning the system s internal data
flow for streamng video to an interim nenory cache rather than
directly to disk.

Upgr ade the anbul ance systemto a nore powerful Wndows NT-based
conputer that has a sl eep/ power-save node. This upgrade wl|
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resol ve outstanding instability issues caused by Wndows95, and

t he sl eep/ power-save node will prevent the system frominproper
shut down. Supporting real-tinme wavel et/fractal conpression

requi res nore powerful processors than the current 166 MHz
Pentium systens. Moving to faster (i.e. 300MHz or better) Pentium
Il MW processors wll better support noving fromthe current

W ndows 95 environnment to W ndows NT.

Add a pernmanent fl at-panel LCD display, keyboard, and nouse to
the EMI work area. Connected directly to the transm ssion
system this display would allow the EMI to better nonitor the
system and coul d al so be used support the entry of patient record
i nformati on.

Devel op an infrared interface to automate the introduction of the
i STAT4 bl ood chem stry data into the systemdata stream The
I STAT4 data is currently sent over the audio Iink by the EM.
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6. Current Status and Recommendations

The descri bed nobile tel emedicine systemis in use today at the
University of Maryland, installed within two anbul ances. The system
has been running for roughly four nonths of test operation, which has
included multiple runs with true trauna patients. System perfornance
has been m xed due to a conbination of stability issues. Wen the
systemis up and running the hospital staff are ecstatic, and have
responded with such enthusiastic expressions as "This is amazing,
absolutely fantastic.”" Unfortunately, they are equally expressive
when the systemis not running.

Feedback received fromour initial patient runs suggests that the
system can provide significant useful clinical information when it is
perform ng properly. Questionnaires conpleted by four users (two
paranedi cs and two stroke specialists) of the nobile tel enedicine
system i ndi cated that:

(1) the systemdid not inpose intrusion to the privacy of the
patient or the paranedics,

(2) it was easy to use,

(3) it was adequate for conducting clinical exam nations, and

(4) it conveyed critical clinical information.

Through i nformal conmunications with Marian LaMonte, M D.
Director of the Brain Attack Team and assi stant professor of Neurol ogy
at the University of Maryland School of Medicine, the inportance of
the system becones increasingly clear. Although the results have not
yet published, the clinical trials of the efficacy of t-PA therapy in
the 3-5 hour and 3-6 hour wi ndows follow ng synptom onset have been
hal ted, show ng no difference against the control group. This neans
that the current 3-hour w ndow remains the only opportunity for
intervention known to inprove patient outcones, and highlights the
i nportance of the tel enedicine systemin saving tinme to patient
treat ment.

The continued use of the systemis in currently in question due
to the communications stability issues described above.
Unfortunately, the resources to inplenment the needed system
enhancenents have to date been unavail able. The project Team strongly
recommends that the system enhancenents identified by the project be
i npl emrented, and that the revised system be used to speed the
treatment of Brain Attack patients. Qur Teamis continuing efforts to
identify the resources necessary to neet these goals.
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7. Project Publicity

There has been a strong interest in the press about this project,
and the feedback received from presentations has been extrenely
positive. A web site of information about the project is avail able at
http://hfrp.umt. umaryl and. edu/tel ebat. html, and the project has been
described in nmultiple publications, including the proceedi ngs of the
1997 AM A conference (and has been submtted for the 1998 AM A
pr oceedi ngs). I ncluded in the project publicity are the foll ow ng:

Present ati ons
"Tel emedi cine at the University of Maryland", Colin Mackenzie,

Geater Baltinore Council's TechNite' 97 featured presentation
Septenber 23, Baltinore Convention Center, Baltinore MD

"Eval uating Mbile Tel enedi cine”, Yan Xi ao presentation to the
Associ ation for the Advancenent of Medical Instrunentation (AAM)
June 10, 1997, Washi ngton, DC

"Tel eBAT: Tel enedicine for The Brain Attack Teani, LalMnte, Xi ao,
Mackenzie, Hu, Gaasch, Cullen, and Gagliano, featured Poster
Presentation at the 23rd International Conference on Stroke and
Cerebral G rcul ation

"Mobile Telemedicine at the University of Maryland”, Peter Hu
presentation to the University of Shanghai Medical Departnent,
1997, Shanghai China

"Tel enedi ci ne: Past , Pr esent & Promse", Colin Mackenzi e
presentation to the Medical & Chirugical Faculty of Maryland
Synposi um Sept 27th 1997, BW Airport Marriott,Baltinore

"Tel eBATSM Mbobil e Tel enedicine for the Brain Attack Teani, Health
Information Infrastructure 1998 (HII'98), Feature Presentation at
the 3" Annual Conference of the Friends of the NLM April, 98,
Washi ngton, DC

H MSS 98 Synposium - Heal thcare | nformati on Managenment System
Soci ety (handouts/brochure at booth on exposition floor)

Publ i cati ons

D. M Gagliano and Y. Xiao (1997): "Mobi | e Tel enedi ci ne Test bed"
Proceedi ngs of 1997 the American Medical Informatics Association
(AM A) Annual Fall Synposium 383-387
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DM Gagliano and A. Allen: Wreless anbul ance tel enedi ci ne may
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