ADVANCED SATELLITE COMMUNICATIONS TECHNOLOGY FOR EFFICIENT, LOW-COST TELERADIOLOGY



Robert J. Kerczewski, Gerald J. Chomos, Paul G. Mallasch, 

Duc H. Ngo, Diepchi T. Tran, and Quang K. Tran

National Aeronautics and Space Administration

 Lewis Research Center

Cleveland, Ohio



and



Brian A. Kachmar

ANALEX Corporation

Brook Park, Ohio



�

�Abstract



NASA has developed and demonstrated several advanced satellite communications technologies through the Advanced Communications Technology Satellite (ACTS) program.  These technology developments, which include Ka-Band broadband links, on-board switching and baseband processing, narrow high-gain antenna beams, and adaptive forward error correction, have spurred more than a dozen proposed new regional and global satellite systems.  These new systems will be able to provide teleradiology services in a very efficient and cost-effective manner, especially to remote, rural locations.  A current NASA ACTS experiment is focusing on telemammography to develop and demonstrate the satellite teleradiology potential.  The advanced satellite technologies, the potential for teleradiology services by satellite, and recent results of the telemammography experiment will be presented.





�Introduction



The deployment of new communications satellites continues at an ever increasing pace as the 20th century closes, despite the predictions of a few years ago that ubiquitous fiber-optic cable would render satellites obsolete.  Within the past year, most of  the Iridium constellation of 66 low earth orbit (LEO) satellites has been placed in orbit, and the start of global satellite-based voice and low rate data communications linking the entire surface of the planet is less than a year away.   Globalstar, another LEO constellation is also being launched, providing a second low data rate global communications network. 



A second generation of LEO and geostationary regional and global satellite networks is now being developed.  These systems will be providing data services at rates up to megabit-per-second (Mbps) ranges and beyond.  Targeting mass markets of millions of subscribers, the costs for earth stations and connection time will be driven down substantially.  While the primary market will be for internet connectivity, the potential benefit for other applications such as telemedicine, and in particular, teleradiology is great.



NASA’s ACTS program has been a catalyst in the new technological leap forward that the first and second generation global satellite systems represent.  It has done this both by developing and demonstrating critical new technologies, and by providing a testbed for satellite communications applications.  The resulting flight-tested technology and demonstration-proven applications have provided the risk-mitigation necessary to draw tens of billions of investment dollars into more than a dozen new satellite system proposals.



The unmet needs of millions of patients in rural, low population areas in the United States, as well as billions of underserved patients globally, represent an important application that can be addressed in a cost-effective manner through future satellite communications networks.  This paper specifically examines satellite teleradiology applications, which can rapidly connect patients to specialized expert care which is primarily available only in large medical centers in urban areas.  



This paper will review teleradiology needs and how the unique properties of satellites apply, explain technology advances which will allow low-cost access,  discuss potential next-generation systems which may provide such services, and describe a satellite telemammography experiment which is advancing teleradiology technology to meet the availability of next generation global satellite networks.   The potential cost competitiveness of satellites vs. terrestrial communications is also discussed.



Teleradiology Needs and Requirements



Radiology and other imaging interpretation often require the services of specialized experts.   Of course, to support specialists requires a reasonably large patient base which cannot be met in small towns and low population, rural areas.  Diagnostic images therefore are either shipped via land transportation to larger medical facilities, or a stored to wait for a “traveling” radiologist to appear.  In emergency cases, the lack of an available radiologist can have serious implications.  Transportation of the patient to a facility with the required expertise is costly and time-consuming.  Teleradiology, the electronic transmission of digitized diagnostic images,  therefore represents an approach to meeting the needs of underserved populations,  reducing time to diagnosis and treatment as well as transportation costs.  Annual mammography screening, recommended for more than 56 million American women, is an example of a teleradiology requirement on a massive scale; millions of women live vast distances from mammography interpretation centers, although the imaging can be performed nearby.



Table I  shows that the primary technological requirement to enable teleradiology is the ability to quickly move large amounts of digital data.  In areas where the only telecommunications connectivity available is ordinary phone lines, which would provide a maximum digital data throughput of 56 kilobits per second (kbps), it can take hours to transmit most of these types of imaging studies, making rapid “near-real-time” teleradiology unrealizable.  Applying image compression at a high enough ratio to reduce these transmission times to a few minutes without compromising the image quality is similarly impractical at the present time.  Unfortunately, due to the cost of installing high data rate transmission lines, there are many portions of the country and the world which will never have terrestrial communications capabilities greater than ordinary telephone lines.  



Application of Satellites to Teleradiology



For many areas of the US and most of the world, which will never have high data rate terrestrial communications links, satellite communications offers a viable alternative.  Satellites have a number of inherent qualities which can make them ideal for teleradiology applications.



Primarily, satellites have the capability of providing service to nearly any location on earth without having to connect to any terrestrial networks.  By installing an earth station, satellite connectivity can translate into global interconnectivity, allowing a rural medical clinic to communicate with any similarly equipped facility.  Because a satellite or constellation of satellites can cover a very large region, a teleradiology network can include a number of facilities with a single telecommunications service of uniform cost, capability and quality, and they can provide much higher bandwidth than telephone lines, resulting in the capability of rapid, near-real-time teleradiology.

�

Table I. Typical File Size and Transmission Times for Diagnostic Imaging



Image Type�Images per case/study�Total data required (Mbytes)�Time to transmit at 56 kbps, mins.�Time to transmit at T1, mins.�Compression ratio required for <1 min. to transmit at T1��Plain film 

x-ray�2 to 6�8 to 84�19 to 200�0.7 to 7.3 �8:1��CT, MR�20 to 300�5 to 150�12 to 357 �0.4 to 12.9�16:1��Ultrasound�300 frames�40 �95�3.5�4:1��Mammography digitized film, 100 microns�

4�

24�

57�

2.1�

4:1��Mammography digitized film, 50 microns�

4�

96�

228�

8.3�

12:1��Mammography direct digital�4�192�457�16.6�20:1���Advanced Satellite Communications Technology



Most current communication satellites were not designed to provide low cost services to millions of subscribers, but are rather intended for video broadcast, intercontinental data and telephone network traffic, and  corporate communications networks.  Hence, they are not economically feasible for providing teleradiology services for most rural areas.   However, recent technological advances have changed the future of satellite communications dramatically.   Regional and global satellite networks expected to be deployed in the next three to five years will be geared toward low cost data communications mass marketed to millions of subscribers. 



The primary thrust for these new technological advances has come from NASA’s Advanced Communications Technology Satellite (ACTS) Program1,2.   Since the launch of ACTS in September, 1993, several major new technologies have been demonstrated which have removed the risk for commercial satellite companies to design new systems with these technologies.  Several of the most important new technologies and their impact on cost and capabilities of the next generation global satellite networks are described below.



Ka-Band Frequencies



ACTS is the first satellite in the western hemisphere to use Ka-band uplink and downlink frequencies, that is, 27.5-30.0 GHz on the uplink and 17.7-20.2 GHz on the downlink.  This new frequency band , most of which will be available for commercial communication satellites, provides significant new bandwidth allocations which can be exploited for broad bandwidth (high data rate) links; up to 622 Mbps links have been demonstrated by ACTS.  The large available bandwidth can alternatively allow a multiplicity of narrowband links, greatly increasing the overall capacity of a given satellite and allowing it to service many more lower bandwidth users.  Although the Ka-band is much more susceptible to signal attenuation due to rain, ACTS has demonstrated that these problems can be minimized in most geographic areas through the use of spot beams and forward error correction, as discussed below.



Another advantage of the Ka-band is that system component become smaller at higher frequencies.  This especially impacts the size of antenna apertures.  For example, the gain of the same size antenna at Ka-band is approximately four times the gain at the lower Ku-band frequencies (14 and 12 GHz).  Alternatively, one can use an antenna which is half of the diameter of a Ku-band antenna and obtain the same antenna gain at Ka-band.  This helps to allow very small inexpensive earth stations to be produced for Ka-band systems.   



Narrow High-gain Antenna Spot Beams



Whereas most current communications satellites project a single large antenna beam to cover a very large surface (for example North America or the continental United States), ACTS has pioneered the use of very small antenna spot beams.  As mentioned above, the higher Ka-band frequencies allow more gain for a given antenna size, which translates to the ability to generate smaller antenna beams for a given size spacecraft antenna.  The ACTS beams are only about 150 miles in diameter, which means that many individual beams can be used to cover a large area. The operating frequency bands can then be used many times in different, separated geographic locations.  This greatly increases the capacity of a given satellite system, as well as increasing the number of users which can be served simultaneously.  In addition, the high gain spot beams allow much smaller earth station antennas to be used, lowering the overall cost to users.



On-board Switching and Baseband Processing



The use of many small satellite spot beams, as described above, requires that the satellite be able to interconnect the uplink and downlink beams in order to connect different geographic locations, and to dynamically change the interconnections as user needs change.  ACTS has developed and demonstrated two types of switching to accomplish this.  Intermediate frequency (IF) switching is used to interconnect different uplink and downlink beams directly while just translating the signal from the uplink frequency to the downlink frequency.  The baseband processor on-board ACTS performs a much more complex switching function.  It takes on a network control responsibility, first demodulating the data stream received by the satellite, and decoding and interpreting the data’s destination point.  It briefly stores the message, and re-codes and re-modulates the data in preparation for its downlink transmission.  The ACTS antennas scan across the spot beam locations, timing the scanning with perfectly timed burst of data from, and to, the various earth stations.  The resulting Time Division Multiple Access (TDMA) controlled network scans across all locations within a given region (covered by a particular set of spot beams) 1000 times each second, constantly reconfiguring the scanning as new earth stations enter the network and others drop out.  This complex network control system gives a much greater flexibility in distributing the satellite’s resources, thus increasing the overall capacity of the satellite and reducing user costs.  In addition, network control functions which were previously performed on the ground in a double-satellite-hop star-type network can now be performed in space, eliminating the second satellite hop with its added time delay and use of additional satellite resources.



Adaptive Forward Error Correction 



Forward error correction can be added to a transmitted signal in order to increase its robustness and reduce the number of bit-errors in the data.  For Ka-band frequencies this becomes necessary in situations where heavy rain is occurring on either the uplink or downlink transmission, weakening the signal.  



The baseband processor in ACTS allows the coding to be added to either the uplink or the downlink.  It can decode data to which earth stations have added error correction when rain is occurring, and can add error correction coding to a downlink transmission destined for a rainy location.  This coding is added dynamically when the network senses a rain event impacting any uplink or downlink.  It is transparent to the user who is aware only of a high-quality communications link being maintained during a rainstorm.



Advanced Earth Station Technology



In support of the ACTS experiments program, several types of Ka-band earth stations have been developed and demonstrated.   The very small aperture terminals 
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Figure 1 - An ACTS T1-VSAT being installed 

at the University of Virginia

which support T1 (1.544 Mbps) data rates, called T1-VSATs, are the workhorse of the baseband processor network described earlier.  Figure shows a T1-VSAT being deployed.  These earth stations use either 1.2 or 2.4 meter diameter antennas.  They recently have been upgraded to allow up to 10 Mbps satellite links.



Ultra small aperture terminals (USATs) have antenna diameters of only  0.3 to 1.3 meters, but have been demonstrated at data rates of T1 and higher on the transmit link and  >10 Mbps on the receive link.  They are very small and easy to use, and expected to be very low cost ($1,000-2,000) when mass produced.  Overall, the USATs and VSATs are prototypes of future small, inexpensive earth stations for the next generation of communication satellite networks.



Verification of Advanced Technologies

 

During more than four years of ACTS experiments, the advanced technologies described above have worked beyond expectations, and the satellite itself has remained remarkably healthy and free of major problems.  As a result, many new satellite systems are embracing these new technologies, with the anticipated result of significant new high quality, low cost commercial satellite services becoming available.



Proposed new satellite systems



Table II lists the proposed new U.S.-based regional and global satellite networks which are being developed for deployment within the next three to five years3. The influence of the ACTS technology is apparent in the presence of multiple spot beams, on board switching and processing, small earth stations, and of course, use of the Ka-band frequency bands.  In nearly all of these systems the primary service data rate will be in the range of T1/4 to T1 and an emphasis is on small earth stations with antenna diameters of one meter or less.



Each of these systems has received a license from the FCC to begin development.  Note that the Millenium system has been reconfigured to a LEO-based system, now called Celestri, which had not yet been licensed at the time of the preparation of this paper.  It is apparent that sufficient regional and global markets are insufficient to support the development of  all of these systems.  Eventually perhaps two to four will be completed and deployed, depending on market assessments and the ability to acquire financing, but the global availability of data communications through satellite-based networks will increase substantially in the coming years.

�TABLE II - Proposed U.S. Ka-Band Regional and Global Systems Offering Duplex Data Services



System�Proposer�Orbit�No. of Satellites, Coverage�No. of Antenna Beams�On-board switching/

processing�Service Data Rates�Antenna Diameter��Teledesic�Teledesic Corp.�LEO�288, Global�64�Yes�Up to T1/E1�0.3-1.5 m��Echostar�Echostar Communications�GEO�2, Regional�48�Yes�T1/4 to T1�0.7-2 m��GE Star�GE Americom�GEO�9, Global�44�Yes�T1/4�0.75 m��Galaxy

Spaceway�Hughes Communications�GEO�20, Global�24�Yes�T1 to 4T1�0.7m��Ka-Star�Ka-Star Communications�GEO�1, Regional�52�Yes�T1/4 to T1�0.6-2 m��Astrolink�Lockheed-Martin�GEO�9, Global�96�Yes�T1/4�0.6-1.2 m��Cyberstar�Space Systems/Loral�GEO�1-3, Regional/

Global�72�Yes�T1/4 to 2T1�0.7 m��Millenium�Motorola�GEO�4, Global�N/A�Yes�T1/4 to T1�0.7 m��NetSat 28�NetSat 28�GEO�1, Regional�1000�Yes�T1/4 to T1�1 m��Orion�Orion Network Systems�GEO�3, Regional/

Global�25�Yes�T1/4 to E1�0.7-1.2 m��PanAmSat�PanAmSat�GEO�2, Regional�12�Yes�56 kbps to 

45 Mbps�up to 4 m��Notes: T1 is 1.544 Mbps; T1/4 is 384 kbps; 2T1 is 3.088 Mbps; 4T1 is 6.176 Mbps; E1 is 2.048 Mbps



�NASA’s Satellite Telemammography Project



In 1994, the University of Virginia and NASA Lewis Research Center initiated research into satellite telemammography, joined soon thereafter by the Cleveland Clinic Foundation.  The purpose of this research is to develop and demonstrate technologies and methods to enable low-cost satellite telemammography using the enhanced capabilities of the proposed new Ka-Band satellite systems.  Telemammography represents an especially challenging special case of general teleradiology, because of the large amount of data which must be transmitted (refer to Table I) and the difficulty in applying image compression to mammography as opposed to other imaging. 



NASA’s ACTS satellite, as described above, represents a testbed for satellite communications applications research which is as technologically close to the next generation of satellite systems as possible.  The ACTS T1-VSAT (Very Small Aperture Terminal) earth terminals and baseband processor network are therefore being used in a technology development and demonstration experiment called the Satellite Telemammography Network (STN) experiment.  

In this experiment, T1-VSAT terminals located at NASA Lewis, the Cleveland Clinic, and the University of Virginia are being used to investigate several telemammography issues in an experiment which began  in March, 19974. 



The STN Experiment has three parts.  The first part focuses on interoperability of the ACTS T1 satellite link with the terrestrial portions of the telemammography network, and includes such issues as data transmission protocol performance and satellite link performance.  The second part consists of simulating the end-to-end satellite telemammography session, optimizing the process, and identifying bottlenecks and possible solutions.  The third part of the experiment will collect a dataset of transmitted images for later clinical study. 



Figure 2 shows the STN Experiment physical setup.  Three ACTS T1-VSAT earth stations are used.  Earth Station #1 is located at NASA Lewis in Cleveland, on the roof of the ACTS Master Control Facility, and is connected to the telemammography workstation in another building via a T1 line.  Earth Stations #2 is also located at NASA Lewis.  It is connected to the telemammography workstation in the CCF Radiology Department, about 15 miles away, through a commercial T1 transmission line connected to a transfer workstation, and then through the Cleveland Clinic’s 10 Mbps local area network (LAN), rather than 

�
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Figure 2 - Configuration of the Satellite Telemammography Network Experiment



�physically locating the earth station at the Cleveland Clinic site.  This was done to reduce experiment costs, however the satellite network operates in such a way that there is no operational difference, other than the need to interconnect between satellite and commercial terrestrial resources.  An advantage of this arrangement is that it provides the opportunity to verify the interoperability between satellite, commercial terrestrial lines, and the LAN, which will be important in future telemedicine networks.  Earth Station #8 is located at the University of Virginia in Charlottesville, Virginia, and is directly connected to the telemammography workstation. 



The physical configuration of the STN Experiment has been completed.  All of the links have been tested and mammography images have been successfully transmitted between NASA Lewis and CCF, and between NASA Lewis and UVa.  We are currently using a NASA developed interface to enable direct file transfers between the various telemammography workstations.  This method provides the full capacity of the T1 link to be used, i.e., nearly 100% link efficiency is obtained.  However there is no inherent error checking and correcting capability in this file transfer technique, and testing has shown that compressed image files must be received completely error-free in order to be decompressed and reconstructed for display.  The familiar TCP/IP protocol, used for internet data transfer, performs this error checking function and uses received data acknowledgments to assure that a received file is error-free.  However, the transmission delay occurring in a round trip satellite link creates functional problems for the TCP/IP protocol, effectively slowing down the effective transmission rate to as low as 5%.   General Electric Corporate Research and Development, working with Massachusetts General Hospital has demonstrated that a modified TCP/IP protocol can alleviate this problem and produce a link efficiency of around 90% for mammography image transmission5,6.  Additional work being performed at NASA Lewis is further improving the compatibility of TCP/IP with satellites.  The STN Experiment is currently integrating a TCP/IP protocol capability, which will also allow improved satellite compatibility with the  Digital Imaging and Communications in Medicine (DICOM) image transfer standard.



In research performed thus far, commercial off-the-shelf software has been utilized for wavelet-based compression of digital mammograms.  NASA Lewis applied a specialized image compression package designed for radiology called AccuPress for Radiology (Aware, Inc., Bedford, Massachusetts).  This software allowed efficient incorporation  of wavelet compression into existing applications and systems.  Digital X-rays with up to 16-bits of gray scale may be compressed to either a user selectable compression ratio or to a user selectable distortion level.  The software also allows image compression solutions to application developers and system integrators by providing linkable libraries with a simple to use memory to memory application programming interface.



Technical Results of the 

Satellite Telemammography Network Experiment



The first part of the STN experiment is nearing completion.  We have verified the operation of the hybrid network, including the satellite links and terrestrial portions.  At the time of the preparation of this paper, we have successfully transmitted over 1400 images over the network.  No errors attributable to the communications links have occurred, although some experiments have taken place during heavy rainstorms.  This performance indicates the data transmission quality inherent in the ACTS baseband processor/T1-VSAT network using the antenna spot beams and dynamic forward error correction, and bodes well for the use of Ka-band satellites systems for reliable teleradiology.



The time required to transmit images is dependent on the size of the digital mammography image and the amount of image compression applied.  Transmission tests have been performed for images scanned at 50 microns, compressed by a ration of 30:1, and for images scanned at 100 microns and compressed by a ratio of 8:1.  In either case, it takes about 5-7 seconds for the image to be transferred from one telemammography workstation through the satellite to another workstation.  This uses the direct file transfer method, not the TCP/IP protocol.  To transmit a case consisting of four images can thus be accomplished in less than one a minute.

Initial tests implementing the TCP/IP protocol have been successful in achieving greater than 80% transmission efficiency.  Satellite transmission trials using mammography images indicate, as expected, that image transmission is slowed by about 20% but can still achieve transmission of an entire case in well under one minute.  Demonstration of DICOM-based image transmission, which will test a variety of imaging modalities in addition to mammography is under development.



The second part of the STN experiment, simulation of the satellite telemammography session, has been successfully demonstrated during the fall of 1997.  Several experiments were conducted in which the end-to-end satellite telemammography process, including image compression, transmission through the ACTS satellite, decompression, and preparation of images for display was successfully accomplished.  The total time from the beginning of the process to the time images were ready for review by the radiologist was under five minutes for these tests.  Since the actual transmission time through the satellite is less than one minute, the overall end-to-end process time includes a number of other contributing elements.  These include an number of processes performed manually by experiment operators, and delays in the Cleveland Clinic’s LAN.  Software development can be applied to reduce required operator interaction, and LAN upgrades can reduce the delay associated with the LAN portion of the link.  Thus the end-to-end process time can be considerably reduced.   



On final significant contributor to the end-to-end process time is the image compression and decompression, which has so far proven to be one of the more interesting problems for telemammography.  The wavelet compression gives a qualitatively excellent result in that the decompressed image cannot be distinguished from an image which was never compressed, although the necessary clinical studies are still underway.  The compression algorithms can take some time to execute however.  Because it is a software-implemented algorithm, the image processing time is dependent on the workstation hardware.  Table III shows image compression and decompression times for three different workstation platforms.  The processing time is more dependent on the RAM available to the workstation than the CPU speed.  However, even the Sun Ultra-2 requires 70 seconds for image compression, which is ten times the speed for image transmission.  A hardware implementation of the 

�TABLE III - Average Processing Times for Wavelet Image Compression and Decompression



Workstation Platform�CPU Speed�RAM�Compression Time�Decompression Time��Sun Sparc-2�33 MHz�64 MB�16.5 minutes�7.0 minutes��Sun Sparc-10�85 MHz�256 MB�3.5 minutes�1.5 minutes��Sun Ultra-2�200 MHz�512 MB�70 seconds�22 seconds��

�wavelet image compression algorithms would  be one  way to reduce processing times to the range of a few seconds, but has yet to be developed.  Other software improvements in algorithm processing are also possible.  



With all of the above results and considerations, it is clear that the basic viability of near-real-time telemammography using satellite communications has been demonstrated through the simulated telemammography sessions. 



The third part of the STN Experiment consists of compression and transmission of 50 mammography cases from NASA Lewis to both UVa and CCF.  These cases will be used for a pilot receiver operating characteristic (ROC) clinical study of the diagnostic accuracy of satellite telemammography.  Up to 100 additional cases will be transmitted in order to create a database large enough for additional, more comprehensive studies.  Transmission tests will also be performed using mammography images created from new direct digital imaging equipment.  Although still awaiting FDA approval, the direct digital images are about to emerge in the marketplace and will likely eventually gain widespread use.  The direct digital imaging results in larger data files (see Table I), but they eliminate the steps of film developing and laser scanning currently required to enable telemammography.  We will test the times for image compression, transmission, and decompression for comparison with film-based methods.



Initial Clinical Results of the

Satellite Telemammography Network Experiment



The digitized mammography images require high-luminence monitors for display.  The required resolution of  the monitors, and the number of monitors required, remains a subject of much debate.  However, the Cleveland Clinic Biomedical Engineering and Radiology Departments have developed and tested software and viewing methods for digital mammography display using two 2000 X 2500 pixel high luminence displays, and have achieved acceptable results.



In an initial study using film images scanned at 100 microns resolution, the digitally displayed mammography cases were interpreted and compared with the interpretation of the original film-based interpretation in a blinded study, with the same readers reading both the film and digital cases.  This benchmark test found that the readers did at least as well, and in some cases better, with the digitally displayed images than with the films (report publication pending).



The second, and perhaps more important set of clinical studies will involve assessing the impact of image compression on mammography diagnostic accuracy.  It is clearly necessary to employ some amount of image compression in order to have near-real-time, affordable satellite telemammography, as operation at or below T1 transmission rate is the only way to allow use of next-generation low-cost satellite communications networks.  



Radiologists from both the Cleveland Clinic and the University of Virginia are participating in a study assessing the impact of image compression on the diagnostic accuracy of satellite transmitted mammography (film mammograms scanned at 100 microns), using images compressed at a ratio of 8:1.  Results of this study are expected in the spring or early summer of 1998.



Initial observations about the application of image compression to satellite telemammography are the following.  Only one radiologist in initial studies could consistently detect which images had been compressed  for compression ratios of 12:1 or higher; others could detect it at ratios above 12:1 (hence the decision to make initial studies of diagnostic accuracy at a compression ratio of 8:1).  This does not necessarily imply any decreased diagnostic accuracy at higher ratios.   The detectibility of image compression is due to artifacts which become visible when a compressed image is magnified (zoomed in) beyond its normal display resolution.  When the image is displayed only at its normal resolution (i.e., one image pixel per monitor pixel) image compression ratios of 30:1 and above cannot be differentiated from uncompressed images.  However, the nature of digitized images is such that application of various image processing and manipulation techniques by computer should enhance the reader’s ability to detect sings of cancer in a mammogram, or other features being looked for in various medical images.  This is a clear advantage of digital imaging over film, and is reflected in the results reported above that some radiologists scored slightly better with digitized mammography.  Hence, the ability to magnify is ultimately necessary, and image compression algorithms and implementations must allow for it without adding artifacts or otherwise distorting the image.  





Follow-on  Satellite Teleradiology Experiments



The most important follow-on satellite teleradiology work which we have identified involves improvements in process speed and satellite/terrestrial interoperability and advanced clinical studies and demonstrations.  



The DICOM 3.0 standard has been developed by the American College of Radiology and the National Electronics Manufacturers Association to enable the communication and transmission of images and other medical information from and between various medical sources and users (computer workstations, MR imagers, film digitizers, archives, etc.)  Because data transmission under the DICOM standard depends upon the TCP/IP protocol,  problems described earlier with TCP/IP and satellite links will affect DICOM performance, particularly in cases where DICOM database queries require multiple question and answer transmissions between the database and the requester.  Hence, testing of DICOM performance over satellite, and development of performance improvements, must be addressed in future work.



To advance satellite telemammography, we have considered future experiment phases involving first using real patients in a remote clinical setting, and the integration of direct digital imaging when it becomes available.  To these experiments, improvements in image compression and the development of telemammography process software must be added.  Such technology developments and demonstration oriented experiments will bring satellite telemammography close to a prototype level suitable for  commercial deployment.   By addressing image compression, digital imaging, and satellite/terrestrial interoperability in telemammography , the most important issues in general satellite teleradiology are also addressed.



Cost Issues in Satellite Teleradiology



An underlying premise in the satellite telemammography research project undertaken by NASA, the Cleveland Clinic, and the University of Virginia, and that applies in general to teleradiology as well, is that regional and global satellite networks will be able to provide low-cost telecommunications at least up to the T1 data rate.   Although actual costs for equipment and service are not available from the satellite network developers at this time, analysts projections indicate that target costs are approximately $1,000 to $2,000 for satellite earth stations, and charges of $1 to $2 per minute for T1 rate service.  Additional technology developments could reduce this charge to as little as $0.10 per minute by the year 2010 for the following generation of satellite systems7-10.  



A comparison can be made to recently published costs for rural telemedicine networks.  For telemedicine “hubs”, the average annual transmission costs were reported to be $80,068 and for the “spokes”, $18,573 .  Dual “hub/spokes” reported $27,584 in annual transmission costs.  In all cases, these networks used terrestrial communications, with 76% using dedicated T1 lines11.   In these networks, only non-teleradiology sessions used the telemedicine links, at an annual rate of only 84 for  spokes, 135 for hubs, and 174 for dual spoke/hubs.



Although the dedicated T1 lines are available for all types of telemedicine at all times, future satellite networks will charge only for the time services are being used.  Thus, a typical mammography screening clinic workload of 30 cases per day, 50 weeks per year, can be accommodated for $3,750 (assuming the lower values of 30 seconds transmission time per case at $1 per minute) to $15,000 (assuming the higher values of one minute per case and $2 per minute for transmission charges).  This charge would accrue only for the facility transmitting the images.  



In general, these numbers for satellite transmission appear to be competitive with terrestrial connections.  For remote locations, terrestrial connectivity may be impossible, and thus a satellite connection can indeed give a low-cost solution to teleradiology needs.  Also, it is evident that time spent to improve image compression technologies can yield significant cost savings in transmission charges.



Summary



Significant advances in satellite communications technology, led by NASA’s ACTS Program, have resulted in the viability of potentially low-cost satellite teleradiology to link remote locations with experts in  high populations urban areas.  New technologies which have been verified and demonstrated by the ACTS satellite have resulted in a number of proposed new regional and global satellite networks which are expected to provide inexpensive ground equipment and low-cost transmission service, and thus enable new teleradiology services where they would have previously been impractical.



Transmission rates on the order of T1 are needed to transmit medical images in reasonably rapid fashion, with the application of image compression.  Although near-real-time teleradiology is not always necessary, cost savings can be realized by reducing the required satellite transmission time.  Experiments conducted by NASA Lewis Research Center, the Cleveland Clinic, and the University of Virginia using the ACTS satellite have shown that the important specialized teleradiology application of telemammography can be performed successfully using satellite links.  A number of technologies which apply in general to all teleradiology and requiring further development have been identified in these experiments, however the basic feasibility has been demonstrated.  Further technology developments and demonstration experiments are planned.
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