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ABSTRACT

Robotic surgery is a powerful, new method for performing minimally 

invasive surgery (MIS). The method allows complex procedures through 

incisions which are 10 mm or less. Robotic surgery has grown rapidly because 

small MIS incisions result in rapid patient recovery compared to conventional 

methods.

Although surgical robots have the potential of long distance control, 

insufficient data is available to determine whether long distance robotic surgery, 

or telesurgery, is practical. Telesurgery could provide multiple benefits, 

including dissemination of expertise, widespread patient care, cost savings, and 

improved community care.

We describe a series of experiments to investigate telesurgery using a 

one of a kind telesurgery platform and ground- and satellite-based Internet 

networks. The networks provided the redundancy and quality of service that 

would be required for human surgery.

Tolerances for performing surgical tasks over a long distance were 

unknown. We show that operators using the platform can complete dry lab 

manoeuvres with communication latencies up to 500 ms, with no appreciable 

increase in error rates. Such latency would be equivalent to a North American 

transcontinental distance, implying a wide range of telesurgical capability.

The characteristics of ground- and satellite-based Internet networks for 

telesurgery were unavailable. We demonstrate that emulated surgery in 

animals can be effectively performed using either ground or satellite. The 

networks can reliably support surgery, and satellite-based surgery can be 

performed even though latency exceeds 500 ms. Further, satellite bandwidth 

should be above 5 Mb/s for telesurgery applications. Satellite networks could 

be used either for back up or primarily where a community does not have 

ground-based equipment.
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Methods of training operators for telesurgery had not been explored. We 

demonstrate two methods of training for telesurgery. Operators doing dry lab 

surgical manoeuvres performed equally well either with sequentially increasing 

latency or with full latency only, suggesting that both methods of training may be 

effective.

Telesurgery can become a practical method of treatment. Within a few 

years, more widespread platforms and telecommunications may exist to launch 

everyday telesurgery procedures.

Keywords: Telesurgery; telemedicine; robotics; surgery; latency; satellite;

Internet; remote care
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Chapter 1

1.1 Introduction

Robotic surgery overview

Robotic surgery is a new modality for minimally invasive surgery introduced over 

the past ten years. Minimally invasive surgery (MIS) involves the use of keyhole 

incisions to perform surgeries of the abdomen, chest, brain, or joints. By using a 

camera scope, MIS procedures are done with a video monitor. The camera, 

instruments, and other devices and introduced using hollow cylinders, or ports, 

placed through the body wall.

Until the advent of robotics, only simple MIS procedures could be performed. 

Dexterity, visualization, and instrument control were suboptimal with traditional MIS 

instruments, and did not allow procedures more complex than gall bladder removal 

to be done (1). With robotics, the surgeon is able to control multiple instruments 

from a console, and has superior, natural dexterity, while viewing a three 

dimensional image of the surgical site.
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Robotics has revolutionized the surgeon’s capability. Cardiac, lung, kidney, and 

prostate surgery can all be done using robotic MIS, and allows patients to recover 

much more quickly with decreased complication rates.

Robotic surgery systems have a master-slave architecture, with the surgeon 

displaced from the patient at a non sterile console. The surgeon sees the video 

and controls the robotic instruments from the console, thereby closing the control 

loop (figures 1, 2). The usual displacement between surgeon and patient is 5 - 

10m. However, the extension of master-slave control to longer distances may 

introduce powerful, new capabilities.

Figure 1. The da Vinci surgical system. The surgeon controls robotic instruments while 
sitting at a console in an unsterile area of the operating room. A bedside surgeon and scrub 
nurse assist with external arm adjustments, instruments changes, or port placement 
changes. (Source: Media courtesy of Intuitive Surgical Inc.).
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Figure 2. The surgeon operates while viewing a three dimensional image of the surgical site 
at the console. The thumb and index finger are used to control the robotic instruments. 
Each robotic instrument has seven degrees of freedom motion - three translational planes 
plus pitch, yaw, roll and open/close at the end effector. (Source: Media courtesy of Intuitive 
Surgical Inc.).

The use of robotics is continuing to expand quickly. As patients benefit from MIS 

techniques for an increasing scope of procedures, the acceptance of robots in the 

operating room is becoming widespread (2). Early experience with robotics 

focused on procedure development and safety. This eventually led to the 

expansion of the field.
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1.1.2 Early experience

The first robots began to enter the operating room in the late 1990’s. Robots had 

not been experienced by surgeons, hospitals, or health regulatory bodies. As a 

result, only the least invasive and least costly units began to get a foothold in 

academic centres.

The first widespread, commercially available robot was the AESOP (automated 

endoscopic system for optimal positioning; Computer Motion Inc. circa 1995). The 

AESOP was a one armed robot capable of holding and moving an endoscope 

under voice command of the surgeon. The AESOP system allowed the surgeon to 

perform MIS procedures without the assistance of a second surgeon to hold the 

endoscope. This change was invited, since holding an endoscope between the 

hands of the operating surgeon was both awkward and tiresome (figure 3).

Figure 3. The AESOP robotic arm is shown in place during cardiac surgery. The arm holds the 

camera scope and is situated between the left and right instrument ports (the camera is seen as the 

black rectangular housing close to the surgeon’s chest). The AESOP obviated the use of an 

assistant to hold the camera. Formerly, the surgeon’s and assistant’s arms would be overlapping.



The AESOP allowed further MIS procedural development. In cardiac surgery, the 

internal mammary artery could be harvested by coronary bypass surgery using 

endoscopic techniques (3). In obstetrics and gynaecology, several types of 

procedures could be performed by MIS without the use of an assistant surgeon and 

with improved operative time (4).

1.1.3 Procedural evolution

The introduction of three and four armed robotic systems (as shown in figure 1) 

occurred shortly after the AESOP had been approved for clinical use. Both the da 

Vinci (Intuitive Surgical Inc.) and Zeus (Computer Motion Inc. circa 1995) allowed 

the console surgeon to control camera movements and have full instrument 

control. Instruments could be changed ‘on the fly’ by the bedside surgeon during 

the procedure.

The development of new, more complex surgeries occurred hand in hand with 

regulatory approval. In the United States, a multi centre trial studied the safety of 

harvesting the left internal mammary artery for cardiac bypass surgery. In Canada 

and Europe, single centres were permitted to perform pilot studies in specific areas 

of practice.

The first fully endoscopic, robotic single coronary artery bypass surgery occurred 

nearly concurrently in Canada and Europe in 1999. In Germany, Falk and Diegler 

performed the procedure using the da Vinci robot, while Boyd used the Zeus 
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system in London, Ontario (5, 6). Robotic cardiac procedures have continued to 

develop and are practiced in varying forms throughout North America and Europe 

(7, 8, 9). Additionally, other surgical specialties have developed robotic 

procedures which are beginning to show reproducible and improved patient safety, 

efficacy, and outcomes (10, 11).

1.1.4 Current trends

Robotic surgery has continued to evolve since its introduction. Currently, there are 

approximately 800 robotic units worldwide (12). Surgical robots have gone beyond 

the ‘first adopter’ stage and are steadily becoming an accepted device in most 

hospitals.

Medium to long term data have become available as the types and volumes of 

robotic surgery increase. In cardiac surgery, analyses of robotic bypass surgery 

(with or without concurrent stenting) are showing promising results (13 - 16). A 

learning curve analysis for these procedures has demonstrated a steep gain in 

knowledge, especially during the first 20 patients (17).

In general surgery, gallbladder and other biliary procedures have been safe and 

effective using robotic techniques (18, 19). While in urology, patients undergoing 

robotic radical prostatectomy have improved outcomes, decrease complication 

rates, with greater cost effectiveness (20). A consensus document recently 

6



released by the Society of American Gastrointestinal and Endoscopie Surgeons 

(SAGES) outlines key areas for the expansion of robotic surgery and telesurgery, 

including training and credentialing, risks and cost benefit analyses, and future 

research (21).

1.2 Telesurgery

Overview

The master - slave architecture of surgical robots leads to the question of long 

distance control. During robotic surgery, the operator sits at a console displaced 

several feet from the patient. There is a cable connection from the console to the 

robot providing real time video and commands. The displacement of the operator 

could also be several miles, or thousands of miles, if safety and effectiveness could 

be maintained.

The concept of long distance control would bear many benefits. An increase in the 

surgeon’s ‘range of ability’ to operate could bring their expertise to a greater 

number of patients. Expert collaborations would be simpler, quicker, and more 

effective. Patient transportation costs would decrease. Under serviced or 

impoverished communities could be supported by established hospitals. 

Communications could even the playing field for healthcare, just as the Internet has 

done in other areas.
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In this introductory section, telesurgery is defined. Earlier work in human 

performance study, long distance control, and medical teleoperation are discussed 

to provide a rationale for the development of a telesurgical testing and emulation 

described here. Further, the importance of training and a method of training 

evaluation are introduced.

1.2.2 Definitions

For the purpose of this thesis, we define telesurgery as the performance of surgery 

using a robot platform over a long distance communication link. This could occur 

within a city, between cities, or between countries. Here the surgeon is physically 

displaced from the operating room and the patient. Only a communication link 

connects the surgeon and provides interaction with the patient, instruments, and 

surgical team. The term ‘surgery’ within the definition means that the instruments 

are moved, controlled, and interact with the patient’s body from a distance. It is not 

merely a remote observation.

The process of observing and providing advice or telestration from a distance is 

known as telementoring (22). This modality is quite useful for training or patient 

monitoring, however, it does not support surgery. Therefore, issues of 

communication delay, bandwidth, and other parameters are not as critical.
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1.2.3 Human behaviour and computer machine interaction

Telesurgery is a complex interaction between a human operator and a robotic 

interface. Beyond empirical measurements, it is difficult to quantify or compare the 

performance of surgeons at a basic level, telesurgical or otherwise. Even simple 

manipulations can have many variables, confounding differences in surgical 

objectives, targets, and anatomies. Clearly, comparisons of performance need to 

begin with the simplest surgical movements, and must control all variables beyond 

those compared.

The earliest attempts at quantifying the interaction of human motor system with the 

environment occurred in the 1950’s. Derived from the information theory of 

Shannon (23), Fitts considered the human motor system as an analogous 

extension of electronic signal propagation through a channel (24). Shannon’s 

Theorem 17 expresses information capacity of a channel C as:

— - S+N C = B Iog2 

where the channel bandwidth is B;

the signal power is S;

and the noise is N.
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Fitts suggested that information capacity could also flow through a human channel. 

He related to the earlier work of Shannon and conducted a series of experiments 

in which subjects performed simple, well practiced motor tests. In a reciprocal 

target tapping exercise, Fitts varied the target width W and the amplitude between 

targets A (figure 4). Average movement times were recorded along with the A and 

W combinations.

Figure 4. The reciprocal tapping exercise of Fitts’ experiments. Subjects were asked to touch the 

targets with a stylus between the metal plates and to ’emphasize accuracy rather than speed.’ 

Average movement time between the plates was recorded as well and the amplitude A between 

targets and the target width W. (Adapted from Fitts 1954).

Fitts surmised that the index of difficulty (ID) of such a task could be expressed in 

an analogous fashion to the signal to noise reasoning of Shannon, and stated that: 

ID = -Iog2
(W) 
2A)

bits / response
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Further, that the Index of Performance (IP) was an essential expression of the 

subject’s performance rate, giving:

Within the exercises IP was relatively constantly over a certain range of difficulties, 

but then began to fall off outside these limits.

Since this original work, Fitts’ law has been applied extensively within the field of 

performance and human computer interaction (HCI). MacKenzie and others have 

adapted Fitts’ law to varying geometric exercises and tasks (25 - 27). A 

modification of Fitts’ law to avoid negative ID values was suggested by this group, 

and is know as Shannon’s modification:

Additionally, an adaptation of Fitts’ law which includes latency has been suggested 

by others and will be discussed further (28, 29). The application of Fitts’ law to 

telesurgery can be useful. In order to compare performance between groups, Fitts’ 

law is used in this thesis to determine best methods of telesurgery training.

11
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1.2.4 Considerations for long distance control

Applications for long distance control began as computer processing power and 

supporting technologies developed. In the aerospace industry, the issue of remote 

teleoperation has been pertinent for more than forty years. Methods of dealing with 

such delays range from ignoring the delay completely by allowing semi autonomy 

of the slave system, to predictive software and displays for ‘man in the loop’ tasks 

(30). Without any prediction, operators developed a ‘move and wait’ strategy in 

order not to create instability by overshooting.

Long distance control in which both visual and force feedback were provided have 

been studied (31, 32). If force is provided asynchronously from visual feedback, 

this could be counterproductive, since the operator would react to the force before 

an outcome was reached. This problem could be dealt with in two ways. Firstly, 

predictive methods were used to create stability of the long distance simulation 

(which spanned approximately 8000 km). Secondly, for unpredictable or 

disconnected communications, local supervisory control was introduced (31). The 

concept of shared control has also been supported and studied by others (33). In a 

different approach, impedance matching of position and force within a 

teleoperation test bed could overcome instability (32).

The concepts of prediction, autonomy, or shared control of teleoperation systems 

are quite removed from the current development of telesurgery. However, this 

work is presented within the context of this thesis as previously explored and 
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having potential future telesurgery applications. Currently, telesurgery relies only 

on the raw data of the distant video source, and no predictive or other methods are 

employed.

1.2.5 Studies of medical teleoperation and learning

Prior to the availability of telesurgery platforms, several studies investigated the 

performance of surgeons during delayed teleoperation using box trainers or non 

surgical robots (34-37). Although these studies were conducted without clinical 

telesurgery platforms, the results are useful, since they simulate many of the tasks 

required during surgery (34). The amount of latency deemed as acceptable for 

telesurgery varied from 200 ms to 700 ms. Study differences included 

communications, user interfaces, surgical tasks, and methods of data collection. 

This earlier work can be used as a basis for conducting telesurgery with three or 

four armed robotic systems. None of the studies implemented predictive 

techniques nor shared autonomy, and most employed simulated communications 

networks.

Computer Motion Inc. (circa 1995) developed the first telesurgery capable three­

armed platform. The ZeusTS telesurgery system was a prototype for proof of 

concept animal and human procedures. The system was a communications ‘add 

on’ which did not alter the architecture of the non telesurgery Zeus (38). Dr. 

Marescaux (Strasbourg, France) led the group through pilot animal telesurgery
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studies and one trans Atlantic patient gallbladder telesurgery procedure (39). Four 

surgeons performing gallbladder removal on pigs determined a qualitative cut off of 

330 ms as a ‘comfort zone’ latency for telesurgery. They were unable to conduct a 

structured study of changes in performance because of equipment and time 

limitations. During the trans Atlantic case, a 10 Mb/s private network was used, 

providing a roundtrip delay of 155 ms. Since this was well below 330 ms, the 

procedure was easily done within a standard time. The authors acknowledged the 

studies as proof of concept only. They did not perform a structured analysis of 

latency, nor was the expense of the network considered.

The ZeusTS system was subsequently used by Dr. Anvari (Hamilton, Ontario) for 

testing of latency effects. Surgeons took significantly longer to complete dry lab 

exercises with simulated latencies above 500 ms (40). This provided a more 

structured analysis of acceptable latency than was previously available. However, 

due to the short duration of study, it was unclear whether short term learning or 

lack of equipment familiarization had confounded the results. Further work was 

done by this group on a series of patients (see section 2.7).

Concurrently, the use of the public Internet helped define how it could support 

telesurgery or related applications. A low bandwidth Internet connection can 

reliably identify anatomy during laparoscopic surgery (41). Experts could not tell 

the difference between local and remote still images. Additionally, a public Internet 

connection could be used to pre screen surgical candidates in third world countries 
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(42) . These types of studies helped to widen the scope of telemedicine and 

telesurgery, and prepare for regular long distance treatments. Recently, this group 

reported on a da Vinci prototype capable of telesurgery (Intuitive Surgical Inc.). 

Swine nephrectomy was performed over the public Internet using bandwidths of 3 

to 8 Mb/s. All procedures were completed successfully, with latency ranging from 

450 to 900 ms (43). The deliberation of the operator was important in successfully 

completing the tasks. The study did not conduct further structured tests for 

defining latency or bandwidth tolerances of the new system.

The introduction of supporting technologies for telesurgery is beginning. Xu et al. 

(44) have created a software routine which tracks the focus of the operator on the 

console screen. An attention map was constructed, and video outside the field of 

attention was smoothed to remove full details. While the area of attention 

maintained full detail, the video pre processing routine saved fifty percent of the 

bandwidth normally required. A telesurgery based orthopaedic robot which is 

capable of semi autonomous control has also been demonstrated (45). This type 

of advancement should continue to grow as more telesurgery capable robots are 

introduced.
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1.2.6 Training, validation, and simulation

The training of personnel on robotic and telesurgery system will be important. 

While training in aerospace and other areas has been developed over several 

decades, training within surgery is much more basic. Surgeons have been trained 

to date using the apprenticeship model. A junior surgical trainee is paired with 

senior mentors, and learns by observation, graded tasks, and critical appraisals.

The apprenticeship model has worked over the years in conventional, large incision 

surgery, where observation, interaction, and shared control occur naturally. In a 

robotic system, training of junior residents would be difficult because the system is 

expensive and does not allow two people to interact directly on the patient.

Recently, training and simulation in surgery has begun for minimally invasive 

techniques. Guidelines have been provided for commercially available simulators 

based on the levels of validation proven for each (46). Two developing virtual 

reality (VR) simulators for MIS have shown face, content, and construct validity for 

varying aspects of each (47, 48). The use of VR training is an improvement over 

non computerized, ‘box’ trainers because VR methods provide more accurate 

metrics of performance and are more objective (49).

A good simulation tool must accurately represent the objects to be tested, must 

correctly test relevant tasks, and must distinguish those who are well trained from 

those who are not. Aspects of a valid simulation and methods of measurement 
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have been described (50-53). Being able to validate new simulators in surgery will 

be important in the future. The utility of a simulator can only be proven by 

scientifically based validation methods (54). A breakdown of what constitutes a 

valid test is shown in figure 5.

Does it resemble 
the real 

environment?

Does it cover the 
real subject 

activity?

Does it correlate 
with established 

assessment 
methods?

Can it 
discriminate 

between 
experience 

levels?

PREDICTIVEFACE

Figure 5. The key components of test validation and their basic definitions. Most papers describe 

experiments designed to provide construct validation of surgical simulators. Face and content 

validity are sometimes measured using structured questionnaires or expert opinions.

In addition to being valid, a good simulation should be reliable and transferable to 

the real environment (46). As robotic surgery and telesurgery grows, establishing 

new training methods will be significant. The apprenticeship model cannot support 

these new technologies, and a cost effective method is needed to prepare 

surgeons to use expensive and complex robotic equipment.
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1.2.7 First patient telesurgery experience

The first patient telesurgery procedures were conducted between 2001 and 2003. 

At this time, the ZeusTS system had just been introduced. This was the first 

system with telesurgery capability worldwide. The first patient done was a trans 

Atlantic case performed by Dr. Marescaux (Strasbourg, France) and discussed in 

section 2.5. The authors were unable to conduct a structured study of changes in 

performance with latency because of equipment and time limitations. A ‘comfort 

zone’ of 330 ms latency was established by subjective agreement of five surgeons 

involved. The expense of the network was not considered (39, 55).

A series of 21 patients were treated via telesurgery using the ZeusTS system in 

2003. The study patients underwent telesurgery for a variety of abdominal 

problems, and no complications were reported (56, 57). Communications used 

were a 15 Mb/s redundant virtual private network spanning 400 km in Ontario, 

Canada. The reported latency was 135 - 140 ms. The authors did not provide 

data regarding changes in performance with latency or bandwidth. A further 

expansion of a Canadian telesurgery network was promoted, however, this was not 

fulfilled due to the early stage of the research (58).
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1.3 Research outline

1.3.1 Scope and rationale

Although teleoperation has been studied during the past 15 years, the field of 

robotic telesurgery is quite new (30). There is only one telesurgery robotic system 

worldwide. Although proofs of concept have been reported (38, 39, 55- 58), there 

is little quantitative data or performance measures available to optimize 

telesurgery. The benefits of this technique are multiple, including extension of 

surgical expertise, clinical collaboration, remote community care, transportation 

savings, and extended surgical training.

This thesis will concentrate on the investigation of telesurgery. Using a clinical 

grade telesurgery platform, its proposed set up, effects of varying communication 

parameters, surgical applications, and training will all be studied.

Telesurgery should be investigated using a step by step approach. Initially, system 

requirements and limitations need to be defined, with a focus on the effects of 

communication bandwidth and latency on performance. Secondly, an evaluation of 

the human operator in surgery should be done. Lastly, the training of telesurgery 

personnel and the impact of training will be important for the future practice of 

telesurgery. This training may differ from traditional methods, and will require 

special consideration.
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1.3.2 Thesis objectives

The primary goal of this thesis is to define the requirements for telesurgery and 

identify its limitations. The main hypothesis is that telesurgery is clinically and 

technically possible. Thus, telesurgery can become a daily method of treating 

patients and expand the use of robotics. The three following objectives must be 

investigated to test this hypothesis:

1. Develop a network capable of supporting telesurgery and test limits of 

latency and bandwidth using this network.

2. Conduct emulated telesurgery on the network using realistic procedures, 

and compare ground and satellite network performance during the 

procedures.

3. Develop methods of training personnel for telesurgery, and compare the 

performance of trainees using these methods.
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1.3.3 Thesis outline

The thesis goal is addressed within chapters two, three, and four in the form of two 

published papers and one paper submitted for publication. A conclusion of the 

results and future work is described in chapter five. A synopsis of the chapters and 

related hypotheses are found in the following sections:

1.3.4 Set up for telesurgery and its experimental investigation

Chapter 2 describes the communications network set up to test telesurgery. The 

ZeusTS system is used as the telesurgery interface. Subjects training with this 

platform are asked to perform dry lab tasks to simulate surgery at transmission 

latencies varying from 0 to 1000 ms. For this experimental set, latencies are 

simulated using network software. The hypothesis is that:

A reliable communication link with latency will allow the operator 

to perform basic maneuvers effectively. Performance will 

degrade or become impossible as latencies exceed 500 ms.

It is shown within this chapter that telesurgery tasks using the test bed and ZeusTS 

interface were possible with latencies up to 1000 ms. Task performance did 

degrade above 500 ms when latencies were randomized. Both short and long term 

learning likely occurred over the four month test period.
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1.3.5 Emulation and evaluation of basic clinical procedures

In chapter 3 long distance ground- and satellite-based telesurgery networks are 

used to perform surgery in live animals. Real surgery involves more complex 

movements and tissue interaction, and often requires increased cadence. It is 

unknown whether an operator is capable of the increased demand imposed by 

such procedures. Additionally, the behavior and reliability of ground- and satellite­

based communications is assessed. In this set of experiments, the hypothesis is 

that:

Telesurgery will be possible in emulated clinical procedures.

The land and satellite based Internet protocol communications 

can support telesurgery. Satellite based telesurgery may be 

impractical because signal delay is approximately ten times 

greater than land based and exceeds 500 ms. Satellite based 

telesurgery may not be possible below 5 Mb/s.

It is shown within this chapter that both ground- and satellite-based telesurgery for 

the dissection of the left internal mammary artery (LIMA) in pigs was possible and 

not significantly different, even though satellite latency was approximately 600 ms. 

Additionally, a satellite bandwidth of at least 5 Mb/s was recommended for 

telesurgery.
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1.3.6 Investigation of learning and training for telesurgery

In chapter 4 two methods of training telesurgery personnel are compared. Four 

surgical maneuvers are used for training subjects. The subjects experienced either 

a sequentially increasing latency from 0 to 700 ms during the training period, or 700 

ms latency only. The performance of the two groups is compared. It is 

hypothesized that:

The training of subjects using a telesurgery simulator can show 

which methods are more effective. The approach to training 

may differ form traditional methods. Trainees experiencing 700 

ms latency throughout all maneuvers will perform better than 

those training at zero latency and then adapting to the delay.

It is demonstrated that either training with zero latency and then adapting to the 

delay, or training with full latency only produced equal performance. Both groups 

of subjects learned the tasks well, implying flexibility in training techniques.
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Chapter 2

Set up for telesurgery and its 
experimental investigation

Patient safety is paramount in any surgery, especially with new technology. 
Therefore, telesurgery must be reliable, robust, and redundant in orderto minimize 
the probability of failure during a procedure. These characteristics apply to the 
entire system, including hardware, software, and communications.

Even if such criteria are met, basic surgical maneuvers may not be possible. 
Demands on the operator resulting from communications delay or inadequate 
bandwidth may be too high. The effect of these parameters on performance needs 
to be measured.

In these experiments, the set up for telesurgery and the effects of communication 
delay was investigated.

A version of this chapter has been published in The International Journal of 
Medical Robotics and Computer Assisted Surgery entitled:

“Long-distance robotic telesurgery: a feasibility study for care in remote 
environments” by R Rayman, K Croome, N Galbraith, R McClure, R Morady, S 
Peterson, S Smith, V Subotic, A Van Wynsberghe and S Primak.

©2006 John Wiley & Sons Limited. Reproduced with permission.
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2.1 Introduction

The use of robots in surgery is increasing, as the technology allows intricate 

procedures through port access incisions. For the past five years, surgeons have 

used robots to perform single coronary artery bypass, prostatectomy, and gastric 

fundoplication with 5 -10 mm incisions. Surgical robots will continue to be used in 

more procedures as more powerful technologies are introduced.

Long distance robotic telesurgery is defined as the performance of surgery using a 

robot platform over a communication link. The remote surgeon sits at a central 

console, and performs surgery on a patient using a slave robot at a different 

location.

Robotic telesurgery has the potential to significantly improve healthcare in remote 

communities and provide cost effective services. Surgical care in remote or non­

terrestrial environments will require sophisticated instruments, apparatus, and 

communications networks. In order to provide timely care, an expert surgeon could 

provide therapy to a patient thousands of miles away. Populations in remote 

environments may encounter variable surgical problems, and a variety of surgeons 

might be called upon to provide treatment or training to local medical crews.

The ability of the operator to overcome significant delays during surgery is 

unknown. Long distance surgery represents one of the most demanding 
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multimedia applications to date, with little room for compromises in quality of 

service, or audiovisual fidelity. Additionally, the robotic platform would need to be 

highly ergonomie, and provide the surgeon with complete awareness of the 

patient’s status.

Although teleoperation has been incrementally studied over the past fifteen years 

(1, 2), the field of robotic telesurgery is quite new. There is only one telesurgery 

capable, three armed robotic system worldwide. This system allows full robotic 

instrument and camera manipulation from the console, and places realistic surgical 

demands on the operator and the communications network. It is the only clinical 

grade, telesurgical robot in existence.

Our research group has now been provided with this robotic telesurgery platform. 

We are testing the platform in a stepwise process of discovery, with a focus on 

defining what can and cannot be done, especially with respect to limitations of 

latency, bandwidth, and platform architecture.

Using this platform, Butner and Ghoudoussi (3) provided qualitative insight into how 

much latency was comfortable for the surgeon. While 330 msec was the maximum 

latency recommended, they did not provide stepwise, quantitative information of 

telesurgical performance.
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The work of Marescaux et al. (4) provided the first proof of concept that the system 

was capable of live patient surgery. Their trans Atlantic case on a female patient 

was conducted with latency of 155 msec, but they could not ethically perform 

varying latency experiments during this human procedure.

Anvari et al. (5) provided quantitative data of the impact of latency on performance 

of telesurgery for the first time. The group showed that operators using the 

telesurgery system required significantly more time to complete tasks as latencies 

approached 500 msec, with an associated increase in error rates. Similar results 

have been demonstrated with less sophisticated platforms (6, 7).

Human and technical limitations during telesurgery need to be defined. Moving 

forward, telesurgery could be applied to several scenarios, all with differing human 

resources, IT assets, and medical situations. Isolated environments such as 

Canadian or other remote communities, non terrestrial missions, or hostile 

(battleground) situations are all instances where telesurgery would provide valuable 

patient care. A basic set of rules should be applied to all scenarios based on these 

limits.

Our initial experiments were designed to test the feasibility of typical maneuvers 

during telesurgery. We used a novice group of operators to test both effectiveness 

at varying latencies, and to record any adaptation or learning which could occur. 
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Additionally, the reliability and flexibility of prototype telesurgery and IT equipment 

was tested. Based on these results, a set of recommendations for the 

advancement of telesurgery equipment has been derived.

2.2 Materials and Methods

Our group tested the feasibility of performing surgical maneuvers at varying time 

latencies. In remote environments, the latency of commands would be a significant 

and rate limiting factor in telesurgery. The perceived latency is the time difference 

between the surgical input by the operator at the console and the viewed 

manipulation (output) transmitted to the operator via remote camera.

In a communications network consisting of analogue to digital encoding, network 

transmission, and human reaction, the perceived time latency (Tp) is defined as:

Tp — Te∩ + Tt + Tr

where Ten is the time for encoding / decoding
Tt is the time for network transmission
Tr is the operator’s reaction time to the output. 
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In a complex set of maneuvers meant to complete a task, the time to complete a 

maneuver (Tm) consists of the perceived time latency (Tp), plus the time for the 

maneuver displacement (Tmove) and the time to interpret and plan the next input 

(Tplan):

TM = Ten + Tt + Tr + Tmove + Tpian

An overall task consists of many such maneuvers, each involving times for 

encoding, transmission, reaction, movement, and planning:

Task = Tmi + TM2 + TM3 +.....

= (Teni+Tu+Tn+ Tmove1 +Tp∣anl) + (Ten2+Tt2+Tr2÷ Tmove2 +Tplan2) + ...

n
=Z(Ten+ Tt+ Tr+ Tmove + Tp∣an)> ..........(1)

where n is the total number of maneuvers required to complete the task. These 

parameters are interrelated, have effects on one another, and are affected by the 

performance of the system used and by the human operator (for example, a 

decrease in communications bandwidth would affect both transmission and 

interpretation and planning times). The implications and optimization of such a 

system will be discussed later.

We modeled surgical maneuvers using the following exercises. For each exercise, 

the task completion times and error rates were recorded.

38



2.2.1 Surgical exercises

The robotic exercises were designed to simulate typical surgical maneuvers. 

These involved object grasping and precise placement, object steering, and curved 

needle manipulation. We did not simulate more complex tasks such as knot tying 

or precise suture placement (figure 6). Our experiments were designed to 

determine whether even the simplest surgical tasks were feasible with signal 

delays. The experimental exercises were:

a) Pick up the orange cone with left hand and place in circle. Then 

replace to the original position with right hand. Pass back and 

forth six times;

b) Pick up a rod with left hand. Pass the rod through three hoops 

without touching the hoop. Pass back and forth through the 

hoops four times;

c) Pick up the orange ring with left hand, grasping the ring at the 

black line. Maneuver the ring with both hands so that right hand 

only holds it at the black line. Do not drop or ground the ring 

during maneuvering. Repeat back and forth four times;

d) Pick up a 6-0 needle with right hand. Pass needle to enter right 

dot and exit left dot. Retrieve exiting needle with left hand. 

Reload needle back to right hand and repeat six times. (Dexterity 

hand may be reversed for left handed people).

39



ba

dC

___

Figure 6. The four exercises (a-d) used in the experiments. These represented typical maneuvers 

during surgery. Predefined errors during the tasks were recorded by an observer.

Eight test subjects were assigned to complete the surgical exercises. Seven had 

no previous experience on the Zeus or other robotic systems. All subjects had 

access to the robotic system regularly. The group had a one week familiarization 

period, and then performed the surgical exercises at transfer latencies (Tt) from 0 

to 600 msec, in increments of 100 msec. Over 1,700 exercises were conducted in 

the sequential trials.

Additionally, a core group of four subjects performed the exercises with random 

delays between 0 and 1000 msec. These subjects had been exposed to the 
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platform five days per week over a period of approximately four months. 

Therefore, they continuously experienced the rigors of the system and latency 

demands, and had the opportunity to learn or adapt. Approximately 200 exercises 

were conducted in the random trials.

Task time to completion and error rate were recorded for all exercises.

2.2.2 Robotic platform

The Zeus robotic platform (Intuitive Surgical Inc.) was designed with master-slave 

architecture consisting of a surgeon’s side console and patient side robotic arms. 

Each side could be connected via multiple methods including UDP Internet 

protocol, satellite, or communications software. Our configuration of the NetDisturb 

software (8) could emulate variations in latency, packet loss, or other transmission 

characteristics.

At the console, the surgeon sat with instrument controls in both hands and a video 

screen showing the surgical view directly in front (figure 7a, b). The remote 

surgical endoscope camera was moved left, right, up, down, etc. using a mouse 

control interface. Both the live surgical and operating room views were provided. 

The surgeon also communicated with the remote surgical team via live audio 

exchange using an in-room camera (Polycom Inc.).
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At the patient side, three robotic instrument arms were used to perform surgery. 

One arm held a camera scope to provide the surgical view, while the others 

manipulated interchangeable instruments. The surgical arms had 5 degrees of 

freedom, with basic axis movements plus an additional wrist joint at the instrument 

end. A complete technical description of the prototype can be found in Butner and 

Goudoussi (3).

a

b

. , .

Figure 7. The robotic telesurgery laboratory set-up. The operator sits at a console (a) and has the 
surgical site video directly ahead on screen. Additionally, a remote room view is provided with live 
audiovisual connection (b).
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2.2.3 Telecommunications simulation

We had access to a transcontinental internet private network (IP-VPNe), live 

partitioned satellite feed, and telecom simulation software. The network 

architecture was designed to be fully redundant with the possibility of human 

surgery in mind. The VPNe architecture had dual encoders, switches, and routers, 

and the satellite transmission could act as a back up if the VPNe failed (figure 8). 

Both networks were high quality, 10 Mbps connections with minimal packet loss.

For these experiments, the effects of varying latencies on performance and 

learning were investigated. We simulated latencies from 0 to 600 msec 

sequentially in 100 msec increments using NetDisturb software. Additionally, 

random delays between 0 and 1000 msec were tested. These latencies were 

chosen to simulate those expected in ‘real world’ communications networks. 

Delays from 60 to more than 500 msec are characteristic in our communications 

test bed during ground based IP or satellite transmissions (Table 1).
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Table 1. Laboratory communications test bed

Transmission 
type

Bandwidth 
(Mb/sec)

Approximate 
distance 
roundtrip 

(km)

Latency (Tt 
msec)

NetDisturb 
software

emulated emulated 0 User defined

Internet 
protocol (private 
partition)

UDP∕IP 10 4150 65

Satellite Ku band 10 71000 600

2.3 Results

There were no major technical issues with the robotic platform or communications 

network. Overall, the system worked well and all participants were able to 

complete the tasks over all latencies. Participants found the exercises to be 

challenging, and reported some fatigue in performing the tasks at higher latencies.
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IP VPN
(Halifax Link)

NetDisturb

802.14 TrunkCisco 2950802.1q Trunk

Encoder

CONSOLE

CMI ZEUS Robot
CMIZEUS Console

London Patient-Side (Remote)London Surgeon-Side

Cisco 7204
Primary CE

Polycom ViewStation 
Video Conference

Cisco 7204
Backup CE

Crssco 7204 
Backup CE

Polycom ViewStation 
Video Conference

Cisco 7204
Primary CE

Figure 8. Communications test bed for the experiments. Signals from all devices were collected, 
encoded, and multiplexed by a switch (Cisco 2950), creating a single data stream directed by a 
router (Cisco 7204). The networking hardware was fully redundant on both sides. The system 
automatically chose the most reliable link. Routers on each side could be connected in different ways 
to emulate different modalities of deployment. These were NetDisturb software (current 
experiments), long-distance UDP/IP or Ku band satellite. The network was set up in conjunction with 
Bell Canada

2.3.1 Sequential trials

The summarized results of all exercises in the sequential triais are shown in figures 

9 and 10. Task times decreased for latencies up to 300 msec, and then increased 

moderately. There were no significant time differences for any of the latencies 

compared to zero (repeated measures ANOVA overall p=0.012; Dunnett’s t-test). 
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Paradoxically, the error rate during the triais decreased with increasing delays. 

This trend was significant when comparing zero delay to 500 msec (overall 

p=0.002; Dunnetfs t-test).

Between individual triais, a spike in task time was observed as participants first 

encountered a higher latency. Trials subsequent to this at the same latency were 

performed with lower times. This trend seemed to be even more pronounced at 

higher latencies (figure 11).

E 200—

300 —

250—

150—

100—

100

Latency (msec)

O

T 
300

— Sequential trial

------Random tr ial

500 800 1000

Figure 9. Overall time for task completion for the sequential and random delay triais at differing 

latencies. Random trial times were significantly greater compared to zero latency at 500 ms and 

beyond (repeated measures ANOVA, p < 0.001)
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2.3.2 Random triais

During the random trials, participants were unaware of the latency they were to 

experience during an exercise. In a summary of all exercises, task times gradually 

increased with increasing latencies. The times were significantly higher than zero 

delay at latencies of 500 msec and above (p<0.001; figure 9). Despite the high 

latencies, there were no significant differences in error rates compared to those 

experienced with zero latency (overall p=0.252; figure 10).

2.50—

1.50—

0.00 -

2.00 —

0.50—

1.00—

0 200

th

Latency (msec)

— Errors sequential trial 
— Errors random trial

9........4

Figure 10. Error rates vs. latency for the sequential and random delay trials. There were no 
significant differences in error rate compared to zero latency except at 500 ms during the sequential 
triais (p = 0.002)
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Figure 11. A typical example of task times during attempts at higher latencies during a particular 
exercise. Short-term learning occurred as the operator encountered a higher latency, then adapted 
to it during subsequent attempts. Latencies of 400, 500 and 600 ms are shown

2.4 Discussion

The results of our study highlighted different strategies employed to overcome high 

latencies. Slowing of operator movements and ‘move and wait’ techniques were 

observed at higher time delays. In reference to equation 1:

n

Task = ∑ (Ten + Tt + Tr + Tmove + Tpian) ,

1
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the parameters under the control of the operator were the velocity of movement 

(Tm0ve), the total number of moves required for the task (n), and the planning time 

between maneuvers (Tp∣an). Slowing the velocity of the movement would increase 

the time for any particular maneuver to occur (increase Tmove). Employing a move 

and wait strategy would break smooth movements into a number of broken, 

staccato maneuvers (thereby increasing n). Similar techniques have been reported 

by operators using latent systems both in surgical and aerospace applications (9, 

10). In both cases, although the task time increases, the error rate is decreased by 

increasing accuracy and simplifying the planning process.

The time and pressure added by recovering from an expected error, resetting 

instruments, and planning of a new set of maneuvers seemed to be more important 

for overall performance. Our test subjects worked to keep error rates low despite 

increasing latency (figure 10). However, whether this type of strategy could be 

employed within real surgical scenarios is unknown. The cadence of surgery is 

often predicated by clinical urgency. An operator with only the Taw data’ of latent 

video feedback could find urgent maneuvers quite difficult.

Both short and long term learning were observed within the experimental set. 

Short term learning can be seen clearly in figure 11, where the operator’s time for 

task completion spiked with each newly encountered latency, and then decreased 

as accommodation occurred.
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In the sequential trials, our results showed a trend of decreasing task times up to 

300 msec and error rates up to 500 msec (figures 9,10). We have associated this 

decrease with the effect we call long-term learning. This type of learning is 

associated with improving performance through repeating a task a number of 

times. During this period, the operators were continuously gaining experience on 

the system beyond the one week familiarization period. The effect of long term 

learning remained with the participant over the whole period of experiments (just 

over four months). The figures also indicate that the minimum amount of training 

needed to properly perform simple tasks can be achieved over relatively short 

periods of time, equivalent to a training period consisting of 3-4 weeks of one hour 

a day, three times a week.

During the random trials, a similar trend was not observed as most learning 

benefits had likely occurred by the four month mark. Overall task times and error 

rates were lower than the sequential triais, even beyond 500 msec. The 

participants likely demonstrated task proficiency and strategies derived from the 

previous four month experience. Latencies beyond 500 msec are likely to be 

experienced using satellite networks, and have not been previously studied (5).

2.4.1 What type of automation is appropriate for telesurgery?

Having only the raw data of latent video feedback in a real surgical scenario could 

be quite difficult for the operator. Unstable patients or challenging tissue 
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manipulation would be incongruent with slowing of movements to overcome 

latency. Additionally, the duration of surgery could introduce significant fatigue for 

the operator. The question of user predictive or other automation for use in 

telesurgery should be addressed.

In predictive displays, the operator is shown what will be expected to happen over 

the next interval of time, given the current system inputs. The prediction is usually 

shown on the operator’s screen. This type of technology has been used on pilot’s 

displays, ships and submarines, and air traffic control displays for several years. In 

robotic telesurgery, a predictive display would show the surgeon where instruments 

would end up given their current input and the latency. The surgeon could then 

‘lead’ the actual process and perform larger maneuvers with confidence.

For operator delays greater than 300 msec, Held et al. (11 ) has shown that sensory 

motor adaptation is impossible, and that subjects dissociate their own hand 

movements from those of the telerobot at these delays. The simplest predictive 

displays would show the operator a computer generated screen cursor which is 

extrapolated forward in time. Given the current conditions of the system, a 

predictive model can be run many times faster than the actual process (figure 12). 

An expected final point is shown if ‘all conditions are kept the same as present,’ 

and could indicate where tools will stop with the given latency. Even these simple 

displays improve the performance of the operator (12). More sophisticated 

predictive technology could provide a virtual representation of the robot and its 
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environment. In any movement, the virtual display can be used to understand how 

the robot will react given the current network (13,14). Leading the actual process 

and performing larger maneuvers can decrease task time by as much as 50% (15).

current state x at 
ACTUAL CONTROLLED timet

PROCESS

EXPECTATION OF 
CONTROL AT (t + ζ)

FAST-TIME MODEL OF 
CONTROLLED PROCESS

current state of actual sytem becomes 
initial condition of model at start of 
each cycle

PREDICTOR DISPLAY

t+

prediction of state x 
at time (t + ζ)

V Y

Figure 12. The Ziebolz and Paynter technique for latent systems prediction. The predictor model is 

run many times faster than the actual operating process. Therefore, prediction is based on the 

current inputs of the operator and constantly updated for accuracy

Whether higher levels of command are appropriate for telesurgery is unknown. In 

supervisory control, the operator commands the robot to perform a set of 

maneuvers, and monitors how they are performed. By doing so, the operator is 

removed from the control loop. The robot would need to possess sensory or other 

analytical capability in order to carry out the instruction set. This could be quite 

difficult in a three dimensional space with variations in tissue elasticity and 
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homogeneity. Current robots can perform complex, autonomous tasks in 

predictable, ‘object stable’ environments (16-18). However, even the best visual 

and force sensing available would probably not suffice for autonomous tissue 

dissection or manipulation.

Finally, much work has been done in the area of wave transformation techniques to 

synchronize multiple users experiencing different latencies. Time-based algorithms 

can predict the next steps of multiple operators, and compute and represent a 

pertinent state to all participants. This has been used extensively in online gaming 

(19-22). Although this is not directly applicable to telesurgery, the network 

architecture underlying such systems may be useful. The surgeon’s ‘next move’ 

probably cannot be predicted because of the variations in anatomy which are 

unknown until exposed by dissection. However, more advanced server-client 

architectures interposed between operator and slave surgical robots may help 

minimize the effects of long latencies.

In conclusion, we have shown that operators are capable of performing surgical 

exercises at significant transmission delays. The surgical platform studied has 

been used effectively for small latencies (300 msec or less). For delays greater 

than 500 msec, slowing of movements minimized errors and simplified task 

planning. However, such strategies are not optimal for the cadence of surgery. 

Further platform modifications, such as visual or virtual reality cues, are required to 

provide the operator with more reliable predictors during high latencies.
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Chapter 3

Emulation and evaluation of basic 
clinical procedures

Real surgery involves more complex movements and tissue interaction, and often 
requires increased cadence.

This set of experiments was designed to test telesurgery in live animals by 
emulating basic clinical procedures. The experiments were designed to show 
whether the operator is capable of the increased demand imposed by such 
procedures. Additionally, the behavior and reliability of ground and satellite based 
communications was assessed

A version of this chapter has been published in The International Journal of 
Medical Robotics and Computer Assisted Surgery entitled:

“Robotic telesurgery: a real-world comparison of ground- and satellite-based 
Internet performance” by R Rayman, K Croome, N Galbraith, R McClure, R 
Morady, S Peterson, S Smith, V Subotic, A Van Wynsberghe, R Patel and S 
Primak.

©2007 John Wiley & Sons Limited. Reproduced with permission.
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3.1 Introduction

Robotic technology is continuing to expand minimally invasive surgery (1 ). With a 

robotic system, the surgeon is able to control multiple instruments from a console 

while viewing a three-dimensional (3D) image of the surgical site. These systems 

have a master-slave architecture, with the surgeon displaced from the patient in 

a non-sterile area. The surgeon sees the operative site and controls the robotic 

instruments from the console, thereby closing the control loop. The usual 

displacement between surgeon and patient is 5-10 m. However, extending 

master-slave control may introduce powerful, new capabilities.

Telesurgery is defined as the performance of robotic surgery over long distances 

with a communication link. This new area holds promise for efficient and cost­

effective services. Telesurgery has the potential to extend surgical expertise, 

collaboration and training, provide remote community care and save transportation 

costs.

Although teleoperation has been studied extensively during the past 20 

years (2), the field of telesurgery is quite new. The first proof of concept was 

performed by Marescaux et al. (3) in 2001. Since then, Anvari etal. (4)setupa 

telesurgery service spanning 400 km within Canada. This service successfully 

treated 21 patients in a variety of procedures. Despite these powerful examples, 

studies of performance during telesurgery are not well developed. Delays 

between operator input and instrument reaction can be significant over long 
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distances. During Strasbourg-to-P a ri s animal experiments, Butner and 

Ghodoussi (5) proposed 330 ms communications latency as a comfort zone 

for surgeons. In dry laboratory studies, significant increases in task completion 

times occurred when users experienced delays of 500 ms and beyond (6, 7). 

Recently, Hanley et al. (8) reported on a da Vinci® telesurgery system, in which 

swine nephrectomies were performed, with latencies in the range 550-980 ms. 

The surgeons felt that such latencies were feasible for performing 

telesurgery, and further data should be published soon by this group.

Investigations to date have employed only ground- based Internet protocol 

(IP) networks to connect master to slave sites. However, in cases of 

remote communities, ground-based IP may be insufficient or unavailable. 

Additionally, if ground-based IP were available, satellite remains a flexible and 

mobile back-up in case of communications failure. Finally, maintaining high 

bandwidth ground IP may be ∞st-prohibitive.

We chose a pig animal model to compare ground - based performance directly 

to satellite and to characterize the effects of satellite bandwidth on performance. 

We hypothesized that telesurgery would be possible during these emulated 

clinical procedures. However, satellite- based telesurgery could be impractical 

because signal delays were approximately 10 times greater than land - based, 

and exceeded 500 ms. Finally, satellite -based telesurgery would not be possible 

beyond a lower limit bandwidth.
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3.2 Materials and methods

3.2.1 Telecommunications network

The telecommunications test bed was set up in conjunction with industrial 

partners. In all experiments, a bandwidth of 10 Mb/s was provided by either 

ground or satellite. The ground network was redundant and parti tioned and 

spanned a round trip from London, Ontario, to Halifax, Nova S∞tia (ca. 4000 km). 

The transmission time was approximately 55 ms. Including high -speed encoding, 

the total latency for the operator was approxim ately 200 ms.

The satellite network was again privately partitioned, with 10 Mb/s bandwidth. 

The routing was round-trip from London to Toronto and then to a 

tele∞mmunications satellite operating in the Ku band (12-14 GHz). The 

transmission time was approximately 600 ms. Test bed characteristics and 

configuration are shown in Table 2 and Figure 13. A proto∞l of switching 

between the ground and satellite loops was agreed upon with the industrial 

partners, and switching was routinely used during the actual e xperimentation.
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Table 2. Laboratory communications test bed

Transmission 
type

Bandwidth 
(Mb/sec)

Approximate 
distance 
roundtrip 

(km)

Latency (Tt 
msec)

NetDisturb 
software

emulated emulated 0 User defined

Internet 
protocol (private 
partition)

UDP/IP 10 4150 65

Satellite Ku band 10 71000 600

(Satellite Link)

IP VPN
(Halifax Link)

NetDisturb

London Patient-Side (Remote)London Surgeon-Side

Polycom VewStation 
Vides Conference

Cax*204
Nrmay CX

Polycom ViewStation 
Video Conference

Figure 13. Communications test network used in the study. Both ground and satellite 
Internet protocol connections were redundant and privately partitioned
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3.2.2 Robotic platform

The Zeus® telesurgery prototype (Intuitive Surgical Inc.) has been used and 

described by our laboratory in previous studies (6,9). The prototype consisted of 

surgeon-side and patient-side telesurgery equipment in a master-slave 

architecture. The equipment was Iocated in adjacent rooms but with no direct 

∞mmunication or line of sight between the two.

On the surgeon-side, full audiovisual capability was supplied from both the 

surgical endoscope and the operating room. The surgeon could control patient­

side instruments via hand-held manipulators located at the console. The 

endoscope could be moved via a laptop interface to view different areas within 

the body. The surgeon also had audiovisual communication with the remote 

operating team, using Polycom ViewStations (Polycom Inc.) for instrument 

adjustments.

The patient-side equipment consisted of three robotic arms with interchangeable 

instruments plus the comrnu nication hardware. The surgical arms had five degrees 

of freedom, with basic axis movements plus an additio nal wrist joint at the 

instrument end. A ∞mplete technical description of the prototype can be found in 

Butner and Goudoussi (5).
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For these experiments, the operator was familiar with the Zeus telesurgery 

platform and had recently worked with it. Additionally, the operator had frequently 

performed a left internal mammary artery (LIMA) dissection by both 

conventional and robotic methods.

3.2.3 Animal study: comparing ground to satellite performance

A total of 15 pigs were used in the two phases of experiments described 

here. In eight pigs, LIMA dissection was conducted to compare ground to 

satellite-based telesurgery. These animals weighed 40-50 kg.

The pigs were sedated using an intramuscular injection of 150 mg tiletamine 

hydrochloride mixed with 400 mg xylazine hydrochloride and 0.04 mg/kg atropine. 

The animals were intubated and general anaesthesia was maintained, using 

a 50: 50 mixture of nitrous oxide: oxygen and isoflorane in the range 1.75­

2.25%.

The femoral artery was cannulated percutaneous ly to provide systemic blood 

pressure monitoring. The femoral vein was similarly accessed for fluid 

administration, and was connected to a slow normal saline drip.
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All experiments were conducted with trained animal technicians and had been 

previously approved by our University Ethics Committee.

Following general anaesthesia, a midline sternotomy was performed and the 

left hemithorax retracted using a surgical IMA retractor (a sternotomy was 

necessary to provide working room, to simulate a closed chest hum an IMA 

dissection). The ports for the robotic camera and instrument arms were 

introduced into the right chest wall. A 5 mm, 30° endoscope (Karl Storz Inc.) 

was used for the camera port. The right robot arm held an ultrasonic dissector 

(Harmonic scalpel, Ethi∞n Endosurgery Inc.) and the left hand grasping forceps.

LIMA dissection was conducted using the network. Within the same animal 

experiment, the surgery was conducted for 30 min with the ground IP and 

then switched for 30 min on satellite IP. The switc hover from ground to satellite 

was performed by our industrial partners and took 1-2 min.

The length of vessel dissected was recorded for each portion of the experiment. 

Additionally, an observer group (n = 5) scored the quality of surgery, based 

on a global rating scale as seen in Table 3. This scale has been previously 

validated, and items on the scale have been developed to be procedure­

independent (10). We adapted the scale by excluding three criteria that were not 

applicable and adding one criterion ( Control of bleeding) using a similar scoring 

rationale. The observer group was familiar with the Zeus platform and had 
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previously operated it in dry laboratory studies. The group was allowed ∞mplete 

access to the patient- and surgeon-side operating areas in order to form criteria 

scores. LIMA patency was checked at the end of the experiment by transecting 

the vessel and ensuring that brisk bleeding was present and that the vessel 

had not been damaged. The animals were sacrificed at the end of the experimen t 

by intravenous euthanyl infusion.

3.2.4 Animal study: effects of satellite bandwidth

In seven pigs, LIMA dissection was conducted via satellite as the sole means for 

∞mmunication. Telesurgery performance was re∞rded as satellite bandwidth 

was sequentially decreased. All experiments were conducted with trained animal 

technicians and had been previously approved by our University Ethics Committee. 

Anaesthetic induction and maintenance were performed in a similar fashion to the 

previous experiments. The set-up of the robot and instruments were also similar.

During each animal experiment, satellite and en∞der bandwidth were 

sequentially decreased in 10 min intervals as LIMA dissection was performed. 

During each interval, an observer group scored the qu ality of surgery, using a 

global rating scale (Table 3). The bandwidth at which surgery was no longer 

possible was determined by the operator and the observer group. The animals 

were euthanized at the end of each experiment.
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TABLE 3.

GLOBAL RATING SCALE OF OPERATIVE PERFORMANCE

Please circle the number corresponding to performance in each category

Respect for tissue:

1
Frequently used unnecessary force 

on tissue or caused damage by 
inappropriate use of instruments

2 3
Careful handling of tissue but 

occasionally caused inadvertent 
damage

4 5
Consistently handled tissues 

appropriately with minimal damage

Time and motion:

1 2 3 4 5
Many unnecessary moves Efficient time ∕ motion but some 

unnecessary moves
Clear economy of movement and 

maximum efficiency

Instrument handling:

1 2 3 4 5

Repeatedly makes tentative or awkward 
moves with instruments by inappropriate 

use of instruments

Competent use of instruments but 
occasionally appeared stiff or awkward

Fluid moves with instruments 
and no awkwardness

Flow of operation:

1 2 3 4 5
Frequently stopped operation and 

seemed unsure of next move
Demonstrated some forward planning 

with reasonable progression of procedure
Obviously planned course of operation 

with effortless flow from one move 
to the next

Control of bleeding:

1 2 3 4 5
Major bleeding causing procedural 

stoppage and repair efforts
Minor bleeding with most sites 

coagulated or ligated
Little to no bleeding and good 

hemostasis at end of procedure
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3.3 Results

3.3.1 Comparing ground to satellite performance

The communications network in these experiments performed well. There 

were no instances of blocked or dropped communications, and the switchover 

from ground to satellite IP was smooth and quick. Once our industrial 

partners were requested, they reacted within 1-2 min, and the picture switch 

was close to instantaneous.

During the ground portion, the audiovisual ∞mmunica tions were of high quality. 

The surgical endoscope picture was clear, with no pixilation observed. Upon 

switchover to satellite, the picture was still clear, with minor pixilation occurring 

every 5-10 min. There was a perceivable difference in latency, but this ∞uld be 

quickly accommodated by the operator.

The LIMA length taken down for each portion of the experiment is shown in 

Figure 14. There was no significant difference between ground- and satellite­

based telesurgery in this exercise (paired t-test; p> 0.05). Also, there were no 

significant differences in the quality of surgery based on the global rating scale 

(Figure 15). The LIMA was patent and briskly bled at the end of each experiment, 

with no damage to the artery observed.
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Figure 14. There was no significant difference between left internal mammary artery (LIMA) 
length dissected using ground vs. satellite-based connections (p > 0.05). The latency of satellite 
transmission was >10-fold that of ground (ca. 600 vs. 55 ms)
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Figure 15. There was no significant difference between Global rating scale scores comparing 
ground or satellite modalities, either between pairs or on average (p > 0.05; error bars shown for 
averages only)
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3.3.2 Effects of satellite bandwidth

The effects of bandwidth degradation were studied to identify minimum 

acceptable requirements. Since bandwidth is an expensive resource, it was 

important to identify such requirements for practical sys tems. To decrease 

bandwidth every 10 min during the experiments, our London team 

coordinated with industrial partners in both Ottawa and Toronto. This was 

more difficult logistically. However, there were no sig nificant delays in the 

switching process. The image switchover to a lower bandwidth occurred 

nearly instantaneously. There was noticeable pixilation at bandwidths below 

ca. 5 Mb/s. Picture locking occurred in some instances.

The combinations of satellite and encoder bandwidths during the LIMA 

dissection are shown in Figure 16. The ‘ ■’ symbols represent combinations in 

which surgery was no longer possible, as determined by the oper ator and 

observer team. For satellite bandwidth, this lower level was approximately 4 

Mb/s. The quality of surgery was adversely affected as bandwidth was 

degraded. There was a significant decrease in quality of surgery at bandwidth 

3 Mb/s (average score = 4.10 ± 0.80/5; p < 0.05) compared to 9 Mb/s 

(average global rating scale score = 4.38 ± 0.66∕5), as seen in Figure 17. 
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Satellite vs Encoder Bandwith - Video Acceptability

34

33

42 « 3

39

38

8

936

1035

32

31

30

29

28

■ Surgery not possible

—•—Satellite bandwidth
— Encoder bandwidth

41
40

2524-23
1---------∖ 19

u 20
22

4
~ 5

Figure 16. Satellite and encoder bandwidths were sequentially decreased to identify a minimum 
level for telesurgery. The bandwidth ‘pipe’ is shown as concentric circles (9-0 Mb/s). Changes 
in bandwidth combinations using 7 pigs are seen radially moving clockwise from spoke 1 in 
the 43 spokes. ■, satellite bandwidths at which surgery was no longer possible (ca. 4 Mb/s)
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Figure 17. Global rating scale scores had a decreasing trend as satellite bandwidth was 
decreased. There was a significant decrease in the average score at 9 Mb/s (4.38 ± 0.66) 
compared to 3 Mb/s (4.10 ± 0.80; p < 0.05). Error bars are shown only for overall mean scores

3.4 Discussion

These experiments demonstrated that satellite communication may be effective for 

telesurgery. The latency for satellite-based IP was more than double that of 

ground- based IP. However, surgical results were not different between the two. 

The length of LIMA dissected and the quality of surgery were not significantly 
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different by switching modalities. Notably, satellite-based IP may be considered 

as an alternative or back-up means if ground-based IP fails or is 

unavailable. Satellite-based IP could also be used as a single source of 

communication; however, the operator must be aware of longer delays and 

should have redundant satellite access avail able.

The protocols of switching were restricted by our industrial partners. In the 

ground-satellite comparison, this meant fixing the order of switching from 

ground to satellite, rather than randomization. However, this order still 

simulated a failure of ground-based IP and a switch to satellite back-up. In the 

satellite experiments, sequentially decreasing bandwidth made finding a ‘point of 

failure’ more definitive.

We were interested in defining a lower limit to satellite bandwidth. The costs of 

satellite bandwidth are high, and users should be aware of what minima are 

required. Our experiments defined approximately 4 Mb/s as a level at which 

telesurgery could no longer be ∞nducted. An appropriate ‘buffer’ in order to 

maintain a comfortable picture quality would likely be around 6 Mb/s. Hanley 

et al. (8) have correctly pointed out that cost is critical in ground-based 

telesurgery, and satellite bandwidth is even more expensive. Although the 

private bandwidth for our experiments was contributed by TeleSat Canada, 

maintaining this by purchasing it privately could cost more than $100 000/month 
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(11) . Such access would need to be used nearly continuously by health care 

providers to be cost-effective.

Despite these results, the latencies imposed by satellite communications were 

perceivable and required ∞nstant ∞mpensation by the operator. There was no 

automation in our system to correct for this. Degradations due to satellite 

latency were of several types. First, movement -to-view delays occurred as the 

operator ∞mmanded an instrument motion, which was not seen at the console 

until approximately 500 ms later. A staccato ‘move and wait’ strategy with smaller 

instrument displacements was employed to counteract this. Se∞nd, minor 

pixilation occurred, which impaired video interpretation. By waiting for the next 

clear frame, the operator was able to continue with the surgical task. Finally, 

double-handed manipulations with high latencies needed to be done in a slow, 

deliberate manner to minimize errors.

In cases with complications, the operator may experience further pressure 

and adaptation could be degraded. Trying to rush or ‘beat the clock’ may only 

compound errors. Notably, McKenzie and Ware (12) have shown that latency has a 

multiplicative (not additive) effect on degrading performance. The use of 

predictive or virtual reality methods to overcome latencies >500 ms needs to be 

explored (6,13).
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A manual switchover from ground to satellite communi cations and between satellite 

bandwidths was conducted in our experiments. In practice, redundancies 

should be automated in order to detect a primary failure and switchover to 

back-up communications. If satellite were used primarily, then bandwidth 

adjustments could be made ‘on the fly, to provide effective resource utilization.

Whether telesurgery becomes a reality in North American or European 

health care remains to be seen. McLean (14) has studied the legal and 

ethical ∞nsiderations for making this happen. There is inherent sense in 

allowing special experts to more easily disseminate knowledge and skill to 

patients. In reality, this would likely begin as intraoperative teleconsul tation and 

then progress to telesurgery. Legal and licensing issues should be designed for 

this. Patients could then appreciate the benefit of multiple experts for their care.
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Chapter 4

Investigation of learning and 
training for telesurgery

Telesurgeryis a new method of performing robotic surgery. Therefore, the training 

of surgeons on such systems may differ from traditional methods. A break down of 

surgery into basic tasks at sequentially increasing or full latency may show which 

method of training is more effective. A comparison for training in telesurgery may 

then be made.
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4.1 Introduction

Telesurgery is defined as the performance of robotic surgery over a distance using 

a communication link. Telesurgery extends a surgeon’s reach, and can provide a 

cost effective way for experts to operate on remote patients. Such communications 

may increase training and collaboration between surgeons, reduce transportation 

costs, and bolster impoverished communities.

Telesurgery is likely to expand over the next five to ten years. However, the 

promise of telesurgery also introduces problems. Delays within a telesurgical 

system can be 500 ms or more (1). The operator must cope with such delays. 

Currently, there are no predictive or other tools available to compensate for this. 

The training of operators for telesurgery will be critical.

The issue of remote teleoperation has been widely studied in non medical areas (2­

5). Compensations for latency have been divided into three broad categories. In 

predictive control, predictive approaches provide a model for the remote slave 

system to compensate for the delay. Bilateral control provides for dual input from 

the master (force input to velocity output), and dual reaction from the slave (velocity 

input to force output). Finally, teleprogramming allows supervisory control to the 

operator and some local autonomy to the slave. Virtual reality (VR) techniques fit 

into this category (4).
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The feasibility of long distance telesurgery was demonstrated by performing a 

trans Atlantic surgical procedure on a patient with a prototype system (6). 

Subsequently, an interim telesurgical service from southwestern to northern 

Ontario, Canada was set up in which 21 patients were treated (7). In both cases, 

the operator dealt with the ‘raw data’ of the telesurgery video source. In order to do 

so, operators slow down, or employ a ‘move and wait’ strategy to avoid past 

pointing or other errors (8).

Methods of training and learning for telesurgery have not been yet investigated. A 

training study for telesurgery is critical. The present study aims to evaluate training 

for telesurgery by breaking surgery down into typical basic maneuvers. 

Subsequently, we propose to identify differences in training proficiency by 

comparing groups training with sequentially increasing latency versus full latency. 

A public Internet connection is used to illustrate that such training may occur using 

a low cost, accessible method.

We hypothesize that the training of subjects using a telesurgery simulator could 

show which methods of training are more effective, and that trainees experiencing 

full latency (700 ms) throughout all exercises would perform better than those 

training at zero latency and then adapting to the delay.
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4.2 Materials and methods

4.2.1 Experimental set up

A low cost, real world solution was sought to provide communications for the 

exercises. The local area network (LAN) at The University of Western Ontario was 

used as a telecommunications test bed. This provided a realistic, variable traffic 

network. Latency was simulated using commercially available software (Shunra VE 

Desktop, Shunra Software Ltd, Philadelphia, PA), which allowed a wide range of 

delays, packet losses and other parameters to be simulated. For this investigation, 

we chose to study 0, 350, and 700 ms delay.

The test exercises were displayed on a laptop with a commercially available web 

camera (Logitech Quickcam, Fremont, CA), and a recording and receiving laptop 

were connected (Skype Technologies S.A., Luxembourg, EU). The 

telecommunications setup is shown in figure 18.

82



Web camera

Test exercise

Laptop with 
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Figure 18. The setup for the latency exercises. A web camera provided the picture of the 

exercise to be done. This picture was sent over the University local area network. Additional 

latency could be added using commercially available software. The subject viewed the exercise 

on a viewing laptop with their hands blinded. This was done for all triais except zero latency, in 

which direct viewing was allowed.

University
Local Area Network

Exercise viewing laptop

4.2.2 Test exercises

The test exercises had been previously established in other studies (9 - 12). We 

chose exercises which would test motor dexterity, and also mimic typical surgical 

maneuvers. The Purdue pegboard test involved putting as many pegs as 

possible sequentially into a vertical row within a 30 s period. The hole steadiness 

test and straight path test showed the ability to hold a point object steadily in 

space, and the ability to perform a simulated straight cut in surgery respectively 

(figure 19a, b, c).

83



Figure 19. The four test exercises. The Purdue pegboard exercise (a) showed how many pegs 

could be placed by the subject with their dominant hand in a 30 s period. The hole steadiness 

exercise (b) tested grasp steadiness within holes of decreasing size. The straight line cut exercise 

(c) showed how well subject could trace a straight line without touching the borders of a narrowing 

groove. The Fitts’ law exercise (d) tested target pointing between rectangles of varying width and 

distance.

A basic Fitts’ law exercise was used to demonstrate performance changes with 

latency (figure 19d). The software program for this was developed by one of the 

coauthors within our lab (Almond, unpublished). Fitts’ law is a mainstay of human 
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performance research, and is derived from information theory (13). It can be used 

to measure performance with simple target pointing tasks. Fitts showed that the 

movements of a subject pointing within rectangle targets of varying width W and 

distance between targets D could be quantified using information theory by the 

expression:

where ID is the Index of Difficulty. Note that the term ID has no units, and is 

expressed in the unit ‘bits’ secondary to the choice of base 2 for the logarithm.

When completing a task, the Index of Difficulty divided by the time to complete the 

movement (MT) will give a representation of the rate of task completion in bits / s. 

This is also known as the Index of Performance (IP) and can be thought of broadly 

as the ‘bandwidth’ of the subject while doing the task:

Rearranging and allowing for a non zero intercept 'a' of the subject, sometimes 

thought of as reaction time, gives:

MT = a + b-ID 
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where here a plot of Movement Time versus Index of Difficulty should give a 

straight line plot with the inverse of the slope 1/b representing the Index of 

Performance.

In this case, Fitts’ law was used to compare the performance of operators 

experiencing sequential increases in latency (0,350,700 ms) to those experiencing 

full latency only (700 ms). As subjects performed the Fitts’ law exercise, the 

appropriate delay between mouse movement and cursor on screen reaction was 

applied. Time for task completion, distance between targets, and target width were 

automatically varied by the program. Each subject did ten repetitions of varying D 

versus W combinations during one trial.

Fitts’ law applies well to an operator on a telesurgery platform for simple tasks. 

During robotic surgery, the operator is constantly required to identify, locate, and 

manipulate new tissue locations. This ‘target exercise’ is analogous to the target 

pointing model set up here. In both cases, the operator must move back and forth 

between specific locations. Additional, both require the operator to interact within a 

human computer interface (HCl).

4.2.3 Experimental groups and analysis

Eight subjects from our lab were asked to perform the exercises. The subjects 

were given preset general instructions and instructions on how to do the exercises, 
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and were allowed one practice session before beginning. Subjects were randomly 

assigned to do two exercise types with delays increasing sequentially in three steps 

(0; 350; 700 ms). Three repetitions of the exercise were done at each latency. 

The other two exercise types were done with full latency (700ms) at the outset. 

Three sets of three exercises (total nine) were done with full latency. All exercises 

were videotaped and subsequently analyzed for performance parameters.

Data were analyzed using SPSS 16.0. Statistical analyses for significance were 

done using the Mann-Whitney U test for parametric data. Statistical significance 

was considered when p was less than 0.05.

4.3 Results

There were no technical problems using the network setup. Additionally, the 

network latency software (Shunra VE Desktop, Shunra Software Ltd, Philadelphia, 

PA) worked well and was able to emulate desired latencies.

The results of the straight cut test are shown in figure 20. There were no 

significant differences between the sequential and full latency task groups in time 

to perform a straight cut, except in trial 1 (0 ms versus 700 ms). A similar result 

was seen in the grasp steadiness test where mean number of off centre errors was 

recorded (figure 21).
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Figure 20. There was no significant difference in times to perform the straight cut between 

the sequential and latency groups except in Trial 1 (0 versus 700 ms). (* indicates p < 0.05)
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Figure 21. There was no significant difference in grasp steadiness errors between the 

sequential and latency groups except in Trial 1 (0 versus 700 ms). (* indicates p < 0.05)
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In the Purdue pegboard test, the sequential group scored significantly better in 

number of pegs placed than the latency group in both triais 1 and 2 (zero versus 

700 ms; 350 versus 700 ms respectively; figure 22).

Group

5-

2 3

Trial

■ Sequential (0,350, 700 ms)
■latency (700 ms)

Figure 22. Sequential group subjects performed significantly better than the latency group in 

number of pegs placed in both Trials 1 and 2 (0 versus 700 ms and 350 versus 700 ms 

respectively). However, there was no significant difference between the groups when both 

experience 700 ms latency in Trial 3. (* indicates p < 0.05).

The results of the Fitts’ law exercise are shown in the series of figure 23. Here the 

performance of the sequential group decreases over the trials of 0, 350, and 700 

ms, as indicated by the increasing slope of line fit for this group (0.09; 0.32; 0.76 

respectively). The reciprocal of the slope is the Index of Performance, IP, in bits/s. 

For the latency group, IP improved somewhat over the three triais of 750 ms (1.05; 

1.08; 0.83). However, it is very similar to the IP of the sequential group by the last 

trial (0.76 versus 0.83).
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Figure 23. The Index of Performance (IP) of the sequential group (blue) compared to the 

latency group (green) is shown in Trials 1, 2, and 3. As the latency goes up for the 

sequential group, the slope of the Time versus Index of Difficulty line increases, indicating a 

decreasing IP. By the third trial, both groups are experiencing 700 ms and have similar IP.
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4.4 Discussion

These experiments investigated different training options for telesurgery. Over the 

exercises conducted, there was no significant difference between groups training 

with sequentially increasing latency versus full latency only. The results suggest 

that either method could be effective.

Earlier work in remote teleoperation concentrated on methods to compensate for 

delay, rather than training the operator directly for it (2-5). In telesurgery, no such 

methods have been developed.

We broke surgery down into some very basic maneuvers. These included object 

placement, hold steadiness, straight line movement, and point to point targeting. 

All of the tests had been previously used and validated for health care or other 

disciplines (9 - 12). Surgery consists of more complex movements and higher 

levels of visual, tactile, and other processing. However, the tests used were a 

simple way to evaluate some ‘finite elements’ of surgery that are typical and 

reproducible.

The results of the Fitts’ law test suggest that some training effect was occurring in 

the full latency group. Comparing the first and last triais, the slope of line fit 

decreased from 1.05 to 0.83 in this group. The reciprocal of the slope is the Index 

of Performance, IP, in bits/s. However, this improvement was very similar to that 

of the sequential latency group by the last trial (slope = 0.76). This again 
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suggested that either technique produced similar effect. The correlation coefficient 

of the Fitts’ prediction to the data was about 0.6. A further modification of Fitts’ law 

which considers latency as a co dependent variable has been suggested (14,15). 

This could be used in the future to refine performance measurements. We were 

unable to apply it here since latency was held constant in one group.

The historic method for surgical training is the apprenticeship model. The trainee is 

with more senior surgeons in the operating room. Learning and judgment evolves 

from years of observation, progressive practice, and trial and error.

However, in the era of robotic surgery and telesurgery, this method may be 

augmented. Although it is quite easy to observe, junior trainees will not get 

‘console time’ on a $1.5 million dollar robotic system easily. Methods of training 

must evolve with technology development. Today, robotic systems are similar to 

aircraft or other equipment, both in cost and complexity.

The apprenticeship model may need to change to become more effective. For 

telesurgery, our study suggests that trainees can prepare with or without latent 

environments. However, in both cases simulation was necessary. More 

sophisticated simulation models may show further differences in training methods. 

Additionally, more realistic simulation can provide a training ramp to transition 

junior personnel to real operating situations. Simulation can also train for new 

techniques, equipment operation, or abnormal / emergency procedures.
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Both groups did equally well in the final trial of the exercises, whether they had 

experienced full latency earlier or not. The results may suggest that the exercise 

itself had a greater bearing on performance than did the addition of latency. If this 

is true, it may bode well for future telesurgery where the essential difference is 

latency. Our lab showed previously that complex surgery in animals could be 

performed equally well on ground- and satellite-based networks (16). Latency on 

the satellite network was much bigger than ground in these experiments (55 ms 

versus 600 ms).
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Chapter 5

Conclusions and future work

This chapter concludes the dissertation. Section 5.1 provides summary results for 

chapters 2, 3 and 4. Future work is discussed in section 5.2

5.1 Conclusions

The goal of this thesis was to define the requirements for telesurgery and identify 

its limitations. This was done by setting up a realistic communications network, 

using a robotic telesurgery platform to perform tasks and test network capabilities 

and using a simulation set up to test training effects. The tasks showed that 

telesurgery was feasible, and that the range of operation could extend 2000 km or 

greater. Either ground- or satellite-based communications would support emulated 

surgery. Additionally, trainees did equally well whether adapting from zero to 

higher latency or conducting full latency tasks only. The results are summarized 

below.
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5.1.1 Set up for telesurgery and its experimental investigation 

(Ch. 2)

Before our work, telesurgery had been performed in anecdotal cases. There was 

no structured data on the tolerance of operators for latency while doing surgical 

tasks. This data would be important to define the feasibility of telesurgery. If the 

tolerance for latency was too low, the speed of network transmission and encoding 

would not accommodate telesurgery. A basic investigation of latency was required.

In this study, an industrial grade network with both ground and satellite capability 

was set up. A prototype, telesurgery capable robotic platform was used to perform 

dry lab surgical tasks. The platform was the only existing example worldwide, and 

had been used to perform a trans Atlantic patient case.

Eight test subjects performed tasks with transmission latency sequentially 

increasing from 0 to 600 ms, or randomly changing between 0 to 1000 ms. The 

subjects did the tasks with no significance difference in completion time in the 

sequential trials. During the randomized trials, tasks took significantly longer above 

500 ms. There were no significant changes in error rates in either trial, except in 

one instance. This change was a decrease in errors at 500 ms in the sequential 

trial, which may be attributed to learning effects.
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The study showed that both short and long term learning occurred over the four 

month duration. Short term learning was seen clearly as a subject encountered an 

increased latency. Task performance time was much higher during the first 

attempts at a higher latency, decreased markedly afterward, and then showed a 

plateau at this decreased level. Long term learning was seen in triais during the 

fourth month. Task times had decreased by the fourth month in all exercises.

This study showed that operators could perform well with transmission times of up 

to 500 ms. This equated to more than 5000 km of distance over an optical 

network, thereby providing a large range of capability. Operators could learn and 

adapt to the tasks. Therefore, further steps to investigate telesurgery were 

merited.

5.1.2 Emulation and evaluation of basic clinical procedures (Ch. 3)

Different telesurgery set ups had been used in the past. These were ground-based 

networks during proof of concept patient telesurgery. The networks were 

supported for a short term by industrial partners (1-5).

Such networks would be feasible in large cities or academic centers. However, in 

small or remote locations, satellite communication could be more realistic and cost 

effective. A study was needed to investigate the feasibility of ground- and satellite­
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based telesurgery. Additionally, performing procedures on animals could show 

how operators coped with increased surgical cadence and risks.

A full network providing both ground and satellite communications was established. 

The ZeusTS system was used for left internal mammary artery (LIMA) dissection 

in pigs. There was no significant difference in either length of arterial dissection or 

quality of surgery between the ground and satellite networks. Additionally, satellite­

based telesurgery was not feasible below approximately 5 Mb/s bandwidth. This 

provided a baseline for minimum satellite requirements.

The study showed that telesurgery was feasible by both ground- and satellite­

based Internet protocol. This can potentially increase the reach of telesurgery. 

Impoverished, remote, or endangered communities could have telesurgery access. 

Mobile or temporary satellite dishes are much more flexible than ground 

infrastructure. Therefore, such communities could be supported by telesurgery in 

the future.

5.1.3 Investigation of learning and training for telesurgery (Ch. 4)

The apprenticeship model has been the mainstay of training for surgery. Surgical 

residents learn by a graded progression of observation, task challenge, and 

interaction. By the end of residency, accomplished trainees can conduct full, 

complex procedures independently, can interact with the full surgical team (nurses, 
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anaesthetists, support personnel), and can anticipate many steps ahead to judge 

requirements.

Robotic surgery and telesurgery will not easily support the apprenticeship model. 

Robot platforms are complex and expensive. The console is designed for a single 

user. It does not allow a trainee to interact or operate with mentors. Developing 

master-slave consoles for interaction would be advantageous.

Training for surgery must change to allow advancement. The advancement of 

surgery is established in robotic surgery (6). The training paradigm is even more 

significant when considering telesurgery.

This study investigated two ways of training for telesurgery. Simulation was used 

as a mainstay of the study. Telesurgery tasks were simulated in dry lab using 

typical manoeuvres at latencies between 0 and 700 ms. Subjects performed the 

tasks either with sequentially increasing latency (0,350,700 ms) or full latency only 

(700 ms). During the final trial of training, there was no significance difference in 

performance at 700 ms latency. This suggested flexibility in methods of training.

The study suggested that training for telesurgery should be reconsidered from the 

apprenticeship model. In practice, robotic surgery is usually conducted locally. In 

the future, occasional telesurgery will be done. This lends itself to a model in which 

trainees sequentially adapt to latency situations.
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The study represented a shift from the training models of the past. Surgical 

simulation will become a significant aspect of residency training in the future. This 

study provided two potential methods of simulating telesurgery training, both of 

which were equally effective.

5.2 Future work in telesurgery

5.2.1 Advancing telesurgery platforms

Currently, there is only one clinical grade telesurgery platform. This platform has 

does not have full functional capability. The ZeusTS platform was used in proof of 

concept patient cases as well as in these experiments (1, 4). However, this 

platform is not commercially supported. There has been no support for Computer 

Motion technology since this company merged with Intuitive Surgical Inc. in 2003.

Intuitive Surgical Inc. has developed a telesurgery prototype platform and has used 

it in dry lab and animal studies (7). This platform is supported by the company. It 

is unclear whether it is being developed further. Limitations of the platform which 

are publicly known are that the distant operator cannot control the camera 

navigation of the robot, cannot clutch the robot in order to re centre console 

controls, and cannot activate the electrocautery functions of the robot. These are 

significant limitations which obviate full long distance control.
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Robotic and telesurgery platforms need to be further developed. Beyond the 

shortcomings mentioned, the pace and capability of telesurgery platforms should 

increase in order to meet user demand. An increase in telesurgery capable units 

or prototypes will allow larger volumes of research to accelerate this technology.

5.2.2 Parameters for telesurgery networks

Communications infrastructure is continuing to grow. The demands of businesses 

are driving cheaper and faster bandwidth development worldwide. The 

implementation of Internet2 services last year marked a new stage in 

communications performance (8). With Internet2, academic centers can have the 

availability of up to 100 Gb/s bandwidth. Businesses or individuals will soon be 

able to order speeds from 50 Mb/s to 10 Gb/s with dynamic provisioning through 

established service providers.

These experiments suggest that 5 Mb/s is the minimum bandwidth needed for 

satellite telesurgery. In ground-based telesurgery, 8 to 15 Mb/s bandwidth would 

comfortably support telesurgery, even if dual video signals are needed to provide 

three dimensional vision (4, 7). The quality of service (QOS) provided by most 

Internet service providers is already very high, making the likelihood of 

communication disruption on the Internet backbone very low. Therefore, 

telesurgery communication may be become cost effective imminently.
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Telesurgery networks would need to be partitioned and secure. Routine 

telesurgery between hospitals would require similar levels of security as financial 

and other private institutions. In remote communities, special consideration is 

needed to extend the Internet backbone. Satellite infrastructure may provide 

support to isolated groups in such instances.

5.2.3 Extending Fitts’ law for telesurgery performance

Fitts’ law is valuable for measuring performance in human computer interaction 

(HCI). For example, it is used when designing graphical user interfaces or other 

technologies that require target pointing and acquisition (9).

Within this thesis, Fitts’ law was used to compare performance at sequentially 

increasing or constantly high latencies. The Shannon modification of Fitts’ law was 

used:

ID = Iog2 (2+1(W )

where ID is the Index of Difficulty; 

D is the distance between targets; 

W is the target width.
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The Index of Difficulty divided by the time to complete the movement (MT) will give 

a representation of the rate of task completion in bits / s. This is otherwise known 

as the Index of Performance (IP) and can be thought of broadly as the ‘bandwidth’ 

of the subject while doing the task:

IP =
ID
MT

Rearranging and allowing for a non zero intercept ‘a’ of the subject, sometimes 

thought of as reaction time, gives:

MT = a + b∙ ID

where a straight line plot results in the inverse of the slope 1/b representing the 

Index of Performance.

A modification of Fitts’ law which accounts for latency in a system has been 

developed (10, 11). During a task with latency, the subject’s movement can be 

surmised as a number of discrete movements, with each one being affected by the 

delay. (The idea of a number of discrete movements to complete a task during 

latency was also developed in section 2.2). Given this, latency would have a 

multiplicative effect on the Index of Difficulty:
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MT=a+(b+cLAG).ID

When this modification was used, a closer correlation was found with latency up to 

225 ms (10).

In the future, this modification can be used to measure performance in telesurgery. 

Importantly, higher lag in a telesurgery system may have severe impacts on 

performance according to this modification. This indicates that minimizing latency 

will be important. Additionally, predictive tools may be required to aid the operator 

in during high latencies.

5.2.4 Scenarios for telesurgery practice

The traditional concept of telesurgery contemplates an expert surgeon providing 

care to an isolated patient. However, there are several more likely scenarios in 

which telesurgery could be used.

Even senior staff surgeons sometime require consultation from colleagues for 

advice, new perspective, or assistance in difficult cases. In robotic surgery, many 

such instances will be encountered. Telesurgery can provide ‘consultative 

services’ over a long distance. Telesurgery will allow distant colleagues to 

collaborate or assist each other if difficulties are encountered. This would increase 
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patient safety, and reserve surgeons’ time only to cases which are particular for 

better outcomes or learning.

Telesurgery systems will increase in sophistication. The surgeon will be required to 

have knowledge of normal system operation, abnormal procedures, and 

emergency checklists. After initial familiarization and training, telesurgery may aid 

the surgeon with such ‘home’ operations. In this scenario, telesurgery may be 

used as a training method for the device itself, as well as for simpler robotic 

procedures. This support may be provided by the equipment manufacturer or 

another supporting group.

Residents and other trainees will need to learn surgery via robotic systems. In the 

future, surgery may consist of a mixture of conventional and robotic cases. In 

order to learn, both observation and simulation will be required. Telementoring is 

the observational form of telesurgery. Here, the observer does not control robotic 

instruments at a distance. Rather, the activity is restricted to learning from the 

distant surgical picture, and in some instances telestration pointing to areas of 

interest. Telementoring may become an important aspect of telesurgery for 

teaching and training.
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5.2.5 Simulation and predictive techniques

Robotic surgery and telesurgery simulators should advance to this point to provide 

realistic training. This would also shift training away from the apprenticeship model 

and toward a more efficient and cost effective method. A large volume of work has 

been contributed to simulation of real processes. While this has occurred mostly in 

the aerospace industry, the recognition of medical simulation as an important 

training tool has begun (12,13,14). For a training method to be valid, it must fulfill 

a number of criteria outlined in chapter 1, section 2.6.

Already, simulators are being developed which replicate robotic instruments and 

tissue, similar to the da Vinci platform (15). Eventually, training may occur using 

the manufacturer’s robotic console, but having the trainee interact with a virtual 

patient. This is similar to flight simulation at the present time. In this environment, 

there is no question of transference of skills, and abnormal or emergency 

procedures can be practiced with indemnity and no patient risk.

Several groups have studied ways to decrease or synchronize the effects of 

latency on multiple users (16, 17). Predictive techniques will never overcome a 

situation in which latency is combined with non uniform motion. However, 

prediction may help the user understand what will happen ‘if I keep doing what I am 

doing now’ (18). Further work on predictive displays for telesurgery would help the 

operator in a high latency environment.
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5.2.6 Licensing and credentialing

Extending care via telesurgery means that robotic instruments may be moved 

across provinces, states, countries, or continents. This requires not only task 

proficiency through training, but also national or international accreditation. 

Telesurgery will likely begin in close ‘pockets’ of geography within the same country 

or its surrounding region. If results are promising, then telesurgery could expand 

quickly. The implications of global telesurgery are already being considered (19, 

20, 21).

The need for telesurgery will determine how quickly these factors are resolved. In 

the near future, telesurgery may begin with increased pace. Training, 

credentialing, and licensing may become more salient at that time.
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Appendix A

January 16.2003

"This is the Original Approval of this protocol" 
"A Full Protocol Submission will be required in 
2007*

Dear Dr. Rayman:

Your "Application to Use Animals for Research or Teaching" entitled:

"Assessing the Feasibility and Safety of Long Distance Telesurgery •
Funding Agency- CSTAR • Grant #LHRF7113

has been approved by the University Council on Animal Care. This approval expires in one year on the last 
day of the month, but the protocol number will remain the same. The number for this project is 2003-010-01,

1. This number must be indicated when ordering animals for this project
2. Animais for other projects may not be ordered under this number.
3. If no number appears please contact this office when grant approval is received.

If the application for funding is not successful and you wish to proceed with the project, request that an 
internal scientific peer review be performed by the Animal Use Subcommittee office.
4. Purchases of animals other than through this system must be cleared through the ACVS office. Health 
certificates will be required.

ANIMALS APPROVED FOR 4 YEARS PAIN LEVEL

Porcine - Domestic 20-50 kg M (barrow) -20 8

STANDARD OPERATING PROCEDURES
Procedures in this protocol should be carried out according to the following SOPs. Please contact the 
Animal Use Subcommittee office (661-2111 ext 86770) in case of difficulties or if you require copies.
SOP’s are also available at http://www.uwo.ca/animal/acvs

# 310 Holding Period Post Admission
# 320 Euthanasia

REQUiREMENTSZCOMMENTS
Please ensure that Individual(s) performing procedures on live animals, as described in this protocol, are 
familiar with the contents of this document

1. Please ensure that all personnel (except the PI) working with these animals have attended the Animal 
Care and Use Lecture and appropriate workshops.

c.c. Approved Protocol - R. Rayman, L. Denning, W. Lagerwerf
Approval Letter - W. Lagerwerf1 K. Perry, L. Turner

University of Council on Animal Care * The University of Western Ontario 
Animal Use Subcommittee • Health Sciences Centre ∙ London, Ontario • NGA SC1 ∙ Canada
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January 12, 2004

‘This is the 1" Renewal of this protocol".. 
aA Full Protocol Submission will be required in 
2007*

Dear Dr. Rayman:

Your "Application to Use Animals for Research or Teaching" entitled: 

“Assessing the Feasibility and Safety of Long Distance Telesurgery " 
Funding Agency- CSTAR - Grant #LHRF7113

has been approved by the University Council on Animal Care. This approval is valid from February 1,2004 to 
January 31-l 2005. The number for this project remains as 2003-010-01.

1. This number must be indicated when ordering animals for this project.
2. Animais for other projects may not be ordered under this number.
3. If no number appears please contact this office when grant approval is received.

If the application for funding is not successful and you wish to proceed with the project, request that an 
internal scientific peer review be performed by the Animal Use Subcommittee office.
4. Purchases of animals other than through this system must be cleared through the ACVS office. Health 
certificates will be required.

ANIMALS APPROVED FOR 1 YR. PAIN LEVEL

Porcine - Domestic 20-50 kg M (barrow) 10 B

STANDARD OPERATING PROCEDURES
Procedures in this protocol should be carried out according to the following SOPs. Please contact the 
Animal Use Subcommittee office (661-2111 ext. 86770) in case of difficulties or if you require copies.
SOP's are also available at http://www.uwo.ca/animal/acvs

# 310 Holding Period Post Admission
# 320 Euthanasia

REQUIREMENTS/COMMENTS
Please ensure that individual(s) performing procedures on live animals, as described in this ∏rotocol are 
familiar with the contents of this document. 7 '

cc∙ Approved Protocol . R. Rayman, L. Denning, w, Lagerwert
Approval Letter - L. Denning, W. Lagerwert,

University of Council a 

iEane"'sevekeC"cetiTpc LUniyersty Western Ontario- A=A=-M== - London, Ontarin • kie. - „
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