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Design of an Emergency Teleradiology System
Based on Progressive Transmission

Sun Kook Yoo!, Sun Ho Kim? Nam Hyun Kim', and Yong-Goo Kim'

In ‘clinical surgery, there are frequent needs for communication between the house staff and the
attending physician in an emergency situation. To overcome the limitation of voice communication
through the telephone line, we have designed an 'emergency teleradiology system which can be used
for emergency surgical and medical decision making.

This system can transmit the high quality images of CT, MRI, and other X-ray data using a PC
attached to a modem through the comventional telephone line. It is based om the progressive trans-
mission system which enables the successive update of a received image. The iterative residual cod-
ing/decoding aigorithm efficiently compresses the image to maximally utilize the low bandwidth
PSTN channels. This system also satisfies design requivements such as low-cost, ease of operation,
fast transmission, and interactive image communication including voice.

Test results using several CT, MR, and X-ray images evaluate the compression performance,
image quality, transmission time and computational time of the coding and decoding processes, thus
demonstrate the usefulness of this system in an emergency situation.
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Teleradiology systems can be thought of as
a unique combination of communication and
computer technologies. They use electronic
storage, transmission, and compression, to pro-
vide image access from remote sites. Various
teleradiology systems (David and John, 1993;
Rodney et al. 1993; Lyche et al. 1994) have
been propased as essential tools, which can
help automating and expediting image trans-
fer as needed for remote diagnosis of radiolog-
ic images. Unlike PACS (Picture Archiving
and Communication System) systems (Chan
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and Ricky, 1991), teleradiology systems are
typically specialized and designed for a specif-
ic purpose at a specific site. There have been
few attempts (Kim et al. 1991; Choi et al. 1992)
to implement this teleradiology system for
rural health care support in Korea. The large
volume of image data becomes limiting factor
in system performance for the lack of wide
band transmission media. Wide acceptance of
a teleradiology system can be affected by
over all system costs and the availability of
communication media. (Whitman et al. 1994)
Moreover, a teleradiology system must be de-
signed to satisfy high speed image transmis-
sion as well as acceptable image quality
(Leckie et al. 1993).

The aim of our system is not the diagnosis
of radiological images but the support of med-
ical and surgical decision making by the house
staff in an emergent situation. In an emergen-
cy situation, particularly off hours, there are
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frequent needs for urgent communication be-
tween the house staff and attending physi-
cians. The traditional method of telephone
voice communication is not sufficient enough
to precisely describe the patient’s status,
which results in misjudgment. In order to
ameliorate such situation, an emergency tele-
radiology system for transmitting radiological
images such as CT, MR, and X-ray data, has
been designed.

MATERIALS AND METHODS

The implementing strategies are classified
into two parts: hardware and software. In
these two sub-sections, we refer to the cost-
effectiveness and the modularity of this
system. Finally, we show the technical meth-
odology to achieve convenient user interfaces
and the fast decision making by a suitable
image compression algorithm.

System hardware

A teleradiology system is composed of
image acquisttion, storage, data transmission

Intensive Care Unit

X ray scanner, PC,
Telephone Modem,

LAN adapter,:

ISDN Card

! LAN

Micro Data Base Server

Fig. 1, Teleradiology system.

and a receiving device as shown in Fig. 1.

At the transmitter end, the hardware
system is composed of a scanner capable of
digitizing films, a display monitor with a 1024
X768 resolution, and a 9600 bps (bits per sec-
ond) external modem. The transmission ma-
chine is IBM compatible PC (486 DX2-50),
which is connected to all of these peripheral
devices.

At the receiver end, there may be an. IBM
compatible PC (386 or higher version) or note-
book computer (COMPAQ 486) with the same
kind of monitor and modem as the transmit-
ter.

The external modem attached to the trans-
mitting and receiving machine should support
the V.42 standard protocol (William, 1995) to
correct transmission errors. This modem can
transmit or receive data without errors by use
of High-level Data Link Control (HDLC) pro-
tocol. The Frame Check Sequence (FCS) field
in the HDLC frame is used for CRC (Cyclic
Redundancy Check) error detection with a 16-
bit or 32-bit. If an error in the data field is
detected during transmission, the corrupted
frame is requested to be re-sent by the receiv-
er. This eliminates the need to consider any

HOUSE STAFF

Notebook computer,
Telephone Modem

Teleradiology system is composed of image acquisition, storage, data transmission and receiving device.
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type of higher level protocol for error detec-
tion in the software part of our system.

Finally, PSTN is adopted as a communica-
tion medium in this system because it is wide-
ly used in Korea and its operation cost is rea-
sonable.

System software

The software of this system is composed of
two parts: user interface and image compres-
sion. To achieve a user convenient environ-
ment, the user interface is designed with a
simple menu and few key inputs. This reduces
the amount of time invested to learn the soft-

IMAGE RECEIVING

(a) Software Controt Diagram

(c) Receiver Part User Interface

ware operations. To expedite the decision-
making of the house staff, DCT (Discrete Co-
sine Transform) based iterative residual cod-
ing method is proposed in this system and the
data are progressively transmitted. Details of
each part are as follows.

User interface

In our system, user’s key inputs are less
than 5 keys. This program is devised to sup-
port toggling between data transfer and talk-
ing as in Fig. 2. Thus, if there is a need to re-
ceive or transmit an image after some discus-
sion over the telephone, the user only needs

(b) Transmitter Part User Interface

(d) Review Mode User Interface

Fig. 2, Software Control Diagram and User Interface of the System.
In our system, user’s key inputs are less than 5 keys, and this software is devised to support toggling between
the data transfer mode (review mode) and the talking mode.
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Subsampling

(a) Subsampled Image(0/4)

'

Telephone Carrier Link
Between 2 Sites

(b) First Transmission
Fig. 3. Image Coding Procedure of the System.

-7 (c) Second Transmission{a-b)

(d) Third Transmission(a-b-c)

Finally Updated image

Our coding scheme began with subsampling the original image by a factor of two to each horizontal and ver-
tical direction, respectively. This subsampled version of the image was encoded and transmitted and then, in
the next two stages of iteration, residual error images were obtained and compressed. Finally, from the in-
terpolated version of the recomstructed image, the final rvesidual error image was derived, and compressed

very accurately.

to press a key. In addition, our system can re-
view some images previously received. The re-
view menu supports image zooming and
saving.

Image compression

Because the PSTN, which gives the low
bandwidth channels, seems to be unsatisfac-
tory in transmitting large volume of image
data, an efficient image compression scheme
is the most important condition. To maximally
utilize the low bandwidth capacity of PSTN,
iterative residual coding technique using DCT
(see APPENDIX) is carefully implemented.
This compression technique includes the no-
tion of progressive transmission that transmits
the image data in stages. The reconstructed
image progressively improves as more image
data are received. Our coding scheme is

Number O

shown in Fig. 3 and summarized as follows.

It begins with subsampling the original
image by a factor of two to each horizontal
and vertical direction, respectively. This sub-
sampled version of the image is compressed
through DCT, a quantization and an entropy
coding step (see APPENDIX), and then trans-
mitted. In the next two stages of iteration,
residual error image (difference image be-
tween original and reconstructed image) is ob-
tained and compressed by the use of a differ-
ent quantization table. Finally, the interpolat-
ed version of the reconstructed image, which
is of the same spatial resolution as the origi-
nal image, is obtained. From it, the residual
error image is derived and the fine quantiza-
tion table with the smallest quantization step
size is applied to obtain a good quality of the
final reconstructed image.
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RESULTS

Most important factor affecting the success
of the development of this system is how eas-
ily doctors can use this system in clinical
practice. Most of the doctors who will use
this system are not the experts in computer
systems and usually only use the word proces-
sors and database applications. The test bed
of this system was installed between the
emergency room of Severance Hospital and
the houses of several doctors who handle
most cases of surgical emergency patients.
The residents of neurosurgery and general
surgery were assigned the transmitter. They
received about 30 minutes training on this
system. In most cases, there were no problems
in transmission.

Fig. 4 is the actual example of the clinical
application of this system. In this case, a pa-
tient arrived at the emergency room at mid-
night. The patient was semicomatose. He
showed dense hemiplegia on the left side. The
neurosurgery resident examined the patient
and ordered a CT brain scan. The CT brain
scan showed intracerebral hemorrhage on the
thalamic area, so he called the oncall staff of
neurosurgery to discuss the treatment plan of
this patient. Before calling the oncall staff, he
turned on the computer system and scanned
the CT images with the scanner. It took
about 3 minutes. After confirming the quality
of scanned image, he called the oncall staff
and described the patient’s condition. During
that time, the oncall staff prepared his bome
computer and the modem for data receiving,
which took about 2 minutes. Then, the
resident transmitted the first image. About
six seconds later, the first low resolution
image was received at the staff's computer
terminal and the second, third, and fourth
image were overlapped on the first image
respectively.

The system is devisqd such that during
image reception, the oncall staff is able to re-
view the received imiage with zooming func-
tion and usually recognizes the status of the
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patient with only the first two images. If he
had any question about the patient, he can
switch to verbal communication mode after
receiving the complete one image. At this
juncture, he can decide whether to receive an-
other image or not. If not, he can just finish
the data transmission and give direction of
the treatment plan for the patient to his
resident, such as preparing for surgery or
other medical treatment. According to our
tests, the entire procedure takes -about ten
minutes. Therefore, within 10 minutes, the
resident can perform some urgent medical
treatment as told from the oncall staff and
waits for the oncall staff. It is quite reason-
able to compare with the time delay taken by
the oncall staff’s moving from home to hospi-
tal and then making a decision.

The technical performance of our system
implemented in software using C language is
evaluated. The 4 steps of iteration for the
progressive image transmission scheme dis-
cussed in the previous section are tested by
images using two MR (Magnetic Resonance),
two CT (Computerized Tomography), and one
X-ray films with 8 bits per sample to evaluate
the compression performance, the reconstruct-
ed image quality, the transmission time, and
the computational time of the coding/decoding
process. The tests are performed with an
IBM-PC compatible 486 personal computer
with an externally connected 9600 bps modem.
The reason why we choose the modem speed
as 9600 bps is that a modem speed higher
than 9600 bps may cause unstable transmis-
sion. [Hunter and Robinson, 1980; William,
1995] Thus, to overcome transmission instabil-
ity, specific modem protocol such as Y-modem
protocol or Z-modem protocol must be used
for the transmission. However, the overhead
of this kinds of modem protocol is very ex-
pensive, in the context of the emergency situ-
ation. Therefore, we conclude that the use of
9600 bps modem without any specific modem
protocol is much more suitable for the optimi-
zation of this emergency system.

Columns 4 and 5 in Table 1 show the com-
putational time of the encoding and decoding
processes. The encoding (Te) and decoding
(Td) time depends on the image size and the
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{c) First Transmission

(h) Final Transmission (i) Final Updated Image

Fig. 4. Real Aptlication Example in ICU.
On this case, the patient was arrived at the emergency room at midnight. Mental status of the patient was

semicomatous. He showed dense hemitlegia on the left side. The brain CT scan of him showed intracerebral
hemorrhage on the thalamic area.
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compression ratio. They increase as the image
size increases and as the compression ratio
decreases. Compared to the transmission time
(Tt), all of the required time of Te and Td
are less than Tt. This results in the real time
processing of encoding and decoding system
with software.

Column 6 in Table 1 shows the transmission
time (Td) for each step of iteration. The
image size and compression ratio. also affect
Td. The first transmission takes 2 to 6.6 sec
and the total time required for 3 stages of ite-
ration ranges from 5.1 to 23.2 sec. Although
the transmission time depends on the image

resolution, these results show that the first
image will be displayed on the monitor within
6.6 sec and sequentially updating the image
through three stages of transmission is satis-
factory for emergency medical and surgical
decision-making in all 5 testing cases. The
usefulness of the emergency teleradiology
system strongly depends on how. quickly one
can recognize the image. The 4th iteration
takes the longest time (26.5~83.8sec). Howev-
er, it will not pose a problem because the
final image with fine resolution will be updat-
ed when the clinician reviews the received
image.

Table 1. Results of a 4-step progressive image transmission scheme using 2 MR, 2 CT, and 1X-ray images

Encoding

Decoding Transmission

Image I"tzgtee:‘)ze Ite;?:m TimeTe  TimeTd  Time &“::éifm MSE
’ (sec) (sec) Tt(sec)
MRI 61,248 1 1 0 2.0 1320 128
61,248 2 1 0 24 259 98
61,248 3 2 1 2.7 235 87
244,992 4 2 2 265 47 40
(Total) 6 3 336 75
MR2 156,672 1 2 1 66 87 154
156,672 2 3 1 79 406 119
156,672 3 5 1 87 366 103
626,688 4 6 5 8338 38 49
(Total) 16 8 107.0 57
CT1 59,200 1 1 0 0 153 263
59,200 2 1 0 43 143 223
59,200 3 2 1 5.1 122 20.0
236,300 4 3 3 514 24 97
(Total) - 7 4 648 38
CT2 59,200 1 1 0 31 202 20.0
59,200 2 1. 0 38 164 16.0
59,200 3 2 1 41 15.1 143
236,800 4 3 3 399 3l 6.7
(Total) 7 4 509 48
X-ray 62,400 1 1 0 3.1 585 69
62400 2 1 0 38 460 48
62,400 3 . 2 1 41 415 41
249,600, 4 2 2 399 1L1 20
(Total) 6 3 509 164
Volume 36
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Fig. 5. Images at each stage and their histograms.
The original histogram shows the wide range of distribution of each gray level. In contrast, the reconstruc-
tion error variances tend to be a small value as the number of iterative stages increase.
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Fig. 5. Continued.

The compression ratio (CR) which is an
index that shows the amount of compression
achieved by a coding algorithm, is shown in
column 7 of Table 1. The CR is defined by
the ratio of the total number of bytes in the
original image divided by the total number of
bytes in the compressed image:

compression ratio= :
Total number of bytes in the original image
Total number of bytes in the compressed image

W

Higher CRs result in- greater compression.
Therefore, the size of the compressed image
and the transmission time will be smaller. If
the iteration increases, the reduction of the

434

quantization step size results in a decrease of
the compression ratio, which means the finer
resolution images will be updated. CT images
achieve less CRs than MRs. X-ray images
achieve the highest CR of all images. MR and
CT images with multiple slices are more com-
plex than a plain chest X-ray; also, MR shows
a clearer view than CT because the spatial
redundancies of MR, CT, and X-ray image are
different from each other, and thus will affect
the CRs.

The coding algorithm in progressive trans-
mission scheme is lossy, so some errors in the
reconstructed images can be tolerated. In this
case, the mean squared error (MSE) was used
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as a measure of system quality. If the input
and reconstructed images consist of NXN
array of pixels f(x, y) and g&x, y), x, vy = 0, 1,
«, N-1, then the error between an input pixel
and the corresponding reconstruction pixel is
defined by

MSE=/@(x, y)—f(x, y)F @)

The MSE depends on the compression ratio.
That is, low MSE value means that there are
great details in the reconstruction image and
thus the CR can’t be high. It is seen from col-
umns 8 and 9 in Table 1 that increasing the
iteration can provide a lower MSE. This also
indicates that the reconstruction image quality
improves significantly with the use of progres-
sive update sequences.

Fig. 5 shows the histogram of the original
and the first, second, third, and fourth trans-
mitted images. The original histogram shows
a wide range of distribution of each gray
level. In contrast, the reconstruction error
variances tend to have a smaller value as the
number of iterative stages increases. As the
data of the fourth image are concentrated
around the center value, it is clear that the
best image quality and coding performance
may be achieved from the final updated
image. In terms of coding efficiency, the
smaller the variance, lower bits will be
allocated for a given quality and a higher
quality of reconstruction image will be ob-
tained for a given compression ratio. There-
fore, the elements of the residual error image
tend to become more decorrelated, since each
iterative stage partially removes the statistical
redundancy of the original image.

DISCUSSION

Telemedicine systems are being developed
and implemented around the world. Three
major application fields of this sSystem are
teleradiology (David and John, 1993; Rodney et
al. 1993), telepathology ¥Yu ef ol 1994), and
teleconsultaion (Jagdish, 1989)... With the
advance of optical fiber and digital switching
techniques, there has been a tendency to
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utilize the higher bandwidth to obtain the di-
agnostic image quality of higher resolution
and fast transmission. However, the communi-
cation system is very expensive, which has
limited this approach to the military use and
the national demonstration program. (David et
al.- 1993; Lyche et al. 1994) In contrast, our
system is designed to maximally utilize the
currently available lower bandwidth channels
such as PSTN. This is because the successful
use of teleradiology is a function of the con-
vergence of several economic and technologi-
cal factors (Gernish and Bartsch, 1993). - Our
approach gives the insight to use the tele-
communication technology as a medium which
allows the decision-making in an emergency
situation where the referring clinicians are lo-
cated at some distance from the hospital.

The first step in the operation of the emer-

.gency teleradiology system is data acquisition.

An ideal configuration of the data acquisition
process is direct connection to the imaging
modalities such as CT, MR and X-ray through
the DICOM 3.0 (Digital Imaging and Commu-
nication standard) interface (Moore ¢t al. 1994).
Although multi-vendors offer this interface,
its cost is too high and old equipment cannot
support it. In an emergency situation, many
radiological films are generally transferred to
the emergency center from the primary care
unit. Therefore, in the initial phase of instal-
lation, the images are acquired through the
commercially available film scanner (Hewlett
Packard Scanjet IIcx) under WINDOWS
(Microsoft Windows 3.1) environment. Multiple
scanned images are subjectively tested by the
use of pair-comparison methods (Gonzalez and
Woods, 1992). It concluded that the scanned
quality of a plain X-ray image will not be suf-
ficient enough to diagnose due to artifact, but
the quality of digital images, such as CT and
MR, will be sufficient for the purpose of deci-
sion making.

Many developers (Fuhrman e al. 1993;
Leckie et al. 1993) said that the usefulness of
emergency teleradiology system strongly de-
pends on the speed of image transmission in
the case of an emergency situation. In our
system, after connecting the call by dialing,
the total time spent before the first actual
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image transmission encompasses the computer
operation and carrier link time. The average 3
minutes of initial computer and scanner oper-
ations, and 15 seconds of carrier link time are
generally required. :

After completing the carrier link, the trans-
mission time mainly relies on the size of com-
pressed bit stream. In the experimental situa-
tion, the average time of 6, 6, 7, and 60 sec-
onds are spent regarding each of the lIst, 2nd,
3rd, and 4th images with 14"X17" size,
respectively. As Stephan & al. (1995) men-
tioned, the progressive update sequence gives
the additional benefit that the referring clini-
cian can not recognize the time spent due to
low bandwidth transmission.

Leckie et al. (1993) points out that the ulti-
mate success of teleradiology system depends
on the acceptance by the end users-clinicians.
The advantages of our teleradiology system
are easy manipulation of the system and rapid
image transmission. To operate the system
quickly and reliably in an emergency situation,
only 5 keys with minimum functions are used.
It minimizes the mis-operation of a non-com-
puter oriented user. A specially designed video
display program, which is optimized by C lan-
guage, enables the display of a 1024x768
image resolution within 0.5 second. To make
the surgical and medical decision, voice com-
munication is important during the image
transmission. But, it is not possible to trans-
mit the voice and images simultaneously on
the PSTN. The Remote Consultations and Di-
agnosis (RCD) system designed by Martinez ef
al. (1995) in the global PACS environment
uses a separate telephone line for voice com-
munication during the session as required.
The advantage of our system is the use of
one telephone line which use the time multi-
plexing method. The precise control of
MODEM changes its status to either data or
voice mode if the voice communication is nec-
essary between sender and receiver.

Almost all of the teleradiology systems de-
veloped so far are used for diagnosis by re-
mote radiologists who &re experts or as a part
of full PACS. Thus, lossless compression tech-
niques (Stephan et &. 1995), such as arithmetic
coding, DPCM, HINT, eic, are widely applied
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since the images are fully recoverable.
Lossless algorithms typically yield compression
ratios of 2: 1; such a low rate of compression
would not make a significant impact on the
system since there would still be a long wait
for image transfers. Lossy compression tech-
niques providing the variable compression
ratio could be incorporated into the system.
But they also have limitations, since they are
not reversible. Our carefully designed residual
coding algorithm refines its reconstruction
image quality with the increasing number of
iteration. Although the loss incurred from the
low bit rate coding until the second stage
results in artifacts and the blurring of impor-
tant features, the third and fourth stages of
refinement overcome the above drawbacks.
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2-Dimensional DCT (Discrete Cosine Transform) is definded by

N-1N-1

Qu,v)=du)dv) 3 = ﬂx,y)cos{(Zx;A],)M}cos{(zy;}é)m}

x=0y=0
foru,v=0,1,2,3,:-:,N-1

(A-1)

N-1 N-1
fle,y)= 32 2 a(u)a(v)C(u,v)cas{(zx;AII)“”}cos{

u=0v=0
for x,y=0,1,2,3,-+,N-1
In both equations (A-1), (A-2), a + )is

= foru=],2,--,N—1

(2y+ 1)v7r}

(A-2)

(A-3)

The three major stages of image compression consist of DCT, quantization and entropy coding. To reduce
the computational burden, the image is generally partitioned into 8X8 (N=8) blocks and each block is inde-
pendently transformed using the DCT. Because the transform coefficients are compacted into a minimum
number of coefficients, they provide a suitable representation for efficient coding.

Quantization achieves compression by representing transformed coefficients with no greater precision than
is necessary to achieve desired image quality. The transformed coefficients are quantized according to a vari-
able length quantization table. Also, this wvariable length bits allocation, that is entropy coding, achieves
additional compression by ¥ncoding the quantizied coefficients more compactly based on statistical model.
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