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THE ADVANTAGES OF THE TECHNOLOGY REVOLUTION

can be seen and felt in virtually every arena of mod-
ern life. Computer microchips now organize the vi-
tal events occurring within the basic mechanisms

of automobiles, children match their fingers’ reflexes, dance
steps, and wits against virtual entities on video screens, and
interactions with business colleagues, friends, and family
occur electronically at any distance almost instantly. Until
recently, the surgical teams in most operating rooms were
using tools and techniques little different from those used
decades ago. However, that is changing rapidly, and inno-
vation is now invading the operating suite.1

The laparoscopic revolution that swept over general sur-
gery in the 1990s was born of innovative technology and
paved the way for further infiltration of technology into the
operating room. The key transformation was the necessary
disconnection between the surgeon and the tissue. In lapa-
roscopic surgery, the surgeon could only see tissue by means
of technology. This new dependence on images changed sur-
gery in important ways. First, surgery now had a common-
ality with other procedural-based specialties such as gas-
troenterology (endoscopy), therapeutic radiology
(fluoroscopy), and cardiology (angiography). Second, com-
puter technology could now be used to digitize, enhance,
transmit, and otherwise manipulate the image. The inter-
jection of technology between the surgeon and the patient
also meant that surgeons could no longer depend solely on
their hands to intervene; they needed the assistance of in-
dustry to provide the needed technology.

The most visually dramatic change in the modern oper-
ating room is the arrival of remote computer-assisted tele-
manipulators, commonly referred to as “robots”2 (FIGURE).
These systems merge industrial robotic technology, 3-di-
mensional visualization systems, and computer technol-
ogy. They are not really robots in that they do not function
independently of human control and they do not perform
automated sequences. The surgical manipulator is a large
movable 3- or 4-armed device that, when in position, hov-
ers over the operative site of the patient. The arms hold and
move up to 2 or 3 instruments in addition to a stereotele-
scope that transmits 2 independent images. The instru-

ments have 6 degrees of freedom of movement, meaning that
they have joints that can move in a manner similar to the
human wrist. The surgeon sits at a console separate from
the operating table and the patient. With the surgeon’s head
in the console, the 3-dimensional image of the operative field
is re-created via integration of the right and left camera out-
puts being viewed separately on individual television screens
within the console. The system’s advantages include vivid
3-dimensional visualization of laparoscopic surgery and the
ability to manipulate tissue as the surgeon’s hand would in
open surgery. Disadvantages of the system include the cost
(�$1 million per system), the absence of tactile feedback
for the operating surgeon, and the cumbersome size and
weight of the system.

Clinical Data
While few randomized controlled clinical trials of robotic
surgery have been performed, a number of clinical robotic
surgery series have been published.3-6 Robotic systems have
been used worldwide most effectively for prostatectomy in
urology, heart valve replacement in cardiac surgery, tubal
reanastomosis in gynecology, and esophagectomy and an-
tireflux and bariatric procedures in general surgery.

In the last few years, the most significant clinical growth
area for surgical robotics has been for resection of prostate
cancer. Because conventional laparoscopic prostatectomy
is prohibitively challenging from a technical standpoint, sur-
gical robotics offers minimally invasive means for radical
prostatectomy with potential for widespread adoption by
urologists. In a prospective, nonrandomized trial compar-
ing robotic with conventional radical retropubic prostatec-
tomy among 60 patients, Menon and colleagues7 found that
the robotic approach significantly reduced intraoperative
blood loss, postoperative hemoglobin decrease, and post-
operative pain compared with the open approach. Further-
more, while the mean length of stay for patients in the con-
ventional group was 4 days, two thirds of men undergoing
robotic prostatectomy were home in less than 23 hours. These
investigators have now performed more than 1000 robotic
radical prostatectomies.8
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In cardiac surgery, excellent results have been achieved
with robotic mitral valve repair through a 4- to 5-cm mini-
thoracotomy.9 In a recently published prospective series of
38 consecutive patients, Nifong et al9 reported no opera-
tive deaths, strokes, or conversions to open sternotomy. The
average total operative time was less than 5 hours and the
mean length of stay was 4 days.

Because the “wristed” instruments of surgical robotic sys-
tems greatly enhance the surgeon’s ability to sew laparo-
scopically, the greatest interest in robotics has been for sur-
gical procedures that require anatomic reconstruction. This
has held true for gynecologic surgery in which microsur-
gical tubal reanastomosis has been investigated. While tubal
patency rates are outstanding for the robotic approach to

Figure. A Surgical Robotic System and Comparison of Degrees of Freedom of Conventional Laparoscopic and Robotic Instruments
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A, Layout of the major components of a robotic surgery system. The surgical manipulator (inset) has 3 or 4 arms, 2 or 3 that move surgical instruments and an addi-
tional arm with a stereotelescope that transmits 2 independent images of the operative site. At the console (inset), the surgeon looks through a binocular eyepiece to
view a magnified, high-resolution, 3-dimensional image of the operative site transmitted via the stereotelescope. The surgeon controls the surgical instruments with
the surgical masters (inset). B, Robotic instruments have 6 degrees of freedom of movement, similar to that of the human wrist and arm. In comparison, laparoscopic
instruments have only 4 degrees of freedom of movement (based on an original concept by Cory Sandone).
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this operation10 compared with “conventional” laparo-
scopic reanastomosis, significant improvements in opera-
tive outcomes and clinical pregnancy rates have not been
demonstrated.11

Robotic Nissen fundoplication has been compared with
the conventional laparoscopic approach in 2 published con-
trolled clinical trials: Cadiere and colleagues12 randomized
21 patients and Melvin and colleagues13 enrolled 40 pa-
tients (consecutive, but nonrandomized). Both studies found
robotic antireflux surgery to be feasible and comparably safe.
However, operative time and cost were increased when the
robot was used. While the long-term durability of robotic
antireflux procedures has yet to be determined, it has been
proposed that patients with large hiatal hernias receiving a
technically superior robotic repair may have better long-
term outcomes.14,15 As minimally invasive approaches to tran-
shiatal esophagectomy are investigated,16 the advantages of
surgical robotics make it a likely area for growth.17 The fi-
nal area of robotic interest for gastrointestinal surgeons is
in the realm of bariatric surgery. In the largest published
study to date, a multi-institutional series of 107 robotically
assisted Roux-en-Y gastric bypasses, no postoperative leaks
and no deaths occurred. The authors describe a number of
advantages to the robotic approach that they believe con-
tributed to their excellent outcomes, including better con-
trol of the gastrojejunostomy stoma size, avoidance of sta-
pler costs, and elimination of the potential for oropharyngeal
and esophageal trauma.18

Future of Surgical Robotics
The current robotic systems are intriguing and represent an
important step forward in minimally invasive surgery. The
systems’ strengths and limitations have directed important
development research regarding future systems and im-
provements to current systems.19

Cardiac surgery groups are investigating the use of com-
puter technology to allow more precise suturing on the beat-
ing heart.20 Imagine the robotic arms linked electronically
to the rhythmic movement of the heart muscle in a manner
so precise that the arm, instrument, and needle all move ex-
actly as the heart muscle does. This would make the heart
appear to be standing still to the operating surgeon, allow-
ing precise suturing on the beating heart. Other groups are
finding ways to replace the missing tactile sense in current
systems by providing surgeons with visual and even audi-
tory force feedback data.21 One group is developing minia-
ture robots that function within the peritoneal cavity with-
out direct connections through the abdominal wall.22 These
remote-controlled devices can move within the abdomen,
sending video signals and receiving command signals via
radio waves.

Laparoscopic surgery has significantly reduced the size of
incisions. Kalloo and colleagues23 have taken this a step fur-
ther and have devised a means to perform intra-abdominal
surgery with no external incisions. They have taken advan-

tage of a preexisting orifice, working via the mouth using en-
doscopes; their strategy is to endoscopically incise the stom-
ach from the inside to access the peritoneal cavity. Then,
insufflating the peritoneum via the scope, procedures can be
performed intra-abdominally. Pathologic tissue can be pulled
back into the stomach and removed via the mouth. Then, the
defect in the stomach wall is closed from within the stom-
ach. While this may sound far-fetched, this group has al-
ready performed cholecystectomies and tubal ligations in ani-
mate models using this strategy (Anthony Kalloo, MD, oral
communication, January 2004).

Augmented reality surgery, in which preoperative and real-
time image data (eg, computed tomography, ultrasonogra-
phy) are overlaid on the surgeon’s view of the operative field,
is an area of active development. With such technology, one
can easily imagine how surgeons will soon be able to oper-
ate where their view is obscured by tissue, just as the mod-
ern pilot can take off, land, and fly through bad weather us-
ing radar and infrared picture substitution.24

Because robotic surgery requires all information ex-
changed between surgeon and patient to be digitized, sur-
gical robotics has also ushered in the era of telesurgery. A
transatlantic telerobotic laparoscopic cholecystectomy be-
tween New York and Strasbourg, France, using a surgical
robot has been performed.25 Furthermore, robotic telesur-
gery has been used to perform advanced laparoscopic pro-
cedures in patients living in medically underserved and re-
mote areas of Canada.26 While a number of legal, economic,
and social factors currently prevent pervasive adoption of
routine telesurgery, it is clear that telemedicine and the in-
vasion of technology into the operating room will have a
significant impact on the practice of surgery—even with re-
spect to aspects of medicine as fundamental as the patient-
physician relationship.

The introduction of robotic and other technology into the
operating room has necessitated the development of train-
ing programs to teach surgeons how to use the technol-
ogy.27-29 Furthermore, through the design of virtual reality
simulators for surgical technology, difficult and dangerous
scenarios can be practiced in low-stakes environments. A
drivers education–type console is currently being devel-
oped for one robotic system and should help facilitate gradu-
ate medical education and continuing medical education for
surgical robotics. These are but a few examples of the ex-
citing work that is bringing innovative technology to the
world of surgery.

As surgery has rushed into the world of innovation, a few
cautionary flags are in order. Innovative technology is very
expensive. Who is going to pay for these advances? Which
innovations are truly better for patients and which are sim-
ply enticing? Who will pay for the studies to distinguish be-
tween these? Are those technology-based procedures that
appear to be better truly cost-effective? Are there sufficient
safeguards in place? Should the free market be allowed to
decide which technologies will become entrenched, or should
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the government take a bigger role? These are all important
questions. The search for these answers, and the pursuit of
further innovation, will be exciting challenges for the next
generation of surgeons.
Financial Disclosures: None reported.

REFERENCES

1. Berci G, Phillips EH, Fujita F. The operating room of the future: what, when
and why? Surg Endosc. 2004;18:1-5.
2. Taylor RH, Funda J, Eldridge B, et al. A telerobotic assistant for laparoscopic
surgery. IEEE Eng Med Biol. 1995;14:279-287.
3. Cadiere GB, Himpens J, Germay O, et al. Feasibility of robotic laparoscopic sur-
gery: 146 cases. World J Surg. 2001;25:1467-1477.
4. Horgan S, Vanuno D. Robots in laparoscopic surgery. J Laparoendosc Adv Surg
Tech A. 2001;11:415-419.
5. Talamini M, Campbell K, Stanfield C. Robotic gastrointestinal surgery: early ex-
perience and system description. J Laparoendosc Adv Surg Tech A. 2002;12:225-
232.
6. Talamini MA, Chapman S, Horgan S, Melvin WS; the Academic Robotics Group.
A prospective analysis of 211 robotic-assisted surgical procedures. Surg Endosc.
2003;17:1521-1524.
7. Menon M, Tewari A, Baize B, Guillonneau B, Vallancien G. Prospective com-
parison of radical retropubic prostatectomy and robot-assisted anatomic prosta-
tectomy: the Vattikuti Urology Institute experience. Urology. 2002;60:864-868.
8. Menon M, Hemal AK, Team VIP. Vattikuti Institute prostatectomy: a tech-
nique of robotic radical prostatectomy: experience in more than 1000 cases.
J Endourol. 2004;18:611-619.
9. Nifong LW, Chu VF, Bailey BM, et al. Robotic mitral valve repair: experience
with the da Vinci system. Ann Thorac Surg. 2003;75:438-442.
10. Degueldre M, Vandromme J, Huong PT, Cadiere GB. Robotically assisted lapa-
roscopic microsurgical tubal reanastomosis: a feasibility study. Fertil Steril. 2000;
74:1020-1023.
11. Goldberg JM, Falcone T. Laparoscopic microsurgical tubal anastomosis with
and without robotic assistance. Hum Reprod. 2003;18:145-147.
12. Cadiere GB, Himpens J, Vertruyen M, et al. Evaluation of telesurgical (ro-
botic) Nissen fundoplication. Surg Endosc. 2001;15:918-923.
13. Melvin WS, Needleman BJ, Krause KR, Schneider C, Ellison EC. Computer-

enhanced vs. standard laparoscopic antireflux surgery. J Gastrointest Surg. 2002;
6:11-16.
14. Hanly EJ, Talamini MA. Robotic abdominal surgery. Am J Surg. 2004;188:19S-
26S.
15. Hashemi M, Peters JH, DeMeester TR, et al. Laparoscopic repair of large type
III hiatal hernia: objective followup reveals high recurrence rate. J Am Coll Surg.
2000;190:553-560.
16. Costi R, Himpens J, Bruyns J, Cadiere GB. Totally laparoscopic transhiatal
esophago-gastrectomy without thoracic or cervical access: the least invasive sur-
gery for adenocarcinoma of the cardia? Surg Endosc. 2004;18:629-632.
17. Horgan S, Berger RA, Elli EF, Espat NJ. Robotic-assisted minimally invasive tran-
shiatal esophagectomy. Am Surg. 2003;69:624-626.
18. Jacobsen G, Berger R, Horgan S. The role of robotic surgery in morbid obesity.
J Laparoendosc Adv Surg Tech A. 2003;13:279-283.
19. Satava RM. Future trends in the design and application of surgical robots. Se-
min Laparosc Surg. 2004;11:129-135.
20. Jacobs S, Holzhey D, Kiaii BB, et al. Limitations for manual and telemanipulator-
assisted motion tracking: implications for endoscopic beating-heart surgery. Ann
Thorac Surg. 2003;76:2029-2035.
21. Kitagawa M, Dokko D, Okamura AM, Bethea BT, Yuh DD. Effect of sensory
substitution on suture manipulation forces for surgical teleoperation. Stud Health
Technol Inform. 2004;98:157-163.
22. Rentschler ME, Hadzialic A, Dumpert J, Platt SR, Farritor S, Oleynikov D. In
vivo robots for laparoscopic surgery. Stud Health Technol Inform. 2004;98:316-
322.
23. Kalloo AN, Singh VK, Jagannath SB, et al. Flexible transgastric peritoneos-
copy: a novel approach to diagnostic and therapeutic interventions in the perito-
neal cavity. Gastrointest Endosc. 2004;60:114-117.
24. Marohn MR, Hanly EJ. Twenty-first century surgery using twenty-first cen-
tury technology: surgical robotics. Curr Surg. 2004;61:466-473.
25. Marescaux J, Leroy J, Gagner M, et al. Transatlantic robot-assisted telesurgery.
Nature. 2001;413:379-380.
26. Anvari M. Robot-assisted remote telepresence surgery. Semin Laparosc Surg.
2004;11:123-128.
27. Hanly EJ, Marohn MR, Bachman SL, et al. Multiservice laparoscopic surgical
training using the daVinci surgical system. Am J Surg. 2004;187:309-315.
28. Nifong LW, Chitwood WR Jr. Building a surgical robotics program. Am J Surg.
2004;188:16S-18S.
29. Hanly EJ, Zand J, Bachman SL, Marohn MR, Talamini MA. Value of the SAGES
learning center in introducing new technology. Surg Endosc. In press.

EDITORIALS Editorials represent the opinions
of the authors and JAMA and not those of

the American Medical Association.

Medical Applications of Biotechnology
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INNOVATIONS AND DISCOVERIES IN BIOTECHNOLOGY ARE

revolutionizing medical research. Recent advances in mo-
lecular biology, proteomic technologies, genomic ap-
plications, cellular and tissue engineering, computa-

tional methods, and bioengineering and bioimaging
techniques have markedly accelerated the pace of medical
research and have created unprecedented opportunities for
progress in medical science.

This theme issue of JAMA illustrates the promise and po-
tential of biotechnology in medicine, with reports that dem-
onstrate cutting-edge advances and novel discoveries in sev-

eral rapidly evolving areas of medical research. In 2 studies
on cancer detection, Casey and colleagues1 demonstrate that
conversion analysis increases the diagnostic yield of germ-
line mutations in colorectal cancer compared with conven-
tional genomic sequencing, while Grossman and col-
leagues2 report that a proteomic assay may be a useful adjunct
to cystoscopy for detecting bladder cancer. The elegant study
by Nettles and colleagues3 using an ultrasensitive genotyp-
ing assay to detect drug resistance mutations suggests that
intermittent episodes of detectable viremia (ie, “blips”) in
patients receiving highly active antiretroviral therapy for hu-
man immunodeficiency virus infection most likely repre-
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