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Preface

White Light and Beyond

The evolution of advanced procedure rooms in the last two decades has been 
remarkable. The advanced technology operating room (OR), the image-
guided interventional radiology (IR) suites, and the hybrid rooms with duo 
capability are springing up not only in academic centers, but also in disease-
specific clinical sites, and high-volume private-practice sites. As simultane-
ous multi-team procedures for complex disease, minimally invasive surgery, 
and multi-imaging guidance continue to proliferate, the need for complex 
lighting solutions grows.

Along with advanced procedure technology, non-white light imaging has 
also matured to become a usable and useful modality in the modern pro-
cedure/operating room. Optical imaging using near-infrared or fluorescent 
imaging now allows real-time biologic imaging exploiting cellular biology 
to enhance contrast between normal tissues and pathology. Biologic optical 
imaging now also highlights locations of essential structures such as nerves 
and vessels to avoid procedure-related injury. These contrast and biologic 
labeling agents hold the promise of precisely guiding resection of cancers, 
drainage of infections, and relief of luminal obstruction of anatomic conduits 
while avoiding damage of nearby essential structures.

This book aims to summarize the birth and current status of this excit-
ing applied field. Our work is divided into two sections. We first start with 
a “basis of practice” section discussing the most important advances, the 
potential of various novel imaging modalities, and the current status. The 
book then presents a “current clinical practice” section summarizing the cur-
rent status of approved and near-approval modalities.

The authorship of this work includes many of the luminary and most inno-
vative investigators in this field. We thank them for their contributions and 
this most wonderful collaboration. This work is intended for anyone working 
in a modern interventional or operating room. In particular, we are targeting 
those who may be asked to evaluate new technology for hospitals and clinics 
or may be asked to help design and implement the next generation of operat-
ing/intervention/hybrid rooms.
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1Lighting in the Operating 
Room: Current Technologies 
and Considerations

Jeffrey Berman, Robert Brian Leiter and Yuman Fong

Y. Fong ()
Department of Surgery, City of Hope National Medical 
Center, 1500 E. Duarte Road, Duarte, CA 91010, USA
e-mail: yfong@coh.org

J. Berman
Jeffrey Berman Architect, New York, NY, USA

R. B. Leiter
Architectural Lighting Design, Hillmann Dibernardo 
Leiter Castelli, New York, NY, USA

Lighting is a critical design element in the con-
struction of functional and efficient operating 
rooms (ORs). Before the invention of electric 
lights, the challenge was to adequately light 
the surgical field and the work area to allow 
doctors, nurses, and support staff to see what 
they are doing. Procedures could only be done 
when there was sufficient daylight. For the last 
50 years, during the time of open surgery and 
electric lights, the challenge was to provide 
even lighting without shadows that was consis-
tent and color corrected in order to enhance the 
ability of surgical staff to see and focus in the 
surgical site. With the advent of robotic mini-
mally invasive, image-guided laparoscopic pro-
cedures and other enhanced visualization and 
guidance systems, PACS and electronic medi-
cal records, the demands and needs for differ-
ent qualities, types and intensities of light as 
well as variations of brightness and focus in the 
different zones around the room have become 
primary functional and design challenges and 
concerns.

Lighting systems today must provide flexibili-
ty in terms of intensity in the level and movement 
of light in the space, so that the system can adapt 
to the different requirements of open surgery, 
minimally invasive surgery, or image-guided 
procedures (Fig. 1.1) [1].

The need for different lighting in different 
zones within the OR to support the specialized 
functions during the procedure, and the complex-
ity of the integrated OR control systems have 
added an additional level of complexity beyond 
what was seen even in the recent past. The com-
mercialization of new light sources, specifically 
light-emitting diodes (LEDs), has raised a series 
of interesting life cycle, maintenance and com-
plex design and selection issues that must be con-
sidered in order to provide consistency of lighting 
and color balance from room to room and from 
specialty area to specialty area, and adequate and 
proper color rendering of tissues, organs, and pa-
tients during the procedure.

These advancements create opportunities and 
add complexity to the design and integration of these 
rooms. The typical modern OR operates in several 
different modes in the course of the day. If we look 
at simple open surgical cases, we have the set-up 
mode, the patient prep modes, surgical procedure 
mode, patient transfer mode, cleanup mode, and the 
time when the room is closed in between cases and 
overnight. At each time, lighting issues are different.

ORs require an even and consistent shadow-
free general lighting as well as the correct num-
ber of focused articulated surgical lights. The 

Y. Fong et al. (eds.), Imaging and Visualization in The Modern Operating Room,  
DOI 10.1007/978-1-4939-2326-7_1, © Springer Science+Business Media New York 2015
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number of lights depends on the complexity of 
procedure being performed. For the traditional 
open operation, there is usually little movement 
of the work area. The location of the work site, 
the instruments and, for the most part, all of 
the effort is focused on supporting the surgeon 
working at a single site. In more complex cases, 
we must be able to support multiple surgeons 
working simultaneously in closely spaced or 
distant parts of the body. This complicates the 
number of light sources, the types of lights, the 
locations of those lights, and the control require-
ments.

Work Zones

There are 2–6 work zones in a functioning OR. 
Each needs to be supported and given the proper 
light levels and type of light [2]. When design-
ing the lighting, we must be aware of the mul-
tiple and very different work functions that are 
occurring simultaneously within the room that 
need to be supported. Each type of procedure 
has different lighting requirements based on the 
visualization guidance system and instruments 
that are being used. This is further complicated 
by the fact that often these procedures are per-
formed in combination or composite, either si-
multaneously or immediately sequentially. The 
lighting either has to support multiple needs in 

very closely spaced parts of the room or needs 
to switch very rapidly as we move from mode 
to mode in procedures (Figs. 1.2, 1.3, and 1.4).

In concert with the actual procedure are a 
large assortment of support functions, ranging 
from charting that is often done on computer 
or some combination of computer and paper, 
and administration of anesthesia and assorted 
medications. The organization and arrangement 
of instruments, both sterile and used, which are 
either being arranged and set out to come into 
the field or being repackaged and catalogued or 
inventoried to leave the room to be reprocessed. 
The constant flow of supplies and other materi-
als to the room need to be picked up, visualized, 
scanned, catalogued, opened, set out and re-
packed and returned at the end of the case. There 
are treatment, planning, and research into both 
the medical records and diagnostic information, 
such as PACS and other image guidance data 
sets that need to be visualized on video screens 
both in the field and at a desk. Then, there are 
general administrative scheduling and other 
planning functions that are mapped on comput-
ers around the room or accessed from time to 
time by a computer.

This wide variety of functions and activi-
ties presents a unique challenge both in its dy-
namic and changing nature and in the different 
requirements each one represents in terms of 
lighting for proper working functional support. 
In many cases, these different needs can be met 
by creating different zones and work areas with 
task lighting either mounted on the equipment 
or mounted on the ceiling. In either case, the 
important thing to provide is local controls 
that are convenient to the individual uses that 
can be accessed without disturbing other light-
ing within the room or other people working. 
This is done with a combination of program-
mable lighting controls that are accessed from 
the computers in the room as well as a series of 
conveniently located wall switches and control 
panels. These are all part of an integrated light-
ing system that controls all of lighting in the 
room.

The complexity of the modern OR and the dif-
ficulty in dealing with the large number of zones 

Fig. 1.1  3T magnetic resonance imaging (MRI) image-
guided interventional OR. Diagnostic and interventional 
systems are integrated into standard OR environments 
with common controls and information displays. LED 
installation matches fluorescent lighting in adjacent ORs
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is mitigated by the computer programmable 
controls of the lighting systems that allow us to 
program optimized scenes coordinating lighting 
schemes in each of the zones. For each operation 
or function, an optimized and orchestrated light-
ing scene can be planned and set up, and stored 

that allows immediate use. This allows an opti-
mal lighting scheme to be recalled for immedi-
ate use. Such programmed scenes allow general 
staff and individuals not familiar with the opera-
tion of the lighting system to alter the environ-
ment for their needs without extensive training 
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or assistance to operate the lights that support 
such functions such as cleaning and maintenance 
of the room with simple and familiar wall switch 
controls.

Sterile Installations, Seals,  
and Suspensions

In order to create and maintain clean and ster-
ile work areas, it is key that all fixtures remain 
contaminant free by virtue of being sealed for 
infection control, protecting against any con-
taminants from either the plenum or room side. 
Materials must stand up to cleaning protocols 
using chemical cleaners without breaking down. 
Likewise, these fixtures and their suspensions 
need to be gasketed and sealed properly in the 

Fig. 1.4  MIS general OR. ORs at specific hospitals are 
designed to a common standard. Equipment is always in-
tegrated within the standard work environments, and in-
terfaces remain consistent throughout the ORs. This pho-
tograph illustrates lighting requirements, including ceil-
ing lights, spot LED lights, and green light for dimmed 
environments. Diffusers in the center of the room for 
laminar airflow are also seen
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Fig. 1.3  A more complex control scheme is overlaid to 
provide more control and zones to allow for finer adjust-
ment and better lighting relationships to changing or more 

complex needs in larger cases. The figure shows complex 
lighting system incorporating six working zones with in-
dividual functions and controls
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integration into the ceiling system. Fixtures must 
be reviewed for gasketing, antimicrobial finishes, 
smooth surfaces (including lenses) and stainless 
steel fasteners. Housings should be completely 
hole free and seams welded. Antimicrobial coat-
ings on painted surfaces help to maintain a sterile 
surface, particularly in hard to reach or clean sur-
faces in the fixtures.

ORs require special fixtures and special ceil-
ing systems that differ in their dimensions and 
construction from normal systems and light 
fixtures. Code [2] calls for a sealed monolithic 
ceiling. In order to install modular light fix-
tures, we need to either use a drywall system 
where the fixtures are taped and spackled into 
the system or a clean room gasketed system 
that has silicone seals built into the grid. Be-
cause surgical suites will be positively pressur-
ized to minimize intrusion of contaminants, the 
fixtures should be engineered to provide a leak-
proof barrier between the flange and the ceil-
ing, eliminating the transfer of contaminants 
between the interior and the plenum. The grid 
has a different dimension than a standard ceil-
ing system and so the light fixtures need to be 
modified to fit.

Electromagnetic Interference 
Reduction

Within surgical suites it is critical to mitigate 
the potential of interference between radio fre-
quency interference, also known as electromag-
netic interference (EMI), emissions from the 
light fixtures and power distribution systems 
that cause complications and interference with 
the surgical equipment, which is sensitive to 
such interference. AC-powered light fixtures 
are known to generate EMI, particularly with 
the inclusion of dimming into the system of the 
OR. LED light fixtures have advantage over flu-
orescent in this regard, as the DC-based systems 
produce less EMI; but any light fixtures must 
reduce the EMI through additional integrating 
shielding systems within the luminaires which 
can be located both in the fixture housings and 
the lenses themselves.

Heat Dissipation and Ventilation

Production of light from electricity is not 100 % 
efficient; a significant percentage of the energy 
put into the system comes out as light, but there 
is also portion that is dissipated as heat. This heat 
needs to be managed explicitly because it will be 
projected either into the room or into the ceiling 
plenum. In either case, heat dissipated into the 
room (radiant) will have a negative impact on 
the comfort of the patient and staff in the room. 
To maintain comfort of gowned, scrubbed, and 
masked surgical staff, lower temperatures are 
required. These lower temperatures will create 
issues maintaining the comfort and stasis of the 
patient. Heat dissipated into the ceiling plenum 
must be controlled and managed to maintain rea-
sonable temperatures in the fixtures and prevent 
early aging of lamps and failure of ballasts or 
drivers in the fixtures.

Energy usage expended for lighting is a small 
component of total energy use when compared 
to HVAC and ventilation energy load require-
ments. While care must be taken in selecting 
light sources and fixtures, the generally accepted 
modern lighting sources—fluorescent, compact 
fluorescent and LED—are all sufficiently effi-
cient both in terms of watts per lumen produced 
and fixture efficiency so that in general we can 
provide lighting where and as needed through-
out the room. The provision of some redundant 
fixtures and zones to allow flexibility in room set 
up and function is an appropriate expenditure and 
design goal.

Dimming, Light Levels, and Green 
Light

Surgeons require excellent image quality and vis-
ibility of monitors during procedures, requiring 
an environment with high contrast, low glare and 
no incidence of screen washout. Many existing 
ORs have no dimming capacity. In this scenario, 
where there is a limited choice of level of light, 
lights around the room are often turned off to fa-
cilitate the viewing of the monitors (sonogram 
monitor, PACS monitor, laparoscopic or robotic 
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display). However, there are many additional 
tasks occurring within the OR, between the sup-
port team and the anesthesiologists who require 
light. Additionally, the staff encounters hazards 
while moving about a dark room, from tripping 
hazards to collision hazard with overhead projec-
tions. In response, a practice of bathing the room 
with dim green light was developed to accomplish 
the same goal without having the room grow dark 
or providing dimming. The internal surgical site 
was unaffected because it was still illuminated by 
the white light of the procedure lights or scopes, 
and visibility of the monitors was believed to be 
unaffected or even enhanced. Use of green light 
is further driven by issues associated with dim-
ming of the fixtures around the OR. Fluorescents 
in downlights are limited in how far down they 
can dim, and they produce more EMI when they 
are dimmed, making it harder to mitigate light in 
the room.

Advances in the development of LED down-
lights and control systems now allow for great 
brightness control and dimming flexibility. This 
allows the surrounding OR environment to be 
lit to low levels, without washout or incident 
glare on the OR monitors. Given this develop-
ment, there is debate as to the current useful-
ness of green lighting. Some studies have shown 
that visual acuity as related to seeing detail can 
improve in a monochromatic light, favoring the 
yellow/green bandwidth over white light. Yet 
other studies have shown that monochromatic 
light is not preferable, indicating that physi-
ological mechanisms come into play. In the end, 
effects of wavelength appear to be negligible, so 
the success of green light in surgical suites may 
have more to do achieving the result of reduction 
in brightness in rooms that do not have proper 
dimming and brightness control capacity than in 
the quality of the green light as a source. With 
advances in the control of the lighting with LED 
fixtures in the broader OR space, green light 
no longer serves the original intended purpose 
(Fig. 1.5).

The use of green lighting is no longer a de-
fault position and, while its use is not fundamen-
tally flawed, the development of more sophisti-
cated means for controlling the OR environment 

make this approach unnecessary. This idea was 
generated in the late 1990s when laparoscopic 
surgery and equipment was being retrofitted into 
existing ORs with very basic lighting and very 
limited controls. At the time dimming was not 
feasible for fluorescent fixtures and general in-
candescent lights were not dimmed because it 
was more important to maintain consistent and 
uniform lighting throughout the OR. The need 
was to light instruments, open work areas and 
the floor for walking, cleaning, and other func-
tions. With the adoption of laparoscopic proce-
dures which at the time used television sets with 
curved face cathode ray tubes, it became criti-
cally important to dim the lighting in the room 
sufficiently so that there was no glare on the 
screen. This meant turning off all the fluorescent 
lights and finding a way to lower the brightness 
of the downlights to a level necessary to provide 
light in the room for walking and handling of 
instruments without replacing all the light fix-
tures, rewiring, and rebuilding the entire room. 
It was found that the application of colored gels 
to the fixture’s lens of sufficient density was a 
quick fix that could be implemented by either 
house staff or a surgeon with a little bit of tape 
and a ladder.

Modern lighting fixtures and light sources 
can now be controlled and dimmed to 1 or 2 % 
without flicker, buzz, eye strain, or other issues 
that compromise the work area, including color 

Fig. 1.5  The computer model shows ceiling lights and 
equipment, OR with data from lighting model to evaluate 
layouts and sight lines, contrast, and hotspots
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shift and lamp-life problems. The ability to light 
the OR to low levels with color-controlled white 
light source as opposed to a colored light is a 
clear functional improvement. Many of the issues 
related to surgical procedures require the visual-
ization and evaluation of tissues, organs, blood 
flow, and other differences that are directly relat-
ed to color. Working under monochromatic lights 
creates problems of visualization of perception 
that we no longer need to adjust to in an effort to 
maximize the visibility of the monitors.

In the surgical environment consisting of 
many rooms with varying procedures and opera-
tions occurring simultaneously, it is a significant 
advantage to have absolute lighting uniformity 
and color balance consistency from room to room 
to allow flexibility in scheduling and consistency 
in the working environment which will enhance 
both staff comfort and patient safety.

Consistency Within Rooms Versus 
Room-to-Room

It is now common for there to be many differ-
ent types of procedures and equipment used on a 
typical OR platform. With this diversity comes a 
variance in ages of rooms and equipment and a 
shifting of specialty staff required to operate cer-
tain special equipment such as robots or image 
guidance systems. As the staff moves between 
rooms, it is important to provide a consistent en-
vironment so that they are not required to think 
about which room they are working in or what is 
special or different about each room. This uni-
formity and consistency is important in reducing 
errors and limiting eye strain and fatigue caused 
by a necessity to overthink normal operations 
and simple processes when complicated by en-
vironmental factors that vary from location to 
location.

Color characteristics of the lighting are criti-
cal to maintaining consistency in the appearance 
of the rooms and in viewing the objects and in-
dividuals with the rooms. Color characteristics 
include color temperature and the color render-
ing index (CRI) of the light source. Color tem-
perature is a measure of the relative warmness or 

coolness of the light, measured in degrees Kelvin 
(K). CRI is a measure of how well a light source 
reveals the color of an object relative to a refer-
ence source. The most common color tempera-
ture for a hospital OR is 3500 K. The CRI of the 
sources should be as high as possible, but typi-
cally sources used in the OR will be nominally 
85 CRI. Care in considering color consistency 
insures that objects moved from place to place 
within a room or from room to room should not 
change its appearance due to lighting. Achieving 
this consistency requires purchasing and select-
ing the fixtures that have identical color, temper-
atures, and color-rendering indices regardless of 
the light source.

Fixture performance is defined by the fix-
ture’s photometry. Photometrics is the testing of 
a light fixture’s performance, where the light out-
put is registered in a lab test and then published, 
indicating fixture distribution of light and effi-
ciency of output. In using the photometry when 
designing a space, one is able to predict light 
distribution in the room, resulting in light levels 
from fixture layouts, and characteristics of the 
fixtures such as fixture glare. Photometric data 
are in a chart or graph format described as an Il-
luminating Engineering Society (IES) file. These 
files are used in lighting-calculation programs, 
developing computer models that demonstrate 
the achievement of the light levels, measured in 
foot-candles (FC), for the fixtures planned for 
the ceiling. Light levels for any space are typi-
cally designed to fall within the parameters de-
fined by the Illuminating Engineering Society of 
North America, or IES. Within the surgical suite, 
the IES requires achieving nominally 100 FC for 
cleanup/setup, 200 FC generally over task area 
throughout the room, and 300 FC specifically at 
the table [3].

Depending on the procedure, the actual site 
of the surgery may require, up to 2500 FC pro-
vided not by the room lighting, but rather by 
specific surgical articulated procedure lights. 
These illumination targets are general, so mul-
tilevel switching at a minimum, and preferably, 
dimming fixtures, need to be utilized. In mini-
mally invasive image-guided procedures, the 
light levels need to be dramatically reduced but 
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still allow for moving about the room, charting, 
and work of the anesthesiologist. While there 
are no specific criteria for these tasks from the 
IES, reading recommendations tend to be in the 
30 FC range, so lights of a controlled brightness 
and distribution dedicated to the area of the an-
esthesiologist should be employed to facilitate 
functions such as reading labels.

Fixture selection and its related photom-
etry are critical is assessing the success of the 
lighting design, reviewing the effectiveness of 
the lighting, anticipating visual comfort and 
disabling glare. Control of fixture brightness 
through physical source cutoff or brightness-
controlling lenses is critical in assessing where 
the light source can actually be seen by the 
eye, either directly or peripherally, which com-
promises the vision of a person working in the 
space. Both horizontal distribution and vertical 
distribution need to be considered so that the 
light is not only even across the space horizon-
tally, but also even vertically, both within the 
space and along the perimeter, avoiding scal-
lops on walls caused by fixtures being placed 
too close to surfaces, and should be used to 
properly space fixtures, walls, and other objects 
in the field close to the fixture.

Producing an even contrast and controlled 
brightness are significant design issues which 
must be considered in selecting fixtures, placing 
and distributing the fixtures and then program-
ming the control systems to set the lighting levels 
in the work areas. When performing highly de-
tailed work in a surgical area including surgery 
selection and arrangement of instruments and 
inspection of instruments, shadows are a signifi-
cant impediment to efficient work. Similar fix-
tures must be evenly distributed and set so that 
important work areas are lit from two or more 
angles to fill-in and eliminate the production of 
shadows from a single light source caused by an 
object between the working plane and a single 
light source.

In surgical environments, the highly detailed 
work, visual focus, and concentration necessary 
are physically demanding. These stresses and 
difficulties can be amplified by differences in 
light levels, glare or contrast from point to point 

within a single room. Small differences in light-
ing from point to point can be a distraction or re-
quire extra time and energy to allow ones eyes 
to adjust to changes in lighting or working dis-
tances. These differences need to be minimized 
and controlled. Designers must understand that 
room arrangements for different cases or teams 
will vary, sometimes slightly and sometimes sub-
stantially. The lighting must either consistently 
cover the working field in the room or be suf-
ficiently adjustable or controllable to respond to 
these changes and support the procedures as they 
evolve (Fig. 1.6).

Video Recording and Observation

Video is now used universally throughout all 
ORs. The primary uses of video are for recording 
cases, for observation both locally and remotely, 
and as information sources for image guidance 
and reference. Video recording of open cases is 
generally best done through cameras above the 
surgical field, such as from light mounted cam-
eras. These cameras now work at HD resolutions 
and are built into the heads of the surgical lights. 
They work well because in the cluttered overhead 
area above the surgical field there is little space 
for a camera and the clear view paths into the 
surgical field are generally blocked by heads and 
hands. In the organization of the case, the path 
from the light to the actual site of the surgery is 
always left clear so that the light can be focused 
on the work area. Though you can find better 
cameras, you generally do not get a better view 
than that provided by the light mounted camera.

Room observation and overview are generally 
provided by wall-mounted cameras. We must be 
careful to assure that their views to the areas of 
interest in the room are not blocked by booms 
and arms of booms and that the lighting does 
not shine into the cameras and produce glare or 
distortion. The ubiquitous use of video displays 
throughout the OR now requires thought in se-
lecting and locating light sources so they do not 
produce glare on screens in locations where phy-
sicians are working and that areas are not overly 
lit so as to washout the detail on the screens.
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Light

Sources have advanced and evolved extensively 
over the past several years: LED, incandescent, 
fluorescent light sources are all considered viable 
and useful light sources for commercial and spe-
cialized uses such as ORs. Each of these sources 
has various good and bad properties and is better 

for some functions than others. In the past few 
years, we have seen LEDs become very popular 
commercially and used extensively in certain ap-
plications. Their application in downlights and 
spotlighting points in an OR would be an ex-
cellent application. This takes advantage of the 
LED’s compact size, making it more controllable 
and allowing for higher efficiencies in fixtures. 

Fig. 1.6  Lumen microplots of light levels at working plane 36″ AFF for OR field lights only. We can see a fall off to 
the edges of the room, but there is enough light to work

 



12 J. Berman et al.

Also, LEDs are easily dimmable down to 1 % 
and lower with reduced EMI. For general light-
ing there are still some limitations and compro-
mises that may make fluorescent lighting a bet-
ter choice than LED. This should be reviewed as 
technology develops.

Warmer color temperatures in white light 
LEDs are achieved principally by the use of 
phosphors, either directly on the board or in a 
module that functions as a mixing chamber. In 
linear fixtures, it is only available with the use 
of phosphors directly on the chips themselves, 
which makes the source much more vulnerable 
to color shift from fixture to fixture and over 
its rated life. As the chips age the colors shift 
slightly and maintaining a consistent color is dif-
ficult. While fluorescents drop to 85–90 % of the 
original rated lumen output over their rated life, 
LEDs drop to nominally 70 % over their rated 
life, so light intensity needs to be checked and 
may require that the LED boards be replaced 
significantly before the rated life of the fixtures. 
LED applications do not have a replacement or 
upgrade path other than to replace the circuit 
board or chip. Changing an individual circuit 
board will likely create problems of color consis-
tency and color matching in rooms where single 
fixtures are repaired or replaced. Therefore, in 
using LEDs it must be anticipated that there will 
be a group replacement when significant board 
failure or lumen depreciation dictates such. The 
cost factor at that point will be significant to re-
place all of the boards.

Fluorescent tubes have a shorter lamp life 
than the LED fixtures, rate at 36,000 ver-
sus 50,000 h for the LEDs. Also, while LEDs 
fade over the rated lamp life, they will have 
far fewer premature failures. The rating of the 
fluorescents at 36,000 h is the point where half 
the lamps are out. However, fluorescents are 
more consistent in terms of color, temperature 
and spot relamping is rarely a problem in terms 
of perceived color, temperature shift or color 
rendering. Also fluorescents hold their lumen 
output much better over their rated life than 
the LEDs. The multiphosphorous tubes can be 
tuned to produce a wide range of color and tem-

peratures and remain very accurate over their 
usable life although their usable life is shorter 
than that of an LED Chip. The issue of light 
loss depreciation due to aging of the lamps as 
well as physical deterioration of the materi-
als in the fixture is less of an issue where the 
fluorescent bulbs are easily replaced and the 
fixture surfaces cleaned as part of the relamp-
ing. While the LEDs continue to improve with 
each generation of boards (which, at this point, 
are released annually), for the reasons stated 
previously we still recommend the use of T5 or 
T8 high output fluorescent fixtures for use in 
troffers and, due to efficiency increases in the 
design of LED downlights and spotlights, rec-
ommend the use of these light sources for this 
type of fixture. Proper selection specification of 
the light sources and the fixtures will result in 
an evenly and consistently lit OR that is easily 
maintained and meets the requirements for de-
sign contrast, even lighting and consistency we 
discussed above (Figs. 1.7 and 1.8).

Service access to maintain sterility in the 
modern OR is mandated by regulatory code: 
ceilings must be monolithic and while some 
flexibility for access and accommodations are 
made to install 2 × modular fluorescent fixtures, 
for all practical purposes fixtures once installed 
are fixed in place and can only be accessed from 
the front face or lens. This makes selection of 
these fixtures a critical maintenance decision. 
Each fixture must be reviewed for access, ser-
vice, cleaning, lamping, and maintenance. This 
work should all be accomplished from below 
the ceiling without removal of the fixture 
housing, which should be completely sealed 
to control dust entry from the ceiling plenum. 
The service should include access to the power 
connections in the junction box, replacement of 
all the internal parts, including ballast or driver 
lamps, and all control circuitry, and the face 
of the fixture should be sealed to prevent any-
thing in the fixture, from dust to a broken lamp, 
from falling out and into the sterile zones. The 
correct lens frame and reflector selection will 
control the light distribution, bright spots and 
reflections.
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Controls

Controls for lighting systems in ORs can range 
from simple wall switches and single point on-
off devices to complex computer controlled 
systems integrated with the OR computers, im-
aging systems, and other equipment in the OR. 
As the systems become more complex and inte-

grated devices that appear and function as basic 
wall switches remain but evolve in operation to 
become interfaces and controllers for the com-
puter systems that actually operate the lighting, 
touchscreens, and other visual interface devic-
es, they are often incorporated to provide ease-
of-use for a complicated system. The control 
systems also incorporate several complicated 

ONLY 2x4 TROFFER FIXTURE ON

52 63 72 79 83 84 83 79 65 52

68 84 98 109 114 115 113 107 95 80

92 116 141 158 163 163 163 157 141 116 96

119 153 186 209 218 219 218 210 187 155 121

142 185 227 256 265 267 265 257 229 189 146

155 203 248 279 286 291 286 280 251 207 159

157 207 252 281 286 291 286 282 255 210 162

153 200 241 267 270 271 270 267 243 203 157

153 199 239 265 268 268 268 265 241 202 156

158 207 253 282 286 290 285 282 255 210 161

159 207 252 284 290 295 289 283 253 209 161

149 194 236 267 275 277 273 265 235 193 150

127 165 200 225 234 235 231 220 195 161

101 130 158 178 184 184 180 167 147 121

106 96 81

50 58 53

Fig. 1.7  Lighting to produce even illumination in work areas. Numbers indicate dim-lighting fixtures to adjust for 
video screen viewing and provide even light distribution around the perimeter
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control schemes and paradigms. These include 
networked digital communication as well as 
separate low-voltage control circuits that pro-
vide control information to the fixtures, and are 
independent of the wiring, providing power and 
voltage, and operate the light sources. The con-
trol systems on the fixtures must be selected to 
be compatible and work together. Different con-
trol schemes generally cannot be interconnect-
ed. Control points need to be distributed and 
located so that staff can correct the lighting and 
make the adjustments they need without travel-
ing around the room or asking other staff for 
assistance. Systems integration is sometimes a 
simple wall panel that is mounted in the room 

and is sometimes a panel or mounted set of de-
vices that communicates to the fixtures through 
separate wiring.

The number of channels provided in the con-
trol system will determine the points of control 
available to the staff and the number of differ-
ently lit or controlled zones that are available. 
This needs to be clearly thought out in design be-
cause the wired systems are not easily rezoned or 
expanded after installation. The programmable 
systems vary in their adaptability depending on 
the system, where and how the programming is 
done and how the individual sources zones and 
fixtures are identified and addressed (Fig. 1.9).

Fig. 1.9  Lighting at full brightness for open surgery, room 
set-up, cleaning, patient transfer or prep. The image illus-
trates consistency from edge to edge and lack of shadows

 

Fig. 1.8  Light patterns and intensity during an MIS or 
robotic case with room lights dimmed, task lights at desks 
and anesthesia area, and lit walkway around the field

 



151 Lighting in the Operating Room: Current Technologies and Considerations

Summary

With many different sources and more complex 
fixtures, photometrics and construction of light 
fixtures, the complexity inherent in designing and 
building the lighting system for a modern operat-
ing suite, whether general purpose, specific use, 
or hybrid has become significantly more techni-
cally complex than it was even a few years ago. 
The multiple work zones and differing needs of 
the specialized staff and functions in the modern 
OR further complicate selection of fixtures and 
the design of lighting control systems. The coor-
dination of the ballasts and drivers with the inte-
grated OR control systems and the programmed 
scene lighting controllers requires familiarity 
and experience in assembling and coordinating 
the components of these systems to enable them 
to work together and, despite a great complex-
ity, appear simple and intuitive to the staff using 
them everyday.

With all of the options available for light-
ing the OR, the surgeon needs to be particularly 
knowledgeable of the technology and engaged in 

the design and use. During the planning process, 
communicating the planned uses to the architect 
so that adequate numbers of lights, as well as op-
timized and flexible placement of lights must be 
accomplished. During deployment, programming 
the orchestrated scenes during walk-through ses-
sions and simulations will allow greater efficien-
cy in use. Finally, positioning the OR table, as 
well as the articulated lights and displays for op-
timized performance requires knowledge, plan-
ning, and attention from the surgeon.
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Many minimally invasive imaging modalities 
including ultrasonography, magnetic resonance 
imaging (MRI), x-ray computed tomography 
and positron emission tomography (PET) have 
become standard clinical practice for tumor 
detection, staging, and treatment evaluation. If 
surgery is necessary, clinical decision making in 
the operating room still relies, however, on the 
visual appearance and palpation of the tumor. 
Undoubtedly, tissue discolorations and tactile 
characterization encode valuable information 
about the underlying pathologies, but obvious 
contrast typically represents progressed disease. 
The surgical outcome is, therefore, compromised 
by the difficulties in cancer spread identification 
and in the accurate delineation of the tumor mar-
gins, which frequently leads to positive resection 
margins that critically compromise the prognosis 
of patients. This gap between the wide contribu-
tion of radiological imaging during preoperative 
and postoperative stages and the actual surgery, 
where the surgeon has to rely on his visual and 
tactile senses is explained by the challenges 
associated with the translation of these imaging 
technologies to the operating room being mainly 
their cost, size, the use of ionizing radiation and 
the need to enclose the patient to provide a tomo-
graphic image [1].

Optical imaging appears as a promising mo-
dality for bridging this gap in modern operating 
rooms, since it relates directly to the surgeon’s 
vision and offers highly attractive advantages for 
wide dissemination in the operating room over 
existing radiological techniques, including high 
flexibility in contrast mechanisms and ease of 
adaption to intraoperative practice. Herein, an 
overview of the optical imaging mechanisms 
considered for surgical guidance is presented, 
and their physical fundamentals are briefly ex-
plained. Imaging strategies are grouped accord-
ing to the origin of the optical contrast, which 
could be inherent to the biological tissue or ex-
ogenously enhanced by the administration of 
nonspecific and tumor-selective markers. More 
importantly, their capabilities to reveal accurate 
information about various surgical markers are 
discussed, together with potential shortcomings 
that surgeons need to be aware of.

Intrinsic Optical Contrast in Tissue

Biological tissues are heterogeneous in constitu-
tion and morphology. As a result of this spatial 
heterogeneity, light undergoes multiple absorp-
tion and scattering events during propagation in 
biological tissues [2]. The main tissue compounds 
that absorb light radiation, broadly known as tis-
sue chromophores, are water, hemoglobin, lipids, 
cytochrome c oxidase, melanin, and myoglobin. 
Each chromophore has its own unique absorption 
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spectrum. Water absorption is relatively low in 
the visible range and up to 900 nm, where it starts 
increasing with a maximum around 970 nm, 
while hemoglobin, in its oxygenated and deoxy-
genated forms, is the predominant absorber in 
spectral ranges of minimal water absorption. The 
absorption spectra of oxyhemoglobin (HbO2) and 
deoxyhemoglobin (Hb) differ notably in the vis-
ible and NIR spectral ranges, which explains the 
differences in the color appearance from arterial 
blood, which is bright red by comparison with the 
dark reddish or purplish appearance of venous 
blood. The diagnostic ability of optical measure-
ments first arises from these spectral fingerprints 
of the tissue chromophores. Thereby, variations 
in the molecular composition of the tissue such 
as increased blood concentration due to sustained 
angiogenesis or decreased saturation caused by 
hypermetabolism translates into absorption con-
trast. Capturing precise spectral information at a 
larger number of narrower wavebands than the 
most commonly used three red, green, and blue 
bands enhance the sensitivity to subtle variations 
in the tissue molecular composition. Scattering 
events result from refractive index mismatches at 
the boundaries between two media or structures, 
such as those variations of the refractive index 
between extracellular fluid and cell membranes 
[3]. Very briefly, epithelial malignancy is charac-
terized by an increase in the overall epithelial cell 
density with an increased nuclear and nucleolar 
size. Hence, scattering measures also encoded 
diagnostically relevant information, particu-
larly about pathophysiologic and morphologic 
changes. Optical coherence tomography (OCT) 
[4], frequently seen as the optical equivalent to 
ultrasound imaging, exploits backscattered light 
attributed to tissue scattering for the generation 
of high resolution images of the tissue.

An additional illustration of a native tissue-
interaction that can serve diagnostic purposes is 
tissue autofluorescence, or the irradiation from 
endogenous tissue fluorophores following the 
absorption of light typically in the UV or VIS 
regions of the spectrum. These are mainly nico-
tinamide adenine dinucleotide (NADH), col-
lagen, elastin and lipopigments [5]. Dysplastic 
and malignant tissues have been shown to have 
increased red/green fluorescence ratio, as well as 
an increase in NAD(P)H fluorescence [6].

The survey about clinical demonstrations of 
optical guidance that follows covers only large 
field of view methods, which are exceptionally 
attractive for surgery. High-resolution approach-
es such us fiber spectroscopy, OCT or confocal 
imaging are, however, obviated. These methods 
hold great promise for virtual or optical biopsy, 
for example, but they are not particularly suit-
able for the screening of large surfaces, and still 
require the guidance of macroscopic imaging 
methods. It is also worth highlighting that the 
studies mentioned herein are far from being an 
exhaustive list of the capabilities of intrinsic op-
tical contrast for surgical guidance. They merely 
illustrate progress towards clinical translation. 
Recent reviews give a more extended synopsis of 
the countless preclinical evidences [7].

Intrinsic optical contrast for interventional 
guidance has been mostly exploited in oxygen-
ation level monitoring. In a pilot clinical study on 
37 patients, Liu et al. [8] have assessed the renal 
oxygenation profiles to explore the functional 
advantages for artery-only (AO) versus artery 
and vein (AV) occlusion during partial nephrec-
tomy (PN). To this aim, a conventional clini-
cal laparoscope is combined with a digital light 
processing-hyperspectral imaging technique to 
record the reflectance images from the tissue sur-
face at high spectral resolution. The interpreta-
tion of these images using customized spectral 
interpretation algorithms provided color-coded 
maps of the tissue surface oxygenation. Although 
in this particular trial no significant advantage of 
AO to mitigate ischemia/reperfusion injury was 
confirmed, it is a remarkable evidence of the ca-
pabilities of optical imaging not only to improve 
interventional outcome but also to aid in the 
modernization of surgical practices. Yet, it should 
be noted that, independently of the spectral reso-
lution of the imaging system, the establishment 
of the oxygen saturation maps and the determina-
tion of the tissue composition is still challenged 
by the problem of accounting for the influence of 
the spectrally dependant tissue scattering, which, 
as mentioned earlier, jointly with chromophore 
absorption modulates the measured reflectance. 
In light of this, i.e., in order to quantify both 
absorption and scattering variations across the 
surgical site and to independently explore their 
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diagnostic relevance, alternative solutions have 
been considered [9, 10]. Wilke et al. [9] clinically 
evaluated the performance of an optical spectral 
imaging system for intraoperative assessment of 
breast tumor margins in a comprehensive study 
involving 54 patients. The participants were un-
dergoing primary breast conserving therapy for 
an invasive or noninvasive breast malignancy, 
and the surgeries were performed by surgical 
oncologists according to their standard practice. 
Once the surgeons completed their review of the 
margins, excised specimens were placed in the 
imaging box of the system for optical assessment 
of the breast tumor margins (sensitivity 79 %, 
specificity: 66.7 %). The latter was accomplished 
computing the parameters related to light scat-
tering and the total hemoglobin and β-carotene 
concentrations. Separation of the intermingled 
effects of absorption and scattering is feasible via 
the employment of a multichannel fiber-optic im-
aging probe. Each individual channel consists of 
an illumination fiber surrounded by four collec-
tion fibers. Thereby, spatially resolved measure-
ments of the reflectance are carried out and, from 
these, it is plausible to separately resolve absorp-
tion and scattering influences. More recently, 

Nguyen et al. [10] have further advanced to-
wards this direction (Fig. 2.1a). Establishment 
of two-dimensional maps of optical properties 
with remote camera measurements was in this 
case attained through a newly reported imaging 
approach, namely modulated imaging [11]. In 
order to prevent contact with the tissue under in-
terrogation and still be capable of independently 
estimating absorption and scattering coefficients, 
spatial patterns of multiple frequencies are pro-
jected onto the tissue surface. The fundamental 
advancement by comparison to fiber-probe sys-
tems is the possibility to image directly the surgi-
cal cavity and not only excised specimens, since 
the sterile field is not compromised, and mea-
surements are not affected by the pressure ap-
plied by the probe’s tip. A fundamental drawback 
of these latest developments is still the imaging 
time because of the projection of the different 
spatial patterns. The surgical oncology commu-
nity, therefore, still awaits an optimized optical 
technique that can provide relevant information 
about surgical markers by purely exploiting ab-
sorption and scattering variations in tissue.

In spite of the growing number of publications 
reporting on the feasibility of the differences in 

Fig. 2.1  Representative images from Nguyen et al. [10] 
and Von Breitenbuch et al. [13]that showcase the intraop-
erative exploitation of intrinsic optical contrast in tissue. 
a Intraoperative assessment of oxygenation of perforator 
flaps during reconstructive surgery using spatial frequen-
cy domain imaging ( SFDI). Columns from left to right 
include abdominal skin flaps after preparation ( discarded 
and chosen), skin flap after elevation, and skin flap after 

attachment ( transplantation) of a participant in the first in 
human pilot study of SFDI oxygenation imaging system 
(Adapted from Ref. [10]), b Intraoperative white-light 
( WL) and autofluorescence images ( AFI) demonstrating 
that the addition of AFI to WL may be promising in the 
detection of neoplastic peritoneal foci in laparoscopic 
surgery of peritoneal carcinomatosis. (Adapted from Ref. 
[13])
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the overall autofluorescence emission to aid in 
tissue discrimination and demarcation [6], au-
tofluorescence-based contrast has been scarcely 
considered for guidance in open surgery [12], 
being the majority of examples found in laparos-
copy in peritoneal carcinomatosis [13] (Fig. 2.1b) 
and endometriosis [14]. The reliability of the 
autofluorescence signal is impaired by benign 
changes that are also associated with changes 
in autofluorescence, and temporal variations of 
the autofluorescence signal that are not related 
to disease progression, but purely to bleaching 
of the endogenous fluorophores or to metabolic 
changes. These effects consequently compromise 
the specificity of the autofluorescence signal. 
Likewise, subtle autofluorescence variations can 
be easily masked by deviations in the crosstalk 
conditions or by the influence that other spatially 
variant optical properties of the tissue, i.e., ab-
sorption and scattering, have on them. In light 
of this, clinical adoption of autofluorescence im-
aging is limited to surveillance endoscopy [15], 
and only as part of a multimodal imaging scheme 
[16], since no conclusive outcomes regarding its 
potential to be used as a stand-alone diagnostic 
modality have been reached so far.

Intraoperative Imaging Using 
Exogenous Contrast

Given the incapacity of imaging strategies based 
on intrinsic tissue–light interaction mechanisms 
to fulfill clinical needs, the application of extrin-
sic contrast agents has been considered even since 
the late 1940s [17] and, since then, it has experi-
enced an explosive growth. Almost exclusively 
all clinical studies, like the examples included in 
Fig. 2.2, use not ligand-targeted contrast agents 
that together with their proven ability to image 
vascularity, accumulate passively in tumors due 
to the enhanced permeability and retention effect 
(EPR) of tumor vasculature [18]. The clinically 
approved organic fluorophore fluorescein, with 
absorption and emission maxima in the visible 
range, has been widely used in glioma surgery 
[19, 20], thoratoscopy [21], and gynecological 
diseases [22]. Another agent that has also been 

extensively employed for contrast enhancement 
in brain surgery is 5-aminolevulinic acid (5-
ALA). Oral administration of ALA induces the 
visualization of the red fluorescence of protopor-
phyrin IX (PpIX) and this modality has become 
standard-of-care for resection of high-grade 
glioma in Germany based on outcomes from a 
randomized multicenter Phase III trial comparing 
progression-free survival in patients undergoing 
either fluorescence-guided resection or conven-
tional resection under white light visualization 
[23, 24]. In addition, intraoperative imaging em-
ploying ALA for enhanced tumor visualization 
has been demonstrated in other settings, particu-
larly in parathyroidectomy [25], gastric [26] and 
colorectal cancer [27], spinal tumor [28], while 
extensive literature also discusses on its effec-
tiveness in improving visualization of resection 
margins in bladder cancer [29, 30]. For this spe-
cific cancer type, even metaanalysis comparing 
the results of numerous prospective trials has 
been reported concluding an overall additional 
detection rate of 20 % [29]. Fewer studies have 
explored the use of methylene blue [31, 32], 
which fluoresces at longer wavelengths. Shift-
ing to NIR fluorophores favors penetration since 
tissue attenuation (absorption and scattering) is 
minimized with respect to the visible spectrum, 
and enhances target-to-background ratio, because 
autofluorescence of endogenous tissue fluoro-
phores is also reduced. An additional advantage 
is that fluorescence measurements are carried out 
at a nonoverlapping band with the surgeon’s vi-
sion. In light of this, the number of studies report-
ing on the use of the clinically approved indocya-
nine green (ICG) with an excitation peak around 
800 nm in the operating room are countless. 
From its initial use as blood flow marker [33], 
it has become the most exploited contrast agent 
for intraoperative imaging with applications to 
be found in the vast majority of medical special-
ties. Many studies have first demonstrated its 
promise to improve current standard-of-care for 
sentinel lymph node mapping in breast [34, 35], 
head-and-neck [36], lung [37], and vulvar [38] 
cancers, and melanoma [39], among others. Al-
though it is possible to combine sentinel lymph 
node navigation using NIR-guided ICG with 
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current standard-of-care based on blue dyes and/
or radioisotopes [40], its most significant ben-
efit over conventional methods is that exposure 
to ionizing radiation is prevented. In addition, it 
outperforms radioactive approaches in terms of 
the cost and the spatial and temporal resolutions 
[41] and visible blue dyes in terms of the depth 
[42]. Potential of NIR fluorescence-guided sen-
tinel node navigation sooner sparked interest in 
other surgical applications. Robot-assisted and 
laparoscopic surgery particularly benefit from 
the contrast enhancement between the tumor and 
normal surrounding caused by the variations in 
ICG uptake and the corresponding changes in the 
fluorescence intensity. This is due to the fact that 
during these procedures the surgeon needs to rely 
only on his eyes and has no aid from his tactile 
sense. In response to this, numerous studies can 
be found in cholecystectomies [43], renal and 
rectal surgeries [44, 45], and hepatectomies [46].

Clinical utility of fluorescence-guidance in 
the operating room is mainly determined by the 
specificity of the contrast agent, which ICG and 
the other fluorescent dyes mentioned earlier lack. 
On the contrary, targeted NIR fluorescent agents 
that yield molecularly specific detection of can-
cer cells would provide a red-flag detection strat-
egy that allows tumor imaging with optimal sen-
sitivity and specificity, increased accuracy and 
reproducibility in surgical procedures could be 
afforded, and operator variability minimized. As 
a result, the development of optical agents with 
molecular specificity has recently experienced 
dramatic attention [47], and in animals fluores-
cent agents have been successfully used to target 
colonic dysplasia [48], glucose-related patholo-
gies [49], and cardiovascular syndromes [50], 
among other multiple conditions. Unfortunately, 
scarce evolvement from these small animal appli-
cations to clinical indications has been observed 
to date, and disease-specific agents have barely 
impacted patient care compared to not ligand-tar-
geted contrast agents, in spite of their potential-
ity to image cancer at a molecular level [1]. Van 
Dam et al. [51] demonstrated the first in-human 
use of intraoperative tumor-specific fluorescence 
imaging for real-time surgical visualization of 
tumor tissue in patients undergoing exploratory 

laparatomies for suspected ovarian cancer. Folate 
conjugated to fluorescein isothiocyanate (folate-
FITC), an agent that allows targeting of folate 
receptor-α (FRα), was injected intravenously into 
patients that were earlier diagnosed with ovar-
ian cancer and scheduled for surgery. Folic acid-
based targeting strategies have been previously 
followed in SPECT/CT and PET imaging and 
exploit the absence or inaccessibility of the folate 
receptor on the normal cells. The imaging im-
plementation consisted of a camera system that 
can detect and unmix fluorescence in real-time 
and makes use of different cameras operating 
in parallel to simultaneously acquire color and 
fluorescence data through a common objective 
[52]. This system meets the required criteria for 
the clinical intraoperative use of an imaging tech-
nology, since it provides high-spatial resolution, 
video-rate capability, portability, no radiation 
exposure, and is easily adapted to the operating 
room. Figure 2.3 demonstrates that cancer lesion 
visualization greatly improves under targeted 
fluorescence guidance. Quantitatively, five times 
as many lesions were identified by comparison 
with the naked human eye. Great clinical rel-
evance is therefore expected from targeted fluo-
rescence guidance regarding the enhancement of 
surgical procedure outcome, but standardization 
of medicine across hospitals and countries is also 
expected to improve, since specificity and repro-
ducibility are enhanced relative to the current ap-
proach, dependent on the surgeon’s experience.

Following the example of this study, and also 
using fluorescent labels in the visible range, 
several clinical trials are currently approved 
and recruiting patients to further investigate 
the potential of targeted fluorescence guidance 
in clinical indications that seek tumor visual-
ization in ovarian (ClinicalTrials.gov number, 
NCT02000778), lung (ClinicalTrials.gov num-
ber, NCT01778920), and renal (ClinicalTrials.
gov number, NCT01778933) cancers. Currently, 
there are only two clinical trials approved and 
recruiting patients that employ targeted contrast 
agents with NIR labeling (ClinicalTrials.gov 
numbers, NCT01508572 and NCT01987375). 
The first study seeks at determining the up-
take, (semi-)quantification and localization of 
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Fig. 2.2  Examples of intraoperative fluorescence imag-
ing using externally administered non-targeted contrast 
agents: a Fluorescein-guided surgery for grade IV glio-
mas. Color ( left column) and fluorescence ( right column) 
images of the vertex ( up) and the frontal lobe anterior to 
the tumor ( ant) of a patient in the left lateral position par-
ticipating in the study. Tumor area is delineated as a yel-
lowish zone, surrounded by normal blue parenchyma in 
the fluorescence images, and tumor removal was contin-
ued until no fluorescent area was visualized. (Reproduced 
from Ref. [20]). b Color, fluorescence, and color with 

overlaid fluorescence images during fluorescence-guided 
human glioblastoma multiforme ( GBM) surgery using 
oral 5-ALA-induced PpIX. (Adapted from Ref. [24]). c 
Color, fluorescence, and color with overlaid fluorescence 
images for ureter identification during lower abdominal 
surgery using methylene blue. (Adapted from Ref. [32]). 
d Intraoperative NIR fluorescence imaging for sentinel 
lymph node detection in vulvar cancer using indocyanine 
green ( ICG). Color ( left), fluorescence ( middle), and 
color image with superimposed fluorescence ( right) of 
a sentinel lymph node before excision ( top row) and the 
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the vascular endothelial growth factor (VEGF) 
[53] targeting fluorescent tracer bevacizumab-
IRDye800CW in breast cancer tissue, surround-
ing healthy tissue, tumor margins, and lymph 
nodes, while the second consists of a phase 1 
dose-escalation study to determine the safety of 
epidermal growth factor receptor (EGFR) target-
ing fluorescent tracer, cetuximab-IRDye800CW, 
used in subjects with head and neck squamous 
cell carcinoma. This gap between the extensive 
contribution of targeted fluorescence imaging in 
small animal applications and the inexistence of 
numerous clinical trials studying its potential in 
patient care is justified by the challenges associ-
ated with the clinical translation of the contrast 
agents engineered to be disease-specific [47]. 
Toxicity and stability studies are required prior to 
obtaining human use approvals. Regardless, suc-
cess in preclinical animal studies may not assure 
the performance of the agents, since they do not 
necessarily predict an accurate human efficacy. 
The above-mentioned clinical trials that use tar-
geted agents with NIR labeling confronted the 
difficulties in the clinical translation by utilizing 
optical agents based on clinically approved drugs 
and a clinically applicable NIR fluorophore, 
like IRDye 800CW, a strategy to minimize the 
translational risk that has also been suggested by 
others [54]. These agents are commonly admin-
istered at a microdosing concentration, which is 
defined either as the administration of 100 µg of 

a small-molecule ligand or 1 % of the pharmaco-
logical dose determined on animal data to yield 
a pharmacological effect, whichever is less [47]. 
As a result, tight requirements for the sensitivity 
of the specific optical acquisition technology are 
imposed.

An alternative strategy to alleviate the risk 
in the clinical translation of selective contrast 
agents is the use of spray administration, which 
is expected to decrease toxicity concerns over 
systemic administration, as proposed by Mitsu-
naga et al. [55]. It involves the topical application 
of an activatable fluorescent probe that only be-
comes fluorescent after cleavage of its glutamyl-
transpeptidase-specific sequence, a cell-surface 
enzyme of glutathione metabolism that is highly 
expressed in various types of human cancer [56]. 
This would avoid waiting for hours or days prior 
to effective visualization as required for intrave-
nous injection of a targeted probe. The design 
of this probe to be activatable also avoids tissue 
washing, which is required when fluorescently 
labeled probes are topically applied because 
otherwise the entire sprayed area would become 
fluorescent. Consequently, it perfectly fits within 
surgical procedures with minimum impact on the 
workflow. Toxicity concerns would probably be 
decreased due to the spray administration. Con-
versely, this requires a careful evaluation of the 
rate of agent diffusion within tissue, the ability 
to visualize disease extent as a function of tissue 

Fig. 2.3  From left to right: color and fluorescence imag-
ing system placed above a patient prepared for surgery, 

color image from an ovarian cancer patient and color 
image with superimposed fluorescence ( green). (Photos 
from van Dam et al. [51])

 

cavity after excision ( bottom row) with faint remaining fluorescence coming from a lymph vessel. (Reproduced from 
Ref. [38])
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depth, field of view and the homogeneity of 
agent delivery in different areas. For an extend-
ed in-depth overview of these novel fluorescent 
agents for cancer molecular imaging, currently 
at a preclinical stage, see for example the primer 
compiled by James and Gambhir [56].

Interventional Use Beyond Surgical 
Oncology

The clinical studies described herein mainly 
highlight the potential of optical imaging mo-
dalities in surgical oncology, and their funda-
mental advantage over conventional technique of 
fresh frozen sectioning to image both the tissue 
remaining in the surgical cavity, as well as the 
excised tissue to verify clean margins. In addi-
tion, their capability to monitor tissue oxygen 
saturation and for sentinel node navigation has 
also been briefly mentioned. Other interventional 
uses that are worth noting are the visualization of 
vasculature anatomy during reconstructive sur-
geries [57], as well as highlighting of nerves [58] 
and vital organs [59], whose damage could lead 
to severe complications and function losses.

Fluorescence Imaging in the 
Operating Room

Earlier sections evidence that targeted imaging 
with near-infrared fluorescence is the most prom-
ising optical contrast mechanism to revolution-
ize the future outcome of surgical procedures. In 
short, it meets the three fundamental criteria for 
a medical technology: there is unmet real clini-
cal need for it regarding the accurate estimation 
of the extent of disease and the identification of 
small foci of tumor, the technology solves the 
problem, and it does not impede normal clinical 
workflow in the operating room. The surgeons, 
however, should approach the variations in the 
fluorescence signals with uncertainty, since the 
captured fluorescence images are not only de-
pendent on the agent concentration of the imaged 
tissue. The fluorescence signal is in a complex 
way affected by variations in the intrinsic opti-
cal properties of the tissue, the fluorochrome’s 

depth, and illumination inhomogeneities as a 
result of the “photographic” or “video” imaging 
methods. In addition, fluorescence information is 
diffusive in nature and lacks of anatomical marks 
because it originates within tissue, what compli-
cates orientation for the surgeon. In current ac-
quisition systems, the latter is normally faced by 
concurrent acquisition of color and fluorescence 
videos, being the areas of elevated fluorescence 
signal superimposed onto the color image for 
facilitating guidance [60, 61]. Still, the surgeon 
needs to look away from the surgical cavity and 
to the monitor displaying these pseudo-diagnosis 
images/videos, but recently more innovative gog-
gle-based proposals have shown up [62]. Even a 
more novel alternative would be the projection 
of the molecular information directly onto the 
surgical cavity [67]. Compensating the influence 
of the absorption and scattering in tissue and the 
depth of the fluorescence activity to quantify the 
absolute fluorophore concentration is not such a 
straight forward issue as improving the easiness 
of guidance. Some correction techniques that uti-
lize multi-spectral information have proven their 
capacity for absorption correction [52] but an 
overall solution to this challenge and capable to 
report the underlying agent concentration is still 
pending.

Another typical measurement condition in 
the operating room that is commonly obviated 
by state-of-the-art imaging systems is the ambi-
ent light, and surgical lamps for example need 
to be dramatically dimmed or fully turned off to 
carry out fluorescence acquisitions. Latest devel-
opments aim at implementing ambient light re-
moval alternatives [63, 64] to allow fluorescence 
guided surgery under normal room lighting con-
ditions, which further minimizes its already mini-
mal impediment in normal surgical workflow.

An equally important unmet aspect of optical 
imaging with respect to other medical imaging 
modalities, like ultrasound or CT, is the reduced 
number of attempts to standardize its perfor-
mance metrics and limits [65, 66]. In particular, 
the different devices used in the clinical studies 
refereed throughout this chapter use different 
excitations, filtering, and have a wide range of 
sensitivities for fluorescence imaging. Consen-
sus documents equivalent to those from CT and 
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ultrasound detailing guidelines to report on their 
effectiveness and sensitivity would facilitate data 
standardization across studies and jointly its clin-
ical translation.

Future Outlook

Overall, the authors herein believe that novel op-
tical imaging holds great potential to extend the 
current surgeon’s vision at the molecular level in 
modern operating suites. Particularly, targeted 
near-infrared fluorescence guidance is really well 
posed to change surgery from a visual interroga-
tion practice to biomarker-based detection. This 
technology is geared to reduce incomplete cancer 
surgeries manifested as positive tumor margins 
on the excised specimen and improve clinical 
decision making during operations, finding ad-
ditional small foci of tumor and aiding visual-
ization in difficult to operate surgical cavities. 
Intrinsic optical contrast and clinically approved 
non-targeted agents avoids the intricate transla-
tion path of disease-specific fluorescent tracers 
but also the provided contrast enhancement is 
limited. Undoubtedly, and similarly to nuclear 
imaging, the identification of potent biomarkers 
is crucial for the success of targeted fluorescence 
guidance and should be based on careful evalu-
ation of unmet medical needs. Progress in ad-
dressing translation hurdles has also intensified 
recently, a sign perhaps that conventional visual 
inspection may find helpful allies in the modern 
operating suites.
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Fluorescent Probes in Medical 
Imaging

Intraoperative optical imaging in the surgical 
theatre exploiting fluorescence, especially near-
infrared (NIR, 650–950 nm) fluorescence, holds 
great promises for largely improving medical 
surgery outcomes, significantly shortening op-
eration time, and potentially reducing overall 
health-care costs [1–3]. As a primary treatment 
modality for most solid tumors, surgery provides 
significant improvements in overall survivals. 
Many well-established molecular imaging tech-
niques, such as positron emission tomography 
(PET), magnetic resonance imaging (MRI), com-
puterized tomography (CT), and ultrasound, have 
been proven to have meaningful impacts on the 
care of cancer patients by providing preoperative 
imaging and improving diagnostic accuracy [4]. 
Similarly, optical imaging has been successfully 
used in tumor identification, image-guided re-
section and therapy, monitor of therapeutic out-
comes, and detection of sentinel lymph nodes in 
both preclinical and clinical studies, because of 
its high sensitivity, short scanning time, relative-

ly high throughput, and great clinical relevance. 
In particular, accurately evaluating and lineating 
tumor positive margins based on the intraopera-
tive optical imaging instead of traditional palpa-
tion and visual inspection during the surgery can 
lead to a dramatic improvement in completeness 
of tumor resections, especially when primary or 
metastatic tumors are adjacent to or surrounded 
within important physiological structures such 
as nerves, blood vessels, ureters, and bile ducts. 
Furthermore, by using current fluorescence im-
aging facilities without changing the appearance 
of the surgical field, it is easy for physicians or 
surgeons to reduce the learning curve in order to 
translate their surgical skills between open and 
minimally invasive image-guided surgery.

The fluorescent agents have played an impor-
tant role in the optical image-guided surgery and 
therapy. Different from the conventional visual 
distinction of the boundaries of each tissue types 
with white-light reflectance, the fluorescent im-
aging allows the surgeons to visualize the fluo-
rescence signal from specific tissues or organs, 
differentiate malignant from normal tissues, and 
highlight anatomy or disease states with excep-
tional sensitivity and accuracy. Although there 
might be some endogenous fluorescence con-
trasts associated with tumors or abnormalities, it 
is hard to find robust spectroscopic differences 
between malignants and normal tissues, due to 
autofluorescence, Raman scattering, and infra-
red reflectivity [3]. In fact, the development of 
NIR fluorophores and fluorescent nanoprobes 
as exogenous fluorescence contrast agents over 
the past decade was dramatically facilitating 
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the translation of intraoperative optical imag-
ing from a proof-of-concept stage to clinical 
routine. A few NIR imaging probes have already 
received approval from the Food and Drug Ad-
ministration (FDA) and/or European Medicines 
Agency (EMA) or other comparable authorities. 
For example, previously as a visible dye in sur-
gery, methylene blue has been introduced into 
clinical practice for many years and has recently 
been used as a NIR fluorophore in fluorescence 
clinical studies. Another contrast agent, indocya-
nine green (ICG), has been approved for sentinel 
lymph node mapping, tumor resection, and deter-
mination of cardiac output and hepatic function. 
During the past decade, there has been significant 
progress in the development of optimized and tar-
geted NIR fluorophores for in vivo intraoperative 
molecular imaging as an image-guided surgical 
tool in preclinical research and clinical trials. 
Since fluorescence imaging is relevant for tissues 
close to the surface of skin, or tissues accessible 
by endoscopy and intraoperative visualization, it 
is a vital for fluorophores to have minimal inter-
ferential absorption and refraction, low biologi-
cal autofluorescence, and high tissue penetration. 
In the past few years, significant efforts on the 
development of novel fluorophores in NIR win-
dow with high signal to background ratio (SBR), 
relatively deep tissue penetration, and targeting 
capability have successfully wielded the full 
power of the image-guided surgery and greatly 
facilitated the clinical translation of intraopera-
tive fluorescent imaging. In this chapter, we out-
line the desired chemical, physical, and biologi-
cal properties necessary for NIR fluorophores, 
including wavelength, brightness, and photosta-
bility. Because most of NIR fluorophores, as ex-
ogenous contrast agents, need to be administered 
intravenously, intraparenchymally, or intralumi-
nally, it is critical to explore their biocompatibil-
ity, pharmacokinetics, targeting and activation in 
order to improve in vivo applications.

Recently, there have been vast literatures on 
the development of NIR fluorophores for in vivo 
molecular imaging. In general, NIR fluorophores 
can be categorized into two major groups: small-
molecule fluorophores and nanoparticle-based 
probes. The former ones have the advantages 
of relatively low molecular weight, fast hepatic 

and urinal excretion, unique spectral determina-
tion, favorable in vivo characteristics, superior 
selectivity and specificity, and intrinsic accessi-
bility to desired sites. Concerning their extensive 
use in in vivo applications, it is time- and cost- 
efficient in terms of synthesis, modification, and 
regulatory approval of small molecule NIR fluo-
rophores. On the other hand, the majority of the 
recent developments in NIR fluorophore design 
focus on nanoparticle-based probes because the 
integration of nanotechnology with molecular bi-
ology and medicine could offer to dramatically 
improve detection sensitivity and specificity in 
the fluorescence molecular imaging. Compared to 
the conventional NIR organic dyes, the nanopar-
ticle-based fluorophores with defined size, shape, 
and composition exhibit unique, superior chemi-
cal and physical properties, such as high quantum 
yield, size-dependent excitation/emission, large 
Stokes shift, excellent photostability, long circu-
lation/favorable pharmacokinetics, high detection 
sensitivity and specificity, and capability to mul-
tiplexing. A variety of novel fluorescent nano-
materials such as dye-loaded organic/inorganic 
nanoparticles, inorganic semiconductor quantum 
dots (QDs), organic conjugated polymer par-
ticles, metal nanocluster, carbon nanotubes, and 
up-conversion nanoparticles have received im-
mense attention for their superior NIR lumines-
cence properties and high signal to background 
ratio. Upon optimization of size, shape, and 
surface modification, the functional nanofluoro-
phores can either passively accumulate in tumors 
through the enhanced permeability and retention 
(EPR) effect or actively target the tumors by the 
specific binding with tumor-associated biomark-
ers such as overexpressed receptors, tumor extra-
cellular matrix and enzymes [5]. Targeted NIR 
nanoprobes can be divided into several subgroups 
based on the type of targeting moieties such as 
small molecules, peptides, aptamer, proteins, and 
antibody. Accordingly, there are numerous ap-
proaches utilized to improve the targeting or ac-
tivation of NIR probes, including pH activation, 
enzyme cleavage, and self-illumination.

In this chapter, we mainly focus on the design 
and development of NIR fluorescent probes for 
molecular imaging and image-guided surgery. 
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More specifically, we discuss the key issues rel-
evant to optimization of NIR fluorescent agents 
for intraoperative optical imaging, and summary 
the development of various NIR fluorophores 
based on the compositions and functions, and 
evaluate their potentials for advanced applica-
tions in medical imaging.

Requirements for Fluorophores  
in Medical Imaging

Wavelengths of Excitation and Emission

The NIR region (650–950 nm) offers an optimal 
window for fluorescence imaging with minimal 

interferential absorption and refraction, low bio-
logical autofluorescence and high tissue penetra-
tion (Fig. 3.1) [6]. Due to the strong absorption 
of biological chromophores, such as oxyhemo-
globin, deoxyhemoglobin, myoglobin, and cyto-
chromes, the tissue penetration depth of visible 
light below 600 nm is limited to the micrometer 
range. Although NIR light, like visible light, can 
be attenuated by reflection, refraction, and scat-
tering at the tissue surface or through the tissue, 
the absorption coefficient of tissue in NIR region 
is at a minimum. Other biological components 
such as water and lipids are optically transpar-
ent from the visible to the NIR but strongly ab-
sorb light in the infrared [7]. Furthermore, the 
tissue autofluorescence from endogenous chro-

Fig. 3.1  Absorption and tissue penetration of light and 
optical windows in biological tissues. a Water and oxy- 
and deoxyhemoglobin plotted ranging from visible to 
NIR wavelength. b Tissue penetration of light (reprinted 
with permission from [2]; copyright 2014, AACR Pub-
lications). c Optical windows in biological tissues. Plots 
of effective attenuation coefficient (on a log scale) versus 

wavelength show that absorption and scattering from oxy-
genated blood, deoxygenated blood, skin and fatty tissue 
is lowest in either the first or second near-infrared window 
( NIR-I: the first near-infrared window, NIR-II: the second 
near-infrared window) (reprinted with permission from 
[7]; copyright 2009, Macmillan Publishers)
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mophores including structural proteins (collagen 
and elastin), amino acids, enzymes, porphyrins, 
and other biological fluorophores generally has 
visible emission but do not strongly interfere 
with NIR emitters. Therefore, optimal fluoro-
phores with far-red or NIR excitation and emis-
sion wavelengths could enable maximum tissue 
penetration depth from a few millimeters to even 
half centimeters [2]. As discussed previously, 
methylene blue and ICG act as 700 and 800 nm 
fluorophores for NIR fluorescence clinical stud-
ies (Fig. 3.2 and Table 3.1), and their tissue ab-
sorption and autofluorescence are minimal so 
that they have maximal tissue penetration depth. 
The difference in energy or wavelength between 
excitation and emission is called the Stokes shift, 
which is fundamental to the sensitivity of fluo-
rescence imaging because the large Stokes shift 
allows emission photons to be isolated from ex-
citation photons to obtain high signal-to-noise 
ratio. Many common organic dyes based on 
known classes of NIR fluorophores such as cya-
nine, BODIPY, AlexaFluor, etc. are widely used 
but have the disadvantage of short Stokes shift 
(less than 50 nm). An emerging new class of NIR 
organic compounds containing the conjugated 
polyene, polymethine, and donor-acceptor chro-
mophores have been extensively explored for 
potential applications in fluorescence imaging 

because of their unique properties such as tun-
able energy gaps, facile synthesis, large Stokes 
shifts and acceptable quantum yields [8]. Dur-
ing the past decade, the quantum dots as light-
emitting nanocrystals, have been a major focus 
of fluorescence imaging and medical applica-
tions, due to their unique chemical and optical 
properties including size-tunable light emission 
and large Stokes shift (more than 100 nm), which 
could guarantee the fluorescence imaging ac-
quisition with high signal-to-noise ratio [9, 10]. 
Many other organic dyes, metal cluster, silicon 
nanoparticles, and conjugated polymer dots have 
been recently developed to take advantage of 
their long Stokes shifts and tunable wavelengths 
for sensitive in vivo fluorescent imaging [11].

Very recently, fluorescence imaging in the 
second near-infrared window (NIR-II, 1000–
1700 nm, Fig. 3.1c) instead of the visible and 
traditional NIR windows have been attracting 
considerable attention as an alternative optical 
tool for medical imaging because of its superior 
spatial resolution, largely reduced photon scatter-
ing, deep tissue penetration, and negligible tis-
sue autofluorescence [7]. There are only several 
fluorophores available for NIR-II fluorescence 
imaging, such as single-walled carbon nanotube 
(SWNT), silver sulfide quantum dots, etc., and 
they exhibit exceptional potentials in microvascu-

Fig. 3.2.  Chemical structures of NIR fluorophores. 
Methylene blue (700 NIR fluorophore), indocyanine 
green (800 nm fluorophore). Chemical base structure of 
known classes of NIR fluorophores including cyanine, 
phthalocyanine, xanthene, borondipyrromethane ( BODI-

PY), benzo[c]heterocycle, porphyrin, and squaraine 
(squarylium). The physical and optical properties of each 
of the base structures can be tuned through the addition of 
functional groups. (Reprinted with permission from [16]; 
copyright 2012, AME Publishing Company)
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Fluorescent probes Emission peak 
(excitation) (nm)

MW (g/mol) or 
size (nm)

Molar extinc-
tion coefficient 
(M − 1 cm − 1)

Quan-
tum 
yield Φ 
(%)

Area of application

Small molecule NIR dyes ( clinically approved)
Methylene blue 700 319.85 71,200 52 FDA and EMA approved 

for injection, indicated for 
drug-induced methaemo-
globinaemia. An intralu-
minal gastrointestinal tract 
contrast agent

ICG 822 (807) 774.96 121,000 9 FDA and EMA approved 
for injection, indicated 
for determining cardiac 
output, hepatic function, 
and liver blood flow and 
for ophthalmic angiogra-
phy. Monitor fluid-filled 
structures as a vascular, 
renal or excretory pathway 
contrast agent

5-ALA and its 
ester

635 (405) PpIX – – – FDA approved as a topical 
solution. EMA approved 
as an orally administrated 
drug. 5-ALA is metabo-
lized by glioblastoma into 
protoporphyrin IX (PpIX)

Small molecule NIR dyes ( commercial sources)
CyDye Cy5.5 694 (675) ~ 700 190,000 23 Preclinical evaluation
CyDye Cy7 767 (743) ~ 800 200,000 28 Preclinical evaluation
IRDye 800CW 800 (770) ~ 1100 240,000 3.4 Preclinical evaluation
Alexa fluor 680 714 (684) ~ 1000 175,000 36 Preclinical evaluation
Alexa Fluor 750 782 (753) ~ 1300 290,000 12 Preclinical evaluation
Small molecule NIR-II dye
IR-1061 1100 (808) 749.13 – 1.7 Preclinical evaluation, 

Second NIR window 
fluorescent imaging

Quantum dots ( QDs) core/shell
InAs 800–1240 2–6 – 2.5 In vitro cell labeling
InAs/ZnS or CdSe 700–1400 4–16 – 20–90 In vitro cell labeling and  

in vivo tumor targeting
InAs/InP/ZnSe 800 16 – 19 in vivo tumor targeting
CdTe 670–800 3–13 – ~ 10 In vitro cell labeling
CdTe/CdSe 700–850 5–11 – 10  to 

~ 60
in vivo tumor targeting 
and sentinel lymph node 
mapping

CuInP 630–1100 4 – 20 in vivo tumor targeting
QD 705 705 15–20 – 10  to 

~ 20
In vitro cell labeling and  
in vivo tumor targeting

QD 800 800 15–20 – 10–20 In vitro cell labeling and  
in vivo tumor targeting

Ag2S 900–1300 5–12 – 10–30 In vitro cell labeling
PbS 700–1600 5–12 – 10–30 In vitro cell labeling
PbSe 1200–1500 7–12 – 10–30 In vitro cell labeling

W  Summary of chemical and physical properties of NIR fluorescent probes
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lar imaging and hemodynamic measurement with 
improved spatial resolution over X-ray computer 
tomography (CT) and broader dynamic range of 
blood flowmetry than ultrasound [12–14]. Along 
with recent progress in the development of new 
NIR-II fluorescence probes, it is expected that 
the NIR-II window offers a tremendous new op-
portunity for in vivo fluorescence imaging of liv-
ing subjects with excellent sensitivity and excep-
tional resolution [7].

Brightness

The brightness of the NIR fluorescence probes, 
defined as fluorescence output per fluorophore, 
is one of the most important considerations to 
get deep tissue images with high signal-to-noise 
ratio. As an inherent property of the fluorophore, 
the brightness is proportional to the product of 
the extinction coefficient (at the relevant excita-
tion wavelength) and the fluorescence quantum 
yield (measure of the total photon emission over 
the entire fluorescence spectral profile) [15]. Nor-
mally, the extinction coefficient among organic 

dye and autofluorescent protein fluorophores are 
in the range from 5000 to 200,000 M − 1 cm − 1. 
For example, the extinction coefficient of 
ICG and methylene blue equal to 121,000 and 
71,200 M − 1 cm − 1, respectively [16]. The quan-
tum yield is defined as the ratio of the number 
of photons emitted to the number of photon ab-
sorbed. Typical small NIR organic molecule flu-
orophores usually have quantum yields between 
10  and 20 % in the in vivo environment [6]. The 
extinction coefficients of NIR quantum dots are 
relatively high (more than 2000,000 M− 1cm− 1) 
but their quantum yields vary from 10 to 80 % and 
mostly in the range of 10 to ~ 30 % (Table 3.1) 
[9, 10]. Thus, the NIR quantum dots are usually 
extremely bright in the physiological condition.

Stability

The photostability is of paramount importance 
for NIR fluorophores as fluorescence contrast 
agents during the surgical procedure because of 
continuous illumination of surgical field of view. 
Under high-intensity illumination conditions, 

Fluorescent probes Emission peak 
(excitation) (nm)

MW (g/mol) or 
size (nm)

Molar extinc-
tion coefficient 
(M − 1 cm − 1)

Quan-
tum 
yield Φ 
(%)

Area of application

Metal clusters
Gold cluster 
(Au-NC-BSA)

640 0.8 – 6 In vitro cell labeling and  
in vivo tumor targeting

Au-NC-ferritine 665 1 – 8.2 In vitro cell labeling and  
in vivo targeting

Au-Cu alloy 
cluster

900–1060 2–3 – 10–29 In vitro cell labeling

Single wall carbon nanotubes ( SWCN)
SWCN 1000–1700 1 ~ 2 × 100 ~ 200 – 1  to ~ 2 In vitro cell labeling and  

in vivo targeting
Polymer dots ( PDots)
PFBT + PF-DBT5 630–650 30 ~ 50 10,000,000 1  to ~ 20 In vitro cell labeling
NIR fluorescent protein
iRFP 713 (690) – 85,000 5.9 In vitro cell labeling and  

in vivo targeting
IFP1.4 707 (684) – 54,700 7.7 In vitro cell labeling and  

in vivo targeting
eqFP670 670 (605) – 70,000 6 In vitro cell labeling and  

in vivo targeting
FDA Food and Drug Administration, EMA European Medicines Agency

Table 3.1 (continued) 
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most of small molecule fluorophores, including 
fluorescein, BODIPY, and cyanine derivatives, 
often undergo irreversible destruction or photo-
bleaching, which limits their fluorescence detect-
ability and compromises sensitivity, particularly 
for long-term imaging and tracing experiment 
[6, 17]. Some fluorophores with rhodamine de-
rivatives have been proven to improve the pho-
tostability [6]. Significant improvements of the 
photostability have been found for semicon-
ductor polymer dots [18]. Most of the colloidal 
semiconductor inorganic quantum dots exhibit 
excellent photostability. The photostability of 
fluorophores can be characterized by the pho-
tobleaching quantum yield, defined as percent-
age of the number of photobleached molecules 
divided by the total number of photons absorbed 
over a given time interval. The photobleaching 
quantum yields of fluorescent organic dyes are 
typically in the range of 10− 4–10− 6. Due to im-
proved photostability, semiconductor quantum 
dots exhibit photobleaching quantum yields in 
the range of 10− 7–10− 10 [18].

Pharmacokinetics

Comprehensive insights on understanding the 
biodistribution, pharmacokinetics, and clearance 
of various NIR fluorescent probes are of critical 
importance towards designing fluorescent probes 
suitable for intraoperative fluorescence imaging 
so as to realize their preclinical evaluation and 
further facilitate the corresponding clinical trans-
lation. Control of the probe in vivo behaviors 
involves many variables such as blood half-life, 
clearance mechanism, and tissue extravasation. 
Significant efforts are recently underway to in-
vestigate and optimize these parameters for pre-
ferred in vivo behaviors to improve imaging ef-
ficacy. Many studies have already confirmed that 
optimal visualization could be achieved by maxi-
mizing the signal-to-background ratio, according 
to types of contrast agents (small molecule dyes 
or nanoparticle-based probes), routes of adminis-
trations (intravenous or topical), target strategies 
(passive or active) and imaging goals (tumor im-
aging or lymph node mapping).

The utility of NIR fluorescence imaging is de-
pendent on the in vivo behaviors of fluorescence 
probes. Typically, NIR fluorescence probes with-
in the first few seconds after intravenous admin-
istration could highlight the arterial system and 
then the venous system. The hepatic and renal 
clearance along with tissue distribution and tar-
get binding of fluorescence probes will occur 
over the next minutes to hours [3]. It is now clear 
that the physical size, surface charge, and coating 
materials of fluorescent probes have profound ef-
fects on their in vivo behaviors. Normally, small 
molecule dyes have short blood half-lives (on the 
order of minutes). According to the chemical and 
physical properties of systemically administered 
small molecule NIR dyes, there are two routes of 
clearance from the living subjects: renal (urine) 
and hepatic (bile to feces) clearances. For ex-
amples, methylene blue is predominantly cleared 
by the kidneys. By taking this advantage of fast 
renal clearance, methylene blue could be used to 
intraoperatively identify the ureters using NIR 
fluorescence imaging. In contrast, ICG is cleared 
by the liver and excreted into the bile ducts [3]. 
Accordingly, intraoperative NIR fluorescence 
cholangiographies using ICG as fluorescence 
probes have been studied [3]. Since some NIR 
fluorophores, especially cyanine dyes, are too 
lipophilic to dissolve in aqueous solution, it is 
necessary to formulate them to enable circula-
tion in the bloodstream by conjugation or ad-
dition of solubilizing groups (such as sulfonic 
acid or polyethylene glycol chains) to their base 
structures. Such a modification not only dramati-
cally improves biocompatibility but significantly 
changes their pharmacokinetics and clearance, 
resulting in relatively long circulation and de-
sired renal clearance. Like small molecule dyes, 
nanoparticle-based NIR fluorescent probes have 
ability to reach the targeted tissues through blood 
circulation after administered intravenously. 
However, many NIR nanoprobes are rapidly 
cleared from the bloodstream by mononuclear 
phagocytes system (MPS), and then largely ac-
cumulated in the liver and spleen, due to their 
great accessibility. In fact, their particle size, 
surface charge, shape, and surface coating are 
major features responsible for in vivo behavior 
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of fluorescence nanoprobes in living subjects. 
Firstly, there is a size threshold (hydrodynamic 
size less than 7 nm) below which the nanoprobes 
are likely to be cleared by the renal system. The 
renal clearance is preferred clinically because it 
is significantly faster than hepatic clearance so 
that administrated nanoprobes have less chances 
to be sequestered in the body for an extensive 
time. For relatively large particles (more than 
20 nm), however, they typically accumulate in 
the liver and spleen and could be to some extent 
cleared hepatically. Similar to the size effect, the 
surface charge and charge distribution of NIR 
fluorescence nanoprobes have a significant im-
pact on their in vivo behaviors. Normally, the 
NIR fluorescence probes with neutral, distributed 
net charge could show minimal nonspecific bind-
ing to normal organs and tissues [5]. Finally, the 
surface coating of NIR nanoprobes also plays an 
important role in biodistribution, extravasation, 
and elimination. After coated with a passivation 
layer such as silica shells, hydrophilic polymers 
(polyethylene glycol), or dendrimers, NIR nano-
probes show improved solubility and exhibit the 
ability to escape from the immune recognition 
via reducing direct exposure to the plasma pro-
teins, eventually resulting in prolonged circula-
tion time and enhanced specific accumulation in 
malignant. For fluorescent probes to be effective-
ly delivered to the desired sites, many biological 
barriers in the living subjects have to be passed, 
including walls of blood vessels, extracellular 
matrix tissues surrounding the target cells, and 
the cellular basement membrane. Generally, the 
fluorescent probes with molecular weight of 
roughly larger than 40 kDa can passively accu-
mulate in tumor through EPR effect, due to leaky 
tumor vasculature [16]. On the basis of available 
tumor-specific targets, the fluorescent probes 
with targeting moieties could actively bind the 
tumors with minimal nonspecific uptake in nor-
mal tissues or organs, leading to improved sig-
nal-to-background ratio. Indeed, according to the 
pathways of clearance, pharmacokinetics, target-
ing ability of fluorescence probes, it is necessary 
to optimize and determine the necessary dose and 
timing, extensive dosing for contrast administra-
tion and imaging prior to the surgical procedure.

Toxicity

Both biocompatibility and toxicity are impor-
tant considerations for NIR fluorescence probes 
aimed at preclinical evaluation and clinical trans-
lation. Although the conjugation and/or surface 
modification of NIR fluorescence probes could 
improve their biocompatibility, their potential 
toxicity still could result from probes themselves 
or their constituent components released during 
degradation in vivo [5]. Given that fluorescent 
techniques rely on the concentration of probes 
and method of administration, the in vivo toxicity 
effects of NIR fluorescence probes are species-
specific and dose- or concentration-dependent. 
Considering the sensitivity of fluorescent imag-
ing technique, the NIR fluorescence probes with 
regular brightness and reasonable dose after nor-
mal systemic administration usually do not cause 
detectable acute toxic effect. So far, there are 
many paradigms and metrics for toxicity study 
evolving to bypass animal testing and preclinical 
evaluation. It is very critical to improve our un-
derstanding of toxicities associated with NIR flu-
orescent probes for their translation to the clinic.

Classification of NIR Fluorophores  
in Medical Imaging

Small-Molecule NIR Fluorophores

Many small molecule organic dyes with de-
fined core structures including cyanines, boron-
dipyrromethane (BODIPY), phthalocyanines, 
benzo[c]heterocycles, porphyrin, squaraine, and 
xanthenes (Fig. 3.2. and Table 3.1) have been ex-
tensively studied as NIR fluorophores for fluo-
rescence imaging [16]. Their desired physical 
and optical properties could be tuned through 
the conjugation of functional groups to each 
basic core structure. As the most common class 
of NIR fluorophores, the cyanine structure could 
be modified with varied length polymethine 
chains and dual nitrogen-containing aromatic 
heterocycles with variable substitutions in order 
to tune the excitation and emission wavelengths. 
According to the basic core with pentamethine 
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derivatives, the cyanine structure with longer 
polymethine chains such as heptamethine deriva-
tives could cause bathochromatic shifts in both 
excitation and emission wavelengths. One of the 
most famous examples is ICG, which fluoresces 
at 800 nm (Table 3.1). ICG and fluorescein so-
dium are the only fluorescent probes so far ap-
proved for imaging guided intraoperative dissec-
tion [19]. However, there are many limitations of 
the use of the latter one because its excitation and 
emission wavelengths are in the range of visible 
light. In contrast, as a NIR fluorophore, ICG has 
capability of imaging deep or buried tissues such 
as tumors, blood vessels and nerves, and cur-
rently has become available clinically for senti-
nel lymph node (SLN) mapping, tumor resection, 

graft, and vascular patencyin cardiac. Significant 
efforts have recently been made to visualize lym-
phatic channels transcutaneously using ICG as 
fluorescent contrast agent, potentially improving 
localization of SLN, and minimizing the neces-
sary incision for surgery (Fig. 3.3a). As the other 
approved dyes, methylene blue after intravenous-
ly administrated has been proven to be predomi-
nantly cleared by renal system, and can be thus 
used to identify the ureters intraoperatively using 
NIR fluorescence imaging (Fig. 3.3g–i). Preclini-
cal identification of insulinomas and visualiza-
tion of fibrous tumors in clinic using methylene 
blue as a NIR fluorescent agent have been re-
cently reported. Another agent, 5-aminolevulinic 
acid (5-ALA) as the major substrate for protopor-

Fig. 3.3  Intraoperative near-infrared ( NIR) fluorescence 
imaging using small NIR fluorescence probes with three 
different administration methods. a–f Sentinel lymph 
nodes (SLN) mapping using ICG after subcutaneous ad-
ministration in a patient with cutaneous melanoma. a and  
d White light optical images. b and e NIR fluorescence 
images (arrows indicate SLN). c and f Merge images.  
d–f Identification of an SLN ( arrow in panel e) using 
800 nm NIR fluorescence imaging 15 min after local injec-
tion of ICG around the tumor. g–i Intraoperative NIR fluo-

rescence imaging of the ureter ( arrow in panel h) during 
lower abdominal surgery in a patient with ovarian carcinoma 
45 min after intravenous administration of methylene blue. 
g Visible optical image. h NIR fluorescence image. i Merge 
image. j–l Fluorescence imaging in brain surgery during 
resection of a glioblastoma multiforme using oral 5-ALA-
induced protoporphyrin IX (PpIX). j White light image. k 
Visible fluorescence image. l Overlay image (fluorescent tu-
mour signal marked by arrow). (Reprinted with permission 
from [3]; copyright 2013, Macmillan Publishers Limited)
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phyrin synthesis, has been used clinically for im-
aging guided tumor detection and therapy. After 
oral or topical administration, 5-ALA induces the 
synthesis and accumulation of fluorescent proto-
porphyrin IX (PpIX, part of emission spectrum 
centered at 700 nm) in malignant gliomas and 
meningiomas (Fig. 3.3j–l) [3]. So far 5-ALA-
induced PpIX has been successfully studied for 
intraoperative identification and resection of 
various brain tumors. Similar to the base struc-
ture of naturally occurring PpIX, both phthalo-
cyanine- and porphyin- based molecules are two 
dimensional 18π-electron aromatic cyclic struc-
tures. Their chemical and optical properties such 
as absorption, emission, and photostability can 
be controlled by incorporation of various metal 
ions and conjugation of a variety of substituents 
at the periphery and axial positions. In the same 
manner, after conjugated with sulfonate moi-
eties, squaraine fluorophores with a central four-
membered (square) ring and resonance stabilized 
zwitterionic structures not only have improved 
stability and solubility but also have strong ex-
tinction coefficient and show enhanced NIR ex-
citation and emission. As the other class of prom-
ising NIR fluorescence agents for in vivo study, 
the BODIPY and its derivatives have improved 
photostability, increased quantum yield, large 
extinction coefficient and optimized NIR optical 
properties, which can grant them intraoperative 
access to fluorescent guided surgery. Most com-
mercially available NIR fluorophores are based 
on the cyanine chemical structure with specific 
modifications by different manufacturer. CyDyes 
are the most well-known NIR fluorophores, such 
as the 700 nm fluorophore Cy5.5 and the 800 nm 
fluorophore Cy7. To date, IRdye 800CW is the 
most widespread use in the in vivo preclinical 
evaluation. A serial of Alexa fluor dyes such as 
Alexa fluor 680 or 750 have great promise in the 
in vivo study because of their improved stability 
and brightness. In short, many efforts have been 
recently made on the design and development 
of various NIR dyes and their derivatives to ob-
tain improved chemical photostability, enhanced 
fluorescence intensity, and prolonged the fluores-
cent life for fluorescent imaging. Although most 
of NIR dyes have limited targeting capabilities, 

they can be conjugated with various biomakers 
or protein for specific in vivo targeting because 
they are often available commercially or experi-
mentally as N-hydroxysuccinimide (NHS) esters, 
isothiocyanates or maleimide derivatives which 
can be readily conjugated to ligands, peptides or 
proteins via free amine or thiol groups [5].

Fluorophores with a unique donor-acceptor 
or push-pull type design have NIR fluorescent 
properties and show promise for in vivo imaging 
applications [8]. The electron donor (high-lying 
HOMO) and the electron acceptor (low-lying 
LUMO) units can be linked by a conjugated π 
spacer, resulting in a D-π-A-π-D type of chro-
mophores. By changing the donor, acceptor, and 
π spacer, their absorption and emission can be 
tuned within both NIR-I and NIR-II windows 
(600–1600 nm). Based on these base structures, a 
new series of low energy gap chromophores have 
been recently designed and characterized, and 
well-reviewed [8]. After appropriate substituent 
modification, they further show great potential in 
biological applications.

NIR-Dye-Loaded Nanoprobes

NIR-dye-loaded nanoprobes are organic or in-
organic matrix-based nanomaterials either in-
corporated, encapsulated or attached with/by 
organic or metallorganic NIR dye molecules 
[20]. The matrix materials are typically trans-
parent to both visible and NIR light, including 
inorganic scaffolds or matrixes (silica NPs and 
calcium phosphate NPs (CPNPs)) [21], or or-
ganic nanocarriers (liposomes, polymersomes, 
micelles, and dendrimers) [6, 22, 23]. Compared 
with bare NIR dyes, there are many unique fea-
tures of NIRF-dye-loaded nanoprobes highly de-
sirable for in vivo imaging [22]. Firstly, chemi-
cally inert matrixes can protect the incorporated 
fluorescent molecules from a harsh physiological 
environment, thereby enhancing their stability 
and improving biocompatibility. Secondly, the 
imaging contrast or signal-to-noise ratio could 
be dramatically improved because high payload 
of the NIR dyes can be delivered to the sites of 
interest. Thirdly, the matrixes or nanocarriers as 
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versatile and general platforms could be avail-
able for subsequent biomodification with numer-
ous targeting moieties such as peptides, proteins, 
and antibodies. Lastly, different from bare dye, 
NIR-dye-loaded NPs show improved biodistri-
bution, favorable pharmacokinetics, and desired 
clearance pathway, making themselves suitable 
for intraoperative fluorescence imaging.

Due to the planar nature of the chemical struc-
tures, the solubility of many NIR fluorescent 
dyes in their native forms such as porphyrin and 
squaraine is relatively poor in the physiological 
condition. Various platforms including liposomes 
and polymersomes have been developed as nano-
carriers for in vivo optical imaging. They not 
only dramatically enhance signal-to-background 
ratio and improve imaging sensitivity by carry-
ing thousands of copies of NIR fluorophores, 
but also actively target specific receptors over-
expressed by tumors [22]. Recently, a new class 
of phototransducing liposomes named as por-
physomes were reported by Zheng and cowork-
ers [24]. Their self-assembled porphyrin bilayers 
provide tunable optical properties in the NIR 
region (Fig. 3.4). Combined with unique struc-
ture-dependent fluorescence self-quenching, ac-
tivated porphysomes enable molecular imaging 
of tumors with low-background fluorescence.

Although there are a small number of com-
mercially available organic molecules with fluo-
rescence in the NIR-II window, they are usually 
highly hydrophobic, water-insoluble cyanine or 
thiopyrilium dyes such as IR-26, IR-1048, IR-
1051, and IR-1061 [25]. Dai and coworkers re-
cently reported the synthesis and application of 
the first biocompatible NIR-II agent by embed-
ding organic dye IR-1061 within a poly(acrylic 
acid) matrix coated with PEGylated phospho-
lipids (DSPE-mPEG). The resulting IR-PEG 
NPs as a NIR-II contrast agent provided facile, 
clear delineations of different inner organs of 
the mouse, or even blood vessels with excellent 
spatial resolution and deep tissue penetration be-
cause of their largely reduced light scattering and 
tissue autofluorescence in the NIR-II window 
(Fig. 3.5).

Inorganic Semiconductor Quantum 
Dots

The quantum dots (QDs), as a special class of 
nanometer-sized inorganic fluorescent semicon-
ductor crystals, have recently attracted much at-
tention for fluorescence imaging because they 
have unique chemical and optical properties, such 
as size-tunable photoluminescent emission, con-
tinuous and broad absorption spectra, narrow and 
symmetric emissions spectra, and high photosta-
bility. As a direct result of quantum confinement 
effect, QDs exhibit unique size- and composition-
dependent optical and electrical features over the 
corresponding properties of conventional organic 
fluorophores [4]. QDs have high quantum yields 
(usually 20 to ~ 60 %) and large extinction coef-
ficients (~ 600,000 M− 1 cm− 1, roughly an order 
of magnitude higher than Rhodamine 6G), thus 
leading to much brighter (approximately 10 to 
~ 20 times) fluorescence than organic dyes [9]. 
Furthermore, QDs are highly photostable under 
continuous illumination over certain periods of 
time. Typically, QDs have a long excited-state 
lifetime (30–100 ns, compare to less than 5 ns 
for organic dyes at room temperature), which is 
desirable for the time-gated imaging of tissues in 
vivo to significantly improve the signal-to-back-
ground ratio by eliminating shorter lived emis-
sion signals from tissue autofluorescence [26]. 
Since the bandwidth at half-maximum of QD 
emission bands is typically as narrow as 20 nm 
and the spectral overlap could be reduced to a 
large extent, QDs hold great multiplexing capa-
bility for molecular imaging. So far there are vast 
literatures on QDs and some semiconductor crys-
tals for in vivo imaging, which will be reviewed 
in another chapter of this book.

Recently emerged as promising fluorescent 
probes, NIR QDs are a major focus of in vivo 
molecular imaging and image-guided therapy 
because of deep tissue penetration and minimal 
tissue autofluorescence. Many NIR-emitting 
QDs, including cadmium (Cd) and noncadmium 
based QDs, have been recently developed to 
overcome the limitations of organic NIR dyes or 
dye-loaded NPs and meet the requirements of in 
vivo biological imaging applications [27–32]. As 
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one of representative III-V type QDs, InAs (in-
dium arsenide) and its core/shell structures have 
attracted considerable attention in fluorescence 
imaging because they show very promising opti-
cal properties in both NIR-I and NIR-II windows 
(Table 3.1) [9]. The biological use of IV–VI 

semiconductor QDs (such as lead chalcogenide, 
PbX, X = S, Se, Te) is primarily limited by their 
potential toxicity, even though their absorption 
and emission could be easily tuned from the far 
red to NIR spectral range because of strong quan-
tum confinement. The II–VI type QDs (such as 

Fig. 3.4  Porphysomes are optically active nanovesi-
cles formed from porphyrin bilayers for use as active 
NIR nanoprobes. a Schematic representation of a py-
ropheophorbide-lipid porphhysome. The phospholipid 
head group ( red) and porphyrin ( blue) are highlighted in 

the subunit ( left) and assembled nanovesible ( right). b 
Electron micrographs of negatively stained porphysomes. 
c Fluorescence activation after intravenous injection 
of porphysomes (7.5 pmol) in a KB xenograft-bearing 
mouse. (Reprinted with permission from [24]; copyright 
2011, Nature Publishing Group)
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cadmium chalcogenide, CdX, X = Se, Te) as NIR 
fluorescence probes are a major focus of optical 
imaging. Their chemical and optical properties 
have been extensively studied and successfully 
optimized for in vivo fluorescence imaging. The 
colloidal core/shell structures have been devel-
oped to control the basic optical properties of 
the QDs and improve their in vivo performance. 
Based on the core and shell constituents, there 
are two types of band gap structures (type-I and 
type-II) for heterostructure QDs. In the type-I 
core/shell QDs, the electrons and holes generated 

in the core are confined inside because the band 
gap of the shell is larger than that of the core, 
resulting in a more narrow band gap than that of 
original core material. Of particular interest are 
type-II NIR QDs (such as CdTe/CdSe), which 
have a staggered bang gap because the valence 
and conduction bands in the core are lower (or 
higher) than in the shell [9]. Such a spatial sepa-
rations of carriers could cause smaller band gap 
compared to that of either core or shell material, 
which permits access to higher wavelengths in 
the NIR region.

Fig. 3.5  a Synthesis of biocompatible IR-PEG nanopar-
ticles with fluorescence emission more than 1000 nm. 
IR-1061 molecules are embedded in a poly(acrylic acid) 
matrix coated with PEGylated phospholipids (DSPE-
mPEG). b AFM image of IR-PEG NPs on silicon sub-
strate. c In vivo near-infrared (NIR)-II imaging at vari-
ous times of a nude mouse with intravenously injected 

IR-PEG NPs. The principal component analysis ( PCA) 
overlaid imaging allows the delineation of different inner 
organs. d In vivo NIR imaging of the hindlimb and ab-
domen of nude mice with IR-PEG NPs circulating in the 
blood streams after intravenous injection. (Reprinted with 
permission from [25]; copyright 2013, Wiley-VCH Verlag 
GmbH & Co)
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Fluorescent Nanocrystals

The metal or alloy nanoclusters (such as gold 
nanoclusters (Au-NC)) have recently attracted 
much attention as a new class of fluorophores 
for optical imaging largely due to their ultrasmall 
sizes and unique optical properties [33, 34]. Un-
like bulky metals or other nanomaterials, metal 
nanoclusters only consist of a small number of 
atoms. Their sizes are usually smaller than 2 nm 
and can approach the Fermi wavelength of elec-
trons, resulting in molecule-like behavior includ-
ing discrete energy levels and size-dependent flu-
orescence [5, 35]. Up to now, significant efforts 
have been devoted to the improvement of quan-
tum yield, photostability, and biocompatibility of 
NIR gold nanoclusters [36]. Their size-dependent 
emission wavelengths could be tuned into the 
NIR window by optimizing the cluster size [36]. 
As efficient surfactants, scaffolds, or templates, 
various ligands or large molecules including 
small thiol-containing molecules, dendrimers, 
polymers, or proteins are used not only to make 
gold nanoclusters soluble and stable in aqueous 
solution, but also to dramatically improve their 
quantum yields. By using bovine serum albumin 
(BSA) as a scaffold, Ying and coworkers reported 
a simple, one-pot synthesis route for preparation 
of gold clusters with strong red luminescence 
intensity, large Stoke shift, excellent photostabil-
ity and biocompatibility. It is believed that gold 
clusters combined with specific properties of the 
constituents in versatile protein templates would 
have great potential in targeting molecular imag-
ing [35]. Nie and coworkers reported that a pair 
of gold nanoclusters assembled with Apoferritin 
showed a red-shift and tunable emission with 
enhanced intensity. Furthermore, the conjugates 
of gold clusters and Apoferritin showed organ-
specific targeting ability and could be used for 
in vivo kidney targeting and biomedical imag-
ing [37]. Recently, bimetallic gold-copper alloy 
clusters have been reported and displayed unique 
photoluminescent properties in NIR window, 
which could be tuned by changing the alloy com-
position [38].

Upconversion Nanophosphors

According to the excitation mechanism, NIR 
probes are categorized into two major groups: 
downconversion and upconversion (UCN) fluo-
rophores. Most traditional fluorescent probes 
belong to downconversion fluorophores, mean-
ing that the probes emit long-wavelength light 
when they are excited by short-wavelength light. 
In contrast, upconversion fluorophores convert 
low energy light into high energy fluorescence 
by the anti-Stokes emission mechanism. Gener-
ally, the basic composition of UCNs consists of 
inorganic fluorescent matrices (such as fluorides, 
(e.g., LaF3, YF3, and NaYF4), oxides (e.g., Y2O3) 
and phosphates (e.g., LaPO4)) and two trivalent 
lanthanide ions (such as Tm3 +, Er3 +, and Yb3 +) 
embedded inside matrices [39]. Autofluores-
cence-free illumination imaging in mice using 
UCN was impressively demonstrated by many 
research groups [40–44]. UCNs have recently 
shown the ability to image tissues or tumors at 
a deep depth because UCNs can absorb and pro-
duce light in the NIR window with minimal auto-
fluorescence background [39].

Single-Walled Carbon Nanotubes

Single-walled carbon nanotubes (SWNTs) are 
viewed as a tubular graphene sheet identified by 
the vector connecting two points that meet upon 
rolling. For biomedical application, the rolled 
single tubes are approximately on the order of 
a couple of nanometer in diameter and several 
100 nm in length. Due to their high aspect ratio, 
intrinsic NIR fluorescence, and relative ease of 
surface modification and bioconjugation, SWNTs 
are attractive molecular imaging agent candi-
dates and ideal for in vivo imaging of real-world 
medical issues. Dai and co-workers developed 
a strategy to prepare biocompatible fluorescent 
SWNTs with emission in the NIR-II window by 
pre-treating SWNTs with sodium cholate before 
PEGylation. The biocompatible SWNTs as NIR-
II fluorescent agents are applied to microvascular 
imaging and hemodynamic measurement in an in 
vivo animal model of lower limb ischemia, with 
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improved spatial resolution over X-ray computer 
tomography (CT) and broader dynamic range of 
blood flowmetry than ultrasound (Fig. 3.6) [40]. 
Their recent work further demonstrated many 
fascinating advantages of fluorescence imaging 
in the NIR-II windows, considering its flexibility 
and compatibility with other imaging modalities, 
which is currently opening up new imaging pos-
sibilities in preclinical and clinical use [14].

Semiconducting Polymer Dots

Semiconducing polymers, primarily consist-
ing of π-conjugated backbones, have recently 
attracted much attention in fluorescence imag-
ing and biosensing because of their outstanding 
characteristics as fluorescent probes such as high 
fluorescence brightness, fast emission rate, high 
quantum yields, excellent photostability, and 
nonblinking [18]. Important examples of fluo-

rescent semiconducting polymers include poly 
(phenylene vinylene), fluorene-based copolymer 
and related derivatives [41–45]. In order to ob-
tain far-red or NIR emitting probes, many strate-
gies have been developed to tune their absorp-
tion and emission spectra, including backbone or 
side chain modification, chemical introduction 
of narrow-band-gap moieties in backbones, and 
physical blending of conjugated polymers with 
NIR fluorescent acceptors [18]. In spite of the 
great potential of conjugated polymers in bio-
logical application, few of them so far have been 
successfully used for in vivo fluorescent imaging 
because of their poor water-solubility and short 
excitation wavelength maximum in a visible blue 
region. Significant efforts have been made to im-
prove the biocompatibility and solubility of con-
jugated polymers via encapsulation with other 
biocompatible matrices or coprecipitation with 
amphiphilic polymers [46]. Due to the densely 
packed structure and high-volume fraction of 

Fig. 3.6  a Schematic of the exchange process of 
SWNTs. b In vitro NIR photoluminescence images of 
human malignant glioma cells (U87 MG) treated with 
exchange-SWNT/RGD conjugates. c In vivo NIR photo-

luminescence images of nude mice treated with exchange-
SWNTs. d Intravital NIR photoluminescence imaging of 
tumor vessels of LS174T tumor-bearing mouse. (Reprint-
ed with permission from [40]; copyright 2009, Nature 
Publishing Group)
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fluorephore polymer, engineered semiconduct-
ing polymers show extraordinary light-gathering 
capability and efficient intraparticle energy trans-
fer, making it possible for enhancing fluores-
cence brightness, tuning the emission color, and 
improving the photostability [41].

Fluorescent Proteins

Genetically encoded fluorescent proteins, capa-
ble of NIR fluorescing when exposed to a certain 
excitation light, have been extensively studied 
for in vivo imaging [5, 47]. Due to high effec-
tive brightness, intracellular stability, and pho-
tostability, NIR fluorescent proteins can be used 
as reliable in vivo reporters for whole-body im-
aging. A phytochrome-derived NIR fluorescent 
protein (iRFP) recently developed by Verkhusha 
and co-workers allows deep imaging in the living 
subjects [48]. Compared with far-red GFP-like 
proteins, iRFP provides a substantially higher 
signal-to-background ratio in living subjects due 
to its infrared-shifted emission spectra. Further-
more, iRFP is stable, noncytotoxic and sensi-
tive, making its applications as easy as the tra-
ditional GFP-like fluorescent protein reporters. 
Chudakov and coworkers also reported a class of 
NIR dimeric fluorescent proteins (eqFP650 and 
eqFP670) with relatively high red-shifted emis-
sion maximum and high photostability, making it 
feasible as a targeting specific fluorescent protein 
probe to increase the sensitivity and capabilities 
of deep-tissue imaging techniques.

Advanced Applications of Fluorescent 
Probes in Medical Imaging

Targeted Fluorescent Probes

One of the major concerns for in vivo adminis-
tration of NIR fluorescence probes is efficient 
delivery and specific targeting and/or activa-
tion of the probes in the tissue of interest [11]. 
Through the specific interactions between the 
targeting moieties of the probes and receptors on 
specific cell membranes or extracellular matrix 

enzymes, the NIR fluorescence probes can effi-
ciently recognize the intended molecular target 
and selectively accumulate on the malignancy 
sites, thereby rendering dramatic improvements 
in signal-to-background ratio over nontargeted 
probes. There are numerous specific molecular 
targeting groups including small molecules, pep-
tides, engineered protein fragments, Affibody, 
antibodies, and nanoparticles (Table 3.2). Due 
to different chemical and physical properties, 
each type of fluorescent probes possesses dif-
ferent pharmacokinetic and binding properties. 
Accordingly, targeted NIR fluorescent probes are 
categorized into several subgroups based on the 
type of targeting moieties or functionalities used. 
Very recently, Cheng and co-workers explored 
the feasibility of Cy5 labeled dipicolyamine-Zinc 
(Cy5-DPA-Zn) probes for cartilage degeneration 
imaging ex vivo and in vivo. Cy5-DPA-Zn selec-
tively binds to the anionic glycosaminoglycans 
(GAGs) and can differentiate cartilage degenera-
tion based on the content of GAGs in the surgi-
cally induced osteoarthritis model [49]. Small 
molecules show a great impact on molecular im-
aging because their small sizes (less than 500 Da) 
and ease of control over properties allow them 
to access and image a large range of molecular 
targets. The major drawbacks of small molecule 
probes are fast excretion and poor specificity. It 
is almost infeasible to conjugate a fluorophore to 
a small molecule without changing its pharmaco-
kinetics and targeting properties. When nanopar-
ticle-based fluoresecent probes are conjugated 
with small targeting molecules, their selectivity 
and specificity can be improved to some extent 
due to relatively long circulation of nanoparticle 
substrates.

Compared with the small-molecule probes, 
peptides show superior selectivity and specific-
ity, and chemical flexibility in terms of the modi-
fications that they can tolerate without changing 
binding affinity and pharmacokinetics. Although 
peptides generally have a lower affinity than 
antibodies, they are more stable and less likely 
to cause immunogenic effects. There are many 
specific examples of peptide-based fluorescent 
probes for in vivo optical imaging of specific 
targets (Table 3.2), including integrins, matrix 
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metalloproteinases, caspases, et al. As one of the 
most famous target peptide examples, the cyclic 
arginine-glycine-aspartic acid (cRGD) peptide 
has been widely studied as a targeting agent for 
tumor angiogenesis imaging because it specifi-
cally binds to αvβ3 integrin which is highly ex-
pressed on both tumor vasculature and tumor 
cells. In vivo-targeted imaging of tumor vascu-
lature was recently achieved using RGD-conju-
gated NIR QDs. Due to relatively low toxicity, 
noncadmium NIR QDs (InAs/InP/ZnSe core/

shell/shell NPs) (emissions at 800 nm) after con-
jugation with RGD peptides can selectively tar-
get αvβ3 integrin-positive tumor vasculature [30]. 
In an SKOV-3 mouse ear tumor model using 
intravital microscopy imaging, it was found that 
QD-RGDs cannot easily extravasate but mainly 
target the tumor neovasculature as aggregates 
rather than individual nanoprobes [31].

As a promising type of engineered small pro-
tein, Affibody molecules are generally small in 
size (58-aminoacid residues, ~ 7 kDa) and their 

Table 3.2   Summary of targeted and activatable NIR fluorescent probes
Fluorescent probes Biological target(s) Application(s) Used preclinically 

and/or clinically?
References

Small-molecule
Folate Folate receptor Cancer Preclinical Weissleder et al. [60]
Zn(DPA)-Cy5 Anionic 

glycosaminoglycans
Osteoarthritis Preclinical Cheng et al. [49]

Peptide
c(RGDyK)-Cy5.5 αvβ3 integrin Cancer Preclinical Cheng et al. [61]
MMP-2 peptide sub-
strate with quenched 
NIR fluorophores

MMP-2 Cancer Preclinical Bremer et al. [62]

Activatable cell-
penetrating peptides 
(ACCPs)

MMP-2 and -9 Cancer Preclinical Jiang et al. [63]

AB50-Cy5.5 Caspase 3 and 7 Apoptosis/cancer Preclinical Edginton et al. [64]
FAPα-Cy5.5 Fibroblast activation 

protein-alpha
Cancer Preclinical Cheng et al. [51]

Engineered protein ( antibody, affibody)
Cy7-CC49 Tumor-associated 

glycoprotein 
(TAG)-72

Cancer Preclinical Zou et al. [65]

ICG-Herceptin HER2 Cancer Preclinical Ogawa et al. [66]
Herceptin-RhodG HER2 Cancer (intraopera-

tive visualization of 
metastases)

Preclinical/clinical Koyama et al. [67]

Alexa 680-ZEGFR:1907 EGFR Cancer Preclinical Cheng et al. [68]
Cy5.5-ZEGFR:1907 EGFR Cancer Preclinical Cheng et al. [69]
Anti-CEA-Diabody-
RLucB

CEA Cancer Preclinical Venisnik et al. [70]

Nanoparticle
Cy5.5-SPIO-chloro-
toxin NPs

MMP-2 Cancer Preclinical Veiseh et al. [71]

HER2-QDs HER2 Cancer Preclinical Tada et al. [72]
RGD-QDs αvβ3 integrin Cancer Preclinical Cai et al. [73]
RGD2-QDs710 αvβ3 integrin Cancer Preclinical Cheng et al. [10]
Affibody ZHER2-QDs HER2 Cancer Preclinical Cheng et al., 

2011[28]
Folate-UCNP Folate receptors Cancer Preclinical Huang et al. [74]
Cy5.5-FANPs MMP-2 Cancer Preclinical Chen et al. [75]
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three-helix bundle structure simulates the bind-
ing sites of the monoclonal antibody with consid-
erable affinity. All of their superior features such 
as chemistry versatility, high stability, and high 
affinity and specificity with many molecular tar-
gets, make them excellent platforms for in vivo 
molecular imaging. Different from antibodies, 
Affibody has relatively shorter in vivo biological 
half-life and less immunogenic effects, thereby 
resulting in fast clearance from blood and rapid 
accumulation at their target site. Cheng and co-
workers prepared and evaluated a monomeric 
and dimeric version of HER-2 Affibody molecule 

in SKOV3 tumor-bearing mouse model. Mono-
meric one outperformed the dimeric form with its 
high and rapid uptake into HER2 overexpressed 
tumors [4]. By conjugating a similar version of 
Affibody for epidermal growth factor receptor 
(anti EGFR Affibody, ZEGFR:1907) with four dif-
ferent commercial NIR dyes: Cy5.5, Alexa680, 
SR680, and 800CW, they further demonstrated 
that it is very critical to choose appropriate NIR 
dyes to label Affibody molecules without dra-
matically altering their targeting affinity and 
pharmocokinetics (Fig. 3.7). Cy5.5-ZEGFR:1907 
and Alex680-ZEGFR:1907 showed higher tumor-to-

Fig. 3.7  a Schematic structure of anti-EGFR Affibody 
protein-based NIR fluorescent probes. 1: Cy5.5-ZEG-

FR:1907, 2: Alexa680- ZEGFR:1907, 3: SR680- ZEGFR:1907, 4: 
800CW- ZEGFR:1907. b In vivo fluorescence imaging of 
subcutaneous A431 tumor-bearing nude mice at 0.25, 0.5, 
1, 2, 4, and 12 h after injection of 0.5 nmol of 1: Cy5.5-ZE-

GFR:1907, 2: Alexa680- ZEGFR:1907, 3: SR680- ZEGFR:1907, 4: 

800CW- ZEGFR:1907. Blue arrows indicate the tumors and 
green ovals indicate the location of kidneys. c Region of 
interest (ROI) analysis of tumor-to normal tissue ratios of 
the four probes in mice at different time points. d Fluores-
cent intensity ratios of tumor-to-normal tissues based on 
the ROI analysis. (Reprinted with permission from [68]; 
copyright 2012, ACS Publication)
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normal tissue ratio and faster tumor accumula-
tion than the other two dyes. Recently, a HER2 
Affibody was conjugated to AlexaFluor680 and 
used to image HER2-positive tumors in mice xe-
nograft model to monitor their response to treat-
ment with heat shock protein 90 inhibitor [50]. 
Furthermore, Cheng and coworkers reported in 
vivo targeted imaging of tumor HER2 receptors 
using anti-HER Affibody conjugated noncadmi-
um NIR QDs (InAs/InP/ZnSe core/shell/shell), 
which exhibited specific tumor targeting ability 
and excellent tumor contrast (Fig. 3.8) [28]. The 
in vitro and in vivo studies revealed that HER-

Affibody-QDs were highly specific to target and 
image HER2-overexpressing cells and tumors.

There is a recent explosion in development of 
peptide- or Affibody-based molecular imaging 
agents. With on-going efforts to enhance their 
targeting ability and endow capability of multi-
plexing imaging or more functions, targeted NIR 
fluorescent probes are expected to play major 
and important roles for in vivo optical imaging 
for preclinical evaluation and clinical trial.

Fig. 3.8  Affibody-based quantum dots ( QDs) for HER2-
expressing cell and tumor imaging. a In vivo NIR fluores-
cence imaging of tumor-bearing mice ( white arrows) in-
jected with QD800-PEG or QD800-Affibody at 0.5, 1, 4, 
6, and 24 h. b Tumor-to-background ration of mice inject-
ed with QD800-PEG ( blue: SKOV3 tumor) or QD800-
Affibody ( red: SKOV3 tumor; black: PC-3 tumor). c Ex 

vivo NIR fluorescence imaging after 4 h p.i. of QD900-
PEG or QD800-Affibody. 1: tumor, 2: muscle, 3: heart, 4: 
lung, 5: liver, 6: spleen, 7: kidney (left), 8: kidney (right), 
9: intestine, 10: bone. d ROI analysis of major organs in 
ex vivo fluorescence imaging after 4 h p.i. QD900-PEG or 
QD800-Affibody. (Reprinted with permission from [28]; 
copyright 2011, Elsevier)
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Activatable Fluorescent Probes

Literally, activatable fluorescent probes can am-
plify output signals by switching the probe from 
a silent state to active state when they undergo a 
chemical or biological reaction (e.g., enzymatic 
cleavage or oxidation) upon interaction with their 
intended target or in response to an environmen-
tal change in a real time (e.g., pH or tempera-
ture). Significant improvement in signal-to-noise 
ratio and specificity for in vivo optical imaging 
has been achieved with activatable fluorescent 
probes. Design plays a key role in the success 
of activatable probes for fluorescent molecular 
imaging, and largely relies on fluorescent com-
ponents, quenching mechanism, and specific tu-
mor-related enzymes (such as cathepsin, matrix 
metalloproteinases-2/-9 (MMP-2 or MMP-9)). 

Recently, fibroblast activation protein-alpha 
(FAPα) as a tumor-associated surface glyco-
protein has been used as a promising target for 
designing activatable fluorescent probes [51]. 
A NIR dye Cy5.5 and corresponding quencher 
dye (QSY21) are linked together to form activat-
able probes by a short peptide sequence (KGP-
GPNQC) as a substrate sequence specific for 
FAPα (Fig. 3.9). Due to efficient fluorescence 
resonance energy transfer (FRET) between fluo-
rophore and quencher dye, a dramatic transition 
between silent and active state can be achieved 
after the cleavage of the peptide by FAPα, result-
ing in relatively high contrast on the NIR fluores-
cence images. The specificity of such activatable 
probes has been confirmed on U87MG tumor 
models with high FAPα expression.

Fig. 3.9  a A schematic of activatable NIR fluores-
cent probes for in vivo imaging of fibroblast activation 
protein-α ( FAP α). b Molecular structure of activatable 
NIR fluorescent probes ( ANPFAP). c In vivo fluorescent 
imaging of subcutaneous C6 and U87MG tumor-bearing 
mice at 0.5, 1, 2, 3, and 4 h post tail vein injection of 

ANPFAP (1 nmol). d Fluorescence ROI analysis of tumor 
and muscle in mice bearing C6 and U87MG tumor from 
0.5 to 4 h p.i. e Ex vivo imaging quantification of tumor 
and normal tissue of C6 and U87MG mice after mice were 
sacrificed at 4 h postinjection. (Reprinted with permission 
from [51]; copyright 2012, ACS Publication)
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Due to efficient surface energy transfer proper-
ties of various semiconducting or metal NPs such 
as gold or iron oxide NPs, [52–55] they can ab-
sorb energy emitted from adjacent fluorophores 
upon excitation, causing strong fluorescence 
quenching over distances as long as 10 nm [56]. 
The selectivity and specificity of such activatable 
nanoparticle-based probes are attributed to the 
corresponding properties of cleavable sequences 
used for coupling of fluorophores and NPs [52]. 
In a recent report, flower-like Au-Fe3O4 NPs 
have been developed to conjugate different func-

tional moieties together without any interference 
(Fig. 3.10) [57]. The MMP-cleavable peptide was 
selectively immobilized on the iron oxide surface 
while leaving gold surface exclusively for water-
soluble coating. The precise control of surface 
properties is essential in rendering the activatable 
probes with excellent specificity and selectivity.

It is a challenge to detect a wide range of tu-
mors in cancer diagnostics. By exploiting chang-
es in the tumor microenvironments, Gao and 
co-workers recently developed a polymeric, mi-
celle-based nanoprobe that is ultra-pH-sensitive 

Fig. 3.10  a Schematic illustration of the formation and 
working mechanism of activatable NIR probes (FANPs). 
b In vivo NIRF imaging after the injection of FANPs, with 
and without the preinjection of MMP inhibitor. In a con-

trol group, gold NPs at the same Cy5.5 dose were inject-
ed. c Ex vivo quantization of tumor and major organs after 
the forth h of in vivo imaging. (Reprinted with permission 
from [57]; copyright 2011, American Chemical Society)
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with a sharp and tunable response to pH change, 
which enables ultrasensitive tumor-specific im-
aging in many types of cancers regardless of their 
genotypes and phenotypes [58, 59]. The tertiary 
amines have been introduced as ionizable hydro-
phobic blocks for the pH-sensitive core. The hy-
drophobic NIR dyes were subsequently incorpo-
rated into the core. As a result of assembled dyes 
in close proximity with each other in the center 
of particles, the nanoprobes are highly quenched 
and exhibit very little fluorescence at physiologi-
cal pH. A slight drop in pH in the tumor site can 
cause protonation of amine groups, resulting 

in dissociation of micelle as a consequence of 
electrostatic repulsion. The nanoprobes become 
dramatically activated in response to the low ex-
tracellular pH or neovascular uptake in tumors. 
Such a transition is fast and sharp, and tumor-to-
blood fluorescence ratio is extremely high with 
more than 300-fold increase in fluorescence in 
the desired site. The generality of the nanoprobes 
has been validated in a variety of cancer models 
including transgenic, orthotopic, and subcutane-
ous models) (Fig. 3.11). Those impressive results 
suggest that the pH-activatable nanoprobe as a 
robust and universal fluorescent agent is very 

Fig. 3.11  a Structural composition of two types of nano-
probe, UPSe, and UPSi, with pH transitions at 6.9 and 6.2, 
respectively. Cy5.5 is used as the near-infrared fluoro-
phore in most of the animal studies. b Normalized fluo-
rescence intensity as a function of pH for UPSe and UPSi 
nanoprobes. At high pH, both probes stay silent. At pH 
below their transitions (6.9 or 6.2), the nanoprobes can be 
activated as a result of micelle dissociation. c Fluorescent 
images of UPSe-Cy5.5 nanoprobe solution in different pH 

buffers. d Transmission electron micrographs of UPSe 
nanoprobes at pH 7.4 and 6.7. e iUPS nanoprobes target 
both acidic pHe and tumor vasculature with broad tumor 
specificity. iUPS nanoprobes show broad tumor imaging 
specific and efficacy in ten different tumor models of dif-
ferent cancer types (breast, prostate, head and neck, lung, 
brain, and pancreatic cancers) and organ sites. (Reprinted 
with permission from [58]; copyright 2014, Nature Pub-
lishing Group)
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promising for the early detection of primary tu-
mors and metastases [58].

Conclusion

NIR flurorescent image-guided surgery holds 
great promise to improve surgical outcomes for 
patients. Numerous novel NIR fluorescent probes 
have recently been developed and evaluated, and 
some of them have shown great potential as con-
trast agents for molecular optical imaging with 
excellent specificity and sensitivity. Although 
several NIR fluorescent probes have been ap-
proved for clinical use, most of them are still at 
the early stage of clinical translation. Many is-
sues are overwhelming and need to be overcome 
for successful clinical translation of NIR fluo-
rescent probes. There are some requirements or 
features for NIR fluorophores in order to make 
image-guided surgery a reality for patients and 
surgeons, such as photostability, penetration, and 
brightness. The major challenges for clinic use 
of NIR fluorescent probes are their pharmacoki-
netics and toxicity. Nontoxic, biodegradable, and 
biocompatible materials are thus highly recom-
mended for preparing the NIR probes. Despite 
their potential toxicity being under the investi-
gation, nanoparticle-based probes show great 
promises in molecular optical imaging for cancer 
diagnosis and treatment monitoring. The uses of 
receptor-specific or activatable NIR fluorescent 
probes have great advantages for tumor delin-
eation and intraoperative surgical guidance for 
full tumor resection in an accurate and proficient 
manner.
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Radioguided surgery until recently involved 
injecting noncancer-specific agents such as 
technetium-99m nanocolloid to track lymph 
trafficking using low-energy gamma probes. 
The development of cancer-specific agents such 
as 18F-FDG for preoperative imaging, which 
tracks to hypermetabolic cancer cells or radiola-
beled antibodies directed at cancer antigens now 
allows the possibility of cancer-specific radiogu-
ided surgery. Tracking radiolabeled antibodies 
or metabolites requires much more sophisticated 
intraoperative instrumentation. The most com-
mon radioactive tracer used for positron emis-
sion tomography (PET) is Flouro-deoxyglucose 
(FDG). The radioactive isotope in FDG is F-18 
that emits a positron. Positrons quickly decay 
to gamma rays. Therefore, a piece of tissue 
that contains positron-emitting radio-pharma-
ceutical emits two types of radiation, positrons, 
and gamma rays. Two types of intraoperative 
hand-held detectors have been developed. One 
type for direct detection of positrons, and one 
type for detection of high energy gamma rays. 
These hand-held detectors may assist surgeons 
in locating cancerous tissues. In this chapter, we 
will present the current state of intraoperative 

radioguidance, including risks, instrumentation, 
and future prospects.

Radiation Dose Received by the 
Surgeon, Anesthetist, and OR Staff

No discussion of radiation detection in an inter-
ventional setting can begin without a discussion 
of risk to the OR or interventional suite person-
nel. Because, all patients injected with high en-
ergy gamma or beta emitters are by definition 
radioactive, understanding the risks to personnel 
and optimizing the workflow to minimize risk is 
important.

Povoski et al. [1] measured deep-dose equiva-
lent in ten such surgical cases and found that the 
surgeon received the highest radiation exposure 
of 9 ± 2 microSv/mCi of FDG injected. Hecka-
thorne et al. [2] did similar measurements and 
conclude that for a 2-h procedure beginning 1 h 
after administration of 10 mCi of FDG, the expo-
sure would be 5.8 mR to the primary personnel 
(surgeon) and 2.2 mR to the secondary person-
nel (nurses), or the effective dose equivalents 
would be 58 and 22 microSv, respectively. The 
standard injected dose of F-18 FDG is 10 mCi (or 
370 MBq). The occupational radiation exposure 
to all intraoperative and perioperative personnel 
involved in radio-guided surgical procedures uti-
lizing 18F-fluorodeoxyglucose (18F-FDG) have 
been measured and found to be relatively small.

For every isotope and tracer used, studies will 
need to be conducted to ensure safety.

Y. Fong et al. (eds.), Imaging and Visualization in The Modern Operating Room,  
DOI 10.1007/978-1-4939-2326-7_4, © Springer Science+Business Media New York 2015
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Probes for Detection of High Energy 
Gamma Rays

An optimal detector probe for gamma rays emit-
ted from the annihilation of positron is called a 
high-energy gamma probe. These gamma rays 
have energy of 511 keV that requires at least a 
20 mm deep high-density detector material (e.g., 
LYSO crystal), encased in a collimator made 
of tungsten with at least 15 mm wall thickness. 
(Fig. 4.1) The need for such a large collimator is 
the biggest challenge in designing such probes, 
particularly as cancer surgery has become more 
commonly delivered through laparoscopy.

A high-energy gamma probe is shown in 
Fig. 4.2. Its sensitivity at 1 cm distance was de-
termined to be 125 cps/microCi of F-18. A typi-
cal tumor weighting 0.5 g has a diameter of 1 cm 
and contains 0.5 microCi of FDG 1 h after in-
jection. Therefore, the probe will record 62 cps 
when placed within 1 cm distance from such a 
tumor. This count rate is adequate to distinguish 
the tumor over a background that has 40 % less 
radioactive concentration. 

To probe, a small (0.5 cm diameter) source of 
F-18 was placed at different distances and count 
rates were measured. The angular resolution of 

the probe was determined by placing this source 
of 5 cm away from the probes tip at different 
angular positions and yield a full width at half 
maximum of 52°. The spatial resolution of this 
probe was found at three different distances from 
the tip of the probe. The results of these measure-
ments are presented in Fig. 4.3.

A laparoscopic high-energy gamma probe is 
also available from IntraMedical Imaging. This 
probe has an outer diameter of 15 mm, therefore, 
the detector is narrower, and the wall shielding is 
thinner than those of the hand-held high-energy 
probe, resulting in lower sensitivity and compro-
mised spatial resolution (Fig. 4.4). Its clinical use 
in detection of colorectal cancer and lung cancer 
has proved to be difficult due to inadequate col-
limation and large size.

Clinical Trials of High Energy Gamma 
Probes

Essner et al. [3] conducted a phase II diagnostic 
trial evaluating the performance and detection 
sensitivity of a high-energy gamma probe capa-
ble of processing 511 keV photons of 18F-labeled 
pharmaceuticals. The study included patients who 
underwent a comprehensive diagnostic work-up 
for a known or suspected malignancy. A total of 
forty patients (14 women, 26 men, ages 18–78 
year) were studied. All patients underwent a di-
agnostic whole body FDG-PET scan and CT and/
or MR imaging of the suspected regions. Indica-
tion for surgery, surgical strategy, and study eligi-

Fig. 4.2  A commercially available high energy gamma 
probe, the PET-Probe®. (Courtesy of IntraMedical Imag-
ing LLC, Hawthorne, CA)

 

Fig. 4.1  Schematic of a high-energy gamma probe
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bility were determined based on the preoperative 
imaging findings. Patients who had presumed re-
sectable recurrent/metastatic disease demonstrat-
ing one or more hot foci of uptake on their PET 
imaging were enrolled for the study. The patients 
received a second injection of 7–10 mCi dose of 
FDG within 1–4 h of surgery, and underwent sur-
gical exploration using the high-energy gamma 
probe (PET-Probe®, IntraMedical Imaging LLC, 
Hawthorne, CA).

At surgery, the PET-Probe® was used to de-
termine absolute counts/sec at the known tumor 
site(s) demonstrated by whole body PET and 
adjacent normal tissue (at least 4 cm away from 
tumor-bearing sites). Tumor-to-background ratio 
(TBR) obtained in the surgical field was called 
the “in-situ TBR”. An in-situ TBR of 1.5:1 or 
greater was considered a +itive probe detection 
criterion. If the surgical specimen included an 
adjacent normal tissue, a +t-resection TBR was 
also calculated on the back table. This TBR was 
called the “ex-vivo TBR” in a subset of patients.

Indication for surgery was exploration for re-
current or metastatic disease in 32 (80 %) patients 
(melanoma: 26, colon ca: 4, breast ca: 1, thyroid 
ca: 1).  Five (14 %) patients (lymphoma:1, Colon 
ca:1, seminoma:1, breast cancer of unknown pri-

mary:1, sarcoidosis:1) underwent high-energy 
gamma probe-guided diagnostic exploratory sur-
gery prompted by a +itive FDG-PET scan which 
revealed an abnormal focal uptake during a com-
prehensive work-up without any prior cancer 
diagnosis. Three lymphoma patients underwent 
excisional biopsy with probe localization for re-
grading/restaging of their disease.

Anatomic locations of the lesions were neck 
and supraclavicular ( n = 7), axilla ( n = 5), groin 
and deep iliac ( n = 4), trunk and extremity soft 
tissue ( n = 3), abdominal and retroperitoneal 
( n = 19), and lungs ( n = 2). Absolute count rates 
(counts per second) at 4 h over index lesions 
ranged from 131 to 156 (mean: 136.8). Absolute 
count rates at 4 h over brain (measurements over 
temporal region), heart (over left precordium), 
liver (over right upper outer quadrant), soft tissue 
(over thigh) were 218–243 (mean: 221), 52–72 
(mean: 61), 53–69 (mean: 57), and 24–53 (mean: 
56), respectively.

The in-situ TBR ranged from 1.4 to 2.5 
(mean: 1.9). The ex-vivo TBR ranged from 1.5 to 
3.3 (mean: 2.1). In situ TBR for melanoma, colon 
cancer, lymphoma, and breast cancer lesions 
were 1.5–2.5 (mean: 1.8), 1.5–2.2 (mean: 1.9), 

Fig. 4.3  Spatial and angular resolution of the high energy gamma probe

 

Fig. 4.4  Laparoscopic high-energy gamma probe. (Courtesy of IntraMedical Imaging LLC)

 



58 F. Daghighian and Y. Fong

1.7–2.4 (mean: 2.1), and 2.1–2.2 (mean: 2.1), re-
spectively.

PET-Probe® detected all FDG-PET-imaged 
lesions. Smallest detectable lesion was 0.5 cm. 
PET-probe was instrumental in localization of le-
sions that were not immediately apparent at the 
surgical exploration in 14 patients. In four cases, 
the probe localized a lesion in a previously ex-
plored field (neck: 1, axilla: 2, abdomen: 1). in 
eight cases, the probe localized a non-palpable 
lesion (neck: 2, axilla: 1, lung: 2, soft tissue: 3). 
In two cases, the probe identified an additional 
lesion that was not seen on the preoperative im-
aging study (both retroperitoneal).

All the lesions identified on preoperative PET 
scans were also detected by the PET-Probe®. 
PET-probe® disclosed a deep peri-portal nodal 
disease site which was not found on visual and 
manual exploration. The patient was having a 
second reexploration for metastatic colorectal 
cancer. Two axillary, and two cervical second ex-
plorations for recurrent nodal disease were suc-
cessfully completed using the PET-Probe®.

Two lung and three soft tissue lesions in five 
patients with melanoma were located using 
PET-probe®. PET-probe® facilitated diagnostic 
lymphadenectomy in two patients by setting a 
line of sight through a small skin incision.

Kim et al. [4] conducted a prospective, con-
trolled study on 12 patients with thyroid cancer, 
to evaluate the feasibility of an intraoperative 
high-energy gamma probe, the PET-probe®  
with respect to precise tumor localization, veri-
fication of complete resection, and a decrease 
in unnecessary reoperations and complications. 
Inclusion criteria were thyroid cancer requiring 
a total thyroidectomy with a modified radical 
neck dissection (MRND) and recurrent thy-
roid cancer after thyroid surgery. The types of 
procedures included total thyroidectomy with 
MRND, selective neck dissection (SND), and 
excision of recurrent thyroid masses. Opera-
tive exploration was carried out between 2 and 
6 h after injection of 18F-FDG. The surgeon 
calculated the target-to-background ratio (T/B 
ratio) by checking the 10-s accumulated count 

using the PET probe. SNDs, mass excisions, 
total thyroidectomy with MRND, and MRND 
were performed on seven, four, and one patient, 
respectively. All tumors were localized by the 
high-energy gamma probe precisely in real time. 
In seven patients, high-energy gamma probe de-
tected lesions not observed on preoperative PET 
scans. In one patient, the high-energy gamma 
probe detected a cancerous lymph node that was 
not identified in preoperative ultrasonography. 
The mean T/B ratio of thyroid carcinoma was 
1.51 ± 0.53 (range, 1.17–4.03) and the postoper-
ative serum thyroglobulin off thyroid hormone 
was < 2.0 ng/ml. Radioguided surgery using an 
intraoperative PET probe in thyroid cancer ap-
pears to be a useful method for real-time tumor 
localization, verification of complete excision, 
and minimization of the possibility of residual 
cancer. Therefore, an intraoperative high-energy 
gamma probe in thyroid cancer may decrease 
unnecessary reoperations and complications due 
to persistent disease.

Current Status

Clinical applications of high-energy probe-guid-
ed surgery include restaging for previously treat-
ed lymphoma patients, localization and resection 
of metastatic FDG avid nodules especially in pre-
viously operated or radiated fields and biopsy of 
PET findings difficult to localize. The ability of 
a high-energy gamma probe to identify a lesion 
depends on a number of factors: the FDG avid-
ity of the tumor, timing of surgical exploration 
in reference to injection of FDG, anatomic loca-
tion of the lesion, its relative proximity to main 
sites of physiologic uptake, and technical proper-
ties of the probe. Locating a lesion masked under 
scar tissue is probably the strongest indication for 
PET-probe-guided exploration.

Overall these clinical trials demonstrated lim-
ited success for the high-energy gamma probe. 
This is due to a number of shortcomings of the 
current probe designs. Thus, it is still difficult 
to rely on the current probes if (1) the tumor to 
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background was less than 1.5, (2) the tumor was 
smaller than 0.5 cm, (3) the tumor was more than 
5 cm deep inside the normal tissue, and (4) the 
tumor was located near an organ with high radio-
active concentration (such as brain).

Positron-Sensitive Probes  
(Beta Probes)

Many radioisotopes in addition to gamma rays 
emit electrons or positrons (beta rays). Gamma 
rays travel several centimeters in tissue. There-
fore, a detector sensitive to gamma rays will be 
susceptible to spurious gamma rays emitted by 
distant organs and background tissue. This back-
ground radiation could mis-locate small lesions. 
Beta rays travel just a few millimeters, and a beta 
detector has the advantage of sensing only the 
local radioactive concentration.

One limitation of gamma probes in surgery is 
their inability to distinguish between the signal 
and the background radioactivity which obscures 
small tumors with low tumor/background uptake 
ratios. The beta probe was invented to circum-
vent this limitation in traditional gamma probe 
technology. Since beta rays have short depth of 
penetration in tissue (~ mm), a beta sensitive 
probe is not affected by the background radiation.

The beta probe is ideal for the detection of 
minute tumor remnants, which, due to the short 
penetration range of beta rays in tissue, are not 
obscured by the radioactivity accumulated in 
normal tissues. In an experiment utilizing pros-
tate cancer cells and antibody labeled with I-131, 
the beta probe was capable of detecting 0.06 g 
of tumor in presence of 2 mCi of background 
(Fig. 4.5). The first intraoperative beta probe was 
built by Daghighian et. al. [5] This beta-sensitive 
probe utilizes a plastic scintillator which is rela-
tively insensitive to gamma radiation although a 
small amount is always detected. These spurious 
gamma rays may become significant when back-
ground radioactivity is high. A reference gamma 
ray detector was placed near the beta detector 
in order to subtract the background gamma rays 
from the beta detector [5, 6]. Figure 4.6 shows 

a laparoscopic version of a positron-sensitive 
probe with 5 mm diameter.

Clinical Trials of Positron-Sensitive 
Probes

Breast Cancer In 14 patients with breast can-
cer, 10 mCi of F-18 FDG was injected iv 1–4 h 
before surgery. The Beta Probe was used to scan 
the resected tumor. The profile of the count rates 
for three of the cases are shown here, demonstrat-
ing that the beta counts correlate with the cancer. 
(Fig. 4.7)

Intra-Abdominal Cancers Strong et. al. [7] con-
ducted a pilot study for beta probe applications 
in abdominal cancers, using monoclonal anti-
bodies labeled with a positron emitting isotope 
of iodine; I-124. These were humanized mono-
clonal antibodies for colorectal cancer (Hu-A33) 

Fig. 4.6  Laparoscopic positron or beta probe. (Courtesy 
of IntraMedical Imaging LLC)

 

Fig. 4.5  Beta or positron probe. Positrons emitted more 
than a few millimeters under the beta probe are stopped 
in the tissue. The gamma rays from the background may 
generate some counts in the front detector. To subtract 
this count rate, another “reference” detector is added that 
count the gamma rays only
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and renal tumors (cG250). Both types of probes, 
the high-energy gamma probe as well as the pos-
itron-sensitive probe were used intra-operatively, 
on regions of intensity shown on pre-operative 
PET images and other regions suspicious for 
cancer. After the surgery these probes were used 
ex vivo on tissue samples positive for tumor by 
H + E staining and autoradiography. Beta and 
gamma emissions were correlated. Metastatic 
colorectal cancer ( n = 4) and renal cell carcinoma 
( n = 2) patients were evaluated. Count rates of 
the gamma probe on the cancerous tissue ranged 
from 80 to 532 cps in vivo, and 72–278 cps ex 
vivo. For the beta probe these were 31–82 cps in 
vivo and 34–95 cps ex vivo. Beta emission showed 
a stronger correlation than gamma rays with tis-
sue radioactivity. Figure 4.8 shows the excised 
liver specimen with tumor deposits of one of the 
patients with colorectal cancer. Not only was the 
large deposit (long arrow) detected by intraopera-

tive probes, the small tumor deposit (short arrow) 
which was not seen by external FDG-PET or A33 
mAb-PET was detected by both the high energy 
gamma probe and the beta probe in vivo. These 
results suggest that the proposed laparoscopic 
beta probe will find occult tumors. This study 
also suggests that beta emission detection may 
offer superior real-time localization of tumor on 
or near the surface.

Fig. 4.8  Excised liver specimen with tumor deposits, 
even the smaller tumor was detected by PET probe and 
beta probe in vivo

 

Fig. 4.7  Excised breast tumor samples were scanned with a positron probe. Note that count rate increased when the 
probe was placed on top of the tumor
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Melanoma In one patient with melanoma that 
was injected with F-18 FDG, the bulk of the 
tumor was removed and the beta probe scanned 
the resected margins. In one area on the base of 
skull, the beta probe registered high activity com-
pared with the normal tissue. Pathology demon-
strated microscopic positive margins that would 
have otherwise been missed by the surgeon [8] 
(Table 4.1).

Current Status

The positron probe was successful in finding 
small superficial tumor deposits in these limited 
clinical trials. Reliable screening of an area larger 
than 20 × 20 mm would require more than 5 min 
time, and it is difficult to ensure that the entire 
surface was scanned.

Positron Camera

Several minutes are required to scan the resect-
ed tumor cavity with a 5 mm diameter positron 
probe. In order to address this issue a beta camera 
was developed, that is equivalent to having sev-
eral beta probes touching the surface of the sur-
gical field simultaneously (area of 20 × 20 mm). 
One such camera is built by coupling a thin sheet 
of plastic scintillator to an array of solid-state 
photomultipliers (Fig. 4.9). Solid state photomul-
tipliers (SSPM) detect the light produced in the 
scintillator by incident positron with very high 
gain of ~ 106, quantum efficiency > 70 %, high 
stability and low dark current (Fig. 4.10).

The sensitivity of the beta camera to positrons 
of F-18 was determined by placing a 5 × 5 mm 
piece of filter paper soaked in F-18 solution, on 
top of the beta camera (Fig. 4.11a–d). The sensi-
tivity is 36 cps/kBq, or 12,320 cps/microCi with 
linearity over four orders of magnitude. A typical 
1 mg tumor would have 1 nCi of radioactivity, 
generating 120 counts in 10 s exposure to this 
positron camera.

Spatial Resolution was obtained by taking 
a profile through the image and measuring the 
FWHM along both axes of the array correcting 

for the size of the source (in this case the FWHM 
of the image measured at the center) for the col-
limated source is 1.5 mm.

Effect of Background Radiation  
on Lesion Detection

Two types of background count rates can affect 
the lesion detection: Distant organs with high up-
take, and uptake in the surrounding normal tis-
sue.

To work out the issues with interfering 
gamma rays from distant background uptake, 
studies were performed to examine annihila-
tion photon background from the source. In 
order to make a source for this experiment a 
piece of 1 × 1 mm filter paper was soaked in 18F 
FDG. This source was placed 3 mm above the 
beta camera. Images were acquired (for 1 min), 
once with a 3 mm thick piece of plastic between 
the source and the camera, so only gamma rays 
reached the camera, and once without it so both 
positron and gamma rays can reach the camera. 
The “gamma-only” case generated only 2 % of 
the count rate of the “positron + gamma” case. 
Experiments were conducted using unscattered 
photons (511 keV) (Fig. 4.12) or scattered pho-
tons (Fig. 4.13). In both experiments, a syringe 
was filled with 1 mCi of FDG and a 0.5 mm col-
limated Tl-204 beta source (7 microCi) centered 
on the beta camera’s plastic scintillator provided 
the beta images. In this case, the syringe was in-
serted into a hole in acrylic block, 5 cm from one 
side, 12.5 cm from orthogonal side. Side of this 
block was placed next to the beta camera. The 
image acquisition was repeated for various dis-
tances of the syringe to the camera (Fig. 4.13). 
The background gamma rays from organs con-
taining 1 mCi, even as close as 5 cm, has little 
effect on detectability of the 0.5 mm collimated 
beta ray source (Tl-204; 7 microCi).

Uptake in surrounding normal tissue was then 
studied using a 1 mm2 circle painted with F-18 so-
lution (approximately 1 nCi/mm2). Its image was 
acquired for 30 s and is shown in Fig. 4.14a–d. In 
subsequent experiments, beta emitting uptake in 
normal tissue surrounding the lesion was mim-
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Ref Sensitivity Summary
[3] (40 patients total, 32 patients with 

known tumors—supraclavicular, 
axilla, groin and deep iliac, trunk, 
abdominal and retroperitoneal, 
and lung)

In vitro: 1440 cps/uCi (at 0 cm 
from source)
255 cps/uCi (at 1 cm from 
source)
In situ: mean T/B 1.9:1
Ex vivo: mean T/B 2.1:1

7-10 mCi FDG administered to 40 
patients 1–4 h before surgery. 32 
patients had known tumors sites and 
eight patients underwent surgery for 
diagnostic exploration.
PET probe detected all known 
lesions. The probe localized addi-
tional lesions in 15 patients that were 
not immediately apparent by surgical 
exploration. The smallest detectable 
lesion was 0.5 cm

[4] (12 patients with thyroid cancer 
requiring a total thyroidectomy)

T/B = 1.51 (mean)
1.17–4.03 (full range)

FDG 2–6 h before surgery. All 
tumors were localized by the probe. 
In seven patients, lesions that were 
not observed on preoperative PET 
scan were detected by the probe. 
In one patient, the probe identi-
fied additional lymph nodes that 
were not identified on preoperative 
ultrasonography

[9] (8 patients, metastatic colon can-
cer or melanoma)

T/B varied from 1.16:1 to 
4.67:1 for melanoma (13 
tumors)
T/B varied from 1.19:1 to 
7.92:1 for colon cancer (four 
tumors)

7–10 mCi of FDG administered ≤ 3 h 
before surgery. The probe identi-
fied lesions with a 50 % reduction 
in maximum counts at a distance of 
1.7 cm from the source.
17 tumors identified by probe in eight 
patients. The smallest tumor resected 
had a count ratio of 2.9:1, suggesting 
the probe is able to identify sub-
centimeter tumors

[10] 24 patients, 18 therapeutic sur-
gery, 6 pt diagnostic explorer

In vivo T/B ≥ 1.5:1 All lesions identified on a preopera-
tive FDG-PET scan were detected by 
the probe. Probe was able to localize 
lesions that were nonpalpable and 
non-obvious at surgical exploration in 
eight patients. The smallest detectable 
lesion was 0.8 cm

[11] (Nine patients, 12 total lesions. 
Five patients had lesions in previ-
ously operated and/or radiated 
fields)

Patients were injection with 
10–12 mCi of FDG 3–4 h before 
surgery. The PET probe easily local-
ized all targeted lesions, even in cases 
where the region was heavily scarred 
from previously operations

[7] 2 pt. colorectal, 2 pt. kidney ca.
I–124 Mab
both ɣ and β probes)

ɣ measured:
48–306 cps
T/B > 2 for all tumors, for both 
probes

Patients underwent pre-operative 
PET scans. The ɣ and β probes used 
during surgery detected emissions 
from all tumors. While the absolute 
counts measured by the two probes 
were different, they exhibited a 
strong positive correlation. While the 
ɣ probe has a higher sensitivity, the 
β probe may offer superior specific-
ity for real-time localization of small 
tumor deposits

Table 4.1  Summary of clinical trials of the high-energy gamma probe
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icked by filter paper (17 × 17 mm) painted with 
less radioactive concentrations. Different back-
ground contrasts of 4–1, 2–1, and 1.3–1 were 
achieved. In each case, the background paper was 
placed on top of the “lesion” and beta camera im-
ages were acquired for 30 s duration. Figure 4.14 
shows that we can distinguish a 1 nCi lesion in 

a background of 0.5 nCi (2–1 ratio of lesion to 
background). The effects of background gamma 
rays were studied and found to be relatively neg-
ligible. The limit of lesion detectability was es-
tablished: distinguishing a 2–1 ratio of lesion to 
background, where the lesion had approximately 
1 nCi of F-18 activity.

Testing of the Positron Camera Ex vivo

This positron camera was tested under an [12] 
IRB-approved protocol at John Wayne Cancer 
Institute. Patients were injected with 10 mCi of 
FDG 1 h prior to the surgery. Breast tumors were 
removed and placed on top of the beta camera. 
Figure 4.15 shows such a specimen that was 
painted by pathologist. The image is acquired for 
10 s showing the 5 mm diameter tumor.

Fig. 4.9  Positron or beta camera with an area of 
20 × 20 mm. The positrons from the tumor get absorbed 
in the plastic scintillator and emit light that in turn get 
detected by the 5 × 5 array of solid state photomultipliers

 

Fig. 4.11  a Image of one F-18 collimated source for 1 minute (1.25 mm diameter), b line profile through image 
(FWHM ~ 2 mm), c two F-18 collimated sources, each ~ 1.25 mm diameter, 7 mm apart and; d 3 mm apart

 

Fig 4.10  a Filter paper soaked with F-18 solution, and enclosed by a layer of Scotch tape placed on top of the plastic 
scintillator of the positron camera. b The intramedical’s positron camera (MARGINator™)
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Intraoperative PET Scanner

The current standard of surgery is to compare 
preoperative images with intraoperative find-
ings as seen by the naked eye. Conventional 
PET scanners or CT scans only provide a two-di-
mensional “roadmap” for the surgeon, who then 
must navigate the patient in a three-dimensional 

space in the operating room. Accurate intraopera-
tive tumor localization is critical in a variety of 
procedures, such as reoperative thyroid or breast 
lumpectomies, re-operative intra-abdominal sur-
gery, and initial pancreatic surgery for neuro-en-
docrine tumors. For this purpose, some academic 
centers have PET/CT in their operating rooms. 
The theoretical advantages of intraoperative PET 

Fig. 4.13  Effect of scattered gamma rays on lesion detection

 

Fig. 4.12  Effect of background gamma rays on the beta camera
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are many. An intraoperative PET scanner may 
help localize a metabolically active site, and pro-
vide real-time, three-dimensional images of this 
metabolically active site, to guide tumor resec-
tion or ablation. The use of a standard diagnostic 
PET/CT in such a capacity however, has turned 
out to be both expensive and cumbersome. This 
is the reason that development has started for a 
portable PET.

The C-Arm and intraoperative ultrasound 
brought the power of x-ray and ultrasound im-
aging into the operating room. These diagnostic 
tools made many surgical procedures possible 
and simplified others. Since surgery is a hands-
oriented technique, it is also important to convey 
the tumor’s location to the surgeon in an intuitive 
manner. Adapting PET for application in the op-
erating room will enable the generation of real-
time functional images. Surgical PET-guidance 
techniques, being developed in the most ad-

vanced surgical research centers in conjunction 
with other image guidance technologies, will be 
more improved and widely accessible with the 
development of an intra-operative PET scanner. 
True real time intra-operative imaging using PET 
has not been possible due to the geometric and 
size constraints of typical clinical PET detectors.

Intraoperative PET Scanning

Prescient Imaging LLC is currently developing 
a portable whole-body PET scanner. This PET 
scanner has a 360° detector coverage with an 
axial field of view of 22 cm. The detectors are 
assembled into three sets, one set is planar, and 
the other two are circular arcs of 90°. These two 
arcs are joined together with a hinge allowing the 
outer arc to open. This PET scanner has wheels 
and is more compact than a conventional PET 

Fig. 4.14  Effect of beta rays in the background surrounding a lesion
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Fig. 4.15  Left Lumpectomy sample containing a breast tumor at its center, right the image of obtained from this sample 
with the beta camera showing the central tumor
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scanner. The unique configuration of detectors 
is such that the planar detector assembly moves 
under the patient and forms complete detector 
coverage around the patient. Attenuation cor-
rection will be performed using “rotating rod” 
method (Fig. 4.16).

In addition to locating lesions more accurately 
and quickly, the application of real-time PET 
during surgery will present unique opportuni-
ties for applying image-guided intuitive surgical 
navigation tools.

This enables intra-operative localization of 
hypermetabolic activity seen on a previously 
performed (usually several days before) pre-op-
erative PET/CT, and verification of its removal 
within a few minutes in OR. Other intra-opera-
tive devices, such as PET probes, beta detectors 
embedded in needle biopsies, and beta cameras, 
will work in conjunction with this PET scanner 
to provide a complete suite of molecular imaging 
guidance tools.

Such technology would be invaluable for a 
spectrum of different tumors, such as colorec-
tal, breast, pancreas and gastric cancer as well as 
for resection or evaluation of sarcomas, where 
the surgeons eyes cannot always see the micro-
scopic tumor edge, or lymphoma, where finding 
and sampling the most metabolically active site 
of disease among many spots is critical to the 
treatment of the patient, for example, determin-
ing if a patient is given chemotherapy alone or a 
stem-cell transplant (a life-threatening treatment 
that has a 30 % chance of curing the patient and a 
30 % chance of dying from complications of the 
transplant).

For such malignancies as gastric cancer and 
pancreatic cancer, an intraoperative PET scanner 
may provide better resolution of tumor nodules 

that are under 1 cm in size. This could allow for 
improved detection of peritoneal disease, liver 
metastases, and lymph nodes that may have can-
cer. This would also allow biopsy of such sites 
to alter intra-operative resection. For pancreatic 
cancer, discovery of involved lymph nodes may 
stop the operation. For gastric cancer, identifying 
a lymph node with cancer may alter the extent 
of lymphadenectomy and thus limit the morbid-
ity of an operation. Other possible applications 
include the ability to detect peritoneal disease in 
other tumor types, such as ovarian cancer, to aid 
in de-bulking of the tumor.
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Introduction

In the twentieth century, intraoperative imag-
ing technologies, or procedural imaging, have 
evolved from a niche application to be a valu-
able and powerful tool in visualizing biological 
and biochemical processes. Radioactive isotopes, 
which are mostly used for radiological applica-
tions, formed the foundation for procedural imag-
ing. In contrast to diagnostic imaging, procedural 
imaging allows real-time guidance for physicians 
at the time of surgery, directly influencing the out-
come of a surgical intervention [1]. The majority 
of applications for isotope-guided intraoperative 
imaging focuses on tumor and lymph node detec-
tion. The concept of radioguided surgery (RGS) 
was pioneered in the 1940s at Harvard Medical 
School, where Selverstone et al. used radioactive 
32P to detect brain tumors [2]. In the 1950s, Har-
ris et al. [3]. reported using 131I and a handheld 
gamma probe during thyroidectomy to local-
ize residual, overlooked parts of thyroid tissue, 
marking the birth of RGS The technique rapidly 
developed to now an established discipline with-
in the practice of surgery and revolutionized the 
surgical management of many malignancies [1].

RGS has found a plethora of different ap-
plications and evolved into a number of sub-
disciplines. The commonly known types of 
intraoperative procedures are named based on 
the application and the molecules, to which the 

radiotracers are linked: radioimmunoguided sur-
geries (RIGS), radioguided sentinel lymph node 
biopsy (RGSLNB), and radioguided occult le-
sion localization (ROLL). RIGS first found its 
application in colon cancer [4, 5]. The approach 
used a monoclonal antibody (mAB), linking 
to the radiotracer, to identify intra-abdominal 
spread of the malignant growth [4, 5]. Advances 
in medicinal chemistry and radiochemical devel-
opment have achieved multiple methodologies 
to covalently link these biologically active and 
highly selective biomolecules to a radiotracer, al-
lowing the potential identification of a variety of 
tissues of interest. ROLL refers to the identifica-
tion of tumor from surrounding normal tissue. It 
conveniently applies to locating tumors in solid 
organs such as the lungs and soft tissue such as 
the breast. It can feature different kinds of tar-
geting vectors, ranging from large biomolecules 
over peptides to small molecules. Neuroendo-
crine tumors, for example, can be identified by 
a somatostatin receptor-targeting peptide, which 
has been covalently linked to a radiotracer [6, 7]. 
While the application is still being explored in 
many oncologic surgeries, it has a well-estab-
lished protocol in localizing breast lesions [8]. 
During the progression of malignant growth, 
many types of cancer spread via the lymphatic 
system. The identification of tumor cells in a sen-
tinel lymph node can have important prognostic 
values [9, 10]. It may contribute significantly to 
guiding subsequent surgical management plans 
[9, 11]. RGSLNB made it possible for sampling 
the lymph node of interest without an open in-
cision. Additionally, radioguided lymph node 
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dissection helps surgeons during surgery to ac-
curately identify such draining lymph nodes in 
real time. The technique cultivated the practice 
of tumor staging by sentinel lymph node. While 
molecular biology and immunology continue to 
make progress, more techniques and applications 
for isotope-assisted procedural imaging are being 
developed. Not only are the more traditional 
surgical interventions benefitting from isotope-
guided procedures, interventional radiology, a 
rapidly growing technique in modern medicine, 
is also utilizing radioactive isotopes for various 
procedures, i.e., vascular mapping and visualiza-
tion of the intra-arterial delivery of radioembo-
lization agents [12–16]. For patients, the advent 
of radioguided surgical procedures and interven-
tions means more individualized treatment and 
less adverse effects. As we continue to make 
discoveries in molecular targeting of malignant 
growths and other tissue of interests, procedural 
guidance and imaging are becoming a standard 
of care in the operating room. Especially so in 
the field of oncology, the advancement in molec-
ular imaging techniques will provide an integra-
tion of disease staging, prognosis, and delivery 
of therapy in real time [17]. In this chapter, the 
impacts, milestones, and possible outlooks of im-
age-guided procedures with radioactive isotopes 
are reviewed.

Radioactive Isotopes

Starting from preclinical investigations, the de-
velopment of an imaging probe requires a multi-
disciplinary team. It takes combined efforts from 
biologists, immunologists, chemists, physicists, 
and physicians. Generally, biologists and immu-
nologists identify and validate molecular targets, 
chemists design and optimize targeted radiola-
beled entities, physicists coordinate the design of 
detection systems to interrogate the underlying 
biology, and clinicians validate novel technolo-
gies in human trials. The isotopes used in proce-
dural imaging applications need to have certain 
desirable characteristics. Factors to be considered 
for an effective radionuclide-imaging probe in-
clude efficiency (sensitivity), energy resolution, 

spatial selectivity, spatial resolution, and contrast 
[18]. Also of importance is the half-life of an iso-
tope, which needs to be suited to the pharmacoki-
netics of the targeting agents, to which the radio-
nuclide is linked. For intraoperative applications, 
the main detection systems are handheld gamma 
and beta probes. Gamma probes detect gamma 
or x-rays, and are the most popularly used detec-
tion system during procedural imaging. Radio-
nuclides that emit gamma rays can be detected 
even in deep tissue, as gamma rays have the abil-
ity of traveling long distances in tissue without 
significant absorption or scattering. While this 
can be an advantage in some cases, the limited 
absorption of gamma radiation in organic tissue 
can result in elevated background signals [1, 18]. 
Beta probes detect negatron or positron radiation, 
both of which have relatively short ranges in tis-
sue and therefore cause less background noise. 
The limited tissue penetration of these particles 
however makes them best suited for the surface 
detection of lesions. Figure 5.1 shows three rep-
resentative kinds of handheld detector probes for 
RGS [18]. The handheld collimator depicted in 
panel A is used for the detection of low-to-me-
dium energy x- and γ-rays. The detector in panel 
B is used for the detection of high-energy anni-
hilation gamma rays of positron emitters, which 
could be an end product of 18F-FDG decay. This 
probe is thicker at the tip; it has increased shield-
ing and collimation to reduce the high amount of 
background signal emitted from underlying or 
surrounding tissue. The shielding of this collima-
tor is designed to reduce the field of view, and by 
doing so to improve detector contrast and spatial 
resolution. However, sensitivity is reduced as a 
compromise. In contrast, the handheld probe in 
panel C is designed to detect beta emissions (both 
positrons and negatrons). This type of radiation is 
highly absorbed in living tissue, and thus gener-
ates less background radiation than low and high 
x- and γ-radiation. The tip is very thin as minimal 
collimation and shielding is required. As stated 
earlier, this type of radiation also results in less 
tissue penetration and more challenges in detect-
ing malignant growths buried deeper below the 
tissue surface.



715 Isotopes and Procedural Imaging

The radioactive isotopes that have been uti-
lized most frequently in RGS are the technetium 
isotope (99mTc), the fluorine isotope (18F), the 
iodine isotopes (123I, 125I, 131I) and the indium 
isotope (111In).

99mTc has a physical half-life of 6.04 h and 
a principle gamma photon emission energy of 
140 keV with absent beta particle emissions and 
is widely available at a low cost [1, 19]. 99mTc can 
be generated in portable 99Mo/99mTc generators, 
which makes the isotope’s availability indepen-
dent from sophisticated infrastructure, cyclotron-
sites, and nuclear reactors. These features make 
99mTc ideal for intraoperative RGS. The list of ra-
diopharmaceuticals used with 99mTc labeling for 
imaging modalities is extensive. Their main ap-
plication lies in radioguided sentinel lymph node 
mapping. The commonly used agents are 99mTc 
sulfur colloid, 99mTc colloidal human serum al-
bumin, and 99mTc antimony trisulfide colloid 
[20–22].

Fluorine (18 F): the fluorine isotope 18F emits 
positrons, which annihilate with electrons close 
to the site of origin, resulting in gamma rays of 
high energy of 511 keV. This feature allows dual 
detection with both gamma and beta (positron) 
detectors. The most established agent for 18F-
assisted procedural imaging is 18F-FDG for the 
detection of tumors that have elevated metabolic 
activity [23].

Iodine (123/131I): The iodine isotope and beta 
particle emitter 125I has a half-life of 60 days and 
low emission energy of 35 keV. The properties 
render it a suitable candidate for conjugation with 
mABs. It is also used either alone or in combina-
tion with 99mTc for ROLL in breast lesions [24]. 
Decay of the iodine isotope 131I results in both 
beta particle emission as well as gamma emission 
[19]. Its intraoperative use is centered on the de-
tection of residual tumor tissue post thyroidecto-
my [25, 26]. The isotope 123I has a short half-life 
of 13.2 h, which makes it unsuitable for conjuga-
tion with long-circulating biomolecules like anti-
bodies or nanoparticles [19, 25, 26]. However, it 
has a low emission energy, which makes it safe to 
administer in large doses and can be conjugated 
to small molecules with shorter circulation times. 
It has been used in RGS when conjugated with 
MIBG in the past [1].

Indium (111I): The Indium-isotope 111In has a 
half-life of 2.8 days and was explored with many 
mABs [26]. It does, however, accumulate in the 
reticuloendothelial system (i.e., liver, spleen, and 
bone marrow), which may increase background 
signal in the abdominal cavity and thus limits its 
use during surgery [1].

Beta particles are emissions of negatrons or 
their antiparticles, positrons. Both types of par-
ticles have a relatively short range in tissue, and 
therefore it is ideal for detecting superficial le-
sions [27]. Typically, the average emission range 
is at 2.8 mm and it penetrates a maximum of 
10 mm [18, 28]. Several positron emission radio-
tracers, such as 18F, 124I, 131I, and 32P, are known 
to be used in the development of intraoperative 
beta probes.32P is a pure high-energy negatron 
emitter. While it is not commonly used any more, 
it was in the focus of research during the initial 
development of intraoperative beta probes and 

Fig. 5.1  Comparative thickness of the collimation and 
shielding among different intraoperative gamma and beta 
probes. a The handheld collimator is used for the detec-
tion of low-to-medium energy x- and γ-rays. b The detec-
tor is used for the detection of high-energy annihilation 
gamma rays of positron emitters. This probe is thicker at 
the tip compared to (a); it has increased shielding and col-
limation to reduce the high amount of background signal 
from underlying or surrounding tissue, which is typical 
for this type of radiation. c This detector is designed for 
beta emissions counting (both positrons and negatrons). 
This type of radiation generates less background radia-
tion than low and high x- and γ-radiation. The tip is very 
thin as minimal collimation and shielding is required. 
(Adapted from [18]. Courtesy of IntraMedical Imaging, 
Los Angeles, CA, with permission)
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successfully used in brain tumor detection [29]. 
Many of the beta emitting radiotracers like 18F 
and 131I are not exclusively beta emitters, as 
positrons annihilate with electrons in the body 
and result in gamma energy. Similarly, radiotrac-
ers like 124I have complex decay schemes and 
can include both gamma and beta emissions [30]. 
The more recent gamma emission-based detector 
systems took the high amount of scattering into 
account, and developed dual detector systems 
that pick up surrounding gamma emissions in tis-
sue and mathematically subtract the signal from 
the tissue of interest to improve contrast [27, 
31–33]. However, this does increase the read-out 
time, as measurements will take longer. While 
beta positive probes have shorter tissue penetra-
tion compared to gamma probes, they still pro-
duce gamma emission and therefore increased 
radiation exposure as a “side effect,” an aspect 
that raises concern for both the patient on the 
table as well as the operating team of healthcare 
professionals. This concern is thought to be sig-
nificantly less with beta (negatron) emitters [34]. 
While the background and radiation exposure to 
healthy tissue is typically lower, the known limi-
tation of shorter range of penetration may limit 
their application. For procedures that require 
deeper penetration such as identification of sen-
tinel lymph nodes, gamma-emitting nuclides are 
still superior. As detector systems reach higher 
sophistication, gamma and beta probes might 
ultimately complement each other to allow im-
proved sensitivity and resolution in detection 
and wide intraoperative applications. This will 
potentially open new doors for dual gamma/beta 
emitters and complex decay scheme emitters that 
were initially thought to be unfavorable in intra-
operative applications [30].

Radioguided Procedures

Figure 5.2 shows the evolution of imaging in 
RGS. In general, there are two major categories 
of applications; lymph node mapping and tumor 
detection using a handheld detector. Sometimes 
in lymph node mapping, the radiotracer is used in 
conjunction with the isosulfan “blue dye” to im-

prove surgical outcome [35–39]. In more recent 
years, as interventional and minimally invasive 
procedures escalated, radioguided procedures 
also expanded to aid in mapping of vessels and 
intravascular delivery of therapy [13, 16]. An ex-
ample of the early clinical application of RGS is 
the organometallic Technetium complex 99mTc-
sestamibi. Historically, the 99mTc-sestamibi scan 
was the standard diagnostic tool for preoperative 
imaging of parathyroid lesions. When its value 
for RGS was discovered, the same tracer dose 
used during preoperative imaging was then used 
during surgery to accurately localize parathyroid 
adenomas [40]. The radioactive agent 99mTc-ses-
tamibi is of high value for the detection of para-
thyroid adenomas, because parathyroid glands 
that are physiologically or abnormally active will 
become radioactive after the injection of radio-
tracer, while those that are dormant do not [40]. 
A normally enlarged parathyroid gland, a hy-
perplastic parathyroid gland or a true adenoma 
therefore would have different degrees of radio-
active uptake. This difference can be used to dis-
tinguish the different types of lesions in real-time 
during surgery based on the detected in vivo and 
ex vivo level of radioactivity against the back-
ground [40]. More successful examples of RGS 
are listed in Table 5.1.

Radioguided Lymph Node Mapping and Sen-
tinel Lymph Node Biopsy (RGSLNB) This 
technique was initially described in the 1950s, 
when Gold colloid was experimented on for the 
evaluation of lymph nodes in the breast [41]. The 
natural physiology of lymphatic vessels is to pick 
up and transport small particles and drain to the 
local lymph nodes [42]. RGSLNB relies on this 
mechanism to transport radiotracers (which have 
to be injected close to malignant lesions) to the 
draining lymph nodes. This allows their identi-
fication using a handheld gamma probe. After 
initially being used in breast and cutaneous mela-
noma, RGSLNB gained wide acceptance and is 
now being used in gastrointestinal (GI) cancer 
[43], head and neck cancer [36, 44], thyroid can-
cer [44], gynecologic malignancies [37, 38, 45], 
urologic malignancies [46, 47], lung cancer [48], 
and soft tissue malignancies [49].
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Radioimmunoguided Surgery (RIGS)  
Radioguided procedures other than lymph node 
mapping usually involve the targeting of biologi-
cal properties of tissues of interest to improve 
specificity of detection. Radiotracers are usu-
ally linked to small molecules such as mABs, 
peptides, or other metabolites to facilitate their 

accumulation in tissues of interest. In the 1970s, 
the radiolabeled mAB (B72.3), which targets 
the carcinoembryonic antigen (CEA) was first 
described and tested on a colon cancer patient at 
the Ohio State University Comprehensive Cancer 
Center [4, 5, 50]. Since their initial introduction, 
RIGS had been tested in other GI malignancies 

Fig. 5.2  Timeline of radioguided surgical techniques. The diagram displays some of the milestones of radioguided 
procedures from its birth in the 1940s to the current time
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[51, 52, 53], and other types of cancer including 
breast cancer [51], ovarian cancer [54], prostate 
cancer [55], renal cell carcinoma [56], and lung 
cancer [57].

Radioguided Occult Lesion Localization 
(ROLL) The use of radiotracers in breast sur-
gery is one of the most studied techniques. Tra-
ditionally, prior to lumpectomy, lesions were 
identified in the operating room by locating a 
metal wire, placed by radiologists immediately 
before the procedure. With the possibility of 
injecting a molecularly targeted radiolabeled 
vector days prior to surgery, surgeons now have 
more freedom for surgical planning. A random-
ized prospective evaluation concluded in 2008 
that ROLL is at least as effective as the traditional 
wire-guided lumpectomy for non-palpable breast 
lesions [58]. A more recent systemic review, pub-
lished in 2011, demonstrated the superiority of 
this technique for lowering the number of posi-
tive surgical margins, directly resulting in lower 
numbers of reoperations [59]. Having revolu-
tionized the lumpectomy procedure, ROLL soon 
found applications in other fields of surgeries. In 
2000, ROLL was utilized to support thoracic sur-

gery [60–62]. A review concluded that radiogu-
ided surgical localization is superior to the other 
available approaches such as intraoperative ultra-
sound, hook-wire, spiral-wire or fluoroscopy 
in pinpointing subcentimeter nodules during 
video-assisted thoracoscopic surgeries; it demon-
strated higher sensitivity, required less operator 
dependence, and lowered risk of complications 
and procedure failures [58]. Additionally, ROLL 
has also been reported to be an excellent tool for 
locating foci of during abdominal surgery for its 
capability in identifying small intra-abdominal 
lesions [61].

Radioguided Interventional Procedures With 
the development of minimally invasive pro-
cedures, radiotracers find new applications 
in endoscopic and interventional techniques. 
Recently, Dickfeld and colleagues studied the 
use of 123I-MIBG as an imaging probe for the 
sympathetic nervous system of cardiac tissue to 
provide insights for guiding ablation procedures 
in patients with cardiomyopathy and ventricular 
arrhythmias (VT). Based on their study of moni-
toring patients with 123I-MIBG imaging pre- and 
post-pacemaker-implantation, they concluded 

Table 5.1  Clinical applications of radioguided procedures
Radioguided surgery (RGS) application Clinical applications
Radioguided sentinel lymph node biopsy (RGSLNB) Breast cancer [41]

Cutaneous malignancies (i.e., melanoma) [42]
Gastrointestinal (GI) cancer [43]
Head and neck cancer including thyroid cancer [36, 44]
Gynecologic malignancies [37, 38, 45]
Urologic malignancies [46, 47]
Lung cancer [48]
Sarcoma [49]

Radioimmunoguided surgery (RIGS) Breast cancer [50]
GI: colorectal [4, 50, 51], gastric [52], pancreatic cancer 

[53]
Ovarian cancer [54]
Urologic: prostate cancer [55], renal cell carcinoma [56]
Lung cancer [57]

Radioguided occult lesion localization (ROLL) Breast [58, 59]
Lung nodules [61]
Splenosis [62]

Radioguided interventional procedures Hepatic angiographic study prior to radioembolization 
[12]

Cardiology [14, 15]
Monitoring of radioembolization dosimetry [16]



755 Isotopes and Procedural Imaging

that 123I-MIBG can accurately identify the site 
of VT and thus guide VT ablation procedures. 
The imaging approach can also have a potential 
role for predicting sustained VT after pacemaker 
implantation and determining the right patient 
populations that may benefit from receiving a 
pacemaker implant [15]. In vascular interven-
tional procedures, radioisotope guided mapping 
of vascularity is often performed prior to delivery 
of radiation microspheres and to provide quality 
assurance for interventional radiologists, allow-
ing for safer delivery of radiation doses [12].

Cherenkov-Guided Surgery (CGS) The phys-
ics behind radionuclide decay itself allows the 
application of coupled imaging modalities, spe-
cifically Cherenkov radiation. This type of light 
emission was discovered in the1930s. Imaging of 
this physical phenomenon is based on the decay 
energy of a positron-emitting radionuclide to 
result in the generation of photons, detectable 
in the visible light range. Cherenkov radiation 
first found its application in optical imaging in 
a report published by Robertson et al. [63], and 
has since been recognized as an important new 
modality in molecular imaging. It offers the 
advantage of using already approved radiotracers 
in PET imaging [64]. It has therefore significant 
potential in intraoperative radionuclide-guided 
surgical applications. Preclinical studies have 
demonstrated the utility of Cherenkov lumines-
cence (CL) imaging using radiolabeled FDGs 
or other targeting molecules such as mABs or 
peptides for potential intraoperative guidance 
in sentinel lymph node dissection [65, 66]. The 
clinical result from patients undergoing diagnos-
tic 18F-FDG scans for nodal disease validated the 
translational potential of this technique [67]. Liu 
and colleagues also proposed its feasibility in 
endoscopic or laparoscopic procedures [66].

Nanoparticle-Guided Surgery While there is 
tremendous success in radioguided procedures, 
the implementation of the technique is yet to be 
standardized in most disciplines. One of the cur-
rent unmet clinical needs is the clear and high-
resolution delineation of tumor margins with 

radiolabeled tracers. Consequently, researchers 
are directing attention towards the development 
of other molecular imaging techniques, includ-
ing optical imaging, which could be used in 
combination with RGS to form a hybrid bimodal 
imaging technology capable of high depth pen-
etration in concert with high-resolution imaging. 
One clinically ongoing example of combining 
the two imaging modalities is the use of nanopar-
ticles. Bradbury and colleagues presented a 
recent design of multimodal silica nanopar-
ticles (124I-cRGDY-PEG-C dots). The modified 
fluorescent core–shell silica nanoparticles were 
attached to a small number of peptide ligands, 
which were labeled with 124I, and coated with 
short, particle-bound, polyethylene glycol chains 
(PEGs). The nanoparticles therefore allowed iso-
tope-guided imaging and at the same time fluo-
rescent imaging [68]. A bimodal probe like this 
could represent an improvement for some of the 
current isotope-guided procedural imaging tech-
niques, combining the merits of both high-pene-
tration isotope imaging as well as high-resolution 
optical imaging in one single entity. This particle 
is currently undergoing a clinical trial, and its 
potential as a probe for standard of care is being 
evaluated.

Conclusion

Over the years, the roles of radiologists have 
transitioned significantly from being the sole 
interpreters of imaging data. As biomedical im-
aging technologies evolved to allow real time 
procedural guidance, radiologists now com-
monly perform biopsies under imaging guidance. 
The field of interventional radiology pioneered 
imaging-guided minimally invasive procedures, 
and many conditions that used to require surgery 
can now be treated by interventional radiologists. 
These procedures are often associated with less 
invasive interventions and therefore fewer side 
effects. As research and technology in imag-
ing continue to advance, the field of radiology 
continues to blend and bridge into other medi-
cal specialties, opening the doors for a truly ef-
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ficient integration in medicine. Imaging-guided 
procedures have virtually brought radiology into 
the operating room. As molecular imaging tech-
niques pioneered, the future of radiology lies in 
visualizing disease processes in real-time to the 
cellular level, bridging imaging to pathology. 
Real time intraoperative pathological analysis 
will be made possible in the operating room. We 
envision that molecular imaging techniques will 
result in highly integrated tools for the health 
care system, allowing efficient real time preop-
erative, intraoperative, and postoperative diag-
noses, interventions, and follow up. Radiologists 
and pathologists might work alongside with sur-
geons in the operating room to perform an inte-
grated high-precision surgery. Ultimately, this in-
tegrated medicine system will foster the success 
in personalized medicine.
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6Radiologically Imageable 
Nanoparticles

Aileen L. Co, A. M. Sitarski, Jeremy L. Grant  
and Michael D. Mason

Introduction

The past decade has witnessed explosive growth 
in the number and scope of potential applica-
tions of nanomaterials. In large part, the excite-
ment around these systems arises from the ap-
parent tunability and adaptability of the relevant 
physical and chemical properties. Unlike most 
conventional chemical entities, nanomaterials 
can often be made more complex, incorporating 
additional properties without loss of the original 
features. For example, wavelength-specific light 
scattering nanoparticles can be made less toxic 
by modifying their surface without significantly 
affecting their optical properties. This ability to 
tailor nanomaterials for improved contrast and 
reduced patient risk and discomfort has great 

potential, yet few candidate nanomaterials have 
made their way into the clinical setting. This will 
surely change over the next decade as an evolv-
ing health care system demands better and more 
cost-effective technologies. Here we focus on de-
scribing existing and emergent nanotechnologies 
engineered specifically to produce improvements 
in diagnostic contrast imaging, while at the same 
time addressing deficiencies found in existing 
chemical contrast agents.

X-ray/CT Scan

X-rays are employed in two of the most widely 
used noninvasive medical imaging and diagnos-
tic tools. The first and the one developed the 
earliest, projection radiography (standard X-ray 
image), provides a 2D image of a bodily region 
of interest which is obtained by transmitting 
X-ray photons through the body to an undevel-
oped film (film-screen radiography) or a sensor 
array (digital radiography). In this method, the 
image contrast is controlled by variation of the 
photon energy and the duration of the exposure. 
To date, projection radiography remains the pri-
mary imaging and diagnostic tool for a host of 
medical conditions due to rapid image acquisi-
tion, widespread availability, and extremely low 
cost relative to other radiological imaging tech-
niques [1]. More recently, with the development 
of advanced computing techniques, an imaging 
method called computed tomography or com-
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puterized axial tomography (CT or CAT) was 
developed to expand the existing capabilities of 
projection radiography. In this technique, a se-
ries of planar X-ray transmission images (slices) 
is obtained from multiple angles around a central 
axis of rotation and passed to a computer, which 
employs geometry-processing algorithms to re-
construct a virtual 3D representation of a bodily 
region of interest [2].

Transmission images produced by X-rays are 
dependent on the degree to which the X-rays 
lose intensity, or attenuate, as they pass through 
a medium. Generally, signal attenuation depends 
largely on scattering and photoelectric absorption 
properties of a given material, which can be di-
rectly correlated to the atomic numbers and rela-
tive abundance of elements present [3].

The attenuation phenomenon is described by 
the Beer–Lambert law, which states that the trans-
mitted intensity, I, is determined by x

0eI I α−= , 
where I0 is the initial beam intensity, α  is the lin-
ear attenuation coefficient of the material, and x 
is the beam path length. For clinical CT scans, 
the radiodensity is typically described using the 
Hounsfield scale:

where mµ  is the linear attenuation coefficient 
of the medium and waterµ  is the linear attenua-
tion coefficient of distilled water at standard 
temperature and pressure. The benefit of this lin-
ear transformation (also called the CT number) 
for biological systems is that it defines water 
and air as 0 and − 1000 Hounsfield units (HU), 
respectively. Soft tissues generally range from 
− 500 HU for the lungs to 60 HU for liver, and 
bone ranges from 700 to 3000 HU, depending 
on density (Table 6.1). This means that bone is 
easily distinguished from soft tissue; however, it 
is difficult to distinguish most soft tissue types 
from each other since they fall into a close range 
of values [4]. This problem can be rectified to 
some degree by varying the beam intensity or 
exposure times, but these solutions increase the 
potentially harmful effects of ionizing radiation. 
As a result, circulating chemical contrast agents 

m water

water

0
HU=1000*

µ µ
µ

are introduced to provide the required image 
enhancement necessary for tissue differentiation 
by increasing the signal-to-noise ratio. Design of 
contrast agents involves selection of materials 
with high atomic numbers, low toxicity, and high 
circulation time. A comparison of mass attenua-
tion coefficients for a range of elements is shown 
in Fig. 6.1.

Currently barium sulfate and iodine-based 
molecules are the two most widely used con-
trast agents for X-ray image enhancement. 
Barium sulfate has been used extensively in 
gastrointestinal (GI) imaging, having many de-
sirable qualities as a GI contrast agent such as 
remaining almost completely inert within the 
GI tract, smooth coating of mucosal surfaces, 
and resistance to dilution [7]. For all other ap-
plications, commercially available iodine-based 

Table 6.1  Common biological CT numbers [5]
Tissue CT number (HU)
Bone + 1000
Liver 40–60
White matter − 20 to − 30
Gray matter − 37 to − 45
Blood 40
Muscle 10–40
Kidney 30
CSF 15
Water 0
Fat − 50 to − 100
Air − 1000

CSF cerebrospinal fluid
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Fig. 6.1  Comparison of mass attenuation coefficients 
versus atomic number for a range of relevant elements [6]

 



816 Radiologically Imageable Nanoparticles

preparations are the industry standard for clini-
cal CT contrast agents. Over several decades of 
use, these contrast agents have undergone suc-
cessive improvements to address the pitfalls as-
sociated with iodinated small molecules. Still 
there exists a demonstrated need for further de-
velopment of CT contrast agents. For example, 
although advances have been made in both ionic 
and nonionic forms of iodinated small molecules 
prepared for clinical use which reduce the over-
all toxicity of these agents, problems of nonspe-
cific biodistribution, rapid renal clearance, and 
nephropathy still exist [8].

To address the shortcomings of standard io-
dine-based preparations, a number of nanopar-
ticle constructs are currently being investigated 
for use as CT contrast agents with targeted dis-
tribution, longer circulation times, and reduced 
toxicity while maintaining or even surpassing 
the level of image enhancement achieved by 
iodine-based contrast agents. One such approach 
involves incorporating the contrast-generating 
material into micellular, polymeric, or liposomal 
shells. Although these so-called “soft” nanopar-
ticles require careful design for stability and du-
rability to resist premature rupture in biological 
media, they can be engineered for high contrast, 
passive or active targeting, and extremely long 
circulation times [9]. For example, polymeric 
poly(iohexol) nanoparticles with high iodine 
payload cores have been shown to have a 36-
fold increase in CT contrast 4 h postinjection 
and greatly increased circulation time (15.9 h vs 
3.8 h) when compared to standard iodine-based 
iohexol [10].

In addition to continued research on 
improved iodinated contrast media, solid-core 
metal nanoparticles are being investigated as 
potential alternatives for their unique biologi-
cal, physical, and chemical properties. Given 
that elements with high atomic numbers gen-
erally exhibit greater X-ray attenuation, and 
therefore better CT contrast (approximately 
proportional to Z3), nanomaterials containing 
metals such as ytterbium, tantalum, tungsten, 
gold, and bismuth (Z = 70, 73, 74, 79, and 83, 
respectively) are implicated as replacements 
for iodine (Z = 53) as a standard contrast agent. 

Additionally, surfaces of these nanomateri-
als may offer strong binding affinity for thiol, 
disulfide, and amine groups, allowing for sur-
face conjugation with biomolecules such as 
proteins and antibodies for bioconjugation and 
biomodification [11].

Perhaps the most widely researched metal 
nanoparticle for CT imaging, despite the rela-
tively high cost, are gold nanoparticles that can 
be synthesized in a variety of shapes and sizes. 
This material system offers excellent intrinsic 
biocompatibility and surface modification op-
tions, and has been investigated for active in 
vivo targeting of cancer-specific biomarkers and 
passive targeting of tumor tissue by the enhanced 
permeation and retention (EPR) effect [12–14]. 
On the other end of the expense spectrum, yt-
terbium and bismuth-based nanoparticles are 
being investigated as low-cost contrast solutions 
that show great promise for CT applications, 
however further toxicity studies are required to 
fully assess the safety profiles of these nanopar-
ticles [15–17]. Similarly, although tantalum 
oxide nanoparticles have been traditionally used 
as X-ray contrast material for tracheobronchial 
and GI imaging, sufficient studies of the biologi-
cal effects of these nanoparticles have yet to be 
performed [18]. Tungsten oxide nanorods have 
recently been investigated as a CT contrast agent 
in conjunction with near-infrared photothermal 
therapy [19]. Given the recent advances and 
promising early results of nanoparticles as X-ray 
contrast agents, it seems likely that nanoparticles 
of some form will find future use in clinical CT 
imaging.

As with virtually all nanoparticles designed 
for biological application, a surface coating is 
required to eliminate problems associated with 
agglomeration and to increase biocompatibility. 
More complex coatings can also be employed 
to impart multifunctionality such as theranostic 
(meaning therapeutic and diagnostic) or mul-
timodal imaging applications [4]. Examples of 
nanoparticles that have been investigated for 
X-ray imaging (and CT scan) are presented in 
Table 6.2 where the core material and surface 
coatings are listed.
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MRI

Unlike X-rays and CT scans where ionizing ra-
diation is used, magnetic resonance imaging 
(MRI) uses nuclear magnetic resonance (NMR) 
to noninvasively image in vivo physiological 
structures. This powerful instrument is frequent-
ly used to image the brain and central nervous 
system, cardiac function, and detect tumors [20].

Images acquired by MRI are a result of the 
temporal response of the nuclear spin orienta-
tion of protons in the body in response to applied 
magnetic fields. When the protons in the body are 
exposed to an external magnetic field (B0) from 
the MRI, the proton nuclei spins align with re-
spect to the direction of B0. A second RF magnet-
ic field can be used to rapidly reorient these spins 
relative to B0. When the RF is removed, there is a 
gradual realignment of nuclear spins in the direc-
tion of B0. Based on this principle, there are two 
relaxation processes that can be measured, T1 and 
T2, in the longitudinal and transverse direction, 
respectively [20]. T1 or spin–lattice relaxation 
relies on the time it takes a proton to return to 
its equilibrium state, showing a signal increase 
over repetition time. T2 imaging or spin–spin re-
laxation is dependent on the time that is required 
for two protons to spin out of phase with respect 
to each other, where signal intensities decrease 
over time [21]. (Fig. 6.2)

Despite MRI does have its advantages over 
X-ray and CT scan, its inherent low sensitivity 
hinders the quality of the subtle changes in the 
tissues. To overcome this issue, a contrast agent 
is used prior to imaging to enhance the visual-
ization of the tissues in the living organism [22]. 
Contrast agents used for T1 and T2 imaging have 
special attributes to which they are able to en-
hance the differentiation of the tissues.

T1 or positive contrast agents result in in-
creased signal intensities in their immediate vi-
cinity. Prototypical T1 contrast agents are para-
magnetic and have accessible unpaired electrons. 
Gadolinium (Gd3 + ), for example, has seven un-
paired electrons that dramatically reduce its T1 
and is therefore widely used as a contrast agent 
for MRI [20]. However, the Gd-based contrast 
agents must be used at high doses to improve 
signal and, consequently, the potential of toxic 
side effects such as nephrogenic systemic fibro-
sis (NSF) is increased. Given these limitations, 
patients with kidney disorders are unable to toler-
ate these contrast agents, and thus alternatives are 
currently being investigated [22, 23]. Chelates 
such as gadolinium (III) diethlyene triaminepen-
taacetate (Gd-DTPA, Magnevist®) are popular 
contrast agents used in clinical practice showing 
some reduction in toxicity.

Nanoparticles of gadolinium and manganese 
(Mn) are also being researched for use as potential 

Table 6.2   Potential nanoparticles-based contrast agents for X-ray/CT scan imaging
Nanoparticle Composition/type Attributes/constraints Ref.
Gold Multiple coatings/PEG, 

DEN, HDL
Low toxicity, high biocompatibility, easily size-
tuned and surface modified/expensive

[12–14]

Ytterbium Yb2O3:Er, PEG-silane-
BaYbF5, NaYbF4

Contrast efficiency higher than all currently 
researched nanoparticles, promising for multicolor 
spectral imaging/toxicity research required

[15]

Tantalum Ta2O5/metal oxide High biocompatibility, chemically inert/research 
is required for health effects

[18]

Tungsten PEG-WO2.9/metal oxide 
nanorods

Good water dispersibility and colloidal stability/
toxicity research required

[19]

Bismuth Bi2S3/PEG-thiol or PVP 
coated

Low cost, long circulation time/research required 
to determine roles of agglomeration and degrada-
tion on toxicity

[16, 17]

Iodine mPEG-PLA-poly(iohexol)/
polymeric “soft” 
nanoparticle

Negligible toxicity if shell remains intact, much 
higher iodine payload, good stability, higher bio-
logical retention/challenging production

[10]

PEG polyethylene glycol, DEN dendrimeric polymer, HDL high-density lipoprotein, PVP polyvinylpyrrolidone, PLA 
polylactic acid
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T1 contrast agents. Inorganic nanoparticles con-
taining gadolinium in comparison to chelates 
have several advantages such as ease of synthesis, 
functionalization, and larger relaxivites. Mn-
based nanoparticles have also shown potential as 
a contrast agent with five unpaired electrons and 
long relaxation times, however, more work needs 
to be done due to the difficulties in their synthesis 
and design for clinical applications [24].

T2 or negative contrast agents reduce signal in-
tensities by decreasing the relaxation time (T2) of 
protons in water in their vicinity. Superparamag-
netic nanoparticles are commonly investigated 
for use as T2 contrast agents due to their rela-
tively large transverse relaxivities (r2). Among the 

most common are superparamagnetic iron oxide 
(SPIO) nanoparticles, which, in addition to large 
relaxivities, exhibit exceptional size tunability, 
production control, and inherently low toxicity 
[4]. Iron oxide-based contrast agents that have 
been researched and used clinically are shown in 
Table 6.3.

Generally, iron oxide nanoparticles, due to 
their strong magnetic properties, tend to agglom-
erate in most systems. To eliminate this potential 
problem, surface coatings composed of various 
materials such as dextran, TaOx, silica, polymers 
(i.e., PEG), or fatty acids such as dimercapto-
succinic acid (DMSA) are used [21, 29]. These 
coatings primarily make use of steric or electro-

Table 6.3   Iron oxide nanoparticles used as MRI contrast agents
Contrast agent Chemical composition Description Ref.
GastroMARK® 
AMI-121

SPIO core + silicone shell Bowel imaging. Oral administration
aAMAG/Mallinckrodt Inc.

[25]

Feridex IV® AMI-25 SPIO core + dextran shell Liver lesion imaging through Intravenous injec-
tion. Predominantly used as a T2 contrast agent
DISCONTINUED in the market in November 
2008
aAMAG/Berlex Laboratories

[26]

Resovist® SHU-555A SPIO core + carboxydex-
tran shell

Liver lesion imaging, mainly T2. Bolus fashion 
injection. Approved for European Market
DISCONTINUED for clinical use in 2009, 
replaced by Gd based Primovist
aHealthcare/schering AG

[27, 28]

SPIO superparamagnetic iron oxide
a Supplier/distributor of the contrast agent

Fig. 6.2  A cartoon depiction of the net magnetization of the protons in response to applied magnetic fields over time
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static stabilization with the goal of minimally 
perturbing the interaction of water with the 
nanoparticle surface, yielding the largest possible 
effect on T2. (Table 6.4)

PET

Positron emission tomography (PET) is a well-
established clinical imaging modality that uses 
tracers radiolabeled with positron-emitting radio-
isotopes for noninvasive in vivo imaging of tis-
sue-level biochemical changes in disease and in 
response to treatment [34]. Images are formed by 
tagging biological carrier molecules in the body 
with an isotope that has the ability to produce two 
γ-rays by emitting a positron from its nucleus. 
When the positron collides with a nearby electron 
both are annihilated and two 511 keV γ-rays are 
emitted at ~ 180° with respect to each other [34]. 
By correlating the detection time of the two 
γ-rays, the point of origin can be determined [35, 
36]. In this way, 3D images are constructed from 
regions of radioisotope accumulation throughout 
the body. Commonly used radioisotopes are 11C, 
13N, 15O, and 18F, but 14O, 64Cu, 62Cu, 124I, 76Br, 
82Rb, and 68Ga are also used depending on the 
application [35]. Some of the existing PET radio-
isotopes have short lives so production and use 
can be expensive [36].

Nanoparticles have recently gained interest 
for use in PET imaging primarily due to their 
potential for surface modification, functional-
ization, and bioconjugation using molecules 

containing radioisotopes [37]. To date, radiola-
beled nanoparticles for PET have been used in 
both preclinical and clinical studies [38]. One 
such contrast agent, Cornell Dots, are porous 
silica nanoparticles embedded with radioactive 
iodine. This system was approved by the Food 
and Drug Administration (FDA) for clinical trials 
in 2011 [39].

Multimodal Imaging

Using nanoparticles rather than conventional im-
aging agents is becoming more widespread due 
to the potential for early detection and staging of 
disease as well as therapeutics in a single appli-
cation [38]. Multimodal imaging techniques seek 
to combine different imaging modalities (X-ray, 
PET, and MRI) into one diagnostic tool [39]. 
Combinations of these techniques can offer more 
accurate and reliable detection of disease and dis-
ease progression at multiple spatial scales, while 
tracking effectiveness of treatments on the meta-
bolic and cellular levels [40]. In addition, to spa-
tially correlating information of different types, 
multimodal imaging may lessen the negative im-
mune response frequently observed following the 
repeated administration of an imaging probe to 
a patient [39]. Specific to these combined tech-
niques, more complex nanoparticle constructs 
are mandated. There is, however, some discus-
sion ongoing on the sensitivity of these nanopar-
ticles since some imaging modalities require 
higher concentrations of nanoparticles than oth-

Table 6.4   Potential nanoparticles-based contrast agents for MRI
Nanoparticle Composition/Types Attributes/constraints Ref.
Feraheme® Ferumoxytol FDA approved for iron replacement therapy, under 

investigation for detection of CNS inflammation, 
brain neoplasm and cerebral metises from lung or 
brain cancer/In Phase 1 clinical trial

[30, 31]

Iron oxide
Fe3O4/γ-Fe2O3

SPIOs core + DMSA shell Dispersible in water for in vivo testing/found to 
show the best contrast (tumor: muscle) 12 h after 
injection in a mouse model

[20, 32]

SPIOs core + SiO2-PEG shell Stable, easy to synthesize, easily immobilizes other 
nanoparticles to impart multifunctional capabilities. 
Fast labeling and clearance by I.V. in comparison to 
intraperitoneal injection. Under research for surface 
modification

[33]

CNS central nervous system, SPIO superparamagnetic iron oxide, PEG polyethylene glycol
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ers for an adequately resolved image [38]. Re-
searchers working on this problem are attempting 
to determine the ideal concentration threshold for 
multimodal imaging agents. (Fig. 6.3)

Specific examples of new contrasting agents 
are being designed for use in imaging schemes 
such as PET/fluorescence, single-photon emis-
sion computed tomography (SPECT)/fluores-
cence, PET/MRI, SPECT/MRI, PET/MRI/opti-
cal imaging, and SPECT/MRI/optical [41]. MRI 
and PET dual modal nanoparticles are a major 
area of study. MRI has good spatial resolution 
and excellent contrast between different soft 
tissues in the body. This gives good anatomical 
information but inadequate resolution to detect 
physiological changes such as those in molec-
ular and cellular activity or to delineate small 
lesions. PET, on the other hand, provides quan-
titative physiological information with high sen-
sitivity. However, the anatomical localization of 
the signal is not conferred in PET, necessitating 
the correlation of the radioactivity distribution 
with an anatomical image derived from MRI or 
CT [41]. As a modality, PET is of high interest 
because of its high sensitivity and limitless tissue 
penetration [42]. A dual mode nanoparticle for 
MRI/PET may have higher combined sensitivity 
and accuracy. A promising dual-mode nanopar-

ticle under investigation is 89Zr-ferumoxytol for 
improvement of preoperative planning for nodal 
resection and tumor staging [43]. The most com-
mon dual modal nanoparticles used for MRI/
PET are SPIOs that are labeled with chelates of 
64Cu [39].

Gold nanoparticles combined with SPIOs 
are increasingly being investigated for com-
bined CT and MRI techniques [4]. Suspen-
sions containing gold, or constructs based on 
gold nanoparticles, are used in many emergent 
multimodal schemes. For example, CT and 
optical imaging are possible using unmodi-
fied gold nanoparticles, whereas near infrared 
fluorescence (NIRF) and PET imaging use gold 
nanoparticles modified with fluorophore or a 
fluorinated or iodinated molecule, respectively, 
to visualize tumors [4].

Recently, trimodal imaging nanoparticles 
for PET/optical/MRI were generated that com-
bined radiometal chelates such as 64Cu-DOTA 
(1,4,7,10-Tetraazacyclododecane-1,4,7,10-tet-
raacetic acid) to dual MRI/optical probes [38]. 
Another trimodal gold nanoparticle of interest is 
for imaging of brain tumors. This system is modi-
fied for simultaneous use in MRI, photoacous-
tic, and Raman imaging. Researchers apply this 
system to a mouse model and subsequently were 

Fig. 6.3  Multimodal nanoparticle applications
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able to guide tumor resection using photoacous-
tic and Raman imaging. In a separate application, 
this system made it possible to perform photo-
acoustic imaging to delineate malignant tissue 
in situ and obtain high-resolution intraoperative 
Raman images during the resection [40]. Trimo-
dality of this type has also been achieved using 
iron oxide nanoparticles that are functionalized 
for use in PET/NIRF/MRI [4].

In addition to diagnostic imaging, some mul-
timodal nanoparticles are engineered for thera-
peutic uses. These so-called “theranostics” are 
intended to provide, in a single application, en-
hanced imaging and improved therapeutic effec-
tiveness (i.e., drug delivery) [44], as an avenue 
towards more personalized medical treatment 
[45]. These nanoparticle systems also allow phy-
sicians to make real-time decisions to improve 
surgical success and postsurgical assessment to 
ensure clearance of the disease or tumor [46]. 
Early detection and staging of cancer and cardio-
vascular disease are of special interest since pa-
tient prognosis and treatment side effects may be 
reduced if diagnosed accurately and early [45]. 
Despite the recent surge in multimodal nanopar-
ticle imaging research, these imaging agents are 
not yet widely approved for clinical use [39]. 
(Table 6.5)

Conclusion

Nanotechnologies are now being implemented at 
the preclinical level in a host of medical imaging 
and disease staging applications. Many of these 
new material systems have great promise, dem-
onstrating improved imaging fidelity, decreased 
patient discomfort, and the potential for cross-
platform applications. Here we have presented 
a subset of those nanomaterials that have shown 
specific utility at the preclinical or clinical level, 
and have illustrated their structural and function-
al differences. While this important class of ma-
terials has steadily evolved, even the most recent 
advancements are not without some limitations. 
For example, future nanomaterials will need to 
exhibit better disease specificity, improved long-
term stability, and dramatically reduced toxicity. 
Ultimately, these challenges relate to interactions 
between the nanoparticle surface and the host 
surrounds. As such, we should expect to see in-
creasingly complex nanomaterials in the future.
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Introduction

Evolving interventional and surgical procedures 
demand the design of a new working environ-
ment allowing interdisciplinary teams to collabo-
rate. The novel concept was first introduced in 
1990 when the first hybrid operating room (OR) 
was installed for endovascular procedures at the 
Monaco Cardio-Thoracic Center. Cardiac and 
vascular surgeons first developed endovascular 
workflows to treat aneurysms and degenerated 
heart valves. However, the overall trend in sur-

gery toward minimally invasive surgery and the 
dedicated technology developments started to ex-
pand in almost all surgical disciplines.

At present, interdisciplinary workflows and 
surgical requirements from hygiene to patient po-
sitioning define the designs of the theaters. The 
set-up of such a room allows both interventional 
and open surgical procedures, as well as “one-
stop” procedures for optimal patient care. “One-
stop” surgery implies complete multidisciplinary 
treatment of a patient in one session, i.e., mark-
ing of lung nodule with a hook wire and its mini-
mally invasive resection through video-assisted 
thoracoscopic surgery (VATS).
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New technologies are being developed to im-
prove user interface, data connectivity and dis-
play, image fusion of different imaging modali-
ties, and three-dimensional (3D) representation 
of anatomy in real time, to name but a few. In 
the future, operating theaters will connect a wide 
variety of key surgical systems such as robotics, 
X-ray, navigation, ultrasound, and endoscopy. 
Therefore, it is important for the design of a hy-
brid OR not only to consider current needs and 
systems, but also to accommodate rapidly devel-
oping therapies and future needs.

Imaging Techniques and Systems  
in Hybrid Operating Theaters

Room Planning The hybrid OR requires a 
thoroughly planned environment that consid-
ers the space needed for imaging equipment and 
the integration of different OR components into 
one comprehensive functional system. All dis-
ciplines should be involved in the development 
of the new operating theatre from the very start 
of the planning phase. A multifunctional room 
requires a more refined design and functional 
working concept than conventional ORs. A room 
size of 70 m2/750 ft2 or larger is recommended 
with an additional technical and control room of 
10 m2/33 ft2. Depending on whether the theatre 
is being reconstructed in an existing setup or if 
a new building is being built, the planning and 
implementation of a hybrid OR usually demand 
12–18 months.

Related medical technical equipment. The 
plan of a hybrid OR requires a detailed analysis 
of the technical equipment and the workflows 
in the OR. Large displays or monitors integrat-
ing the different imaging signals need to be 

positioned at both sides of the patient to allow ad-
equate visualization. The positioning of the large 
imaging modality (CT, MR, angio, etc.) plays a 
crucial role when defining the workflows and 
considering the different disciplines that will use 
the room (Fig. 7.1). State-of-the-art floor-mount-
ed fixed C-arm systems allow the most flexible 
set-up and access to the patient while keeping the 
highest hygienic standards [1]. The placement of 
a laminar air flow field above the operating field 
depends on the hygienic requirements of the hos-
pital and different surgical procedures. Choosing 
appropriate anesthesia equipment, gas outlets and 
OR lamps, storage of surgical equipment, and the 
right table are important topics to consider from 
an interdisciplinary perspective.

Tables The selection of the table depends on 
the primary use of the system. Interventional 
tables with floating tabletops, tilt, and cradle 
compete with fully integrated flexible OR tables 
(Fig. 7.2a, b). Identifying the right table involves 

Fig. 7.2  a Interventional free-floating tables offer a free-floating tabletop. (Courtesy Siemens AG). b Operating tables 
allow sophisticated surgical positioning. (Courtesy Siemens AG)

 

Fig. 7.1  Hybrid operating room at the University of Ulm, 
Germany, showing the complex setup of components in a 
surgical environment. (Courtesy Siemens AG)
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compromise between interventional and surgical 
requirements [2, 3].

Surgeons, particularly orthopedic, general, 
and neurosurgeons, usually expect a table with 
a segmented tabletop for flexible patient posi-
tioning. As a compromise, floatable angiography 
tables specifically made for surgery with verti-
cal and lateral tilt may be considered [4]. How-
ever, the highest utilization flexibility can only be 
achieved if an OR system table is installed.

Important additional aspects should be con-
sidered when planning the table, among them 
position in the room, radiolucency (carbon fiber 
tabletop), compatibility, and integration of im-
aging devices with the operating table, e.g., ro-
bots. Further aspects include table load, patient 
coverage (length) adjustable table height, and 
horizontal mobility (floating) including vertical 
and lateral tilt. It is important to also have proper 
accessories available, such as rails for mounting 
special surgical equipment (retractors, camera 
holder) (Table 7.1).

Choosing the Angiographic System

Choosing the imaging system for a hybrid OR 
depends on the intended utilization of the room. 
Expert consensus rates the performance of mo-
bile C-arms in hybrid ORs as insufficient and 
recommends fixed floor-mounted systems for 
hygienic reasons [2, 5]. In fact, some hospitals 
do not allow systems situated directly above the 
surgical field (i.e., ceiling-mounted systems), 
because of the potential of contaminated dust 
particles falling into the surgical situs. Since any 
ceiling-mounted system includes moving parts 
above the surgical field and impairs laminar air-
flow, ceiling-mounted systems may be consid-

ered incompatible with the highest hygienic stan-
dards needed, such as in orthopedic surgery. In 
addition, ceiling-mounted systems require sub-
stantial ceiling space and reduce the options to 
install surgical lights or booms while increasing 
the chances of collisions.

In a crowded environment like the OR, bulky 
biplane systems add to the complexity. Biplane 
systems are currently subject to selected proce-
dures like neurosurgery or pediatric cardiology 
[2, 6]. Monoplane systems are recommended for 
most rooms. The robot-supported surgical C-arm 
(multiaxis system controlled by the surgeon) per-
mits full flexibility and access for precise and 
quick patient care, including imaging and park-
ing positions [5].

A detector size of 30 × 40 cm (12″ × 16″) al-
lows coverage of a large organ or, for example, 
visualizing the entire pelvis with both iliac arter-
ies in only one image. On the other hand, a small 
detector of 20 × 20 cm (8″ × 8″) or midsize detec-
tor of 30 × 30 cm (12″ × 12″) finds application in 
cardiac interventions.

Tube and Detector Technology In typical 
X-ray tubes, electrons emitted at the cathode 
are accelerated in a vacuum by high voltage 
(30–150 kV) toward a rotating tungsten anode. 
Heat is produced when the electrons hit the anode 
and are decelerated. Approximately 1 % of the 
energy is converted into X-rays. The X-ray beam 
is normally emitted perpendicular to the anode. 
Filters modify the beam so that the X-ray spec-
trum used for image generation is selected, while 
collimators ensure that only the field of view is 
irradiated. Power, sharpness and radiation dose 
are underlying factors in different tube architec-
ture determining optimal image quality. Opti-
mally the cathode is capable of handling a large 

Table 7.1  The installation of a hybrid operating room offers advantages for the patient and the hospital, as well as 
integration of future technologies. Advantages of a hybrid operating room
Patients Hospital
Optimized and confident treatment Teamwork of multiple disciplines
Individualized care Use and development of innovative workflows
Faster mobilization Optimization of procedures
Care of multimorbid and high-risk patients Expansion of medical services
Shorter hospital stay Cost effectiveness
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electrical power flux as well as being constructed 
as a single electron emitter spot; this allows very 
short, powerful pulses and concentrates energy 
on a small focus, improving temporal resolution. 
Flat emitters offer better defined electron emis-
sion and therefore a smaller focal spot at a given 
power compared to 3D filaments. The anode 
should have a high capacity to absorb heat and to 
cool. A minimum heat unit capacity of 1 million 
heat units is recommended to avoid overheating. 
Modern tubes provide surplus well above this 
requirement.

Flat-panel X-ray detectors are based on simi-
lar principles as image sensors used in digital 
photography and video. X-rays hit a scintillator 
layer of gadolinium oxysulfide or cesium iodide 
and are converted into light. Directly attached to 
the scintillator layer is an amorphous silicon-on 
glass detector array that converts the light into 
electrical signals. The signals from the photodi-
odes are amplified and encoded to produce an 
accurate and sensitive digital representation of 
the X-ray image. The signals from each pixel are 
transferred to the image processor for postpro-
cessing and optimization of image quality. New 
detector materials like crystalline silicone, intel-
ligent signal amplification, and fast image data 
transfer allow an improved signal-to-noise ratio 
and improved image quality at very low dose 
levels.

Imaging Techniques

Two-Dimensional Imaging

Fluoroscopy Conventionally, fluoroscopy pro-
vides real-time, high-resolution, low-contrast 
images in two dimensions through the use of an 
image intensifier or a flat panel detector. Fluoros-
copy is—a main imaging modality used in ORs, 
most frequently used in orthopedic and trauma 
surgery. For spine and pelvis surgery, intra-artic-
ular fractures, and in obese patients, fluorescence 
imaging requires higher power output to depict 
fine anatomic structures and details. The required 
image quality can be achieved only by employing 
high powered fixed angiography systems with 

fixed and dedicated generators. In modern fluo-
roscopy systems, image intensifiers have been 
replaced with digital flat panel detectors provid-
ing fully digitized, high-contrast, high-resolution 
images without distortion. These high-quality 
images are a prerequisite for 3D reconstruction 
by cone-beam CT (e.g., syngo DynaCT, Siemens 
Healthcare, Germany).

Digital Subtraction Angiography Over the 
past three decades, digital subtraction angiog-
raphy (DSA) has become a well-established 2D 
imaging technique for the visualization of blood 
vessels in the human body. A sequence of 2D 
digital X-ray projection images is acquired to 
investigate the anatomy and flow dynamics of an 
injected contrast agent through vessels of inter-
est. Background structures are largely removed 
by subtracting an image acquired prior to injec-
tion (the mask image) from the live images (the 
contrast images). In the resulting subtracted 
images, background structures are completely 
removed if these structures are stationary. Vari-
ous motion correction algorithms are applied to 
reduce artifacts.

DSA is clinically used for diagnostic and 
therapeutic applications of more or less station-
ary vessel visualization throughout the entire 
body. During complex interventional proce-
dures, DSA is often combined with road map-
ping. In this mode, a DSA sequence is performed 
and the frame with maximum vessel opacifica-
tion is identified, which becomes the road map 
mask. The road map mask is subtracted from 
subsequent live fluoroscopic images to produce 
real-time subtracted fluoroscopic images over-
laid on a static image of the vasculature. Road 
mapping is useful for manipulation and place-
ment of devices in complex vascular procedures. 
Road mapping may also be combined with a fea-
ture called image fade, which allows the user to 
manually adjust the brightness of the static vessel 
roadmap overlay.

Viewing of 2D Digital X-ray Images
After having selected individual images or scenes 
from an overview of the imaging study, basic 
image manipulations and processing options can 
be done:
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• Windowing: changing contrast and brightness.
• Zoom/pan: magnifying and centering into 

structures of interest in an image.
• Filtering: an image or enhancing edges to 

clearer see delineation of structures.
• Inverting: the greyscale image or changing 

the image colors (e.g., from greyscale to a 
yellow-red coloring color table).

• Calibration and measurements: 2D images 
contain geometric information that allow for 
measuring in the projection plane (straight/ 
curved distance, angle, area, perimeter, diam-
eter). Measurements on projection images 
may not be precise if the structure to be mea-
sured is projected oblique and thus shortened 
(forshortening); precise measuring requires a 
perpendicular view onto the structure.

• Pixel values representing the tissue character-
istics (absorption) can be read out for regions 
of interest.

• Contrast-enhanced scenes allow for summa-
rizing images and thereby can visualize maxi-
mum opacification of contrasted vessels.

Three-Dimensional Imaging (3D)

3D Imaging: Cone-Beam CT (CBCT) Three-
dimensional (3D) C-arm computed tomogra-
phy is a new and innovative imaging technique 
that uses series of two-dimensional (2D) X-ray 
projections acquired with a flat-panel detector 
C-arm angiography system to generate CT-like 
images [7]. The C-arm sweeps around the patient 
acquiring projections that serve as input for 3D 
cone-beam reconstructions. Typically, a C-arm 
CT device requires at least 200° (minimum angu-
lar scan range of 180°, plus the fan angle of the 
X-ray tube) for artifact-free reconstruction. For 
typical C-arm CT devices, this results in an angu-
lar scan range requirement of at least 200°. The 
resulting volume data set can be displayed either 
as cross-sectional images or as 3D data sets using 
different volume rendering techniques [7].

The spatial resolution provided by CBCT 
can be in the submillimeter range. With dedi-
cated protocols and 1 × 1 binning, resolutions of 

0.1 mm are possible. The acquired volume can 
reach up to 35 cm × 25 cm with specialized pro-
tocols.

CT-like soft-tissue image quality can be 
achieved in the hybrid OR with a contrast resolu-
tion of up to 3–5 HU (compared to 1 HU in con-
ventional CT) depending on the acquisition pro-
tocol (see Fig. 7.3). Beyond their use for trans-
arterial catheter procedures, these 3D data sets 
are also valuable for guidance and optimization 
of nonvascular percutaneous, musculoskeletal or 
laparoscopic treatments. The image quality for 
the visualization of lymph nodes is comparable 
to CT and a laparoscopic diagnostic nodule re-
section was facilitated by intraoperative CBCT 
imaging [8].

Intraoperative 3D Imaging Integrating acqui-
sitions of 3D images in the OR into routine clini-
cal workflows requires a thoroughly planned 
setup. Since the position of the equipment and 
staff varies with the type of intervention, the 
flexibility of the imaging system is important 
to adapt to the specific surgical situation. The 
integration of the imaging system with a surgi-
cal table allows imaging in sophisticated surgical 
positions without repositioning for acquisition. 
While the room and surgical equipment have 
specific requirements for MRI compatibility and 
do impair access to the patient when using CT in 
the OR, the angiography system offers the most 

Fig. 7.3  The flexibility of the system, sterility preserva-
tion, and autonomous use by the surgeon offer quick and 
precise treatment here at a laparoscopic liver case at the 
University of Heidelberg. (Courtesy Siemens AG)
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flexibility and has shown advantages in patient 
treatment [9] without sacrificing image quality 
[10].

Sterility of the surgical field must be ensured 
during the 3D acquisition. Covering the patient 
with an additional sterile sheet and taping the 
sheet around the table ensures sterility and mini-
mizes the infection risk for the patient. During 
3D acquisitions, the C-arm rotates around the 
patient in 3–20 s depending on the imaging pro-
tocol and the machine. The operator controls the 
acquisition from a sterile-draped control panel at 
the table or on a trolley.

Visualization of 3D X-ray or Angiographic 
Images
3D visualization adds valuable information to 2D 
projection images when it comes to understand-
ing complex anatomy or pathology like fractured 
vertebrae or ruptured cerebral aneurysms. The 
structures are contained in a volume that can 
be inspected freely by generating cross-sections 
(double oblique), rotating or clipping, so that 
the spatial relationships of structures become 
clear and foreshortening effects seen in 2D are 
overcome. While 2D images consist of pixels in 
a plane, the 3D volume consists of voxels, i.e., 
small volumes as minimal unit of image informa-
tion. The 3D images can be divided into a volume 
of interest (VOI) in which a section of the ac-
quired volume may be specifically reconstructed, 
e.g., to increase the spatial resolution of this VOI. 
During image processing, cross-sections of the 
volume are generated in axial (feet to head), sag-
gital (left to right) and coronal (anterior to poste-
rior) orthogonal orientations and allow scrolling 
through individual slices. Additional cross-sec-
tions can also be placed freely to oblique (e.g., 
for cranio-maxillary or facial), radial (e.g., for 
brain) or curved (e.g., for spine, aorta) orienta-
tions that cut through the structures of interest in 
more informative ways.
• Multiplanar reconstruction (MPR) of an 

imaging volume generates cross-sections with 
slice thickness in the submillimeter (thin) or 
millimeter (thick) range.

• Maximum intensity projection (MIP) dis-
plays the maximum voxel values from a cross 

section’s voxel column over its slice thick-
ness. This increases the image contrast which 
is useful for viewing vessels or dense struc-
tures.

• Minimum intensity projection (MinIP) dis-
plays the minimum voxel values over a cross 
section’s slice thickness, e.g., enhancing air or 
soft-tissue voxels.

• Slabs are subvolumes that allow concentrating 
on a part of the volume, showing its boundar-
ies as planes.

Volume rendering techniques (VRT) present 
2D views onto a volume which voxels are col-
ored and opaque to differentiate the anatomical 
structures and where shading and light casting 
provides the 3D impression. Visualization pre-
sets that define coloring, lighting, contrast, and 
opacity for structures with certain voxel values 
(e.g., Hounsfield Units, HU) can be applied to 
enhance certain structures and generate different 
VRT impressions, e.g., soft tissue in abdominal 
regions, bones in cerebral volumes, calcifications 
in vessels.

Clip planes can be placed in any orientation 
and be moved from one side of a volume to the 
other side. This allows looking inside the volume 
in a 2D way as potentially distracting structures 
in front of the observer were removed so that, 
e.g., irrelevant contrasted vessels in front are not 
visible any more.

Surface rendering visualizes different organs 
whose boundaries have been detected and are 
displayed in an enhanced way, which helps in-
specting outer surfaces of bones or inner surfaces 
of hollow structures like bowels or bronchi.

Segmentation of organs or structures, i.e., its 
isolation from the surrounding structures in the 
volume, can be performed automatically by a 
system if it incorporates knowledge about organ 
shapes or characteristics. Segmentation may also 
be done interactively by setting seed points (re-
gion growing), drawing contours (stroke-based 
segmentation) or cropping out the structure of in-
terest (punching). Hollow or tube-like segmented 
objects may contain a center line for exact length 
measuring and may be viewed in a fly-through 
mode showing the inside of the structure, e.g., to 
better detect intraluminal tumors or stenoses.
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If there are multiple segmented structures in 
a volume, it may be possible to view them indi-
vidually or select which ones should be displayed 
at the same time. For instance, when planning 
endoleak closure, the neighboring vertebrae may 
be segmented and hidden while one looks for 
the nurturing vessel but may be displayed again 
when determining at which level of the spine the 
endoleak is located.

During review of a volume, the visualization 
can be manipulated analogously to 2D images, 
e.g., by windowing, zooming, panning, and rotat-
ing. In addition, 3D volumes allow changing the 
transparency or opacity of the whole volume or 
(segmented) parts so the different structures can 
be faded in or out and made more or less promi-
nent.

Measurements in 3D volumes can be done in 
different ways, but the operator needs to consider 
certain preconditions or limitations. Exact mea-
surements can be done in two-dimensional (2D) 
cross-sections of minimal slice thickness or on 
centerlines: The observer can be sure that the 
measurement is done precisely in the structure 
that he sees. The thicker the slice, the more sur-
rounding tissue is contained so that the projection 
shown in the cross-section may average out small 
structures or may show foreshortening. Addition-
ally, the monitor shows only a 2D impression of 
the 3D volume the operator cannot reliably as-
sume that the measuring graphics are placed at 
the correct depth of the volume. Thus, when mea-
suring in VRT visualization, the operator needs 
to check by rotating or zooming/panning that the 
measurement graphics are correctly placed onto 
or into the structure to be measured.

Two or more volumes can be fused and viewed 
at the same time in order to match morphology 
and function (e.g., PET-CT), to view morphol-
ogy and current blood flow (e.g., CT-CBCT) or 
to compare structures before and after surgery or 
intervention (e.g., CT-CT). The individual vol-
umes first need to be registered to each other so 
that the structures match as perfectly as possible. 
If the volumes have different voxel geometries or 
locations, the system needs to interpolate voxels 
which may lead to slight inaccuracies (resam-
pling, nonrigid registration).

In order to distinguish individual structures 
or its boundaries between the different fused 
volumes, it is necessary to dynamically blend or 
change the transparency between the volumes to 
see the one or the other volume more prominent.

Volumes enable the surgeon to create precise 
guiding structures that can make the procedure 
safer, faster or spare radiation dose or contrast 
media. The surgeon can:
• Choose the best access path for punctures or 

placing trocars, including laser guidance for 
percutaneous access, e.g., for spine surgery or 
thoracic endoscopy

• Mark structures to be cannulated and followed 
like ostia of branching vessels

• Define points or landing zones for placing 
implants in bones or vessels

• Identify anatomical regions for resection, e.g., 
a liver’s vessel-tree segment

• Define structures to display in perpendicu-
lar X-ray projection in order to exactly place 
an implant like a transcatheter aortic valve 
implant

3D renderings or guiding structures can be over-
laid onto live images, mainly on live fluoroscopy. 
This eases the surgeon advancing the instruments 
or placing devices at the right location by match-
ing the instrument and the planning overlay. It is 
optimal if rotations of the C-arm (i.e., no radia-
tion applied yet) also move the overlay structures 
so that C-arm projection and displayed orienta-
tion of the guiding structures are matching.

Manually adjusting or automatically reregis-
tering the overlay to the live imaging is needed 
to correct patient or organ movement. This re-
quires optimal projections and structures that can 
be detected and tracked. Motion compensation 
or tracking improves guidance when the surgical 
field moves, e.g., due to the lungs inflating or the 
heart beating. This is helpful if it is not possible 
to avoid or stop motion during image acquisition 
or surgical work, e.g., holding breath or increas-
ing cardiac rate cannot be used.

The correctness of the overlay depends on 
many factors, including C-arm mechanics and 
angulations, patient and organ movement, and 
surgical manipulations. The surgeon needs to 
take these factors into account when using over-
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lay for guidance and can detect overlay inaccu-
racy that go beyond 2 mm.

Imaging from more than one intraoperative 
imaging modality can be fused. This is especially 
true for X-ray and ultrasound so that dynamic, 
radio-opaque and soft-tissue structures can be 
visualized side-by-side or coregistered and over-
laid. A prominent example is mitral valve repair 
where X-ray provides guidance for catheters and 
wires, whereas the dynamic ultrasound images 
allow for deploying the prosthesis. Integration 
of multiple intraoperative modalities are rapidly 
evolving.

Radiation Dose
The effective dose in angiography depends on 
several factors, primarily on organ ration sensi-
tivity and beam angle. For instance, bone marrow 
cells are far more radiation sensitive than liver 
[11]. The angle of the beams cause angiogra-
phy to be less “homogeneous” than CT, which 
must be considered when estimating the irradia-
tion damage. Effective dose provides a suitable 
comparison with natural background radiation, 
which is on average about 2.4 mSv/year. Typi-
cally, during a cardiac diagnostic intervention 
with 15 X-ray pulses per second (p/s), the effec-
tive dose per minute is 0.6 mSv [12]. In the past, 
higher image quality often required higher doses, 
but advanced tube and detector technologies and 
real-time digital image processing allow safe di-
agnostic imaging and real-time image guidance 
with significantly less radiation dose to the pa-
tient and the team in the hybrid OR [13].

The operator can reduce the radiation exposure 
by adapting:
1. Footswitch on-time: Footswitch on-time con-

trols how long the body is exposed to X-ray 
beams or how long the body is irradiated (less 
time means less radiation).

2. Frame rate: High frame rates are used to visu-
alize fast motion without stroboscopic effects, 
but radiation exposure is directly proportional 
to the frame rate. Therefore, the frame rate 
should be kept as low as possible. Modern an-
giographic systems can adjust the frame rate 
downward in various steps, from 60 pulses 
per second (p/s) used in pediatric cardiology 

to 0.5 p/s in some systems for slowly moving 
objects. The reduction from 30 to 7.5 p/s re-
sults in decreasing the radiation dose by 75 %.

3. Source-image distance (SID): According to 
the quadratic law and a requested constant 
dose at the detector, a greater distance be-
tween the source and the image increases the 
skin dose. Raising SID from 105 cm (= SID 
1) to 120 cm (= SID 2) increases skin dose by 
approximately 30 % if C-arm angles, table po-
sition, patient, and requested dose at the detec-
tor do not change.

4. Collimation: Reducing the area of the beam 
by collimating the beam to the clinically rel-
evant structures saves dose because less radia-
tion is emitted.

Modern angiographic systems provide additional 
inherent features to reduce dose, such as:
1. Variable copper filters reduce the skin dose 

by filtering out the low-energy photons that 
are absorbed in the body and do not contrib-
ute to the image. Some systems adjust the fil-
ter thickness automatically according to the 
absorption of the patient entrance dose along 
the X-ray beam through the patient.

2. Using the last image hold as a reference, the 
system displays the effect of changing colli-
mation or targeting the region of interest with-
out additional radiation.

3. The systems automatically calculate system 
parameters like tube voltage and beam filtra-
tion to optimize X-ray quality and detector 
entrance dose.

More and more countries and authorities require 
reporting of patient exposure to radiation. To 
meet current and future regulations, modern an-
giographic systems allow effective reporting of 
dose exposure, enabling enhanced in-house dose 
reporting and analysis.

Radiation Safety for the Staff
The team in the hybrid OR should be familiar 
with local radiation protection procedures. De-
pending on country regulations, designated ra-
diation protection supervisors enforce radiation 
safety, check dose meters, and analyze radiation 
documentation. The most important source of 
radiation for the OR team is scattered radiation 
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that originates from the primary radiation beam 
by interacting with patient tissue. Scattered radia-
tion is particularly high close to the patient and 
depends on patient size and C-arm angulations. 
Radiation protection is most efficient by apply-
ing the inverse-square law, which states that the 
amount of radiation reaching a surface is inverse-
ly proportional to the square of the distance be-
tween the source and the surface.

Wearing radiation protection like lead aprons 
reduces radiation exposure to the body to a small 
fraction. LE thyroid shields and lead glasses 
should be worn by team members as appropri-
ate. Additionally, adjustable lead glass shields 
and lower body radiation protection may be nec-
essary to reduce personnel radiation exposure. 
Dosimetry systems are available that display the 
actual radiation received on-line for immedi-
ate (real-time) feedback. These systems (Unfors 
Raysave, Sweden) provide every team member 
on-line feedback on current exposure.

Advanced Visualization

User Interface and the Integration  
in the OR

Gabe Newell, the CEO of Valve, stated in 2012 
that touch technology will only be a bridging 
technology for 10 years, although it will replace 
the keyboard and mouse interaction that had been 
standard for almost 25 years [14]. Taking this 
statement seriously, the challenge is: “What will 
be the next standard user interface for private use 
as well as in the ORs?”

In the last several years, perhaps the most in-
fluential idea was free-hand gesture control. The 
Kinect hardware introduced by Microsoft in 2010 
laid the groundwork for Kinect-based research 
projects and products in different environments, 
including the OR. The advantage of a touchless, 
sterile control of the system sounds appealing 
[15]. However, usability in the OR still needs to 
be proven. Robustness of recognition and ergo-
nomic issues are limitations. “Gorilla arm” is the 
metaphorical term for the fatigue felt after longer 

interaction using free-hand gestures [16]. Over-
all, gesture control will become a user interface 
of the future in the OR, but limit the amount of 
gestures and shorten the time of interaction.

But if the hands-free user interface is not the 
interaction style of the future, then what is? Joy-
sticks and hardware keys are still present in the 
OR due to the disadvantages of mice. Attempts 
were made to bring the mouse into the OR (e.g., 
by putting it inside sterile covers or providing 
a sterile, disposable mouse), but the mouse re-
quires space with which to interact, since the 
mouse pad basically represents the display space 
on a smaller scale. There is no direct interaction 
with digital objects compared to the introduction 
of multitouch displays. In multitouch displays 
surgeons are able to rotate or zoom objects with-
out having to click buttons and perform artificial 
mouse movements. But similar to gestures, touch 
will not become the standard user interface in the 
OR because touch adds to the user interfaces by 
virtue of its intuitiveness. Although the “intui-
tive” buzzword is often bandied about carelessly, 
intuitive essentially means fitting the expecta-
tions (mental models) of the users. Intuitiveness 
is a subjective impression a user has when a user 
interface or system behaves in the expected way. 
That is the reason for the real-world metaphors 
in the digital world. Skeuomorphism means that 
digital content or tools are derived from things 
in the real world [17]. Mimicking real things can 
help to improve intuitiveness. Since smartphones 
and tablet sales are overtaking the sales of desk-
top computers, the distribution of multitouch in-
terfaces is on the rise. This will also happen in 
the OR, but due to advantages (e.g., directness of 
object manipulation) and disadvantages (e.g., ex-
posure to bodily fluids, sterile covers), the touch 
interface will only augment other user interfaces.

Another such interface will be eye tracking. 
One signals the receiver that words are directed 
to him or her through eye contact. Speaking to 
someone without focusing on this person causes 
confusion. The upcoming user interfaces will 
track our eyes to identify our current interest, 
our focus of attention. With this technology, con-
tent can be highlighted if the user is interested 
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in it. This comes in handy whenever the amount 
of information cannot be shown on one screen. 
Another example could be that the target of our 
interaction with the digital world will be selected 
by a look instead of an explicit selection. Again 
this will not be the sole user interface in the OR 
since eye tracking (including blinking) has its 
limits too [18].

Besides gestures, touch, and vision, speech 
control has always been expected to develop 
for user interfaces. Communication with other 
human beings through speech is a primary mode 
of interaction, so why should not this commu-
nication also work with a machine? Command-
based speech control solutions have been in use 
for years, and in the past some functions on an-
giography systems were controllable through 
speech, but the systems had limitations. Besides 
the nonnatural way of communicating via fixed 
commands, users raised concerns like missing ro-
bustness of the speech recognition or ambiguity 
of the receiver in a room with multiple persons. 
New speech-based user interfaces like Siri took 
away the artificiality and provided a natural lan-
guage interaction, but ambiguity and robustness 
in an OR are still concerns.

In sum, many user interfaces mimic real-world 
and human interaction. Therefore, the future will 
be combinations of user interfaces that are cho-
sen depending on the tasks that need completing. 
Sensors will enable digital devices to see, hear, 
and feel. We will also provide them with actua-
tors to speak and push back (e.g., force feed-
back). The goal will be to make the machines in 
the future OR as close to a helpful team member 
as possible. To achieve this vision, the machines 
will need to become more intelligent and antici-
pate the next likely work step, like a good assis-
tant would do. But while trying to get closer to 
the abilities of human beings, technology has al-
ready helped to increase surgical accuracy (with 
robots) and overcome our visual limits (through 
microscopy). Digital technology will provide ad-
ditional senses or memory, enriching reality with 
additional information.

Image Fusion of 3D Information on 2D 
Fluoroscopy

3D imaging is the prerequisite for more advanced 
visualization and workflows for navigation and 
guidance [19]. Advanced intraoperative overlay 
or fusion imaging may be used with the same 
effect as external navigations systems, thereby 
avoiding additional systems being prepared, used 
or placed in the OR (Fig. 7.4). Preoperative ra-
diologic images can be registered to the intraop-
erative cone-beam CT images. Intraoperative 3D 
imaging provides images that are acquired in the 
actual surgical position and can be updated and 
easily accessed at all times. However, informa-
tion retrievable from MRI or other preoperative 
modalities is indispensable. Therefore, the fusion 
of preoperative and intraoperative images gives 
the surgeon additional information in the OR. 
The fusion of these two volumes can be overlaid 
consecutively onto live fluoroscopy. This 3D/3D 
fusion and overlay in live fluoroscopy helps the 
surgeon to guide his or her instruments, visual-
ize the target organ(s), and avoid crucial anatomy 
such as vessels. By changing the angulation of 

Fig. 7.4  Intraoperative fusion of preoperative imaging, 
in this case MRI, with CBCT and overlay onto live fluo-
roscopy adds more information and facilitates instrument 
guidance. (Courtesy Siemens AG)
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the C-arm, the volumes automatically adapt so 
the surgeon is able to safely guide instruments. 
An algorithm to adapt the registration even for 
patients with pneumoperitoneum in laparoscopic 
surgery has been developed [20, 21].

Navigation and Guidance Intraoperative 3D 
imaging can also be used in conjunction with 
navigations systems that perform tracking of 
instruments or external markers. Navigation is 
a proven technology in surgical disciplines with 
rigid structures like orthopedic surgery, cranio-
maxillo-facial (CMF) surgery, and neurosurgery 
[22, 23]. The majority of surgical navigation sys-
tems are based on optical tracking technology. 
Beyond that there is a growing field of systems 
that support electromagnetic tracking. Electro-
magnetic tracking eliminates the line of sight 
problem. Furthermore the position sensor can 
be integrated into the device tip, which enables 
the use of electromagnetic tracking in flexible 
instruments. These two benefits will drive future 
developments based on electromagnetic tracking.

Navigations systems need to be integrated 
into the intraoperative imaging modality in order 
to provide a streamlined workflow. This integra-
tion includes image transfer and smooth registra-
tion techniques (Fig. 7.5). There are two main 
factors that influence the accuracy of surgical 
navigation. The first one is the accuracy of the 
registration of the 3D volume to the navigation 
system. Intraoperative imaging modalities offer 
the advantage of an automated registration pro-
cess that minimizes the errors of human interac-
tion. Highly reproducible trajectories of a fixed 
C-arm system (e.g., Artis zeego) support this 
process through table integration, hence knowing 
its location in relation to the table, and through 
a larger field of view and a high dynamic range.

The second main factor for high precision is 
the correctness of the 3D data used for naviga-
tion. There are many conceivable reasons that 
may change the morphology of the imaging 
data if they are not acquired intraoperatively. 
Examples include changes in spine morphology 
through patient positioning or brain shift during 
a craniotomy.

Intraoperative 3D imaging will help to over-
come these challenges by updating the images 
for navigation purposes with current high-quality 
3D scans. These updates can also be done by ap-
plying a nonrigid deformation to the preoperative 
images, which is based on an intraoperative scan.

3D rotational angiography may also use cer-
tain acquisition protocols to capture temporal in-
formation of contrast dye flow so that the dynam-
ics of blood flow can be viewed in a 3D volume, 
i.e., 4D DSA. This may help to compare blood 
flow dynamics before and after surgery.

Image Fusion of 3D Information  
with Laparoscopy

The laparoscopic approach becomes more and 
more important to make procedures less invasive 
and safer for the patient. While ports in minimally 

Fig. 7.5  The integration of an external navigation system 
to an intraoperative imaging system adds accuracy, in-
creases safety, and helps the surgeon. (Courtesy Siemens 
AG)
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invasive surgery decrease, laparoscopic systems 
develop high-resolution visualization techniques. 
However, laparoscopic imaging is restricted 
to visualizing the surface of the organs but not 
the structures below, e.g., vessels or pathologic 
structures. Radiologic and functional pre or in-
traoperative 2D and 3D imaging can make an 
important contribution to extend the available 
visualization when registered to the laparoscopic 
imaging device. This “augmented reality” has the 
potential to facilitate the localization of impor-
tant anatomy and decrease tissue trauma and pro-
cedure time [24–26].

The anatomical shape and position of an organ 
changes as soon as surgery starts. The preopera-
tive plan does not match the actual situation in 
a pneumoperitoneum. Therefore further registra-

tion steps are necessary in order to deploy pre-
operative models during laparoscopic surgery. 
First, a preoperative CT dataset is registered to an 
intraoperative 3D C-Arm dataset after CO2 gas 
insufflation. The anatomical variations between 
both dataset are represented using a biomechani-
cal model (Fig. 7.6). This model triggers a two-
stage intensity-based registration algorithm that 
achieved accuracy below 2 mm for a CT only da-
taset. Second, an algorithm has been developed 
to register between two anatomical surfaces, a 
surface of an organ segmented from an intraop-
erative or preoperative 3D volume and the same 
surface reconstructed from stereo-endoscopic 
images. The registration method is triggered by 
a priori knowledge of the organ-specific anatomy 
and is implemented nonrigidly (see Fig. 7.7). 

Fig. 7.7  Registration workflow of 3D volumetric data to the laparoscopic video stream. (Courtesy)

 

Fig. 7.6  Volumetric image slices before ( gray) and after 
( red) pneumoperitoneum showing the three steps of reg-
istration: initial position, model-based registration, and 

diffeomorphic nonrigid refinement (pig animal study). 
(Courtesy Institut de Chirurgie Guidée par l’Image, Stras-
bourg, France)
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Based on phantom experiments, an accuracy of 
less than 1 mm was achieved using a point-to-
surface error metric. While the first registration 
step establishes a preoperative to intraoperative 
image-to-image relation, the second registration 
step has the potential to detect and compensation 
in real-time for anatomical changes occurring 
while the procedure takes place.

Integration of Ultrasound

The development of new specialized transducers 
has increased the use of ultrasound as traditional 
“open” surgeries have steadily been replaced by 
minimally invasive procedures that can improve 
surgical outcomes and shorten recovery times 
[27].

Smaller hand-held transducers designed for 
intraoperative use as well as endoscopic, lapa-
roscopic, and catheter-based transducers allow 
greater access for today’s advanced ultrasound 
imaging capabilities. Laparoscopic ultrasound 
(LUS) has become more commonly used in ab-
dominal and pelvic surgical procedures, as new 
laparoscopic transducer technology has improved 
image quality and has become less cumbersome 
to use within a 10 mm laparoscopic port. LUS 
has been used successfully in the surgical stag-
ing of gastric cancer, where the rationale for LUS 
is to decrease the rate of negative laparotomies 
in patients thought to have resectable disease by 
preoperative imaging [28].

Catheter-based transducers have provided an 
effective means to visualize transseptal catheter-
ization for percutaneous catheter mapping and 
either left atrium or left ventricle ablation pro-
cedures, or transcatheter defect closure [29]. A 
new volumetric version advances the ability to 
visualize anatomy in multiple planes or in a 3D 
surface-rendered view for more precise localiza-
tion (Fig. 7.8).

A significant new advance in reducing the 
clutter of wires and cables within the operating 
theater is the introduction of wireless transducer 
technology for ultrasound systems. Using ultra-
wideband radio technology, the transducers are 
able to send images at a high sustainable data rate 
back to the ultrasound system with high spatial 
and temporal resolution (Fig. 7.9).

Fig. 7.8  a and b Catheter-based transducers provide 3D images and b visualize color flow. (Courtesy Siemens AG)

 

Fig. 7.9  ACUSON FreestyleTM with wireless transduc-
ers. (Courtesy Siemens AG)
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The primary advantage of wireless transducer 
technology is in infection control. With wired ul-
trasound transducers, the transducer cables move 
in and out of the sterile field. Without cables, the 
surgeon can focus on the procedure with more 
flexibility. The small size of the system reduces 
clutter in the OR and the availability of different 
specialized transducers allows a wider range of 
applications in focused surgical procedures.

Recently, 3D transesophageal echocardiogra-
phy (TEE) has been introduced. This technology 
has advanced minimally invasive cardiac surgery 
such as transcatheter aortic valve replacement 
(TAVR) and percutaneous mitral valve repair 
(PMVR) with the MitraClip procedure. In the 
future, 3D quantitative modeling of the valve 
and valve function will aid in percutaneous heart 
valve treatment planning, therapy selection and 
delivery (Fig. 7.10).

The capability to view and fuse preopera-
tive CT and MRI images as well as intraop-
erative CBCT images with real-time ultrasound 
guidance has simultaneously made difficult sur-
gical and interventional procedures easier and 
more feasible. Ultrasound fusion also has the 
advantage that postoperative follow-up examina-
tions can be performed more cost effectively and 
without radiation or restrictions from surgical 
implants. Automatic registration of ultrasound 

images with other images reduces preparation 
and setup time in focused guided procedures 
(Figs. 7.11 and 7.12).

Advances in ultrasound transducers, ultra-
sound system miniaturization, ultrawideband 
wireless technology and new image process-
ing and visualization techniques will continue 
to make ultrasound an increasingly valuable 
imaging tool for a wide range of surgical inter-
ventions in the future.

Fig. 7.10  3D TEE-based valve modeling and visualiza-
tion. (Courtesy Siemens AG)

 

Fig. 7.11  Image fusion between CBCT and ultrasound demonstrating a liver and kidney. (Courtesy Siemens AG)
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Confocal Laser Endomicroscopy

Imaging technology plays a vital role in the mod-
ern OR with the use of CT, MR, rotational an-
giography, ultrasound, PET, SPECT, and macro-
scopic optical fluorescence imaging. One imag-
ing modality that interventionalists and surgeons 
will find essential in the future, is confocal laser 
endomicroscopy (CLE). This technology (Cell-
vizio®) creates an optical biopsy by providing 
physicians with in vivo microscopic images vid-
eos of tissue instantaneously and in a minimally 
invasive manner (Fig. 7.13).

CLE is increasingly becoming commonplace 
in various flexible endoscopy procedures, includ-
ing upper and lower GI procedures [30], bron-
choscopy [31] and the upper and lower urinary 
tracts [32]. There has also been an emergence of 
CLE through 19G needles (Fig. 7.14) to access 
organs such as the pancreas and lymph nodes via 
the GI tract [33]. An abundance of peer-reviewed 
publications support CLE’s accuracy, easy learn-
ing curve, and clinical value across numerous 
indications.

Like macroscopic optical fluorescence imag-
ing, CLE utilizes fluorescence to visualize tissue 
microstructure and perfusion including dynamic 
blood flow, thereby identifying areas suspicious 
for cancer or other inflammatory conditions; 
however, in CLE’s case, one micron resolution 
is possible thus providing cellular images on a 
scale familiar to pathologists. CLE has also been 
miniaturized sufficiently into highly flexible 
fiber bundles, or probes, that carry low-powered 
laser light to illuminate and image the tissue of 
interest. Currently, these probes range from 0.85 
to 2.5 mm in diameter. Today, CLE probes are in-
troduced inside the body via the working channel 
of almost all flexible endoscopes; however, in the 
future, they can be optimized for use in numer-
ous surgical applications and delivered through 
a laparoscope or trocar, via a needle for percu-
taneous approaches, through the working port of 
a surgical robotic instrument or even hand-held 
where appropriate.

With additional hardware and software inte-
gration, CLE could become an integral part of a 

Fig. 7.13  Confocal laser endomicroscopic image of intes-
tinal metaplasia of the esophagus. (Courtesy Mauna Kea 
Technologies, SA)

 

Fig. 7.12  Future direction of ultrasound and fluoroscopy fusion in percutaneous valve repair procedures. (Courtesy 
Siemens AG)
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multimodal imaging approach whereby preop-
erative and intraoperative imaging could allow 
for precise tissue mapping and targeting at the 
microscopic level, thus offering real-time patho-
logic analysis. This could reduce the need for fro-
zen sections or could significantly improve cyto-
logical yields. In addition, it may be possible to 
correlate the precise location of optical biopsies 
from one procedure to another.

The advent of the optical biopsy suggests that 
the interventionalist or surgeon who is acquiring 
the image and the pathologist who might inter-
pret it will both have a role to play. The interven-
tionalist or surgeon will benefit from the use of 
sophisticated image-recognition algorithms and 
embedded databases of known pathologies that 
will allow them to run a real-time query for im-
ages that are similar to the intraoperative image 

at hand. This ability will aid in the diagnosis and 
provide valuable guidance and peace of mind. In 
the case of the pathologist, more precise intra-
operative tissue targeting will allow for a more 
efficient workflow with fewer nonproductive 
samples. Remote porting of an image will also 
allow the pathologist to do their evaluations in re-
al-time on their tablet or smartphone while being 
compliant with a hospital’s electronical medical 
record (EMR) protocol.

Next on the horizon is the ability to add fluo-
rescently labeled molecular markers to the imag-
ing spectrum. These markers could be engineered 
to bind to a specific cellular pathology and pro-
vide real-time, highly sensitive, and specific opti-
cal biopsies. This dynamic step will be useful to 
the physician, and beneficial to the patient while 
offering potential savings to a healthcare system.

Summary

Technologies and workflows in hybrid ORs are 
rapidly evolving. The concept of a multidis-
ciplinary approach around an imaging system 
opens new possibilities in image-guided surgery. 
Integrated surgical tables, medical technical 
equipment as well as user interfaces and angiog-
raphy system design have been modified to ad-
dress the requirements of an operating theater and 
will continue to do so. The improved ergonomics 
as well as new devices create higher acceptance 
of the imaging technology and will develop into 
a new environment that support hygienic aspects 
and flexible usage. What is currently making the 
hybrid OR a standard of care for cardiovascular 
surgery will expand into other areas of minimally 
invasive surgery. In future iterations, dedicated 
applications will be developed to simplify work-
flows and to adapt the currently complex user 
interface made for interventional experts to one 
more simple and intuitive for the casual user of 
the system. The future promises true integration 
of the different and currently isolated systems in 
the OR including angiography, ultrasound, en-
doscopy, fusion imaging, information technol-
ogy (IT) and image integration, a common user 
interface, navigation, and robotics.

Fig. 7.14  The confocal laser endomicroscopy probe in 
a 19-gauge needle. (Courtesy Mauna Kea Technologies, 
SA)
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Introduction

Cerenkov light is generated when charged par-
ticles (either positrons, electrons, or alpha par-
ticles) travel through a dielectric medium faster 
than the (phase) velocity of light in that medi-
um (Fig. 8.1a). This light is polarized and has a 
continuous spectrum, peaking in the ultraviolet 
(UV) and blue area of the spectrum (Fig. 8.1b). 
It is most commonly observed as the blue glow 
in the water coolant of nuclear reactors and their 
cooling basins and was probably first noted by 
Madame Curie in her autobiography [1]. This 
Cerenkov effect was first scientifically described 
in 1934 [2], when Pavel Alekseyevich Ceren-
kov was a researcher at the Lebedev Institute of 
Physics in Moscow, one of the leading research 
institutes in Physics in the former USSR. Ceren-
kov was a postgraduate student in Sergei Ivanov-
ich Vavilov’s laboratory, where his project was 
to study the luminescence of uranyl salt solu-
tions under irradiation by an underlying radium 
source. Vavilov was a renowned expert on lumi-
nescence phenomena. However, Cerenkov soon 
found out that even simple solvents like water 
experienced a weak blue glow of light under ir-
radiation [3]. In his chapter in the same edition 

of the journal, Vavilov, Cerenkov’s mentor, rea-
soned that the blue glow was caused by electrons 
generated by the highly energetic gamma-rays 
from the radium [4]. The theoretic background 
of the Cerenkov effect was established in 1937 
by Ilya Frank and Igor Tamm [5]. The equation 
named after both physicist allows calculating the 
number of Cerenkov photons produced along 
the particle’s path over a specified region of the 
light spectrum. Subsequently, all three physicists 
shared the Nobel Prize for Physics in 1958.

Physical Background

Charged particles traveling faster than the speed 
of light in a medium transfer their kinetic energy 
through interactions with the surrounding mate-
rial, in biological tissues mostly with water. The 
randomly oriented water molecules will align 
with the passing charged particle. If this particle 
is traveling faster than the speed of light in that 
medium, the water molecules relax by releasing 
the transferred energy in the form of lumines-
cence [2].

However, how can a particle travel faster than 
the speed of light? We all learned that accord-
ing to Einstein’s theory of relativity nothing can 
travel faster than the speed of light! The speed of 
light in a medium depends on its refractive index. 
In a medium with a refractive index of x the 
speed of light 1/x-times the speed of light in vac-
uum. Therefore, in water—which has a refractive 
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index of 1.33—the speed of light is only ~ 3/4 of 
its value in vacuum. In water, the threshold for 
the production of Cerenkov kinetic energy for an 
electron is 0.263 MeV and in tissue, where the re-
fractive index is slightly higher, this threshold is 
therefore also slightly lower, ca. 0.21–0.24 MeV 
[6]. The vast majority of positron-emitting radio-
tracers for positron emission tomography (PET) 
has kinetic energies significantly higher than 
the threshold in tissue and are therefore suitable 
Cerenkov luminescence (CL) producers [7, 8]. 
This also implies that a medium with a higher 
refractive index provides more Cerenkov light 
(Fig. 8.1c).

The higher the kinetic energy of a particle is, 
the further it travels and the higher the intensity of 
the emitted CL; its spectral characteristics though 
does not change. For typical PET studies in mice, 
100 µCi of 18F-labelled radiotracers would pro-
duce a total of ca. 9 × 106 photons/s. A similar 
activity of the therapeutic radiotracer 90Y would 
generate approximately 250 × 106 photons/s [6]. 
Since its electrons are more energetic, they also 
travel further until they loose enough energy to 
drop under the kinetic threshold, therefore the 
footprint of the light is ca. six-times larger, which 
results in a decreased resolution [6]. Isotopes that 
generate higher energetic particles have a stron-
ger CL intensity but this comes at the cost of a 
decreasing resolution (Fig. 8.2).

Fig. 8.1  Cerenkov light and characteristics. a Cerenkov 
radiation (CR) is produced by a charged particle traveling 
through a dialectric medium faster than the speed of light 
(in that medium). b Relaxation of the molecules in the 
medium, polarized by the passage of the charged particle, 
produces visible light weighted towards the higher energy 
of the spectrum (UV/blue) and dropping towards the red 
part of the spectrum. The profile of the CR is centered at 
the blue, as shown with 68Ga (18.5 MBq) in 0.1 M HCl 

diluted in water, using a Molecular Diagnostics M5 spec-
trophotometer. c Equal activity concentration of 18F sam-
ples (3.952 MBq in 20 μL) were diluted in 2 mL of water 
(H2O, refractive index: n = 1.3359), ethanol (C2H5OH, 
n = 1.366), saltwater (H2O and saturating NaCl, n = 1.377) 
along with a control sample of water without 18F-FDG. 
Higher Cerenkov luminescence (CL) intensity is seen in 
medium with higher refractive index. (b and c with per-
mission from [37])
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Preclinical Applications

Cerenkov light has been utilized for a long time 
in physics, e.g., to gauge the fuel status in a 
nuclear reactor or to detect cosmic particles ei-
ther through generation of CL in large sub ter-
rain water basins or even in the atmosphere it-
self. Its transition into biological sciences began 
with a brief report in Nature, describing 1971 the 
measurement of 32P for radiotherapy in the eye, 
generating CL in the vitreous body [9], following 
descriptions of flashes seen by astronauts of the 
Apollo 11, 12 and 13 missions travelling to and 
from the moon, caused by cosmic particles pass-
ing through the vitreous humor of the eye [10]. 
However, only as recently as 2009 Robertson 
et al. described the dedicated optical imaging of 
18F-FDG in a tumor-bearing mouse, attributing 
the signal to Cerenkov light originating from the 
18F-FDG’s positrons. Since then, Cerenkov lu-

minescence imaging (CLI) has quickly emerged 
as a valuable preclinical molecular imaging mo-
dality, and many new applications of CLI in pre-
clinical research described the utilization of Ce-
renkov with different radiotracers [7, 8, 11]. Sev-
eral groups have shown that CLI is a powerful 
tool in cancer research, for example to monitor 
tumor therapy [12, 13], to image gene expression 
[14−16] or to monitor radiotherapy with radiola-
beled peptides [17]. Especially in the context of 
radiotherapy CLI is particularly interesting as it 
is able to image the otherwise un-imageable iso-
topes with electron or even alpha particle emis-
sion [7, 8], which are particularly suited for CLI 
due to the high kinetic energy of the particles [6]. 
However, the mass of alpha particles would re-
quire too much kinetic energy to reach the kinetic 
threshold, which makes them unsuitable for CLI 
in biomedical applications. Observed CL from, 
e.g., 225Ac is probably derived from short-lived, 
beta-emitting daughter nuclides [8].

Fig. 8.2  a Monte Carlo simulation of several β-particle 
tracks emanating from a point source of 18F ( top) and 
90Y ( bottom) in water. Note the different spatial scales 
for clarity. The change in color in the tracks indicates 
the location at which the energy of the β-particle drops 
below the Cerenkov kinetic threshold. b Simulation re-
sults showing the predicted spatial distribution (root mean 

spare (r. m. s.) spread) in Cerenkov light production as a 
function of the β-particle endpoint energy. c Simulation 
results showing the predicted photon yield per decay in 
water (in the wavelength range 400–800 nm) as a function 
of the particles endpoint kinetic energy for four clinical 
radionuclides. (With permission from [6])
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Cerenkov Luminescence  
for Intraoperative Imaging

Visual inspection and manual palpation are the 
main means to identify tumors during surgery. 
Imaging methods to improve visualization of 
tumor deposits during surgery is expected to lead 
to a more efficient tumor surgery with improved 
outcome and postsurgical management. Current 
technologies for image-guided cancer surgery 
use mainly optical imaging, which has been con-
sidered for intraoperative approaches since the 
original use of fluorescein in 1947 [18] but still 
remains mostly experimental. Camera systems 
are continuously being improved and explored in 
the clinic, mostly with either fluorescein or indio-
cyanine green [19, 20]. The costly regulatory re-
quirements to approve fluorescent agents though 
resulted in a lack of clinically approved optical 
agents and therefore in a slow clinical translation 
of optical modalities. Only recently has a first 
preliminary clinical study with a targeted fluo-
rescent agent been published [21]. On the other 
hand, nuclear medicine has long enjoyed a wide 
variety of clinically used tracers. Intraoperative 
use of radiotracers is done frequently in oncolog-
ical surgery today using hand-held detectors to 
identify tumors, both with radiolabeled antibod-
ies [22] or with 18F-FDG [23]. Radiotracers have 
also been used for interventional procedures with 
PET, guiding the radiologist to the metabolically 
active part of the lesion instead of a necrotic area 
[24, 25]. In fact, intraoperative use of radiotracers 
is the gold standard for sentinel node detection, 
using 99mTc-preparations and hand-held detec-
tors [26, 27]. However, these hand-held probes 
only produce an audible signal. Portable gamma 
cameras require an iodine seed pointer for exact 
localization [28, 29] and are not well suitable for 
imaging the 511 keV photons emitted by PET 
tracers [30]. CLI provides the opportunity to 
utilize existing clinical radiotracers with optical 
imaging methods for intraoperative optical imag-
ing, merging nuclear and optical imaging. CLI 
combines the benefits of optical imaging (low 
cost instrumentation, high spatiotemporal resolu-

tion) with advantages of PET tracers (widespread 
availability of clinically used targeted agents).

Subsequently, first animal studies were per-
formed to explore CLI in intraoperative imag-
ing. We demonstrated the use of CLI from 89Zr-
herceptin in open surgery to visualize a subcu-
taneously implanted HER2/neu-positive tumor 
[31]. The tumor could be delineated clearly 
and differentiated from it HER2/neu-negative 
counterpart (Fig. 8.3). After exposing the tumor 
through skin incision and retraction its CL sig-
nal increased ~ 10 %. This increased radiance is 
due to decreased attenuation and scattering by 
removal of the skin. After removal of the tumor 
no optical signal was detected from the tumor 
bed in the mouse as the CL translocated with the 
excised tumor mass (placed in the upper left cor-
ner). After closing the postoperative CLI showed 
again no significant signal from the tumor bed. 
The entire procedure, including surgical resec-
tion and acquisition of all images, was completed 
in 40 min. Another study demonstrated the utili-
zation of CLI to aid in the resection of sentinel 
lymph nodes [32]. After intradermal injection of 
18F-FDG the sacral node can be seen after remov-
al of the skin (i.e., in an intraoperative setting), 
before any further surgical exposure through the 
overlying musculature (Fig. 8.4). The resected 
node demonstrates CL and therefore confirms the 
lymphatic nature of the tissue.

The group in Stanford University demon-
strated the possibility of CL endoscopy [33, 34] 
for minimally invasive surgical resection, using 
a prototype system. This system couples an opti-
cal fiber bundle to a highly sensitive intensified 
charge-coupled device (CCD) camera. This sys-
tem, with a resolution of 1.2 mm, was able to dif-
ferentiate a minimum of approximately 45 kBq 
(1.21 µCi) of 18F-FDG in a phantom from the 
noise background with a 5 min acquisition time 
[33]. In a proof-of-concept study, it was then used 
to visualize uptake of 18F-FDG in a C6 glioma 
xenograft and to track tumor excision (Fig. 8.5). 
Just recently, a group in China reported on the 
first human endoscopic Cerenkov luminescence 
imaging system [50]
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Fig. 8.3  Intraoperative CLI for surgical resection of the 
BT-474 (HER2/neu positive) tumor at 144 h postadmin-
istration of 89Zr-DFO-trastuzumab. a Background CLI 
of the scanner stage recorded immediately prior to com-
mencing surgery. b Preoperative CLI prior to surgical 
incision. c Intraoperative CLI of the exposed tumor im-
mediately prior to resection. Note the increased intensity 

of the CLI signal owing to reduced attenuation and scat-
tering from removal of the skin. d Resected tumor (put in 
the upper left corner) and exposed surgical site showing 
the complete removal of CL. e CLI of the excised BT-474 
tumor alone. f Postoperative CLI after closing the incision 
site with sutures. All CLIs are shown at the same radiance 
scale for direct quantitative comparison. (With permission 
from [31])

 

Fig. 8.4  Cerenkov-guided surgical resection of sentinel 
lymph node, 10 min after intradermal injection of 18F-
FDG into the tail with surgical resection. a Lateral-tail 
intradermal injection yields greater uptake in one sacral 

node, seen with just skin removed but still overlying mus-
culature. b CLI guides resection of node, excised speci-
men magnified in inset. (With permission from [32])
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Advantages of Cerenkov Imaging  
for Intraoperative Imaging

CLI combines the benefits of optical imaging 
(low cost instrumentation, high spatiotemporal 
resolution) with advantages of radiotracers (prov-
en safety, widespread availability of clinically 
used targeted agents). It provides the opportunity 
to utilize approved radiotracers for optical imag-
ing, circumventing the requirement for lengthy 
approval processes required for fluorescent im-
aging agents. Radiotracers for intraoperative op-
tical imaging will likely not require additional 
FDA approval and are therefore rapidly avail-
able for intraoperative usage if a new promis-
ing target and binding moiety become available. 
Unlike fluorescent imaging, the positron decay 
of the radiotracer allows for true multimodality 
imaging with PET and optical imaging (Fig. 8.6). 
This opens the way for a one-shop approach with 
a presurgical PET scan, followed by the actual 
CLI-guided surgery and also a postsurgical fol-

low up scan, all with the same clinical approved 
radiotracer (Fig. 8.7).

An important issue for intraoperative imaging 
is the detection of lesions that are localized too 
deep to be visualized with fluorescence optical 
imaging. If radiotracers are used for intraopera-
tive detection a hand-held detector can always 
be used to guide the surgeon to deeper tumor de-
posits, to complement CLI of superficial tumors 
(Fig. 8.8a). To provide this opportunity with 
fluorescent agents requires chemical modifica-
tions such as attaching a radiotracer to the fluo-
rochrome. However, this invariably changes the 
properties of the agent: its size, charge, and there-
fore biodistribution will be different with impli-
cations for the approval for clinical use [35].

Since a positron emitter can be always detect-
ed and quantified with PET imaging a unique in-
ternal quantitative standard is available. Based on 
the uptake determined with PET (from the stan-
dard uptake value) and the Frank-Tamm equation 
the amount of CLI generated by the radiotracer 
can be calculated and compared with the actual 
measurement. The result can be used to correct, 
e.g., for the tissue absorption of the light or to 
calculate activation of the probe (see below) [36]. 
Fluorochromes do not provide such an inherent 
internal standard for absolute quantification.

Standard fluorescence imaging requires exci-
tation through an external excitation source, ei-
ther a LED, Laser, or high-intensity lamp with 
a filter to provide the correct excitation wave-
length. Since the intensity of the excitation light 
can be strong the resulting fluorescent signal is 
high as well, allowing for live imaging under am-
bient lighting. At the same time, the incident light 
though causes autofluorescence and can be back-
scattered into the camera (Fig. 8.8b), both de-
grading the quality of the fluorescent signal and 
requiring additional filtering or postprocessing to 
correct for this image degradation [21, 36]. This 
is not the case for CL, where no excitation light 
is required and the Cerenkov light can actually be 
used to excite fluorochromes for advanced Ce-
renkov imaging (see below), which increases the 
signal-to-noise ratio [36] albeit at a much lower 
signal intensity.

Fig. 8.5  A mouse bearing a C6 glioma xenograft after 
tail-vein administration of 37 MBq (1 mCi) of 18F-FDG. 
a CLI with commercially available optical IVIS system 
and b CLI with prototype fiber-system. Tumor tissues are 
outlined by red lines. Ambient-light images are on left, 
luminescent images are in middle, and fused images are 
on right. (With permission from [33])
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Fig. 8.6  a Cerenkov imaging allows for both optical 
Cerenkov imaging as well as quantitative PET imaging. 
The radioactivity provides the opportunity for an internal 
standard, for additional imaging and for additional intra-
operative detection of the radiotracer through the decay 

signal of either detecting the β-particle or the annihilation 
photons. b Fluorescence requires an external excitation 
light (λex), which induces the fluorescence emission (λem), 
shifted to a longer wavelength. Unlike for radiotracers, no 
additional quantitative signal can be detected

 

Fig. 8.7  One-stop approach using intraoperative imag-
ing with radiotracers and CLI. Presurgical PET imaging, 
intraoperative imaging and postsurgical PET monitoring 
can be done with the same radiotracer, which allows also 

for detection of deeper lesions using hand-held probes. 
This cannot be achieved with fluorescence imaging with-
out modification of the imaging probe
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Another benefit of intraoperative CLI, be 
it either minimal invasive or for open surgery 
with direct visualization, is that it provides at 
the tissue surface higher spatial resolution than 
even the better nuclear imaging modalities (here 
small-animal PET imaging) (Fig. 8.9). The signal 
is detected with a CCD chip, which provides a 
much higher resolution than any nuclear imaging 
systems [33, 36].

Challenges of Intraoperative CLI

Mitchell et al. calculated with the Frank-Tamm 
equation the number of optical (400–800 nm) 
photons produced for a number of different medi-
cal isotopes [6]. At the low end 18F generated on 
average 1.4 photons per individual decay while 
90Y at the high-end generated 57 photons/decay. 
This means that the amount of Cerenkov light is 
very low, in the order of at least ten-times less 
than for bioluminescence imaging. Therefore, 
longer imaging times (several minutes) and high-
ly sensitive cameras with high aperture lenses are 
required. Luckily, these are already available and 
probably constitute the most widely used imaging 
devices: scanner for bioluminescence imaging. 
These devices have a highly sensitive and usually 

cooled camera for highest sensitivity and lowest 
noise and are mounted for preclinical imaging on 
a black box to shield all interfering ambient light 
[37]. Any ambient light will be stronger than 
the CL, threatening to overpower the weak CL 
signal, so great care must be taken to exclude as 
much ambient light as possible. For example, the 
ambient light in an operating room will be at least 
one billion time brighter than the CL in the surgi-
cal field (Table 8.1). This includes also removing 
otherwise inconspicuous items from the field of 
view that can interfere with the signal by lumi-
nescence (in our experience, e.g., white 96-well 
plates transferred from the lab to a Cerenkov im-
ager can destroy the signal with luminescence of 
the plate detected by the sensitive cameras). Fur-
thermore, Cerenkov light is predominantly in the 
UV to blue range with its spectrum continuously 
decreasing towards the red side of the spectrum. 
Therefore, it is far away from the near-infrared 
window for optimal in vivo optical imaging [38]. 
However, the Cerenkov light-exiting tissue is 
mostly in the penetrating and less absorbed part 
of the Cerenkov spectrum further to the red [39].

To exclude ambient light, Cerenkov endos-
copy is a possible good solution since ambient 
light is naturally excluded. However, since CL 
has very low-signal intensity, care must be taken 

Fig. 8.8  a Intraoperative imaging with CLI allows not 
only for optical CLI but also for additional detection of 
deeper lesions with hand-held probes or gamma cameras. 
b Fluorescence imaging requires excitation through an 
external excitation source. The strong intensity of the ex-
citation allows for live imaging under ambient lighting. 
At the same time the incident light though causes auto-

fluorescence and can be backscattered into the camera, 
both degrading the quality of the fluorescent signal and 
requiring additional filtering or post-processing to correct 
for this image degradation, which is certainly achieved 
with modern systems. Deeper lesions can be overlooked 
as they are not reached by the excitation light
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Table 8.1  Cerenkov intensity compared to other light sources, given in power, illuminance, irradiance and the sub-
sequent reduction of ambient light required. (Courtesy of Lightpoint Medical Ltd)

Power W/cm2 Illuminance lux Irradiance p/s/cm2 Required reduction
Bright sunlight 1.00E- 01 100,000 2.8E + 17 3.E + 13
Overcast 4.00E-02 40,000 1.1E + 17 1.E + 13
Operating theatre—bright 5.00E-04 500 1.4E + 15 1.E + 11
Operating theatre—dim 5.00E-06 5 1.4E + 13 1.E + 09
0.5 mW green LED over 1 m2 2.50E-08 0.17 6.9E + 10 7.E + 06
Cerenkov 3.60E-15 3.60E − 09 1.0E + 04 1.E + 00

Fig. 8.9  PET and Cerenkov surface resolution on a Jac-
zeck phantom. a PET image of 68Ga (240 μCi; 8.88 MBq). 
The diameter of the rods in the phantom is 1.0–1.5 mm, in 
0.1 mm increments. Small-animal PET possesses a great-
er resolving power than that of clinical systems but is un-
able to resolve the individual rods. b White light and CLI 
of the phantom, under increasing depths of a tissue scat-
tering and absorbing mimic. The phantom rods are clearly 

distinguishable at the surface but details are getting lost 
with increasing depth over 1 mm. c Line profile across the 
phantom ( dashed line on photograph) of the PET ( left) 
and CLI ( right) acquisitions. The plots reveal that the 
surface resolution of Cerenkov radiation can sufficiently 
distinguish millimeter-width sites of uptake, which cannot 
be clearly resolved by PET. (With permission from [36])
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to collect as many CL photons as possible. There-
fore, wide aperture lenses are best (numerical ap-
erture of 0.5 or even higher) but unfortunately 
typical apertures of endoscopes are much lower 
(0.2 or even lower) with significant loss of signal 
over the length of the scope, therefore being less 
than optimal for CL [34]. In their study, Liu et al. 
concluded that if their endoscopic system would 
be used for tumors of the oropharynx 2.1 GBq 
(54 mCi) of 18F-FDG would have to be injected 
into a 70-kg patient to achieve enough activity 
to visualize a 300-mg tumor within 5 min acqui-
sition time [33]. Scintillation in the fibers from 
incident annihilation photons of 511 keV can 
additionally cause undesired background signal. 
Increased sensitivity may be achieved by using 
fibers optimized for CL.

Besides the very low signal and the less-than-
optimal spectrum of Cerenkov light, another 
concern often voiced is one of the exposures 
to radioactivity for both patient and personnel. 
However, the radiation doses that would typi-
cally be used for intraoperative Cerenkov im-
aging are considered a trivial risk according to 
international standards [40]. Based on dosimetry 
results from intraoperative use of 18F-FDG [41], 
the exposure to the surgeon from a 1-h CLI pro-
cedure is estimated to be 5–10 microSv, compa-
rable to 1/10th the dose of a transatlantic flight. 
Lymphoscintigraphy for intraoperative detection 
of sentinel lymph nodes with 99mTc-sulfacolloid 
is standard of care, e.g., in uterine cancer [42], 

melanoma [43] or breast cancer [27]. 18F-FDG 
has been used to identify primary tumors during 
surgery, both with radiolabeled antibodies [22] 
or with 18F-FDG [23]. In recent 18F-FDG PET/
CT-guided biopsies, the operator dose was not 
significantly different from typical doses from 
fluoroscopically guided surgical procedures [24, 
25], used all over the world and not discussed 
as a significant risk. In a study at our institution 
[41], intraoperative injection of 15–20 mCi 18F-
FDG resulted in doses between 0.4 and 1.6 % of 
the annual whole-body occupational dose limit 
(50 mSv). For the patient, it would be the dose 
of one additional PET scan without the CT part, 
so even less than one diagnostic study. Therefore, 
the radioactive exposure from studies that would 
use CLI for intraoperative guidance are not pro-
hibitive.

Clinical Cerenkov Imaging

Given the above-mentioned challenges, the pos-
sibility of clinical translation of Cerenkov im-
aging seemed poor. However, we demonstrated 
the first clinical Cerenkov images from several 
patients receiving standard dosages of 18F-FDG 
for routine clinical PET/CT imaging [44]. In this 
study, we demonstrated a significant difference 
( p = 0.02) between the Cerenkov emissions from 
PET-positive lymph nodes and the contralateral 
normal side (Fig. 8.10). CL was detected in lymph 

Fig. 8.10  Representative CL and PET/CT images of 18F-
FDG–positive left axillary lymph node in a lymphoma 
patient. Negative CLI of right axilla without 18F-FDG–
positive lymph node. No significant CL emission from 

18F-FDG decay is seen on the right. Both CLI overlaid 
with white-light photograph in the lower row. The CL 
signal colocalized with positive PET/CT findings. (With 
permission from [44])
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nodes from patients with lymphoma or nodal me-
tastases with local activity as low as 0.05 MBq/
mL (0.03–0.3 MBq/mL; median, 0.05 MBq), 
equivalent to 0.01 % injected dose of 18F-FDG 
localizing to lymph nodes 1.6 ± 0.5 cm under the 
skin. In another study, Cerenkov imaging was re-
ported from one patient undergoing 131I therapy 
for Graves disease [45]. These two studies dem-
onstrate the feasibility of clinical CLI.

Critical barriers had to be overcome for the 
clinical translation of CLI: (1) achieving suffi-
cient sensitivity and (2) blocking ambient light 
from the field of view. This was achieved in the 
two clinical studies by using dark and window-
less rooms with additional shielding of the pa-
tients [44, 45]. However, achieving this in an 
operating room constitutes yet another challenge. 
A first step towards its realization is a novel 
CLI fiberscope under development by the start-
up company Lightpoint Medical Inc. (Cardinal 
Point UK; in the USA: Lightpoint Medical, LLC 

in Cambridge, MA). The Lightpoint CLI system 
is a lens mounted on a flexible, coherent fiber 
bundle optimized for CL that relays the signal 
to an ultrasensitive emCCD camera. The device 
will combine the maneuverability of a small 
hand-held device with the signal performance of 
an ultrasensitive camera. It addresses the techni-
cal challenges currently faced by CLI through an 
emCCD optimized for CL and it excludes ambi-
ent light in the operating room with a specialized 
optical drape. The system is designed to perform 
simultaneous white light and CL imaging through 
time-multiplexing, which allows for continu-
ous monitoring of the surgical field and motion 
correction. Lightpoint has a technical proof-of-
concept prototype for the system, demonstrating 
CLI under ambient light (Fig. 8.11). Importantly, 
the challenges faced are of a technical nature that 
will be easier to address with progressing tech-
nology while no new imaging agents have to be 
created. Just recently, a first endoscopic Ceren-
kov study in humans has been reported [50].

Fig. 8.11  CLI at ambient lighting with Lightpoint’s pro-
totype system. a Setup with emCCD camera and optical 
drape, excluding the room light. b Acquisition of as little 

as 0.8 µCi/ml in a phantom with 0.73 mm resolution in 
50 s. c With higher binning acquisition in 5 s is possible; 
with or without room lights on (Courtesy of Lightpoint 
Medical Ltd.)
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Advanced CLI

CLI can also be utilized as the internal excita-
tion source for fluorochromes, effectively now 
merging fluorescence and Cerenkov imaging. 
This has been achieved with quantum dots [46, 
47] and fluorochromes [36]. For example, Liu 
et al. used in an example of multiplexing three 
different types of quantum dots (QD) mixed with 
[131I]-NaI and recorded with different filters three 
separate emission peaks in phantoms and mice, 
corresponding to the characteristic emissions of 
these QDs [47]. Expanding this concept, targeted 
and activatable fluorescent probes excited by CL 
were created for an approach we termed Second-
ary Cerenkov-induced Fluorescence Imaging 
(SCIFI) [36] SCIFI allowed to utilize targeted 
quantum dots in conjunction with 18F-FDG as 
excitation source to image two molecular infor-

mation, metabolic activity through 18F-FDG and 
integrin expression through the targeted QDs, 
excited by the 18F-FDG. As the first radioactive-
decay-based activatable imaging agents gold 
nanoparticles (AuNP) were conjugated to a fluo-
rescein (FAM) with a peptide linker cleavable by 
metallopeptidase-2 (MMP-2), which is expressed 
in more aggressive tumors. The FAM fluores-
cence was quenched by the AuNp in the native 
state of the agent. Once the linking peptide was 
cleaved by MMP-2, the FAM was released and 
its fluorescence, excited by 18F-FDG’s Cerenkov 
emission was recovered, thus indicating MMP-2 
activity (Fig. 8.12). Recently, we described the 
quenching of CL by iron oxide nanoparticles or 
vital blue dyes as additional mechanism for mod-
ulating a Cerenkov signal [48]. These strategies 
can lead to further interesting applications of CL 
for intraoperative imaging, especially since the 

Fig. 8.12  Advanced Cerenkov imaging sensing MMP-2 
activity. a Scheme of the system: FAM is coupled with 
a gold nanoparticle via a MMP-2 cleavable linker; close 
to the nanoparticle the FAM does not fluoresce. b SCIFI 
image showing MMP signal from the MMP expressing 

tumor on the right shoulder but not from the MMP-neg-
ative tumor in the left shoulder. c SCIFI quantification of 
activated probe and d Zymography from the tumors cor-
respond very well. (With permission from [49])
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clinically approved fluorescein is due to its exci-
tation wavelength in the blue range ideally suited 
for SCIFI. It is therefore foreseeable to combine 
intraoperative CLI with fluorescence imaging 
and harvest the combined power of CL, fluores-
cence and nuclear imaging.

Conclusion

Overall the future for CL is bright even though 
its signal intensity is rather dim. It merges nucle-
ar and optical imaging and allows utilizing the 
wide variety of approved radiotracers for optical 
imaging. Challenges to CLI such as low-signal 
intensity and the blue signal have already been 
overcome in clinical imaging, and further techni-
cal developments will lead this technology from 
the verge of clinical applications to a new modal-
ity for intraoperative imaging, mostly in oncol-
ogy and probably complimentary to the existing 
fluorescent techniques.
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Registration and Guidance

As image-guided surgery (IGS) expands beyond 
intracranial neurosurgery, it takes on additional 
challenges. Organs other than the brain lack the 
encompassing bone of the skull which allows 
them to move and deform as a result of opera-
tive pose, respiratory and cardiac motion, and 
tractions placed on the tissue during the interven-
tional process. Additionally, the skull was eas-
ily accessible via a minor incision into the skin. 
That allowed for the implantation of rigid refer-
ence points, or fiducial markers, which allowed 
for easy registration of tomographic spaces and 
physical space [1–3]. In other organs that rigid 
platform was not available. So both additional 
ways of using image information to guide proce-
dures and techniques to account for deformation 
had to be developed.

Image-guided procedures require a methodol-
ogy of matching imaging data with physiological 
position and tool orientation. This requires either 
a registration or a calibration. The difference is in 

the application. In a calibration, a device is creat-
ed which can reach any point within a tomograph-
ic scanner (computed tomography, CT; magnetic 
resonance imaging, MRI; positron emission to-
mography, PET; or single-photon emission com-
puted tomography, SPECT). A phantom object 
containing easy-to-locate and well-described 
points is first volumetrically scanned and then 
located by the device. This allows the determina-
tion of the mathematical relationship between lo-
calizer position and orientation to locations with-
in the scanner. Then, when a patient is scanned, 
the image information is used to find targets of 
interest in the images and thus scanner space [4]. 
The localization device is then used to reach the 
point in scanner space. If desired, a second scan 
can be performed to confirm the accuracy.

Using ultrasound as a guidance method can 
also be considered a calibration. Here, a track-
ing system is attached to an ultrasound system 
and the mathematical relationship between the 
tracked ultrasound and its image slice is deter-
mined by a phantom process [5, 6]. That allows 
the location of objects seen in the ultrasound to 
be determined in tracking system space. Then 
a tracked surgical instrument (also localized in 
tracking system space) can move to the location 
determined in the ultrasound (see Fig. 9.1).

The strength of a calibration technique is that it 
requires no processing of the images and the time 
between obtaining the scan and the interventional 
procedure is minimized [7]. However, the most 
important issue to be addressed in a tomographic 
calibration technique is that no motion or defor-
mation has occurred between the acquisition and 

Y. Fong et al. (eds.), Imaging and Visualization in The Modern Operating Room,  
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the intervention. Therefore, the patient cannot be 
moved, repositioned or, in some applications, has 
to have breathing controlled. In addition, mul-
tiple phantom runs need to be made to insure that 
the relationship between image information and 
scanner position is stable and reproducible. In an 
ultrasound technique, since the ultrasound image 
is generally a 2D slice, the tool often has to pass 
through unvisualized tissue before it reaches the 
target.

A registration takes homologous points or 
surfaces derived from the image space, and math-
ematically matches it to data located in physical 
space. This can be homologous anatomic points 
identified in image and physical spaces, external 
objects prospectively attached to the body prior to 
imaging or matching homologous shapes. Point-
based registration is fast, well defined mathemat-
ically [8, 9] and can provide an absolute measure 
of accuracy [10]. It has become the standard 
technique in image-guided neurosurgery (IGNS). 
A number of researchers have attempted to bring 
point-based registration to organ-level therapies. 
This includes using identified points both as an 
initial estimate of a registration [11, 12] and as a 
stand-alone approach [13, 14].

Lange et al. [13] locate vessel bifurcations and 
vessel centerlines in preoperative tomographic 
angiograms (magnetic resonance angiography, 
MRA; or computed tomography angiography, 
CTA) and attempt to match those points to points 
found in power Doppler ultrasound images from 
a tracked ultrasonic probe. This is shown in 
Fig. 9.2.

Mauer et al. [15] demonstrated that adding 
shape information into a registration could im-
prove the quality of that information. When that 
work was combined with the surface-based reg-
istrations of Pelizzari et al. [16] and the search 
mathematics of Besl and McKay [17] then it be-
came possible to match spaces based on surface 
registrations. This was critical to moving image-
guidance techniques from the brain to abdominal 
organs which lack the rigid skull in which points 
could be firmly attached.

Herline et al. [18] demonstrated that liver mo-
tion was essentially one dimensional by track-
ing points on the surface of the liver and resolv-
ing that motion into Eigen vectors. These data 
showed that liver motion was virtually one di-
mensional in the direction of diaphragm motion, 
and that the liver returned to locations throughout 
the respiratory cycle. This gave researchers con-
fidence that a surface could be used to register 
image space to physical space. The image space 
data were segmented from preoperative tomo-
grams (see Fig. 9.3).

With the belief that the liver motion could be 
controlled by respirator control of diaphragm 
motion, researchers developed organ-level sur-
face registration. The first attempts used tracked 
localizers devices. In the liver that was an opti-

Fig. 9.2  A CTA is shown in (a) and (b). a Portal venous phase, and b late venous phase. c Shows a B-mode ultrasound 
of the liver, while d shows a power Doppler image of the same: lice. (From [14])

 

Fig. 9.1  The use of an ultrasound system to detect a sur-
gical target and then guide a tool to that target
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cally tracked probe dragged over the surface of 
the liver (see Fig. 9.4).

This same technique can be applied to a 
tracked daVinci robot [19–21]. Here the applica-
tion is in kidney surgery.

As can be seen from Figs. 9.4 and 9.5, a hand-
held tracker is inefficient at obtaining dense, 
complete coverage of an organ surface. In addi-
tion, these are contact methods in which the sur-
geon has to drag a tool across the surface. Such 
a process is a difficult visual servoing task and 
can result in points from below the surface if the 
tracker digs in and from above the surface if the 
tracker loses contact with the surface. Such prob-
lems do not affect the usefulness of a contact-
based surface registration—they just limit the 

ultimate accuracy. Figure 9.6 shows the process 
of adding image guidance to a partial nephrec-
tomy using the daVinci robot. Figure 9.6a shows 
the standard daVinci endoscopic view, Fig. 9.6b 
shows an image-guided rendered view. The ren-
dered view is updated at video frame rates [22].

Miga [23–25] pioneered the use of a laser 
range scanner (LRS) to quickly capture an even, 
densely sampled surface. Because it is contact-
less, that is, it uses a laser to locate the surface, 
there are no problems with acquiring surface 
points. In addition, it acquires 20,000–30,000 
points in a 30-s acquisition. When the surface 
cloud is obtained, a color photograph is also 
obtained allowing for the texturing of the point 
cloud. This enables confirmation that the three-

Fig. 9.3  Three-dimensional motion of the liver ( left) resolved into Eigen vectors ( right)

 

Fig. 9.4  One technique for capturing an intraoperative 
surface is to drag a tracked probe over the organ surface 
during surgery (a). This results in a sparse representation 

( white dots in b) which takes several minutes to obtain. 
(Fig. 9.b: Courtesy Dr. Logan Clements)
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dimensional points used for the surface regis-
tration arise from the organ in question and not 
from surrounding tissue. Figure 9.7 shows the 
tracked LRS from Pathfinder Therapeutics Inc. 
(Fig. 9.7a), the organ surface and textured laser 
range scan (Fig. 9.7b), and finally the surface fit 
of the textured surface in (Fig. 9.7c).

Surface registrations have a well-known diffi-
culty in working with surfaces with high degrees 
of rotational symmetry. For example, a perfect 
surface fragment extracted from a billiard ball 
and registered back to that ball could fit any-
where on the ball. Similarly, organ surfaces tend 
to be round and for short spans show significant 
rotational symmetry. Therefore, surface registra-
tions can “slide off” the correct answer and fit 
to a site that is incorrect but is a numerical local 

Fig. 9.7  The tracked LRS (a), the organ surface extracted from the preoperative imaging and the unregistered surface 
(b), and the registered surfaces (c)

 

Fig. 9.6  Standard daVinci view (a). The initial surgical 
task is locating the tumor, the vascular system, and the 
collecting system to allow resection without intrusion into 

either system or the lesion capsule. b Shows a rendered, 
registered transparent image with the daVinci tool loca-
tion updated at video frame rates

 

Fig. 9.5  The surface of a kidney outlined in surgery using 
the daVinci robot. The dark blue lines were used for the 
registration and the cyan lines were held out as a registra-
tion check. (Figure from [21])
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minimum. One successful approach to that is the 
use of salient features. Here, the surfaces are cap-
tured as normal, but in addition the surgeon then 
uses either the tracked locator or the LRS data to 
mark specific features [26]. These features are 
then used to initially “direct” the surface registra-
tion during the first few iterations. Then, as the 
number of iterations climbs, the computational 
weight moves towards a pure surface registration. 
In liver surgery, the falciform ligament, the round 
ligament, and the inferior ridge are often outlined. 
This technique captures some information which 
is obvious to the surgeon but difficult to compu-
tationally capture. Figure 9.8 shows the registra-
tions using point-based, conventional surface-
based, and salient feature-based registrations.

While it is clear that organ-based registra-
tion is the most accurate and robust registration 
methodology for image-guided therapies in the 
abdomen, capturing a high-quality surface with 
a laser range scan requires an open procedure. 
In times where a minimally invasive approach is 
desired, the advantages of the LRS—high-point 
density, contactless acquisition, and textured sur-
face—can be lost. Recent development [27–29] 
of a tracked laser conoscope allows the surface 
acquisition via a trochar. The tracked conoscope 

acts as a single vector range finder. By calibrat-
ing the conoscope and measuring its position and 
orientation, when the laser bounces off the sur-
face, we can calculate the location of the point 
on the surface. If there is an endoscopic camera 
in a second trochar, a textured surface can be ob-
tained as well (Fig. 9.9) [30].

Organ Deformation

From the earliest use of image-guided surgical 
techniques, the alignment of imaging data to the 
events occurring in intraoperative physical space 
has been a core characteristic. As the extent of 
imaging data grew, conventional guidance sys-
tems were developed and aligned the wealth of 
data acquired preoperatively to the physical pa-
tient within the operating room (OR) with that 
visualization achieved by displays. Although the 
initial assumption was of rigid-body alignment, 
clinically, surgeons were never under the illusion 
that this was the case. These assumptions were 
tolerated because the value of image-to-physical 
information was incontrovertible and that value 

Fig. 9.9  Human kidney with conoscope surface acquisi-
tion. Green markers are fiducials for determining registra-
tion accuracy

 

Fig. 9.8  Registrations using point-based, conventional 
surface-based, and salient feature-based registrations. A is 
ICP alone, b) shows the mismatch of the facliform liga-
ment using ICP. C&D show the salient feature registration 
with the same check
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continues today. Interestingly, as the first conven-
tional frameless stereotactic systems were being 
realized for rigid-body-based image-guided brain 
surgery [31–33], surgeons were already adopting 
approaches almost simultaneously to account 
for nonrigid deformation-induced changes. For 
example, Kelly et al. inserted beads stereotacti-
cally at 5-mm increments within tumors to moni-
tor shifts with lateral teleradiographs during laser 
resection [34]. Several years later, quantitative 
measurements of the discrepancy between con-
ventional IGS displays and their soft-tissue intra-
operative counterpart began to appear with Nauta 
reporting display-to-tissue misalignments on the 
order of 5 mm [35]. Subsequent investigations 
measuring intraoperative brain surface move-
ments reported average surface deformations 
of 1 cm. Figure 9.10 illustrates two laser range 
scans of the cortical surface before and after sur-
gical resection superposed in consistent physi-
cal space. A representative sagging and shifting 
of the cortical surface can easily be observed 
and is quite typical during image-guided brain 
tumor resection. From these initial observations, 
insightful relationships regarding the predisposi-
tion for brain movement in the direction of grav-
ity have been reported [36, 37]. In addition, with 
the advent and use of intraoperative magnetic 
resonance (iMR) imaging systems, more detailed 
studies measuring both surface and subsurface 
shift have been performed [38, 39]. One of the 
first detailed studies documenting both surface 

and subsurface shift was reported by Nimsky 
et al. [39]. Using image-processing techniques 
and the shift scale proposed by Bucholz et al. 
[40] (low, 0–2.9 mm; moderate, 3.0–6.9; high, 
> 7.0 mm), they classified surface and subsurface 
deformation on 64 patients undergoing various 
neurosurgical procedures. Their investigation re-
vealed that “cortical shifts were high in 63 % of 
cases, moderate in 14 %, and low in 23 %. Mid-
line structures exhibited low shifts in 92 % and 
moderate shifts in the remaining 8 %; high shifts 
were not observed. There were low shifts of the 
deep tumor margin in 34 % of cases, moderate 
shifts in 42 %, and high shifts in 24 %.” Others 
have also shown similar iMR studies [38, 41] 
and within other brain surgery applications (e.g., 
deep brain stimulation [42], and convection-en-
hanced chemotherapy [43]). What is clear is that 
in one of the most confined soft-tissue domains 
within the human body, moderate-to-high soft-
tissue shifts of the brain surface, and deep tumor 
margins was suggested to occur in approximately 
75+ % of cases. When one then considers the 
translation of image-guided techniques to other 
domains, this is a sobering reality. For example, 
in recent reports, soft-tissue deformation during 
liver resection has been documented with intra-
operative computed tomography (iCT) and has 
demonstrated significant effects from deforma-
tion [44]. Contrary to the aforementioned stud-
ies of deformation in neurosurgical procedures, a 
majority of deformation in open liver surgery is 
imposed prior to resection and due to laparotomy, 
mobilization, and surgical presentation for resec-
tion. As such, methods of analyzing the organ 
shape change must be developed that would 
optimally use available minimally intrusive in-
traoperative data (e.g., laser range scans of the 
organ surface) which again, unfortunately, can 
only be acquired after the organ has deformed 
considerably. Going further, in a recent 12-pa-
tient interpatient liver registration study, intraop-
erative liver surfaces were acquired using laser 
range scan technology and rigidly registered to 
their segmented CT organ counterpart. Once 
achieved, the results were wholly registered to a 
common organ representation, i.e., “atlas” liver, 
and analyzed. Similar to [44], the results of the 

Fig. 9.10  Laser range scans of the brain’s cortical surface 
before and after resection
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deformation measurement and analysis indicated 
the potential for soft-tissue deformation to com-
promise surgical guidance information and also 
suggested a similarity in imposed deformations 
among similar procedure types. Figure 9.11 is an 
example of a typical interoperative shape change 
and demonstrates quite clearly that guidance 
technologies for soft-tissue surgeries that rely on 
rigid-body alignment are compromised by defor-
mation. However, it also supports that intraop-
erative deformations are to a degree systematic 
which may be very favorable for computational 
approaches.

As stated above, none of the conventional 
guidance platforms has a deformation correc-
tion approach embedded in the system, but rather 
commercial developers have elected to integrate 
their platforms with intraoperative imaging units 
to account for surgical changes. With respect to 
enhanced neuronavigation, intraoperative mag-
netic resonance (MR) has been the integration 
platform of choice. In a recent review paper by 
Shulz, Waldeck, and Mauer, 1400 papers con-
cerned with IGNS over the past 25 years were 
reviewed with interestingly only 14 comparative 
trials concerning the effectiveness of IGNS being 
identified for inclusion. Despite the small num-
ber, many interesting results were reported across 
studies. In general, the use of conventional neu-
ronavigation (i.e., rigid-body alignment IGNS) 
led to reduced residual tumor burden postopera-
tively, prolonged survival, reduced neurological 

deterioration, and negligible additional intraop-
erative timing (longer setups were experienced 
however) [45]. With the addition of iMR imag-
ing, in general, more complete resections have 
been reported with no additional deficits. In ap-
proximately 30 % of cases, additional tumor re-
sections resulted with no added neurological de-
terioration. While results did vary, iMR-enhanced 
neuronavigation also improved survival times 
over conventional neuronavigation. The only 
considerable intraoperative compromises were 
with respect to limiting patients to those without 
ferromagnetic implants and to the additional time 
of surgery (noted time increases as much as 50 % 
over conventional IGS). With respect to draw-
backs of iMR technology outside the OR, the 
authors readily point out the expense, the encum-
brance and upkeep, the special instrumentation 
needed, and the potential technical excess associ-
ated with such a costly high-tech tool. In addi-
tion, iMR investments previously made by medi-
cal centers are largely in their first generation, 
studies regarding updating, and maintenance of 
these suites has not yet been forthcoming. Never-
theless, an important finding across iMR studies, 
albeit sparse, is a growing agreement that taking 
into account soft-tissue anatomical changes intra-
operatively does provide additional benefit over 
conventional IGS approaches.

An alternative to iMR technologies that is less 
expensive is intraoperative computed tomogra-
phy (iCT). While iCT was explored in the 1980s 

Fig. 9.11  Laser range scan overlaid on segmented CT-liver model ( left); signed closest point distance which illustrates 
the shape change ( right)
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[46] and to a degree dismissed, better detectors, 
reductions in radiation, and more sophisticated 
reconstruction frameworks have led to renewed 
interest in the technology. Within the domain of 
surgical guidance, approaches using cone-beam 
CT (CBCT) technology have shown particular 
promise. In [47], CBCT was used in a series of 
12 head and neck surgical cases. The impact of 
the technology was evaluated with respect to 
clinical workflow, image quality, and utility. The 
work demonstrated an effective surgical imaging 
tool with important roles in surgical guidance, 
specifically with respect to visualization of bony 
detail, guidance of bone ablation, and possibly 
anatomical reconstruction. While an important 
addition to the scope of intraoperative imaging 
tools, its lack of soft-tissue contrast, and radia-
tion concerns do leave its role somewhat uncer-
tain at this time. With that said, this technology 
may be a valuable source of intraoperative data 
in the future for updating.

Another alternative, intraoperative ultrasound 
(iUS) has shown promise in providing additional 
insight to the surgical field regarding soft-tissue 
deformation [48]. In another common soft-tissue 
resection surgery, breast-conserving lumpecto-
my, the need for clear margins is essential and 
reoperation rates and compromised margins are 
unacceptably high at this time. Several studies 
looking at the value of iUS imaging as purely an 
interventional imaging tool to assist tissue visual-
ization have demonstrated benefit [49–52]. What 
is intriguing about this work is that these studies 
did not benefit from having advanced tracking 
and localization systems, and none had an abil-
ity to incorporate preoperative imaging data, yet 
clinical benefit was found. The results certainly 
encourage the use of low-cost nongantry-based, 
nonionizing intraoperative imaging data and 
demonstrate that surgical expertise can often ac-
commodate technologies to improve outcomes 
despite not having the most extensive intraopera-
tive guidance system that could possibly be imag-
ined. Intraoperative imaging in all its forms is an 
important tool for assisting surgery; however, the 
inherent workflow and integration difficulties are 
significant and do open the possibilities that more 
cost-effective computational approaches may be 

needed to close the gap between workflow and 
accuracy design constraints [53–55]. Stereoscop-
ic cameras and LRSs have been highly investi-
gated sources of sparse data in the recent litera-
ture and have been used extensively to capture 
brain surface deformations [56–59], liver [26, 61, 
62] and kidney organ surfaces [21, 62], as well as 
breast [63]. Some comparisons of the computer 
vision approaches have been made too [64]. With 
respect to modeling approaches to compensate 
for brain deformations, the growth in this litera-
ture has been considerable. For example, work 
from Dumpuri et al. has proposed using an atlas-
based combinatorial approach driven by sparse-
textured cortical surface point clouds [64]. Sun 
et al. uses similar point cloud data acquired from 
stereo-pair surgical microscope data within the 
context of a boundary force reconstruction ap-
proach [58]. DeLorenzo et al. used a variant on 
game theory to compensate for shift in epilepsy 
patients [65]. Lunn et al. proposed using stereo-
pair data and ultrasound to drive their inverse 
approach [66]. Methodologically, all of these ap-
proaches are very similar inverse problem strate-
gies, each having demonstrated reasonably simi-
lar prediction capabilities. In addition, there are 
now reports emerging on these preoperative and 
intraoperative pipelines that discuss the impact 
within surgical workflow [67]. Figure 9.12 is an 
example of one of these approaches for IGNS 
[64]. In this case, optically tracked laser range 
scans were acquired of the cortical surface before 
and after resection (Fig. 9.12a), measurements of 
shift were made, and used within the context of 
inverse problem framework (Fig. 9.12b). Once 
computed, the image volumes could be modified 
to reflect the deformation (Fig. 9.12c).

With respect to other soft-tissue organs, the 
results are more limited. With the context of 
image-guided liver surgery, the work by Lange 
et al. [13, 68, 69] is looking at a CT-to-US vessel-
based nonrigid registration system for provid-
ing the link between image and physical space. 
While several cases have been conducted with 
good results, there are challenges to the approach 
that require the identification of as many bifur-
cations as possible with tracked ultrasound and 
then the determination of corresponding bifur-
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cations within CT data. While the subsurface 
information would be valuable for nonrigid cor-
rection, there is a likelihood of misidentification 
in this highly vascularized organ, and the encum-
brance may challenge adoption from a workflow 
perspective. Alternative approaches using liver 
surface data and finite element models within an 
inverse problem framework have also been pro-
posed [70–72]. These are challenging approaches 
too because they rely on a general understanding 
of surgical presentation such that a proper repre-
sentation of shape variability can be represented. 
In a recent study by Rucker et al. [73], this type 
of approach was studied within the context of 
understanding the effects of surface data extent, 
the inclusion of subsurface data, the trade-offs 
of using a nonlinear tissue model, robustness to 
rigid misalignments, and the feasibility in clinical 
datasets. The results suggest a robust approach 
and volumetric target registration errors compat-
ible with the goals of image-guided liver surgery. 
Figure 9.13 is one example where the strategy by 
Rucker et al. was modified to include multiple 
control surfaces and demonstrates the degree of 

surface fit for the data shown in Fig. 9.11 that is 
possible.

While a straightforward solution is to inte-
grate imaging and guidance into one device, the 
fully integrated solution still represents a resect-
and-check approach. Its greatest advantage is the 
ability to modify a procedure based on data while 
the patient is still in the operating theatre. Fur-
thermore, there is little question that preoperative 
data combined with intraoperative tissue charac-
terization and localization data will continue to 
shape therapy. However, what is not apparent is 
if the translation of standard preoperative imag-
ing equipment into the OR is the best approach in 
all instances. The environmental and interaction 
constraints are fundamentally different between 
the two and will influence adoption in the future. 
In addition, it is also important to recognize that 
more localized sensing methodologies to perform 
the same functions as larger gantry-based imag-
ing units are on the horizon. For example, new 
approaches using fluorescence and reflectance 
spectroscopy are being pursued to help delineate 
high-glioma resections [74, 75]. These types of 

Fig. 9.12  a Pre- and post-resection images of the cortical surface, b gray pre-op brain model and blue model deformed, 
and c undeformed and deformed MR

 

Fig. 9.13  Model deformed in blue with pre-op model in gray ( left), and resulting signed closest point distance map 
after nonrigid deformation correction ( right)
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devices represent simple visual filters on surgical 
microscopes or small imaging probes and would 
be far more compatible with current operative 
workflow. While these methodologies are some-
what investigational at this time, it does provide 
some sense of the challenging nature for predict-
ing what the best arrangement of instrumentation 
should be. What is presented in Figs. 9.2 and 9.4 
is a means to nonrigidly register preoperative 
information to the intraoperative domain using 
cost-effective workflow-friendly, sparse-data 
driven, computational approaches. Combining a 
capability like this with a localized imaging de-
vice may be a very attractive approach allowing 
the surgeon to avoid critical surrounding struc-
tures by accounting for their changing positions 
intraoperatively while being able to provide a 
more precise resection based on inherent tissue 
characteristics. While ORs of the future will be 
ever evolving, it is clear that advanced instru-
mentation, imaging technologies, novel visual-
ization platforms, and computation will be cen-
tral to its realization.
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My wife is a history teacher. George Santayana’s 
observation that “those who cannot remember 
the past are condemned to repeat it,” rings true in 
the field of optical imaging in the operating room. 
Much can be learned from historic difficulties in 
bringing optical imaging modalities successfully 
into the clinical workflow of the surgical suite. 
Few of the critical milestones in this field will be 
realized unless creativity is used to demonstrate 
that the failure to successfully translate optical 
and other imaging modalities can be avoided in 
this nascent area.

One important benefit that optical imaging 
offers over other modalities such as ultrasound, 
photo acoustic imaging (see Chap. 2), magnetic 
resonance, X-ray and computed tomography is 
the potential for coregistration of the white-light 
and augmented image. If the photons required for 
imaging can be gathered from the same camera 
used to guide the surgery, nontrivial issues such 
as organ deformation are dealt with automati-
cally. Optical imaging of endogenous contrast 
is extremely appealing as the burden to gener-
ate in vivo proof-of-principle is quite low. Food 
and Drug Administration (FDA)-approved de-
vices for implementing various optical imaging 
techniques such as narrow-band imaging (NBI) 
and autofluorescence have been available to 

clinicians and researchers since 2006 [1]. That 
said, these techniques are, for the most part, con-
sidered to be in the clinical research phase as sur-
geons seek ways to derive clinical value. While 
methods utilizing endogenous tissue contrast 
such as NBI, Raman spectroscopy, and autofluo-
rescence have been used to evaluate bladder [2], 
head and neck [3], gastrointestinal [4] tissues on 
an experimental basis, few studies have demon-
strated clinical data justifying routine use in the 
surgical environment.

While NBI, discussed in Chap. 21, has shown 
promise in guiding biopsies for the diagnosis of 
Barrett’s esophagus [5], evaluating bladder can-
cer [6], and the detection of early neoplasia of the 
gastrointestinal tract as shown in Fig. 10.1, other 
efforts cast doubt on the usefulness of the tech-
niques when compared to white-light endoscopy 
[8]. Techniques such as Raman spectroscopy 
have been shown to discriminate between normal 
and malignant tissues however the signals gener-
ated are very weak (Fig. 10.2) and the measure-
ment area is very small [9]. An optical technique 
must demonstrate clinical relevance with a de-
cent signal to noise ratio achievable in near-real-
time, in addition to easily fitting into the clinical 
workflow. Acquired data needs to be presented 
in an easy-to-understand format, preferably over-
laid, or related to the white-light image visible 
to the surgeon. The combination of wide-field 
and microscopic imaging techniques is required 
for realistic implementation of such technologies 
into the clinical workflow of the operating the-
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ater, since  the field of view in a typical surgery 
is often orders of magnitude larger than those 
offered by microscopic technologies, as demon-
strated in Fig. 10.3.

Exogenous Contrast Agents

The administration of exogenous contrast agents 
involves a hurdle not encountered when using 
devices to generate endogenous contrast, namely 
the fact that such contrast agents are considered 
drugs and require the filing of an investigational 
new drug (IND) application with the FDA. The 

prospect of gaining the necessary resources for 
FDA approval for many of the imaging agents is 
a daunting proposition. Externally administered 
optical agents generally fall into three classes: 
Targeted, activatable, or passively accumulating. 
Examples of nontraditional ways to achieve clin-
ical milestones for some of these optical imaging 
agents are discussed below.

Interest in the development of optical imag-
ing agents for diagnostic and therapeutic use has 
increased dramatically in the past decade. In-
deed, the ability to provide real-time visualiza-
tion of critical structures and pathology during a 
surgical intervention has the potential to provide 

Fig. 10.2  Raman spectroscopic measurements of 
Barrett’s esophagus, adenocarcinoma, and normal 
esophagus. Spectra have been offset for clarity. (From 

Almond et al. Endoscopic Raman spectroscopy enables 
objective diagnosis. Gastrointest Endosc. 2014;79:37–45)

 

Fig. 10.1  a A gastric ulcer, as seen with white-light en-
doscopy, b autofluorescence imaging, and c narrow-band 

imaging, showing the irregular vascular patterns typical 
of early cancer. [7]
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significant value to patients, surgeons, and the 
health care system as a whole. The availability 
of a variety of FDA-approved fluorescence imag-
ing systems for use in the surgical setting is an 
important milestone that has added to the excite-
ment and will allow easier clinical translation of 
agents discussed in Chap. 3 from the laboratory. 
Hamamatsu, Intuitive Surgical, Karl Storz, Leica, 
Novadaq, Olympus, and Zeiss all have FDA-ap-
proved systems available for fluorescence visu-
alization during surgery. Over 1000 systems ca-
pable of imaging at a variety of wavelengths exist 
within operating rooms throughout the world in 
addition to a variety of experimental devices used 
in institutional review board cleared studies [10].

Given the availability of FDA and Institution-
al Review Board (IRB)-approved imaging de-
vices available at a variety of institutions, a road-
block to translation has been lifted. That said, the 
only optical imaging agents used in significant 
volume are those that were approved pre-1976, 
as the translation of agents from the lab to the 
clinic is expensive. It is helpful for a brief review 

of optical imaging agents commonly used in the 
operating room.

The most widely used fluorescent imaging 
agent in the operating room is the water-soluble, 
tricarbocyanine dye indocyanine green (ICG), 
which was developed by Kodak corporation and 
first described by Fox at the Mayo Clinic in 1956 
[11], and received FDA approval in 1959 [12]. It 
has been used extensively in evaluating hepatic 
and cardiac function [13], in addition to opthal-
mology [14] and perhaps most importantly was 
in use prior to the FDA Medical Device Amend-
ments of 1976. With the introduction of the 
aforementioned intraoperative systems capable 
of imaging ICG, its use in the operating room has 
increased significantly in the past decade.

Recent milestones have been achieved 
through the use of FDA-approved optical imag-
ing agents in novel procedures. Aside from the 
original indications for use, devices have recent-
ly been approved that use ICG as an adjunctive 
method for the evaluation of tissue perfusion 
[15], in addition to visualization of extrahepatic 
biliary duct structures during cholecystectomy 
[16]. Several groups have used the compound to 
identify lymph nodes during surgical procedures 
involving the head and neck [17], lungs, pelvis 
[18, 19], colon [20] and rectum [21], (Fig. 10.4), 
although the use of the compound for such in-
dications has not been approved by the FDA. 
Sodium fluorescein is another fluorescent agent, 
first described by Alfred von Baeyer in 1871 [22] 
whose use exploded in the 1960s when angiog-
raphy of the eye was first performed. While it is 
an FDA-approved tracer, the ideal use of fluores-
cein isothiocyanate (FITC) in open or minimally 
invasive surgery has not yet been determined. 
Methylene blue is known to fluoresce and has 
been used to image structures such as tumors and 
ureters (Fig. 10.5), although such use is consid-
ered to be off-label by US regulatory agencies, 
and agent toxicity is a potential concern [23]. 
5-aminolevulinic acid (5-ALA), a precursor for 
an FDA-approved photodynamic therapy for skin 
cancer, has been in trials for use as a fluorescent 
tracer for over a decade to help delineate brain 
tumor margins as shown in Fig. 10.6. A similar 
compound, Hexaminolevulinate HCl was FDA 

Fig. 10.3  Multimodal imaging using white-light endos-
copy (a), narrow-band imaging (b), and confocal laser 
endomicroscopy (c) of a papillary tumor at the bladder 
dome. (Reprinted from Curr Urol Rep. 2014;15(5):406)

 



136 J. Sorger

approved in 2010 for the visualization of bladder 
cancer after 10 years of clinical study and is cur-
rently sold by Photocure (Oslo, Norway).

There is no shortage of interesting molecu-
lar targets for optical imaging, many of which 
are described in Chap. 3. A significant clinical 

Fig. 10.5  A white-light, NIR fluorescence, and merged image of a ureter containing methylene blue during surgery. 
(From Verbeek et al. J Urol. 2013;190, 574–9)

 

Fig. 10.4  Lymphatic mapping with NIR imaging of the right pelvis after injection of ICG into the uterine cervix. (From 
Rossi et al. Int J Gynecol Cancer. 2013;23(9):1704–11)
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milestone that has been extremely difficult to 
achieve is the translation of promising agents to 
the clinic. An important reason for this is the fact 
that it costs approximately US $1M to perform the 
required preclinical testing and good manufac-
turing practice (GMP) production of compound 
for human administration. While the exploratory 
IND mechanism can be useful in reducing the 
costs of getting a Positron emission tomography 
(PET) tracer into humans under a phase 0 study, 
it is unlikely that optical imaging agents can 
be detected clinically at doses small enough to 
qualify for micro dosing (< 100 μg). Traditional 
grant funding mechanisms have not historically 
scored applications for translating optical imag-
ing agents highly, although some groups have 
had limited success via the Small Business In-
novation Research (SBIR) route. The National 
Cancer Institute’s Experimental Therapeutics 
program [24] (NExT) offers access to National 
Cancer Institute (NCI) resources and drug devel-
opment expertise that can be extremely useful in 
helping researchers in academia, government, 
and industry generate preclinical data necessary 
for human use of investigational imaging agents. 
While not a grant program, these resources can 
be used to help bridge the IND-required pharm/
tox studies, GMP synthesis, IND filing, or phase 
0, 1, or 2 clinical evaluation. Three examples of 
optical imaging agents that have been the recipi-
ent of NExT resources include:
• ZW800–1, a novel cyanine near-infrared fluo-

rophore from the laboratory of John Frangioni, 
for translation into human clinical studies [25]

• A conjugate of Imclone’s Cetuximab and 
Licor’s IRDye800 being tested in head and 
neck cancer by Eben Rosenthal [26]

• Lumicell’s activatable nanoparticle whose 
fluorescence is quenched until in the presence 
of cancer-specific cathepsins [27]

Indeed, first human use is an incredibly impor-
tant milestone in terms of demonstrating that the 
concept and mechanisms behind the agent dem-
onstrates the same behavior in humans as in the 
petri dishes and preclinical models in which it 
was discovered/optimized. Examples of mecha-
nisms used to translate optical imaging agents 
into the clinic are provided below.

Commercial Examples

There are a number of examples of efforts to 
commercialize optical imaging agents, although 
the ‘exit strategy’ typically desired by biotech-
nology/early stage pharmaceutical companies 
is not well defined. Much of the economics be-
hind optical imaging agents is extrapolated from 
the world of PET, MRI, and ultrasound contrast 
media due to the significant history of such imag-
ing compounds. Nobody likes to accept the num-
bers cited in Adrian Nunn’s 2006 article [28] on 
imaging agent economics, however until a PET 
or optical agent is developed and gains FDA ap-
proval for less than the often-quoted US $100–
200M, investors will be hesitant to place bets in 
this area.

Successful imaging agents are often failed 
or modified versions of therapeutics, where sig-
nificant resources have been spent on some sort 
of therapeutic response. Indeed, the compound 
2-deoxy-D-glucose, which did not demonstrate 
efficacy as a cancer drug was repurposed into a 
14C labeled version which was followed by the 

Fig. 10.6  Brain tumor cavity after administration of 5-ALA imaged with white light ( left) and under fluorescence il-
lumination ( right). (From Stummer et al. J Neurosurg 2000;93:1003–13)
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fluorinated version, fludeoxyglucose (F18), that 
forms the basis for most PET scans performed 
today [29].

A modern example is that of EC17, an FITC 
conjugate compound developed by Endocyte 
(West Lafayette, IN) as an immunotherapy that 
targets antigenic molecules to cancer cells in 
order to help the immune system detect and re-
duce or eliminate cancerous tumors. As it is no 
longer present on the Endocyte pipeline web-
page, the therapy presumably did not perform 
adequately to justify further investment. How-
ever, since it was developed for the clinical tri-
als process under GMP, Endocyte provided some 

EC17 to the University of Groningen where van 
Dam administered the compound to ten patients 
undergoing surgical resection of ovarian tumors 
[30]. Although only 3/10 patients demonstrated 
tumor fluorescence, it was noted that since only 
3/10 patients stained positive for folate receptor 
α, the sensitivity was 100 %. This was a major 
milestone in the field of optical imaging, as it 
provided an in vivo example of real-time tumor 
assessment, something many in the field be-
lieve to be the ‘holy grail’ of molecular imaging 
(Fig. 10.7). EC17 was subsequently administered 
to 30 patients at the Mayo Clinic, after which its 
use was discontinued due to subpar image qual-

Fig. 10.7  Quantification of tumor deposits ex vivo. 
Color image (a) and the corresponding fluorescence 
( FLI) image (b). Scoring was made on three color images 

(median =  7) and their corresponding fluorescence im-
ages (median = 34). (Reprinted from [30])
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ity [31]. Additional studies in lung, renal and 
breast cancer in addition to parathyroid disease 
took place at the University of Pennsylvania and 
Leiden University Medical Center, revealing 
the suboptimal performance of the FITC-based 
compound, namely depth penetration issues and 
problems with autofluorescence. EC17 continues 
to demonstrate its excellent safety profile, having 
been given to > 350 patients to-date. The technol-
ogy has been licensed to OnTarget Laboratories 
(Northbrook, IL) as a fluorescent imaging agent. 
In order to overcome some of the shortcomings 
of the FITC-based agent, OnTarget has linked fo-
late to a fluorophore in the near infrared range, 
and is currently in human trials.

Licor Biosciences (Lincoln, NE) has worked 
to facilitate the use of its IRDye800CW agent in 
clinical trials by manufacturing the ester form of 
the fluorophore under GMP and submitting drug 
master files for the compound with US and Eu-
ropean regulatory agencies. A private company 
with products in the biotechnology equipment, 
reagent, and environmental analytics space, 
Licor has funded such efforts internally and has 
received many Small Business Innovation Re-

search (SBIR) grants over the past two decades. 
The availability of the drug master files and GMP 
grade compound has enabled investigators to de-
tect clinically available monoclonal antibodies 
such as Roche’s bevacizumab and Imclone’s ce-
tuximab with fluorescence-capable cameras [32].

Akrotome Imaging (Cleveland, OH) was 
founded in 2008 with the goal of translating prote-
ase-binding, quenched, near-infrared probes that 
can be used in a variety of clinical applications, 
including optical imaging during cancer surgery 
(Fig. 10.8). The company was an SBIR recipient 
in 2011. While systemically or topically adminis-
tered imaging agents must undergo toxicity test-
ing required for pharmaceuticals, the application 
of Akrotome’s imaging agents to excised tissue 
in order to verify a negative tissue margin lowers 
the economic burden for clinical testing. While 
Akrotome must still compare the efficacy of their 
agents against a clinical gold standard, it may be 
possible to get approval without a direct compari-
son to histopathology. It is interesting to note that 
Dune Medical (Caesarea, Israel) received FDA 
clearance of their MarginProbe radio frequency 
spectroscopy device by demonstrating a 6 % ab-

Fig. 10.8  A monochromatic image of a mouse brain a 
with a tumor growing near the dorsal surface ( arrow). 
b The unmixed false colored map of pixel intensity rep-
resenting the presence of topically applied quenched-

activity-based imaging agent at 35 min post application. 
(From Cutter et al. Topical Application of Activity-Based 
Probes for Visualization of Brain Tumor Tissue. PLoS 
ONE 2012;7(3))
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solute or 23 % relative reduction in re-excision 
procedure rates in breast-conserving surgery 
when compared to an arm without the use of 
the MarginProbe. Approval was granted despite 
the device producing false positive and negative 
readings as high as 66 and 25 %, respectively, in a 
randomized prospective multicenter trial involv-
ing nearly 600 patients [33].

Blaze Biosciences (Seattle, WA) was founded 
in 2010, based on the chlorotoxin work of Jim 
Olson [34]. TumorPaint, a modified chlorotoxin 
peptide tagged with ICG, has hit the first major 
milestone in optical imaging development, as it 
is currently undergoing human safety and dose-
finding studies in skin cancer. Subsequent areas 
for the application of the technology may include 
brain, prostate, lung, breast, colorectal, head 
and neck cancers in addition to sarcomas. Blaze 
Biosciences recently raised a Series B financing 
round from its investors.

ImaginAb (Culver City, CA) re-engineers 
antibodies into smaller proteins whose pharm-
cokinetics differ from the larger antibodies from 
which they are derived. Founded in 2007 and the 
recipient of an SBIR award as well as a Series 
A financing round, ImaginAb is focused on the 
development of imaging agents in oncology and 
immunology, as stand-alone clinical tools to ad-
dress unmet needs in pancreatic, prostate and 
ovarian cancer. Clinical trials for its two lead 
products commenced in 2013 and the lead pro-
gram, a “minibody” against prostate-specific 
membrane antigen (PSMA) is currently in phase 
II studies as a 89Zr-labeled PET tracer. Although 
the first agent is a PET tracer, significant po-
tential exists for optical conjugates (Fig. 10.9) 
for intra-operative/surgical applications and the 
company is currently planning clinical studies of 
optical conjugates in the latter part of 2014 [35]. 
ImaginAb partners with pharmaceutical compa-
nies to develop imaging agents based on their 
biologic pipelines. This “partnership” model al-
lows the rapid development of an imaging agent 
that binds to the same target as the parent anti-
body or antibody drug conjugate. This technol-
ogy can be used for patient selection, indication 
scouting, and therapy management, streamlining 
clinical trials and aiding in regulatory approvals.

As much of the economics in the optical imag-
ing agent space is derived from the PET-imaging 
agent experience, it was significant when Sie-
mens Healthcare exited the tracer development 
market in 2013, divesting its significant agent 
pipeline. Indeed, as Eli Lily (Indianapolis, IN) 
acquired the tau protein imaging compounds, 
and Threshold Pharmaceuticals (South San Fran-
cisco, CA) acquired the hypoxia imaging agent 
HX4 as a companion diagnostic to their hypoxia 
therapeutic TH-302, Siemens verified that the 
pharmaceutical company 10–15 year timelines 
and US $100–200M clinical trials processes 
were not compatible with the timelines of an es-
tablished medical device company.

While first-in-human use is necessary to 
generate translational proof-of-concept data, an 
important clinical milestone related to agent de-
velopment is the demonstration that an imaging 
agent can gain the reimbursement required to 
generate revenues to entice investors. This is no 
easy task. In order to argue for reimbursement, an 
agent must perform a task equivalent to, or bet-
ter than the current gold standard measurement. 
Once again, looking at the development of imag-
ing agents from other modalities can be instruc-
tive, namely PET-imaging agents for measuring 
tissue hypoxia. Many clinical studies argued for 
a comparison with Eppendorf needle electrodes, 
which had been used for decades to assess tissue 
oxygenation [36]. Unfortunately, it turned out 

Fig. 10.9  Fluorescence image of a PSMA-expressing 
tumor tagged with a minibody conjugated to a near-infra-
red fluorophore. (Courtesy, ImaginAb)
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that Eppendorf electrodes have a difficult time 
distinguishing hypoxic from necrotic tissue [37]. 
In fact, Eppendorf electrodes are no longer sold 
or supported by any company. So what is a good 
gold standard? With optical imaging agents for 
oncologic tumor margin detection, one can imag-
ine histopathology being a reasonable compara-
tor.

The conflict between academic motivation 
and commercialization has also contributed to 
challenges in getting promising imaging trac-
ers approved, as academics have traditionally 
been rewarded for publishing unique chemi-
cal compounds as opposed to cooperating with 
other groups to advance the clinical trials of 
such agents. If we once again look to hypoxia 
imaging as an educational example, one can see 
that no fewer than six hypoxia imaging markers 
were developed over the past 30 years: [18F]-
EF5 [38], [18F]-FAZA [39], [18F]-FMISO 
[40], [18F]-HX4 [41], [18F]-FETNIM [42] and 
[64Cu]-ATSM [43]. None have gone through the 
entire clinical trials process and received FDA 
approval, despite hundreds of publications doc-
umenting their use. An 891 patient, 89 site, 16 
country study of the hypoxia sensitizer tirapaza-
mine failed to demonstrate a survival advantage 
over traditional chemotherapy for head and neck 
cancer [44], despite the knowledge that a hypoxia 
imaging agent had prognostic significance [45] 
for outcomes in patients demonstrating hypoxic 
tumors.

Today, there are no fewer than10 PSMA imag-
ing agents that have been explored as fluorescent 
markers for prostate cells, or cancer [46–55]. Are 
we as a community heading in the right direc-
tion? Or will optical imaging go the route of hy-
poxia agents?

Examples of Recent Agent Approvals

Avid Radiopharmaceuticals’ (Philadelphia, PA) 
Amyvid (florbetapir) was a long-overdue exam-
ple of a novel medical imaging agent succeeding 
in gaining FDA approval. Capable of imaging 
beta-amyloid plaques in the brain, Amyvid is a 
rare imaging agent that has gained FDA approval 

prior to the availability of a therapeutic that can 
alter the course of the disease. Avid raised ap-
proximately US $70M prior to being acquired by 
Eli Lilly in 2010, and one can assume that the 
majority of these funds went towards funding flo-
rbetapir’s approval. FDA approval was not grant-
ed until 2012, so it is likely that additional funds 
were required. An important milestone that re-
mains to be achieved is the existence of an imag-
ing agent of any kind whose reimbursement and 
revenue generation is sufficient to justify a return 
on investment by a corporate entity or other in-
vestors. It should be noted that 2 years after FDA 
approval and with over US $70M invested, flor-
betapir is not reimbursed for any indication.

Prostascinct (capromab pendetide, Jazz 
Pharmaceuticals, Dublin Ireland), is a SPECT 
imaging agent comprised of a monoclonal an-
tibody linked to Indium111 that specifically tar-
gets PSMA and was approved by the FDA in 
1996. Ten years later, annual revenues stood at 
US $9.1M, approximately where they stood 1 
year after approval, despite a potential market 
size of US $50M [56]. Similarly, Hexvix (hex-
aminolevulinate, Photocure, Oslo Norway), an 
optical imaging agent used in conjunction with 
blue light cystoscopy for the detection of bladder 
cancer had revenues of US $14M in 2013, 3 years 
after gaining FDA approval. In 2014, the Centers 
for Medicare & Medicaid Services is folding in 
the costs of Cysview into the procedure reim-
bursement code for cystoscopy, effectively not 
providing a separate reimbursement code for the 
imaging agent, reducing payment to the hospital 
for use of the drug.

Conclusion

Some believe that the only economically viable 
way to introduce an imaging agent to the market 
is to tie the agent to a therapeutic as a companion 
diagnostic. On the pharmaceutical side, Genen-
tech (South San Francisco, CA) famously part-
nered with Dako (Glostrup, Denmark) for their 
fluorescence in situ hybridization test to indicate 
patient HER2 status in 1996 during their trials of 
Herceptin (trastuzumab). Herceptin received an 
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indication for patients “whose tumors overexpress 
the HER2 protein” and Genentech needed an ap-
proved test to stratify those patients for the ap-
proved indication. Dako’s HercepTEST received 
simultaneous approval with Herceptin in 1998. 
Patients with wild-type K-ras mutation respond 
better to Erbitux (cetuximab) than those without. 
Roche’s Tarceva (Erlotinib hydrochloride) is in-
dicated to use in metastatic NSCLC patients who 
test positive for specific EGFR mutations, which 
can be tested for using clinically available EGFR 
mutation tests. The list will continue to grow in 
the coming years…. Some propose that com-
panion imaging agents will be required to select 
therapy-responsive populations in the future, as 
might have been with Sanofi’s tirapazamine.

Can we realize the benefits that optical imag-
ing agents promise to deliver to surgical patients? 
Creativity and cooperation from members of the 
optical imaging community must be used to dem-
onstrate that this modality can be a cost-effective 
solution for guiding patient therapy. Indeed, “his-
tory will teach us nothing…if we seek solace in 
the prisons of the distant past.”
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Introduction

Minimally invasive surgery (MIS) utilizes cam-
era systems and video displays to allow for com-
plex procedures to be performed through small 
access points. Most commonly, the term is ap-
plied to abdominal surgery, but it is also appli-
cable to other areas such as neuro, vascular, and 
orthopedic surgery. This chapter focuses on MIS 
in the abdomen since most work in three-dimen-
sional (3D) imaging in the operating room (OR) 
has been done in this area.

Historically, the field of minimally invasive 
surgery was limited in scope until the develop-
ment of cameras that could be attached to a lens 
system for viewing. By projecting images from 
the camera on a video display, multiple operators 
could now see within the abdomen at the same 
time and thus participate in the procedure in a co-
ordinated way, allowing for more complex opera-
tions to be performed. Looking into the abdomen 
with a camera/lens system is called laparoscopy, 
and the first complex operation done as part of 
the modern age of laparoscopy was removal of 
the gallbladder in 1988 [1]. Since that time, every 
abdominal surgery that had traditionally been 
done using an open approach has now been done 

laparoscopically. The technique has revolution-
ized surgery to the benefit of patients.

Learning laparoscopic surgery is particu-
larly challenging because it requires performing 
complex procedures in a two-dimensional (2D) 
environment with long instruments that pro-
vide minimal haptic feedback, and work across 
a fulcrum—i.e., small points of entry across the 
abdominal wall. Limitations in the viewing area 
combined with loss of depth perception and less 
accurate tissue manipulation resulted in errors 
reflected in an increase in the incidence of bile 
duct injuries during the early days of laparoscop-
ic cholecystectomy. This incidence has still not 
completely returned to the baseline seen during 
the open cholecystectomy era.

Laparoscopy also led to a technical revolution 
in imaging in surgery. Once the surgical field is 
captured electronically and displayed on a moni-
tor, that image is now available for manipulation. 
This began with magnification and routing to 
multiple displays in the OR to improve team per-
formance. It continues to advance in two major 
areas: (1) improvement of the quality of the vi-
sual image and (2) enhancement of the “reality” 
of the light image by using computer power to 
combine it with other data, such as radiologic 
imaging. Both areas of effort aim to improve the 
performance of the operative team.

One area of work focused on improving the 
quality of the operative visual image is the cre-
ation of 3D cameras and display systems. 3D 
technology holds the promise of restoring depth 
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perception to the operative team with the poten-
tial to improve accuracy and shorten the learning 
curve for MIS. It may be particularly useful when 
performing parts of a procedure that require a 
high degree of precision, such as the creation of 
an anastomosis or dissection of a critical struc-
ture. 3D light-based images may also be com-
bined with other 3D imaging such as computer 
tomography (CT) or magnetic resonance imaging 
(MRI) to augment reality and improve operative 
performance. While 3D laparoscopic technol-
ogy has been around for decades, only recently 
has it reached a level of quality that is leading to 
more common use in the modern OR. The move 
to lighter glasses, or no glasses, to view the 3D 
display and the achievement of high definition 
images with video recording capability have all 
been essential improvements.

This chapter reviews the topics of human sight, 
and the modern technology required to display 
operative images in 3D. It also provides descrip-
tions of commercially available 3D platforms for 
the OR, reviews data regarding its performance, 
and discusses future developments in 3D includ-
ing glassless displays and augmented reality.

How Humans Perceive Depth?

Human vision is amazingly complex, and multiple 
strategies are used by the human brain to under-
stand the visual world. One of the most important 
visual elements when manipulating objects and 
navigating through the world is depth percep-
tion—the ability to perceive the relative distance 
of objects in one’s visual field. Humans use 14 vi-
sual cues to perceive depth. Interestingly, only 3 
of the 14 require binocular vision with two eyes 
(Table 11.1). This is why most surgeons are able to 
adapt to the 2D environment provided by a stan-
dard laparoscope. However, while monocular cues 
are effective at judging general distance between 
objects, they cannot accurately determine the dif-
ference in depth between them—a critical element 
in surgery. Binocular vision is required for that.

One of the strongest cues of depth is stereop-
sis, which relies on slightly different images of 
the same object being received by the left and 

right retinas due to their differing horizontal lo-
cation (Fig. 11.1). These views are shifted rela-
tively, and the magnitude of that shift creates the 
perception of three-dimensional locations [2]. 
Another cue for depth perception is vergence. 
As two eyes focus on an object, the angle of the 
pupil to the object is adjusted. This movement is 
controlled by the extra-ocular muscles and the 
activity of these muscles is perceived by the vi-
sual cortex and used to understand depth.

Accommodation is another activity used in 
human vision, but not required for depth percep-
tion. It is the adjustment of the optics of the eye 
to keep an object in focus on the retina as its dis-
tance from the eye varies. It is the process of ad-
justing the focal length of a lens. It is mentioned 
here because it is an important element in under-
standing why some people become nauseated or 
disoriented when viewing 3D displays.

Understanding 3D Technology

Viewing Glasses and Displays

While 3D image techniques have been around for 
nearly a century, advances in 3D video technology 
in both recording and viewing has made it a more 
common phenomenon in the last 30 years. To cre-
ate the perception of a 3D image when using a 
camera, a visual phenomenon similar to binocular 
vision must be implemented, with the camera(s) 
capturing and projecting two views that are then 
transmitted to the corresponding eye separately 
(Fig. 11.2) [3]. Two technical approaches exist to 
achieve this: autostereoscopic systems and those 
utilizing viewing aids [2]. Autosteroscopic sys-
tems, also known as lenticular screens or holo-
graphic systems, do not require the use of glasses, 
relying instead on the position of the viewer’s eyes 
in relation to the object. In the correct position, a 
3D image is seen. A trivial example is the magic 
eye style pictures which use two overlapping 2D 
patterns to create 3D images. Austereoscopic tech-
nology is not used in surgical practice at present.

Systems with viewing aids can be divided into 
two categories: time parallel systems, where two 
camera views are displayed simultaneously, and 
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Name Description Mono- or 
binocular

Example

Motion parallax Differences in relative move-
ment of stationary objects from 
a moving frame

Monocular When moving in a car, things by 
the side of the road are passed 
quickly, while things on the 
horizon appear stationary

Depth from motion Differences in retinal projection 
of an object as it moves nearer 
or farther away

Monocular Moving an object in front of an 
eye back and forth

Kinetic depth effect Perceiving the 3D structural 
form of a moving object

Monocular The way shadows cast by a 3D 
object change when the object is 
rotated, even if the object might 
appear in 2D

Perspective Relative size of an object 
decreases the further away it is

Monocular When driving, the road appears 
smaller in width further away, 
though the absolute width is 
constant

Relative size If two objects appear to be 
similar in size, the

Monocular

Familiar size Knowledge of the size of an 
object at various distances gives 
information about its current 
distance

Monocular Surgeons familiar with the size 
of a laparoscopic tool can judge 
its location in the body based 
on how small it appears on the 
camera

Aerial perspective Objects further away have 
lower color saturation and lumi-
nance contrast

Monocular Far-off objects appear hazy, 
harder to distinguish individual 
aspects compared to the same 
object when it is closer

Accommodation When focusing on objects at 
different distances, inter-optical 
muscles stretch the eye lens 
and change its focal length. The 
movements of these muscles 
are sent to the visual cortex, 
which interprets the changes

Monocular The adjustment time required 
when changing gaze from a near 
object to a far object

Occlusion Judging objects’ distance based 
off one object blocking parts 
of another—the object that 
appears to be in front must be 
closer

Monocular In a solar eclipse, the moon 
blocks part of the sun—logi-
cally, then, the moon must be 
closer

Curvilinear perspective Parallel lines appear curved at 
visual extremes

Monocular Escher cityscapes

Texture gradient The closer the object, the more 
fine the details that can be seen

Monocular When looking at a finger close 
up, individual fingerprint shapes 
can be seen, but when it is 
moved back, the finger appears 
uniform in appearance

Lighting and shading Light reflecting off surfaces and 
the shape and size of shadows

Monocular One of the main ways depth is 
portrayed in drawings

Defocus blur Since humans can only focus 
on a range of depths, things that 
are blurred must be outside of 
that field of view

Monocular Used in video and photography 
for creating a perception of 
depth

Table 11.1  Description of the 14 cues used by the human brain to understand object depth and position. Three 
require stereopsis
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time-multiplexed systems, which rapidly alter-
nate projecting the video image between the right 
and left view with a time sequence so fast that 
the brain perceives the images as being projected 
simultaneously. Two methods of time parallel 
projection are used. The first uses two cameras 
and projects the image via individual displays 
to each eye. This requires a viewing console or 
head-mounted display and only allows those 
looking into the console or display to view in 3D. 
The second uses glasses to view a video monitor, 
which distinguish between images meant for the 

left and right eye. These glasses are described as 
“passive” because they do not communicate with 
the video display. The simplest of these are ana-
glyph glasses which use different colored lenses 
to filter out the images meant for the respective 
eyes (Fig. 11.3). Movie goers in the early days 
of 3D will remember these glasses. While inex-
pensive and able to operate with any image that 
has been created with these glasses in mind, they 

Fig. 11.2  Conceptual image of creating stereopsis with 
two cameras

 

Fig. 11.1  Graphical example of stereopsis

 

Name Description Mono- or 
binocular

Example

Elevation If the horizon is visible, objects 
closer to it are perceived to be 
farther away than objects far 
from it

Monocular Viewing two ships on the water. 
If one appears at the horizon, 
then it is concluded to be farther 
away than one that is not

Stereopsis Slightly different images of the 
same object being received by 
the left and right retinas due to 
the retinas’ differing horizontal 
location

Binocular

Vergence When both eyes focus on the 
same object, the angle of the 
pupils change. This movement 
is controlled by extra-ocular 
muscles, which send signals to 
the visual cortex

Binocular Eyes move toward each other 
when the object is nearer, and 
away from each other of the 
second object is further than 
the first

Shadow stereopsis Objects with parallax disparity 
but with differing shadows are 
interpreted stereoscopically as a 
single image

Binocular

Table 11.1 (continued) 
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do not provide an image quality adequate for sur-
gery. However, a more advanced system based 
on the anaglyph technique has been developed, 
called super anaglyph. This system uses differ-
ing wavelengths of red, blue, and green to sepa-
rate images in a more subtle way and has been 
used successfully in cinema. Another variety of 
passive glasses use polarized lenses to separate 
super-imposed projections. In this technique, the 
video monitor displays two images of the same 
object from different viewpoints. Each image is 
rendered with a specific polarity (i.e., vertical or 
horizontal, or circular). The lens of the glasses 
filters out the polarity of the image that is not in-
tended for that eye (Fig. 11.4). The image quality 
is excellent with these glasses and they are light 
weight, durable, and relatively inexpensive. Lin-

ear polarized glasses require the user to maintain 
a level viewing angle while circular polarized 
glasses allow for the head to be tilted.

Time-multiplexed systems are often referred 
to as “active” glass systems and utilize alternat-
ing darkening of the lens while the correspond-
ing eye’s image is displayed on the monitor 
(Fig. 11.5). The image quality is excellent but 
the glasses are expensive, somewhat heavy and 
thus less comfortable to wear, less durable, and 
require battery power. They can also create a vis-
ible flicker that may be uncomfortable for the 
viewer. Active glasses communicate with the 
video monitor via an infrared or radiofrequency 
emitter to coordinate image projection with lens 
darkening (Table 11.2).

3D video monitors display an output in a va-
riety of ways, including dual-stream (both video 
streams are combined into a single file without 
combining the streams themselves), line-by-line 
(the two streams are captured at different times 
and combined into a single image), and side-by-
side (the video streams are displayed side-by-
side). When displaying the video streams, half of 
the monitor must be devoted to each eye, which 
intuitively might seem to lead to lower resolution. 
However, with modern LCD display resolution, 
and the fact that each eye is still seeing as much 
information as it did with a standard display, 3D 
images can be rendered in high definition.

3 D in Laparoscopy

When acquiring images for 3D display in lapa-
roscopy, multiple options exist for obtaining the 
required binocular viewpoints. The most com-

Fig. 11.5  a Active 3D glasses—left eye occluded. b Active 3D glasses—right eye occluded

 

Fig. 11.4  Passive 3D glasses

 

Fig. 11.3  Anaglyph 3D glasses
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mon solutions utilize either a bi-channeled or sin-
gle-channeled laparoscope. Bi-channeled laparo-
scopes have two lens systems combined into one 
shaft (Fig. 11.6) and the image from each lens is 
projected into an individual camera for that lens 
(Fig. 11.7). Advantages of this system include 
tolerance of near-objects in the field, independent 
rotation in all directions, and handling identical 
to a traditional 2D laparoscope [3]. Disadvan-
tages include extreme sensitivity to synchroniza-
tion and a need for meticulous calibration; if the 
cameras are misaligned in any way, the program 
which generates the 3D image will give an inac-
curate result.

To overcome these sensitivities some com-
panies have begun producing single-channeled 
laparoscopes for 3D. One example is a lens oc-
cluding stereo endoscope which uses a move-
able cover for part of the lens called an optical 
modulator. An image is captured with the opti-
cal modulator in one position (i.e., the “left” 
portion of the camera view is blocked) and then 
another image captured with optical modulator 
in a second position (i.e., the “right” portion 
of the camera view is blocked; Fig. 11.8). The 
result is a captured image from two vantage 
points that is the equivalent of a two-camera 
system without the concerns of misalignment. 
A similar device uses translation of the lens 
itself to achieve the same effect [4]. Another 
proposed method involves adding an object in 
front of the camera, such as a glass plate or 
a series of mirrors; after one image is taken, 
the center object rotates offering a different 
viewing angle and a second image is taken 
(Fig. 11.9). Both this option and the occluded 
lens system require the camera to remain sta-
tionary for at least as long as the two images 
are processing.

Table 11.2   Viewing aids used for 3D
Type Eye differentiation 

method
Monitor type Advantages Disadvantages

Active Glasses darken each 
eye’s lens in turn to 
correspond with the

Monitor must be 
synced with glasses

Full resolution Expensive, must 
coordinate with mon-
itor, uncomfortable

Polarized Super-imposed 
images with different 
angles or handed-
ness, with each eye 
corresponding to one 
of the two

Uses special silvered 
screen

Inexpensive Lose half of the 
screen resolution

Anaglyph The lens for one eye 
is one color (i.e., 
blue) while the lens 
for the other eye is 
a contrasting color 
(i.e., red)

Can work with any 
medium

Inexpensive and do 
not require special 
monitors

Low visual quality

Console Presents two different 
videos to each eye

Built into the system Do not lose 
resolution

Only person at con-
sole can see images

Fig. 11.6  Tip of bi-channeled laparoscope (Karl Storz 
Endoscopy, Tuttlingen, Germany)
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Fig. 11.7  Illustration of image captured with bi-channeled laparoscope

 

 

Fig. 11.8  Single-channel 3D laparoscopic camera system 
using an optical modulator. An image is captured with the 
optical modulator in one position (i.e., the “left” portion 
of the camera view is blocked) and then another image 
captured with optical modulator in a second position (i.e., 
the “right” portion of the camera view is blocked). The 
result is a captured image from two vantage points that is 
the equivalent of a two-camera system without the con-
cerns of misalignment

 
knob

Camera
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Camera
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Fig. 11.9  Another method of creating stereopsis using an 
object in front of the camera, such as a glass plate or a se-
ries of mirrors; after one image is taken, the center object 
rotates offering a different viewing angle and a second 
image is taken
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Commercially Available 3D 
Laparoscopic Systems

There are currently four companies that manu-
facture commercially available 3D laparoscopic 
systems for the OR: Intuitive Surgical (Sunny-
vale, California, USA), Karl Storz Endoscopy 
(Tuttlingen, Germany), Olympus (Tokyo, Japan), 
and Viking Systems, Inc. (Westborough, Massa-
chusetts, USA).

Intuitive Surgical manufactures the da Vinci 
Surgical System consisting of a surgeon console, 
a patient-side cart, Endowrist instruments, and 
a vision system (Fig. 11.10). The surgeon oper-
ates seated at the console while viewing a high 
definition, 3D image. When the surgeon’s head 
engages the console, a video display for each eye 
is provided via a binocular laparoscope and dual 
camera system. The surgeon’s fingers grasp the 
master controls below the display and the system 
translates the surgeon’s hand, wrist, and finger 
movements into real-time movements of the En-
dowrist surgical instruments held by four robotic 
arms on the patient-side cart.

The Karl Storz 3D System consists of a bin-
ocular laparoscope with two image sensors in-
stalled distally (Fig. 11.11). Zero degree and 30° 
fields of view models are available. The images 

from the distal sensors are transmitted to the 3D 
camera control system, which allows for simulta-
neous 2D and 3D output and can save the video 
or still images in 2D form. Passive glasses and a 
3D monitor are required to use the endoscope in 
its 3D capacity.

The Olympus ENDOEYE FLEX 3D video-
scope is a deflectable-tip, binocular laparoscope 
with an 80° field of view and 100° of four-way 
deflection that can also alternate between 2D and 
3D output (Fig. 11.12). The monitor uses circu-
lar polarizing glasses and the system can record 
in 3D. It can also provide multiple 3D outputs 
including dual-stream (where both video streams 
are combined into a single file), line-by-line 
(where the two streams are captured at different 
times and combined), and side-by-side (where 
the video streams are displayed side-by- side and 
processed using glasses).

The Viking 3DHD System model offers two 
3D camera heads, each in 0 and 30° fields of 
view: a 3D single-channel version that allows 
the surgeon to rotate the laparoscope a complete 
360° while the view of the surgical field remains 
upright, and a 3D dual-channel laparoscope that 
provides a binocular image as described in the 
other systems above. Images are displayed in 

Fig. 11.10  The intuitive surgical da Vinci Surgical System: a surgeon console, b bedside cart, c Endowrist instruments
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high definition and the viewer wears circular po-
larized glasses (Fig. 11.13).

Limitations Encountered in 3D Viewing

Despite the technological advances in 3D view-
ing, the experience can still be uncomfortable 
for many. One of the main reasons for nausea, 
disorientation, and headaches encountered while 
viewing 3D images is a discrepancy between ac-
commodation, a depth cue which extrapolates in-
formation from changes in the lens of the eye to 
achieve focus, and vergence, which extrapolates 
the same data from movement of both eyes (see 
Table 11.1). This relationship is one of the many 

redundancies found in the human sensory sys-
tem. Problems arise, however, when those redun-
dancies offer different “explanations” for what is 
being viewed and the brain cannot reconcile the 
two. Stereovision presents a discrepancy between 
accommodation and vergence. Accommodation 
is dependent on the true distance to the video 
display surface and does not change regardless 
of the content of the projection. Vergence is de-
pendent upon the apparent distance of the object 
away from the video display surface (i.e., 3D 
images appear to “float” in front of the screen) 
(Fig. 11.14). As the brain attempts to reconcile 
these two sensory inputs, headaches, visual fa-
tigue, and eyestrain can occur. One method of 
managing this discrepancy is to work in certain 
visual regions known as the “comfort zone,” an 
experimentally determined relationship between 
focal and vergence distance where the eyes can 
compensate for the discrepancy without feeling 
side effects [5].

Even if one is not bothered by the common 
side effects described above, there are other chal-
lenges when trying to view in 3D. One in 30 
people has complete stereo-blindness and is inca-
pable of seeing in 3D while one in six has some 
level of stereoscopic impairment. Partial stereo-

Fig. 11.12  Olympus ENDOEYE FLEX 3D videoscope

 

Fig. 11.11  The Karl Storz 3D system

 

Fig. 11.13  Viking 3DHD system
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blindness is often the result of convergence issues 
such as strabismus, where the eyes are incapable 
of looking in the same direction, or significant 
differences in visual acuity (e.g., the vision in one 
eye is significantly worse than the other causing 
the “good” eye to become so strongly dominant 
that the brain does not use both eyes equally). 
Complete stereo-blindness is most often due to 
loss of vision in one eye or an inability to con-
verge and/or focus on a point with both eyes [6].

Data

Many studies have been conducted to prove the 
worth of 3D systems in surgery. Most have been 
done in a simulation environment with subjects 
of varying clinical experience performing lapa-
roscopic surgical tasks on inanimate objects. The 
results of these studies are variable depending on 
the generation of the technology tested and the 
experimental design. For instance, Tanagho et al. 
compared the performance of three laparoscopic 
surgical tasks by 33 individuals with varying lapa-
roscopic experience in both 2D and 3D and found 
that 3D enhanced proficiency without producing 
eye strain or headaches [7]. In addition, partici-
pants preferred the 3D visualization. Alaraimi 
et al. tested novices on the same surgical tasks 

and found that 3D improved accuracy although 
it did not reduce overall performance times [8]. 
In contrast, Mistry et al. found improvement in 
medical student performance on only one of five 
of these tasks despite the fact that the majority 
of subjects believed their performance was aided 
by using the 3D system [9]. In addition, Currie 
et al. demonstrated that 3D visualization during 
robotically assisted mitral valve surgery could 
not overcome the loss of haptic feedback with 
both novice and expert surgeons applying signifi-
cantly more force to the surrounding cardiac tis-
sues compared to conventional open mitral valve 
annuloplasty [10].

Well-designed clinical studies supporting the 
use of 3D imaging in the OR are not available 
in the literature. However, a few small, single-
center experiences support the modality. Bilgen 
et al. showed that using 3D during laparoscopic 
cholecystectomy significantly shortened proce-
dure time [11]. Tabaee et al. report subjectively 
improved visualization during transphenoidal pi-
tuitary surgery with excellent surgical outcomes 
and no increase in operative time [12].

Because of the variability of results reported 
in the literature, some question the usefulness of 
3D visualization in the OR. The balance of data, 
however, does seem to support two main advan-
tages: (1) novice surgeons benefit more from 3D 
visualization than experts and (2) the utility of 
3D depends on the inherent difficulty of the task 
[13]. Both findings are logical. Novice surgeons 
have little familiarity with laparoscopy and the 
additional visual information is useful for this 
group to judge depth. However, expert laparo-
scopic surgeons have learned to glean meaning-
ful depth information from 2D images and don’t 
require the stereo cues. Similarly, expert lapa-
roscopists can perform complex tasks relying on 
nonstereo cues, while less experienced surgeons 
benefit from additional depth perception on these 
same advanced tasks. Some predict that as 3D 
technology evolves, it will become as common 
place as high definition 2D visualization is today. 
It was not long ago when high definition laparo-
scopic cameras and displays were considered a 
luxury in the OR. Now, they are considered es-
sential for patient safety.

Fig. 11.14  In the first image, the distance for both ver-
gence ( red) and accommodation ( blue) are identical. In 
the second image, the vergence distance is focused on the 
screens 3D object (represented by the green line), while 
the accommodation distance has not changed. The visual 
discomfort some feel when using 3D technology is attrib-
uted in part to this discrepancy
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Future

3D technology will continue to advance with 
single camera systems, glassless (autostereo-
scopic) displays, and 3D on demand, for only 
those parts of the operation that require it (thus 
reducing fatigue). However, 3D imaging can be 
used for much more. One area of interest is to use 
the 3D image to obtain tissue surface geometry 
at the same time as the light visualization is used 
to guide the surgery. Computer algorithms then 
merge the surface geometry with the 3D light 
image to provide a real-time augmented reality 
that can be used to make organs appear transpar-
ent or correct for motion in beating heart surgery 
[14]. Just as the advent of laparoscopic surgery 
ushered in the digital age of operative visualiza-
tion, 3D imaging has the potential to be merged 
with data acquired from other 3D reconstructed 
sources (CT, MRI, ultrasound) in order to pro-
vide more information to the surgery team at the 
point of care to make surgery more accurate and 
less invasive.

Summary

3D imaging in MIS has the potential to restore 
all 14 cues used by the brain to understand the 
position and depth of objects. This may be par-
ticularly critical for operations that require a 
high degree of accuracy. 3D technology has ad-
vanced significantly over the years with modern 
systems utilizing passive glasses and providing 
bright, high definition images. However, adop-
tion into the OR continues to be slow due to cost, 
uncomfortable viewing by some, and lack of 
clinical data that proves utility. As the technol-
ogy improves and is coupled to other methods of 
imaging (e.g., radiologic), 3D imaging has the 
potential to improve operative performance and 
augment visualization reality. When this occurs, 
it may become as essential in the OR as high defi-
nition laparoscopy is today.

References

 1. Litynski GS. The American spirit awakens. In: 
Litynski GS, editor. Highlights in the history of 
laparoscopy. Frankfurt a. M.: Barbara Bernert; 1996. 
pp. 227–70.

 2. Dabala L, Kellnhofer P, Ritschel T, et al. Manipulat-
ing refractive and reflective binocular disparity. Euro-
graphics. 2014;33(2):53–62.

 3. Destro F, Cantone N, Lima M. 3D laparoscopic moni-
tors. Med Equip Insights. 2014;5:9–12.

 4. Choi W, Sigal G, Rubtsov V, et al. A micro translat-
ing lens unit for stereo imaging through single-image 
endoscope. Micro electronic mechanical systems, 
2012 IEEE 25th international conference, Paris. IEEE 
XPlore Digital Library. doi:http://dx.doi.org/10.1109/
MEMSYS.2012.6170079.

 5. Shibata T, Kim J, Hoffman DM, Banks MS. The zone 
of comfort: predicting visual discomfort with stereo 
displays. J Vision. 2011;11(8):1–29.

 6. Mendiburu B. 3D movie making. Stereoscopic digital 
cinema from script to screen. Amsterdam: Elsevier; 
2009.

 7. Tanagho YS, Andriole GL, Paradis AG, et al. 2D 
versus 3D visualization: impact on laparoscopic 
proficiency using the fundamentals of laparoscopic 
surgery skill set. J Laparoendosc Adv Surg Tech A. 
2012;22(9):865–70.

 8. Alaraimi B, El Bakbak W, Sarker S, et al. A ran-
domized prospective study comparing acquisition 
of laparoscopic skills in three-dimensional (3D) vs. 
two-dimensional (2D) laparoscopy. World J Surg. 
2014;38(11):2746–52.

 9. Mistry M, Roach VA, Wilson TD. Application of ste-
reoscopic visualization on surgical skill acquisition in 
novices. J Surg Educ. 2013;70(5):563–70.

10. Currie ME, Trejos AL, Rayman R. Evaluating the ef-
fect of three-dimensional visualization on force appli-
cation and performance time during robotics-assisted 
mitral valve repair. Innovations. 2013;8(3):199–205.

11. Bilgen K, Ustun M, Karakahya M, et al. Comparison 
of 3D imaging and 2D imaging for performance time 
of laparoscopic cholecystectomy. Surg Laparosc En-
dosc Percutan Tech. 2013;23(2):180–3.

12. Tabaee A, Anand VK, Brown SM, et al. Three-dimen-
sional endoscopic pituitary surgery. Neurosurgery. 
2009;64(Suppl. 2):288–93.

13. Held RT, Hui TT. A guide to stereoscopic 3D displays 
in medicine. Acad Radiol. 2011;18(8):1035–48.

14. Maier-Hein L, Mountney P, Bartoli A. Optical tech-
niques for 3D surface reconstruction in computer-
assisted laparoscopic surgery. Med Image Anal. 
2013;17:974–96.

http://dx.doi.org/10.1109/MEMSYS.2012.6170079
http://dx.doi.org/10.1109/MEMSYS.2012.6170079


157

12Nanotechnology Approaches 
for Intraprocedural Molecular 
Diagnostics

Cesar M. Castro, Hyungsoon Im, Hakho Lee  
and Ralph Weissleder

R. Weissleder () · C. M. Castro · H. Im · H. Lee
Center for Systems Biology, Harvard Medical School, 
Massachusetts General Hospital and Harvard University, 
185 Cambridge Street, Boston, MA 02114, USA
e-mail: rweissleder@mgh.harvard.edu

C. M. Castro
e-mail: Castro.Cesar@mgh.harvard.edu

H. Im
e-mail: im.hyungsoon@mgh.harvard.edu

H. Lee
e-mail: hlee@mgh.harvard.edu

Overview of Devices for Protein 
Diagnostics

The clinical needs for a new generation of point-
of-care (POC) devices include quantitative anal-
ysis of target molecules at low concentrations 
often below nM range [1−4]. With advances in 
nanotechnologies and microfluidics, significant 
progress has been made in integrating conven-
tional assays into a miniaturized lab-on-a-chip 
[5–7]. For example, on-chip technologies have 
been developed for the gold standard methods 
of protein profiling such as mass spectrometry 
(MS) [8−11], enzyme-linked immunosorbent 
assay (ELISA) [12−15], Western blotting (WB) 
[16−19] and fluorescence detection [20, 21]. 
These on-chip assays reduce required sample 
volumes, shorten assay time and improve de-

tection sensitivities compared to conventional 
assays with bench-top instruments. Many cur-
rent methods, however, still often require time-
consuming purification and labeling procedures. 
For low-concentration targets this often involves 
sample enrichment or signal amplification steps, 
leading to increased device complexity which is 
difficult to develop in on-chip devices at low cost 
[3, 22]. Also, the need for high-throughput mul-
tiplexing capabilities is a challenge for current 
POC devices.

Nanotechnology has also introduced highly 
innovative approaches for a new generation of 
POC devices [23−26]. The development of novel 
nanostructures and nanoparticles has been wide-
ly adapted across optical, electric, and magnetic 
sensing schemes among others. Novel metal-
lic nanostructures and nanoparticles have been 
used for label-free surface plasmon resonance 
(SPR) sensing [27−30], in which specific mo-
lecular binding to the metallic sensing surface 
is detected through resonance shifts. Magnetic 
nanoparticles (MNPs) have led to advances in 
new magnetic biosensing devices based on giant 
magnetoresistance (GMR), Hall effect, nuclear 
magnetic resonance (NMR), and magnetic re-
laxation [31−34]. Fluorescent nanoparticles and 
quantum dots [35, 36] enable high signal contrast 
imaging even with low-cost optical components 
(e.g., low-power light source, affordable image 
sensors). Such development allow simple, af-
fordable diagnostic assays with high throughput 
and sensitivity.
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The success of clinical applications of POC 
diagnostic devices rest on the development of 
simple assays that can detect biomarkers from 
specimens with minimal sample processing and 
manipulation [4]. These devices need to be fully 
automated such that no technical or specialized 
training is required for operators. Microfluid-
ics provide an automated sample isolation and 
enrichment from unprocessed specimens. Some 
highlights include microfluidic devices for cap-
turing circulating tumor cells (CTCs) with down-
stream fluorescence or immunostaining imaging 
[37, 38], detecting HIV-associated antigen using 
immunoassays [1, 39] and isolating serum pro-
teins directly from blood for barcode-typed im-
munoassays [40−42]. These lab-on-a-chip ap-
proaches based on the integration of nanotech-
nology and microfluidics, therefore, will bring 
fast, accurate, and sensitive diagnostic tests for 
POC applications.

Nano-Oncology Devices for POC 
Analyses

Similar to the motivations behind the above-
mentioned platforms, the Weissleder group with-
in the Center for Systems Biology at the Mas-
sachusetts General Hospital (Boston, MA) has 
had long-standing interests in creating and trans-
lating novel nanotechnology-based platforms 
for interrogating the spectrum of clinical speci-
mens obtained during interventional procedures 
(Fig. 12.1). Tailoring each platform described 
below to the unique clinical needs and constraints 
of the specimen type improves the reliability and 
practicality of the approach.

Micro Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR), the basis 
for clinically related imaging systems, offers 
promising inroads in nanotechnology-based bio-
sensing strategies by allowing measurements in 

Fig. 12.1  Translational development of micro-nuclear 
magnetic resonance (µNMR) platform. The feedback 
between preclinical and clinical research accelerated the 

translation of the µNMR platform for sensitive protein 
detection in human diseases [48]
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turbid samples. Through innovative microfabri-
cation techniques and miniaturized components, 
the world’s smallest NMR system to date was de-
veloped at the Center for Systems Biology (CSB) 
and coined micro-nuclear magnetic resonance 
(µNMR; Fig. 12.2a, b) [43]. This technology 
couples novel labeling chemistries and MNPs to 
sense specific molecular targets of interest with-
in minimally processed samples in a multiplex, 
POC, and ex vivo fashion. The molecular speci-
ficity of µNMR is achieved through MNPs and 
antibody affinity ligands in one-step (direct con-
jugation), two-step (BOND), or multi-step assays 
(amplification; Fig. 12.2c) [44, 45]. Magnetic 
tagging results in a decrease in the bulk spin-spin 
relaxation time ( T2) or large amplifying increases 
in spin-spin relaxation rates ( R2 = 1/T2) of water 
molecules. Cells tagged with MNPs display dif-
ferent relaxation times than their unbound coun-
terparts. When benchmarked against flow cytom-
etry and Western blot, the µNMR results showed 
an excellent linear correlation ( R2 > 98 %) [43, 
46]. Importantly, µNMR can achieve these re-
sults using 100–10,000 fold less sample com-
pared to flow cytometry and Western blot anal-
yses, respectively. µNMR has driven various 
academically based cancer-investigative efforts 
while a commercial solution is now available for 
infection and hemostasis diagnostics, both highly 
relevant for intraoperative procedures (www.
T2biosystems.com).

Human Fine-Needle Biopsies Recent published 
data supports the feasibility of μNMR testing 
across human specimens, notably fine-needle 
biopsies or aspirates (FNAs; Fig. 12.3) [47]. 
Using 70 patients with suspected solid epithelial 
malignancies, a single FNA pass proved suffi-
cient for robust, multiplexed protein measure-
ments of a dozen markers. Additionally, a four-
protein panel (EpCAM, EGFR, Her2, MUC1), 
named “quad-marker,” was found to have supe-
rior diagnostic performance compared to conven-
tional pathology. Marked heterogeneity in pro-
tein expression was quantitated within and across 
patients. The time from sample procurement to 
readout averaged 1 h. A smartphone application 

mediated interactions between operator and the 
μNMR device (Fig. 12.2). Of further interest, 
marked protein degradation was identified after 
the first hour. This has profound implications for 
analyses of phosphorylation status, a dynamic 
process that could be underestimated if phopho-
proteins degrade before testing. The rapid read-
outs achieved here align well with the timeline 
of common surgical oncology cases. The abil-
ity to promptly profile confirmed or suspicious 
masses during a surgical or interventional proce-
dure using μNMR could enhance the breadth and 
depth of additional testing.

Circulating Tumor Cells (CTCs) Informed by 
the protein detection work in FNA described 
above and the high diagnostic performance of the 
quad-marker, we sought to tackle the extensive 
sensitivity challenges posed by querying CTCs 
[48] which inherently lack the enrichment ben-
efits of directed biopsies. To examine the clini-
cal performance of quad-μNMR, we pursued a 
pilot study using freshly collected peripheral 
blood from 15 patients with advanced ovarian 
cancer [49]. Quad-μNMR’s broader dynamic 
range of CTC enumeration correlated well with a 
variety of clinical metrics. For example, average 
CTC counts were higher in more advanced cases 
such as stage IV, platinum resistant and progres-
sive disease, and in patients not receiving active 
therapy for various reasons. Quad-μNMR also 
performed better than the EpCAM-based and 
FDA-approved CellSearch platform, by report-
ing a broader range of CTC counts. In addition 
to enumeration, quad-μNMR enabled compari-
sons of CTCs with matched distant metastases 
[50]. Notably, the platform led to the findings 
that highly aligned protein profiles between 
metastatic lesions and CTCs were less common 
than previously assumed. Concurrently profiling 
biopsies along with blood collected during the 
procedure could help identify scenarios where, 
if congruent, examining CTCs would serve as a 
proxy to the lesions [51]. Opportunities include 
serial blood sampling for CTCs as a means for 
minimally invasive monitoring of response or 
progression.
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Fig. 12.2  µNMR platform for clinical applications. a 
The system features automatic system tuning and user-
friendly interface (e.g., smartphone). b To improve the 
throughput, multiple detection coils can be integrated 
into a single NMR probe [47]. c A bioorthogonal label-

ing scheme, based on the click reaction between transcy-
clooctene ( TCO) and tetrazine ( Tz), has been developed. 
The method provides maximized MNP loading on target 
cells, thereby improving the overall detection sensitivity 
[44]

 

Fig. 12.3  A representative clinical case of µNMR appli-
cation. A patient underwent computed tomography (CT)-
guided biopsy for an enlarging (2.5 × 6.8 cm) presacral le-
sion. Both cytology and core biopsy reported the lesion as 
benign (inflammatory tissue). The µNMR analysis, howev-

er, unequivocally classified the lesion as malignant, which 
is based on the expression of the quad-marker combination 
(MUC-1  + EGFR + EpCAM + HER2). Repeated chest and 
abdomen CT after 2 months found a significant enlarge-
ment of the biopsied lesion, as well as new metastases [47]
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Emergent Clinical Scenarios

Complications such as infection and bleeding 
resulting directly from tumor involvement or its 
therapies may challenge intra and postprocedural 
outcomes. As such, the prompt readouts afforded 
by μNMR have been leveraged by commercial 
entities (T2 Biosystems; www.t2biosystems.
com) to address these issues. Disseminated in-
fections incur significant morbidity and mortal-
ity and conventional diagnostics primarily rely 
on blood cultures that may take days. μNMR 
has been shown to detect low levels of bacte-
rial and fungal pathogens (as low as 1 CFU/mL) 
and enabled prompt treatment before escalated 
growth. The platform has also been modified for 
comprehensive hemostasis profiling (e.g., plate-
let, coagulation, fibrinolysis) within 15 min and 
requires very small sample volumes (5–40 μL); 
this facilitates serial profiling during procedures 
if the clinical scenario warrants them.

μNMR leverages numerous advantages over 
existing detection technologies. They include:
• Versatility: μNMR methods can be used to 

measure virtually any type of target including 
whole cells, proteins, enzymes, nucleic acid 
sequences, and drugs.

• No sample purification required: μNMR uses 
magnetic fields for signal generation and 
detection (i.e., magnetic resonance). Because 
magnetic fields pass through biological sam-
ples regardless of their optical properties, 
assays can be performed in diverse media. 
Light-based assay methods, e.g., fluores-
cence, bioluminescence, absorption, or colo-
rimetry are sensitive to materials in the sample 
that scatter light, absorb light, or fluoresce.

• Sensitivity: μNMR assays are of very high 
sensitivity (10− 14 M) and enzymatic ampli-
fication is usually not required in contrast to 
polymerase chain reaction (PCR) or ELISA-
based methods.

• Multiplexed measurements: μNMR’s exqui-
sitely sensitive technology is ideally suited for 
evaluating several CTC markers simultane-
ously, thus increasing the detection sensitivity.

• Rapid clinical answers: The technology can 
potentially be used at the POC. While not all 

assay types may require fast clinical answers, 
there are clearly scenarios where such infor-
mation is desirable.

• True quantitation: NMR measurements are 
inherently quantitative. Parallel processing 
of control samples allows accurate measure-
ments of cell number as well as biomarker 
densities.

• Homogeneous assay format: μNMR employs 
neither solid phase attachment nor separation 
of bound and free analytes. For example, there 
is no immobilization of the biomolecules 
(DNA, protein) onto glass slides, resulting in 
faster hybridization kinetics. These features 
make the technology particularly suitable for 
miniaturization and/or for microfluidic appli-
cations. The clinical application of our inno-
vative customized tool would fulfill many 
(if not all) of the key requirements desired 
of biodiagnostic technologies, namely: assay 
sensitivity, selectivity, versatility, low cost, 
and portability. Minimal manufacturing costs 
from reusable NMR components (< $200) and 
the disposable microfluidic chip (<$1) also 
render μNMR technology a practical and scal-
able option.

Micro Hall Sensor Chip

In an effort to further simplify detection and to 
perform single cell analysis, we recently de-
veloped a miniaturized magnetometer chip, the 
micro-Hall detector (μHD) [52], that can rap-
idly and quantitatively screen individual cells 
in unprocessed clinical specimens. The system 
leverages the hall effect to detect the magnetic 
moments of cells in-flow, immunolabeled with 
MNPs (Fig. 12.4a). Samples are injected into a 
microfluidic channel directly positioned above 
an array of miniaturized hall sensors. Paralleling 
standard motion detectors, as the sample flows 
through the channel, the magnetic field of each 
passing cell is rapidly measured by the underly-
ing sensors. The larger number of tumor-specific 
proteins on malignant cells attract more MNPs; 
as a consequence, they generate larger signal 
spikes when these highly magnetic cells pass 
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over the sensors. The entire assay is performed 
on a single microfluidic chip the size of a US 
quarter coin (Fig. 12.4b); this eliminates the need 
for expensive or bulky equipment, such as centri-
fuges that are not suited for procedure suites due 
to sterile field concerns, among others. Employ-
ing unprocessed samples reduces the likelihood 
of specimen loss and paves the way for rare cell 
detection across a range of biological substrates. 
The μHD also facilitates on-chip screening of 
multiple biomarkers on individual cells. Specifi-
cally, a panel of MNPs, distinguishable by their 
magnetization properties, can be used to target 
different cellular markers. The expression level 
of a target biomarker in a single cell is propor-
tional to the measured quantity of each MNP 
type; the latter are distinguished through unique 
magnetization properties. The clinical use of the 
μHD has been explored through detection of rare 
CTCs in patients with advanced ovarian cancer 
and monitoring drug treatment efficacy in a mu-
rine tumor model.

Enumerating Rare Cells in Clinical Samples To 
explore the performance of the μHD for circulat-
ing rare cell detection in patient-derived speci-
mens, we analyzed a cohort of advanced ovarian 
cancer patients for the presence of CTCs [52]. 
As a negative control, peripheral blood samples 

were obtained from healthy volunteers. Com-
parisons between the μHD using a quad marker 
panel with CellSearch, favored the former. Cell-
Search detected CTCs in only 5 of 20 ovarian 
cancer cases with a diagnostic accuracy of 25 %. 
The μHD enumerated a higher number of CTCs 
across all patient samples and cell counts were 
notably elevated for patients with advanced dis-
ease who were no longer undergoing therapy or 
with aggressive histologic features (for example, 
poorly differentiated or carcinosarcoma). In con-
trast to CellSearch, the μHD successfully identi-
fied CTCs in 100 % of patients with evidence of 
clinical progression as well as stage IV disease, 
whereas only 18 % of cases were detected with 
CellSearch. In all, the diagnostic accuracy of 
μHD reached 94 %. The platform itself is highly 
versatile and the protein markers of interest 
fully interchangeable. As such, the small sample 
requirements of the coin-sized chip lend them-
selves to employing parallel testing of a sample 
using multiple chips, each with their disease-spe-
cific panels. The ability to interrogate differential 
diagnoses (e.g., cancer subtypes versus infection) 
during a procedure, could accelerate the diagnos-
tic workup and allow for therapeutic options to 
be deployed in a timely fashion.

Fig. 12.4  Micro-Hall detector (µHD) for single-cell de-
tection. a Each cell is labeled with target-specific MNPs, 
and its magnetic fields are detected by the µHall sensor. 
The measured Hall voltage ( VH ) is linearly proportion-

al to the MNP counts. B0 external magnetic field. b A 
photo of a packaged µHD. The footprint of the sensor is 
~ 1.5 × 2 cm2 [52]
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ABCD Platform

Minimally invasive techniques such as core bi-
opsies are increasingly employed to obtain serial 
measures of drug response during clinical trials. 
To assay for an ever increasing number of pro-
tein biomarkers it has become necessary to ob-
tain more numerous core biospies, a practice not 
without significant risks. FNAs are an attractive 
alternative to multiple cutting core biopsies since 
the risk of bleeding and other complications is 
much lower. The challenge has been to obtain 
all the measurements of interest in these scanter 
samples where conventional immunocytology is 
not an option.

In response to such clinical needs, we de-
signed an Antibody Barcoding with photo Cleav-
able DNA (ABCD) platform [53] to perform 
highly multiplexed protein measurements and 
system-wide profiling using small amounts of 
clinical sample material (~ 100 cells). We de-
signed the method to preserve genetic material, 
not possible with traditional tools like multi-

plexed cytometry, and to enable up to single 
cell analyses (Fig. 12.5a). Specifically, cells are 
tagged with antibodies of interest using short 
(~ 70-mer) DNA “barcodes”—with each anti-
body having a unique sequence—attached by a 
stable photocleavable linker (Fig. 12.5b). After 
antibody binding to the cells, UV light induces 
the photocleavable linker to release each unique 
DNA barcode, which can then be detected using 
conventional approaches. ABCD harnesses fluo-
rescence hybridization technology traditionally 
used for multiplexed quantitation (16,384 bar-
codes) of femtomolar amounts of DNA and RNA 
(Fig. 12.5c); however, this method had not been 
previously extended to measure proteins within 
cells or clinical samples.

The ABCD platform has demonstrated ease 
of use, reproducibility, and feasibility on FNA 
samples [53]. Importantly, proof-of-concept case 
studies showed that drug dosing potentially cor-
responds to cellular pharmacodynamics. Over a 
hundred key mechanistic markers were reliably 
tested on FNAs and even single cancer cells. 

Fig. 12.5  Antibody Barcoding with photoCleavable DNA 
(ABCD) platform. a Cells procured from fine-needle as-
pirates are enriched and isolated via magnetic separation 
using a microfluidic device with herringbone channels. b 
Cells of interest are incubated with a cocktail of DNA-
conjugated antibodies containing photo cleavable linker. 

Upon UV exposure, DNA is released. c Released DNA 
barcodes are processed with a fluorescent DNA barcoding 
platform (NanoString); barcodes are hybridized and im-
aged with a charge-coupled device (CCD) camera. Quan-
tified barcodes correlated with protein expression levels 
[53]
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The ability to broadly profile protein markers 
expands the breadth and depth of tumor analy-
ses. Single cell resolution enables deep level 
exploration of tumor heterogeneity, increasingly 
gaining traction as drivers of mixed response to 
cancer therapies. Another major advantage is that 
both genetic material and protein barcodes can 
be concurrently extracted from a single sample, 
thus paving the way for true integrated profil-
ing (protein-DNA-RNA analyses). Oftentimes, 
cancer patients enrolled in targeted therapy tri-
als have had their archival tumors analyzed for 
DNA aberrations. Yet, remote genomic changes 
at do not necessarily predict the activation state 
of the tumor at the time of enrollment. Integrative 
measurements could reconcile the mechanisms 
behind such discrepancies. Methods to further 
automate specimen processing and analyses 
are currently under development. Success here 
would increase the impact that clinical biopsies 
and, by extension, the providers who attain them 
have on personalized cancer care.

Surface Plasmon Resonance

We recently developed a transmission surface 
plasmon resonance (SPR) platform for label-
free, high-throughput analyses [54]. The system 
is based on extraordinary optical transmission 
through periodic nano holes (Fig. 12.6a) rather 
than total internal reflection as used in commer-
cial SPR systems. Plasmonic nanoholes offer 
an ideal sensing scheme, as its probing depth 

(< 200 nm) can be readily matched to artificial 
beads (onto which biomarkers of interest are cap-
tured) or to similarly sized natural vesicles such 
as exosomes and other circulating microvesicles. 
Furthermore, the transmission optical setup al-
lows system miniaturization (Fig. 12.6b) as well 
as the construction of highly-packed sensing 
arrays. Our platform utilizes arrays of periodic 
nanohole lattices patterned in a metal film. Each 
array is functionalized with affinity ligands for 
different exosomal protein markers. Upon target-
specific exosome binding, the sensor reports 
spectral changes proportional to target marker 
expression levels.

A key application of the SPR technology lies 
in exosome analyses. Exosomes are membrane-
bound phospholipid vesicles (50–200 nm in di-
ameter) that are actively secreted by cancer cells 
into the peripheral circulation [55] and other bio-
fluids. These vesicles carry cellular constituents 
of their originating cells, including extra and in-
tracellular proteins, mRNA, DNA, and microR-
NA, and can thus serve as cellular surrogates 
[56]. Combined with their large abundance (e.g., 
> 109 vesicles/mL blood) and ubiquitous pres-
ence in bodily fluids (e.g., blood, ascites, urine), 
exosomes could offer significant advantages for 
cancer detection. Namely, an exosomal assay can 
be robust and minimally invasive for repeated 
sampling; it affords relatively unbiased readouts 
of the whole tumor, less affected by the scarcity 
of the samples (e.g., CTCs) or intratumoral het-
erogeneity.

Fig. 12.6  Surface plasmon resonance (SPR) sensor. a 
An electron micrograph of the sensor. A periodic lattice 
of nanoholes was patterned in a gold film (200 nm thick) 

deposited on a glass substrate. b The SPR sensor chip was 
integrated with a multi-channel microfluidic cell for par-
allel analyses [54]
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The SPR technology offered highly sensitive 
and label-free exosome analyses, and enabled 
fast molecular profiling of exosomes (< 60 min) 
in native samples. This is consistent with the 
timeframes of moderate to involved clinical pro-
cedures. We demonstrated the platform’s clinical 
potential using human ovarian cancer ascites. 
This intraabdominal fluid accumulation com-
monly occurs during disease progression (col-
lected by paracenteses) or at the time of diagno-
sis (collected by paracenteses or during primary 
surgical resection). The former can provide the 
context for longitudinal analyses of ascites exo-
somes for treatment assessment while intraopera-
tive analyses of peritoneal washings could help 
to properly stage patients.

Conclusion

The selected platforms described here showcase 
approaches towards the development of POC 
devices that will find utility in interventional 
and intraoperative cancer procedures. The chal-
lenges of further developing such technologies 
can be broadly based into (1) technological, (2) 
work-flow, and (3) regulatory challenges. From 
a technological perspective, each device should 
be accurate, simple, and fast without the need for 
extensive prepurification steps. While some of 
the technologies developed above still have con-
siderable turn-around times (< 1 h), we and oth-
ers are developing faster approaches to sensing. 
There are clearly technological hurdles, but early 
results are promising. With respect to work-flow, 
new devices and approaches have to simplify, 
speed up, or circumvent superfluous interven-
tions in order to be useful. Obviating the need for 
bacterial culture, bypassing lengthy immunohis-
tology, or decreasing the need for repeat surger-
ies for cancer resection are examples where new 
technologies can have an impact. Finally, there 
are regulatory hurdles for approving new devices 
and appropriate reimbursements for a given test. 
It is hoped that new technology will ultimately 
save costs in eliminating obsolete practices rather 
than adding costs to diagnostic and therapeutic 
procedures.
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Ultrasmall Fluorescent Silica 
Nanoparticles as Intraoperative 
Imaging Tools for Cancer Diagnosis 
and Treatment

Mapping biological processes that promote can-
cer at the cellular and molecular level requires 
highly sensitive and specific molecular or par-
ticle-based probes [1]. For instance, the use of 
optical or hybrid (e.g., optical-PET) particle-
based probes to assay critical cancer targets may 
enhance our understanding and yield important 
insights into mechanisms governing cancer pro-
gression, metastatic potential, and invasion. To 
achieve these ends, design criteria need to be 
introduced which yield particles exhibiting su-
perior physicochemical, photophysical, and bio-
logical properties, thereby enabling more precise 
and reproducible readouts of cancer cell activi-
ties, notably in their earliest stages. The coupling 
of such nanomaterials with real-time optical 
imaging devices, such as high-sensitivity hand-
held fluorescence camera systems, may enhance 
detection of micrometastases in regional lymph 
nodes within the surgical field using sentinel 
lymph node (SLN) mapping and biopsy (SLNB) 
techniques. In addition to potentially increasing 
the accuracy of lesion identification, the appli-
cation of these tools may positively impact our 
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ability to stage disease, determine prognosis, and 
improve clinical outcomes.

This chapter will discuss the use of a clinically 
approved ultrasmall (sub-10 nm) tumor-targeted 
fluorescent core-shell silica nanoparticles—
termed Cornell dots (or C dots)—in conjunction 
with dual-modality positron emission tomogra-
phy (PET) and optical imaging approaches for 
mapping metastatic lymph nodes in clinically-
relevant melanoma models. To enhance meta-
static nodal disease detection and tumor-to-back-
ground ratios, C dots have been adapted with 
cyclic arginine-glycine-aspartic acid-tyrosine 
(cRGDY) for targeting integrin receptors on 
tumor cell surfaces and activated tumor neovas-
culature. The use of a spontaneous melanoma 
miniswine model has yielded pre-operative PET 
findings of nodal disease following local ad-
ministration of hybrid integrin-targeting C dots 
that can be readily translated into the intraopera-
tive setting for direct optical visualization of the 
draining tumor lymphatics and fluorescent SLN/s 
with histologic correlation. Important consider-
ations are the specificity of this platform relative 
to the standard-of-care radiotracer, 18F-FDG, 
for potentially discriminating metastatic disease 
from metabolic processes (i.e., inflammation) in 
the setting of surgically-based therapies.

Introduction

In the past three decades, the incidence of ma-
lignant melanoma has gone up to threefold and, 
at present, in the USA, melanoma ranks as the 
fifth most common cancer in males and sixth 
most common in females [2]. Early diagnosis and 
treatment are essential to minimizing morbidity 
and mortality. Prognosis is largely determined 
by the thickness and ulceration of the primary le-
sion, although the presence of lymphatic metas-
tases is a vital prognostic predictor [3]. Accurate 
identification of nodal metastases utilizing state-
of-the-art molecular imaging tools has important 
implications for clinical outcomes. There are no 
currently accepted standard-of-care systemic 
treatment options available. Importantly, howev-
er, systemic treatment of melanoma is available 
in the clinical trial setting and is only offered to 

patients based on regional node risk stratification 
(i.e., SLN mapping). The definite treatment for 
primary cutaneous melanoma is wide local surgi-
cal excision with adjuvant radiation for specific 
indications.

SLN-mapping procedures are limited by a 
lack of intraoperative optical visualization tools, 
particularly fluorescence device technologies 
that result in the extremely sensitive detection of 
fluorophores (i.e., at least picomolar levels), es-
sentially rivaling that of PET imaging. The util-
ity of molecular imaging tools [4], when coupled 
with very bright dye-encapsulated intraoperative 
probes, such as C dots, is their combined abil-
ity to improve the accurate determination and 
staging of metastatic nodes during SLN biopsy 
procedures, as well as to enable discrimination of 
tumor burden within nodes on the basis of exqui-
sitely high detection sensitivities. These advan-
tages, in addition to being able to discriminate 
diseased nodes from adjacent critical structures 
(i.e., nerves), minimizes surgical risks, such as 
lymphedema, by enabling the selective harvest-
ing of disease-bearing nodes. Patients with meta-
static disease can thus be stratified to appropriate 
treatment arms in a more timely fashion, poten-
tially yielding improved outcome measures.

Multimodal Molecular Imaging Tools 
for SLN Mapping: Current Clinical 
Practice

Conventional imaging techniques—such as mag-
netic resonance imaging (MRI) or PET—CT, 
are often used to assess or quantify tumor up-
take kinetics. Although anatomic MRI is a rou-
tine diagnostic tool for characterizing tumors 
and monitoring tumor response, many imaging 
features lack biologic or molecular correlates. 
Signal changes and contrast enhancement reflect 
a combination of multiple superimposed physi-
ologic processes and much of the molecular in-
formation encoded within these studies cannot be 
extracted and remains unknown. By integrating 
functional and real-time imaging technologies, 
increasingly more sensitive and specific readouts 
reflecting the biological status of tumors may be 
obtained. Imaging approaches that can identify 
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growth-regulating molecular events may deter-
mine new endpoints that can serve as accurate 
surrogates of receptor expression, biomarkers 
for early treatment response, as well as stimulate 
drug discovery efforts leading to the develop-
ment of novel particle therapies.

For SLN-mapping procedures, although con-
ventional methods are used preoperatively to 
identify abnormally enlarged and/or metaboli-
cally active nodes that are consistent with meta-
static disease, these approaches are limited. For 
instance, although different tumor types demon-
strate enhanced glucose metabolism and overex-
pression of glucose transporters (GLUTs) using 
the glucose mimetic, 2-deoxy-2-[18F]fluoro-D-
glucose (18F-FDG), 18F-FDG is not a specific or 
reliable agent, as nodal enlargement can be seen 
with other metabolically active processes and 
may, in fact, co-exist with the spread of cancer-
ous cells. Even nodes less than 1.5 cm may har-
bor micrometastases, which may not be evident 
by traditional 18F-FDG PET. In the case of tech-
netium-99m-labeled sulfur colloid (99mTc-sulfur 
colloid), a standard-of-care tracer injected pre-
operatively about the primary tumor site, activity 

can be visualized within the tumor lymphatics/
nodes on spatially coregistered CT-gamma cam-
era images, but the larger size of the filtered col-
loid (i.e., 10–100 nm) may preclude visualization 
of the operative field due to its slow clearance. 
Intraoperatively, surgeons can typically local-
ize the SLN by measuring radioactive emissions 
using a handheld gamma probe (Fig. 13.1). An-
other intraoperative adjunct for localizing SLNs 
is isosulfan (Lymphazurin 1 %, US Surgical, 
North Haven, CT) or “blue dye,” which allows 
visual identification of a “hot and blue” SLN fol-
lowing injection into the peritumoral region, but 
only if it is superficially located within the opera-
tive field of view.

The risk of injury to adjacent vital soft tis-
sues (i.e., neurovascular structures) may occur 
and can subsequently alter normal function, 
such as speech and swallowing, as well as cos-
metic appearance. Erman [5] reported that in ap-
proximately 10 % of cases, there was a failure to 
identify any drainage pattern or to localize small 
nodes within the head and neck, an anatomically 
complex region. A major challenge in the intra-
operative setting is the delineation difficult-to-

Fig. 13.1  Schematic of SLN mapping in the head and 
neck using 124I-cRGDY-PEG-Cdots. a Injection of 124I-
cRGDY-PEG-C dots about an oral cavity lesion with 
drainage to preauricular and submandibular nodes.  

b 124I-cRGDY-PEG-ylated core-shell silica nanoparticle 
with surface-bearing radiolabels and peptides and core-
containing reactive dye molecules ( insets)
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detect nodes that are in anatomic proximity to 
tumor, precluding direct mapping of locoregional 
nodal distributions within an exposed nodal 
basin. These limitations have hampered melano-
ma staging, as well as the inability to transform 
sites of disease on pre-operative scans into three-
dimensional (3D) locations within the exposed 
operative bed during surgical procedures.

Many articles have provided a detailed dis-
cussion on the newer-generation nontargeted ac-
tivatable [6–8] and targeted organic fluorophores 
[9–11], gadolinium-labeled dendrimers [12–14] 
and other nanocarriers [15], and macromolecular 
agents [14, 16–21], including dual-modality par-
ticle imaging probes for use in image-guided pro-
cedures. One of these newer generation hybrid 
particle probes, C dots, an ultrasmall, cancer-tar-
geted, fluorescent silica particle, exhibits unique 
physicochemical and photophysical properties, 
which can be exploited in a variety of surgically 
driven and/or minimally invasive/interventional 
settings. Coupling this with a real-time hand-
held fluorescence camera system has enabled the 
translation of this combined technology platform 
for visualizing the draining tumor lymphatics 
within the operative field.

Image-Guided Surgical Devices: The 
ArteMISTM Handheld Fluorescence 
Camera System

About a decade ago, the FDA launched a Criti-
cal Path Initiative (http://www.fda.gov/Scien-
ceResearch/SpecialTopics/CriticalPathInitiative/
ucm076689.htm) to accelerate the development of 
technological advances leading to cost-effective, 
innovative medical products, including advanced 
imaging systems, which can improve data acqui-
sition, feature extraction, and standardization in 
clinical practice. The opportunity to combine novel 
multimodal and multi-parametric image-driven 
metrics and informatics tools with these evolving 
systems in the future is expected to play a key role 
in ultimately improving outcome measures and 
clinical radiology practice, and will serve to ac-
celerate device developments in the field of nano-
medicine. An imaging modality that meets these 
objectives although in its early phases of clinical 
implementation—near-infrared (NIR) fluores-
cence optical imaging—has emerged as a robust, 
highly sensitive, and inexpensive technology that 
offers superior acquisition speeds and real time in 
vivo visualization and multiplexing capabilities 
for interrogating critical cancer targets and vital 
normal tissues during intraoperative procedures, 
without the risk of radiation exposure (Fig. 13.2).

Fig. 13.2  Real-time intraoperative fluorescence camera 
system technology: comparison with conventional imag-
ing modalities. Device parameters for CT, PET, and MRI 

versus those used for the ArteMISTM handheld fluores-
cence camera system

 

http://www.fda.gov/ScienceResearch/SpecialTopics/CriticalPathInitiative/ucm076689.htm
http://www.fda.gov/ScienceResearch/SpecialTopics/CriticalPathInitiative/ucm076689.htm
http://www.fda.gov/ScienceResearch/SpecialTopics/CriticalPathInitiative/ucm076689.htm
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For intraoperative applications utilizing fluo-
rescence camera systems to demonstrate real-
time biological events in vivo in the presence of 
NIR dye-incorporated probes, the observed NIR 
signal emitted from cancerous or other biological 
tissues of interest needs to meet pre-established 
criteria for achieving superior contrast-to-noise 
ratios at the lowest detectable doses administered. 
These requirements, along with the achievement 
of increasing higher detection sensitivities (i.e., 
at least picomolar), will directly impact the abil-
ity of these combined systems to successfully 
interrogate biological structures at the cellular 
level, permitting differentiation of cancer-bear-
ing nodes from adjacent normal tissues, as well 
as facilitating the detection of lower levels of 
tumor burden within and across nodal tissues.

One state-of-the-art intraoperative imaging 
device, the ArteMISTM handheld NIR fluores-
cence camera system (Quest Medical Imaging, 
Middenmeer, The Netherlands) (Fig. 13.3a), has 
been adapted for interrogating tissues close-up 
by utilizing either minimally invasive laparo-
scopic (Figs. 13.3b, c) or open lens configura-
tions (Fig. 13.3c). A distinct advantage of this 
handheld system is that it can penetrate into 
anatomic locations that are difficult to navigate, 
such that assessments can be made within mil-

limeters of the tissue surface. This multichannel, 
high-resolution camera system can also simulta-
neously detect and spectrally demix finely-tuned 
optical signals arising from different fluorescent 
channels after excitation of multiple NIR dye-
containing probes. Optical fluorescence images 
are acquired in video mode (15 frames/s and 
higher) to enable real-time, higher sensitivity 
detection and/or monitoring of (1) flow within 
tumor lymphatic channels and nodes, (2) tumor 
margins, (3) residual sites of disease post resec-
tion, and/or (4) response during or after therapeu-
tic intervention. The resulting four-panel display 
demonstrates both individual channels as well as 
channels showing composite images; the latter an 
overlay of color (red green blue; RGB) images 
and NIR fluorescent images (Fig. 13.3d).

Cancer-Targeted Ultrasmall Hybrid 
Silica Platform Technologies for 
Image-Directed Surgical Interventions

The successful preferential delivery to and accu-
mulation of theranostic delivery vehicles at sites 
of cancerous spread is a necessary step toward 
maximizing the therapeutic index while reducing 
(or abrogating) dose-limiting toxicity. The design 

Fig. 13.3  Minimally invasive surgery utilizing a hand-
held fluorescence camera system. a ArteMISTM handheld 
fluorescence camera system for open and laparoscopic 
procedures. b Minimally invasive surgery using laparo-

scopic tools. c System components ( top to bottom): cam-
era, laparoscope, and ring light. d Handheld gamma probe 
for radiodetection. (Adapted from [38])
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and surface chemistry of particle platforms, such 
as the one described herein, needs to be precisely 
tailored to achieve this end, as well as to ensure 
favorable pharmacokinetic and clearance kinetic 
profiles. Recent advances in imaging probe de-
velopments for nanomedicine and the hurdles as-
sociated with their subsequent clinical translation 
highlight this challenge. In addition to the forego-
ing considerations, additional critical properties 
of these probes need to be considered, including 
their size, charge, shape, stability, aggregability, 
toxicity, surface coat uniformity, and the type/
number of particle surface components (i.e., tar-
geting and/or contrast-producing ligands).

To advance a clinically translatable particle 
imaging platform, we developed an ultrasmall, 
dual-modality (optical-PET) silica nanoparticle 
platform for nanomedicine, termed (Cornell or 
C dots). C dots have core-containing reactive 
NIR dye molecules (i.e., Cy5) and bear sur-
face radiolabels (i.e., iodine-124, 124I) with ex-
tended half-lives (i.e., 4 days), as well as small 
integrin-targeting peptides (124I-cRGDY-PEG-C 
dots) [22, 23]. This silica particle platform is the 
first inorganic particle of its class and kind to be 
FDA-IND approved for clinical use as either a 
PET-optical [24] or an optically driven probe. We 
are currently conducting a human SLN-mapping 
trial in melanoma patients in order to determine 
whether such a platform behaves as an ideal di-
agnostic agent—one which improves disease tar-
geting while, at the same time, efficiently clear-
ing the body. Prior preclinical studies utilizing 
this targeted particle tracer and PET-CT imag-
ing in a well-established spontaneous melanoma 
miniswine model (Sinclair miniature swine, Sin-
clair Research Center) [25] revealed specific lo-
calization and accumulation of this probe in SLN 
metastases relative to the standard-of-care radio-
tracer, 18F-FDG, and permitted differentiation of 
nodal tumor burden (see discussion below). More 
recently, a first-in-human clinical trial in meta-
static melanoma patients [26] found the particle 
to be safe, in addition to demonstrating favorable 
pharmacokinetic, clearance, and dosimetric pro-
files.

The versatility of fluorescent C dots [23, 27] 
for intraoperative applications has been based 

on refinements of key design features, which in-
clude the following;
•. Ultrasmall size with tunable radius 

(~ 4.0–~ 10 nm) with reproducible pharmaco-
kinetic signatures defined by renal excretion.

•. Encapsulation of a range of different NIR 
organic dyes (i.e., Cy5.5; emission maxima, 
~ 694 nm) for enhanced photophysical fea-
tures (i.e., photostability and brightness).

•. Variety of cancer-directed targeting ligands 
to enhance preferential uptake, accumulation, 
and retention in integrin–expressing tumors, 
including melanoma [22].

•. Neutral charge secondary to PEG-coated sur-
faces which, in turn, reduce nonspecific uptake 
by the reticuloendothelial system (RES) and 
facilitate renal clearance.

•. Combination of several chemical entities to 
the particle surface to create a highly multi-
functional delivery vehicle.

•. Target or clear concept: Sub-10 nm C dots are 
an ideal diagnostic platform, as they either tar-
get disease or clear the body (i.e., whole body 
clearance half-times of 124I-cRGDY-PEG-C 
dots range from 13 to 21 h in humans).

The hydrodynamic diameter of particles affects 
their circulation (or residence) half-times. For 
diagnostic studies, it is crucial for particles to ex-
hibit relatively rapid whole body clearance, pref-
erably via a renal route. Although target selectiv-
ity may increase with particle size [18], earlier 
studies have shown that for larger particle sizes 
(> 10 nm), slower physiologic transport within 
cancer-infiltrated tissues may hinder a more 
uniform diffusion of particles throughout the in-
terstitium. On the other hand, particle sizes less 
than about 3 nm (including dyes) are susceptible 
to extravasation and nonspecific tissue scattering 
[23, 28, 29]. Choi [30] suggested that size cutoffs 
of 10 nm or less are desirable for effective renal 
glomerular filtration, as prolonged exposure to 
administered particle loads may add to toxicity 
or adverse effects.

While longer particle probe circulation half-
times are desirable to increase tissue penetra-
tion, the selectivity and preferential uptake of 
nanoparticle-based agents at the target site will 
primarily depend upon the enhanced permeability 
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and retention (EPR) effect [18, 31]; this effect is 
based on known heterogeneous alterations in the 
permeability of tumor neovasculature within and 
across tumors [32, 33]. Improved penetration and 
retention times have been observed by utilizing 
probes (i.e., peptides, antibodies and nanopar-
ticles) targeting highly expressed critical cancer 
targets, such as cathepsins [18, 33, 34]. Cancer-
directed probes exhibiting tumor-penetrating 
properties may enhance imaging detection sensi-
tivity and specificity, and may allow delineation 
of tumor-infiltrated nodal tissue from normal tis-
sue [35, 36] or other disease processes (inflam-
mation, infection) that may similarly manifest 
with nodal enlargement.

The transport properties of particles across the 
vasculature and within the interstitium may be 
influenced by its net surface charge, which may 
be opsonized by serum proteins [23, 37]. By at-
taching PEG chains to the particle surface, the 
surface is rendered more chemically inert which, 
in turn, should enhance its diffusion and homoge-
neous distribution within the interstitial space of 
cancer-infiltrated tissues.

Newer-generation fluorescence probes (e.g., 
organic dyes, fluorescent proteins, dye-bound 
proteins/macromolecules, dye-containing 
nanoparticles) that emit in the NIR region of the 
light spectrum (650–900 nm) will exhibit de-
creased tissue attenuation and autofluorescence 
from nontarget tissues. In comparison with free 
NIR dyes, NIR dye-encapsulated particles exhib-
it significant increases in brightness (200–300 %; 
Table 13.1) and prolonged photostability (two- 
to threefold increases) [23]; higher penetration 
depths of up to 2 cm have been observed empiri-
cally in biological tissues with the Artemis cam-
era system.

Application of C Dots to 
Nanomedicine: SLN Mapping

The unique physicochemical and photophysical 
properties of C dots will enable a broad range of 
intraoperative applications to be pursued, and can 
be surface-functionalized to selectively evaluate 
different cancer types in the body. One such ap-
plication, SLN mapping, has been extensively 
studied in both small (murine) [22] and larger 
animal (i.e., miniswine) models [38] harboring 
melanomatous lesions.

Real-Time Image-Guided SLN Mapping

Image-guided metastatic disease detection, stag-
ing, and the assessment of differential tumor bur-
den in SLN/s have been evaluated in a melanoma 
miniswine model [25, 39, 40]. To screen for 
metastatic disease in miniswine, we performed 
dynamic high-resolution and whole body 18F-
FDG PET-CT scans following systemic injection 
of 18F-FDG prior to local administration of 124I-
cRGDY-PEG-C dots about 48 h later. PET-avid 
nodes were confirmed intraoperatively within 
the exposed surgical bed by visual inspection 
and γ-counting using handheld PET devices 
prior to excision for histopathological correlation 
(Fig. 13.4). In most of the cases, baseline activ-
ity measurements, made over the primary tumor 
and SLN sites using the portable gamma probe, 
showed a 20-fold increase in activity within the 
SLN relative to background signal.

In a separate cohort of miniswine, we further 
investigated the draining of the tumor lymphat-
ics and nodal metastases with real-time optical 
imaging using the ArteMISTM fluorescence cam-
era system after a second subdermal injection of 
124I-cRGDY-PEG-C dots was performed near the 

Table 13.1  Photophysical characterization of surface-functionalized C dots using fluorescence correlation analysis
– Cy5 dye PEG-C dots cRGDY-PEG-C dots cRADY-PEG-C dotsa

Brightness/particle (kHz) 3.48 10.91 10.13 10.39
Concentration (mol/L) 5.37 × 10−4 6.61 × 10−6 8.80 × 10−6 4.01 × 10−6

Hydrodyn. radius (nm) 0.67 ± 0.008 3.53±0.04 3.40±0.04 3.25±0.04
a Control particle, C dot bearing a scrambled peptide, cRADY
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Fig. 13.4  Imaging of metastatic disease in a spontane-
ous melanoma miniswine model. a Whole-body 18F-FDG 
PET-CT sagittal and axial views demonstrating primary 
tumor ( green arrow) and single SLN ( white arrow) pos-
teriorly within the right ( Rt) neck after intravenous injec-
tion ( ant anterior). b High-resolution PET-CT scan re-
veals bilateral nodes 1 h after subdermal, four-quadrant, 
peritumoral injection of 124I-cRGDY-PEG-C dots ( arrow 
SLN, arrowhead left-sided node). c, d Gross images of 
the cut surfaces of the black-pigmented SLN ( asterisk, c) 
and contralateral metastatic node ( arrowhead, d) in the 
left posterior neck. e Low-power view of H&E-stained 
SLN demonstrating scattered melanomatous clusters 
( white arrowhead). f Corresponding high-power view of 

H&E-stained SLN, revealing melanoma cells ( yellow ar-
rowheads) and melanophages ( white arrowhead). g Low-
power image of a melanoma-specific marker, HMB-45 
( white arrowhead), in representative SLN tissue. h High-
power image of HMB-45-stained SLN tissue. i Low-
power view of H&E-stained contralateral lymph node 
showing scattered melanomatous clusters ( white arrow-
head). j High-power image of contralateral node showing 
infiltration of melanomatous cells ( yellow arrowheads). k 
Low-power image of representative normal porcine nodal 
tissue. l High-power image of representative normal por-
cine nodal tissue. Scale bars: 1 mm (e, g, i, k); 20 mm (f, 
h, j, l). (Adapted from [38])
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tumor site with the skin intact. Two-channel NIR 
optical imaging of the exposed nodal basin after 
local injection of Cy5.5-incorporated C dots is 
displayed in the RGB color (green, Fig. 13.5a) 
and NIR fluorescent channels (white, Fig. 13.5b) 
flowing from the injection site (Fig. 13.5c) into 
the main proximal (Figs. 13.5c and d), mid 
(Fig. 13.5e) and distal (Fig. 13.5f) lymphatic 
branches toward the SLN (Fig. 13.5f). In addi-
tion, smaller caliber lymphatic channels are seen 
(Figs. 13.5d and e). Fluorescence signal seen 
within in situ (Fig. 13.5g) and ex-vivo (Fig. 13.5h) 
nodal specimens was confirmed by gamma emis-
sions using the gamma probe, and was found to 
be consistent with melanoma, further confirmed 
by HMB45 expression on low-power (Fig. 13.5i) 
and high-power views (Fig. 13.5j).

124I-cRGDY-PEG-C dots enabled superior 
detection sensitivity and discrimination between 
metastatic tumor infiltration and inflammatory 
processes in about one-third of the miniswine, 
relative to 18F-FDG, the latter failing in many 
instances to accurately stage cancer spread. In 

about one-third of cases, 18F-FDG identified sites 
of inflammation found to be additionally pres-
ent in some of these animals, while the particle 
tracer did not, as confirmed by histopathologic 
analysis (Fig. 13.6). This result is best seen when 
comparing 3D integrated PET-CT 18F-FDG im-
ages (Fig. 13.7a) and 124I-cRGDY-PEG-C dot 
images (Figs. 13.7b, and c). PET-CT fused MIP 
images generated from dynamic PET imaging 
data reveals the bilateral metastatic neck nodes 
only after injection of the particle tracer. While 
18F-FDG shows clear absence of nodal metas-
tases, diffusely increased activity is seen within 
metabolically active bony structures in these 
young animals, along with draining lymphatic 
channels. These findings suggest mechanistic 
differences at the cellular/subcellular levels re-
lated to the nature of these agents—one, a strictly 
metabolic probe (18F-FDG), while the other is 
a nonmetabolic, integrin-targeting probe. These 
results highlight the potential utility of 124I-cRG-
DY-PEG-C dots to selectively target, localize, 
and stage metastatic disease.

Fig. 13.5  Image-guided SLN mapping in a spontane-
ous melanoma miniswine model: real-time intraoperative 
optical imaging with correlative histology. Intraoperative 
SLN mapping was performed on the animal shown in 
Fig. 13.5. a–h Two-channel NIR optical imaging of the 
exposed nodal basin. Local injection of Cy5.5-incorpo-
rated particles displayed in dual-channel model a RGB 
color ( green) and b NIR fluorescent channels ( white). c–f 
Draining lymphatics distal to the site of injection. Fluo-
rescence signal within the main draining proximal (c, d), 

mid (e), and distal (f) lymphatic channels ( yellow arrows) 
extending toward the SLN ( N’). Smaller-caliber chan-
nels are also shown ( arrowheads). Images of the SLN 
acquired during (g) and after (h) excision displayed in 
the NIR channel. i Low-power view of HMB-45-stained 
( red) SLN confirms presence of metastases ( black box, 
bar = 500 mm). j Higher magnification in i reveals clusters 
of HMB-45 + expressing melanoma cells (bar = 100 mm). 
(Adapted from [38])
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Fig. 13.6  Discrimination of inflammation from meta-
static disease: comparison of 18F-FDG and 124I-cRGDY-
PEG-C dot tracers. a–d Imaging of inflammatory changes 
using 18F-FDG-PET with tissue correlation. a Axial CT 
scan of the 18F-FDG PET study shows calcification within 
the left posterior neck ( yellow arrows). b Fused axial 18F-
FDG PET-CT reveals hypermetabolic activity at this same 
site ( yellow arrows). Increased PET signal is also seen 
in metabolically active osseous structures ( asterisks). c 
Low- and d high-power views of H&E-stained calcified 
tissue demonstrate extensive infiltration of inflammatory 
cells. e–k Metastatic disease detection following injec-
tion of 124I-cRGDY-PEG C dots about the tumor site. e 
Pre-injection axial CT scan of 124I-cRGDY-PEG-C dots 
shows calcified soft tissues within the posterior neck ( yel-
low arrows). f Coregistered PET-CT shows no evident 

activity corresponding to calcified areas ( arrow), but 
demonstrates a PET-avid node on the right ( arrowhead). 
g Axial CT at a more superior level shows nodes ( arrow-
heads) bilaterally and a calcified focus ( yellow arrow). 
h Fused PET-CT demonstrates PET-avid nodes ( N) and 
lymphatic drainage ( curved arrow). Calcification shows 
no activity ( arrow). i Low- and j high-power views con-
firm the presence of nodal metastases. k Single frame 
from a three-dimensional (3D) PET image reconstruction 
shows multiple bilateral metastatic nodes ( arrowheads) 
and lymphatic channels ( solid arrow) draining injection 
site ( white asterisk). Bladder activity is seen ( dashed 
arrow) with no significant tracer accumulation in the liver 
( black asterisk). Bladder activity is seen with no signifi-
cant tracer accumulation in the liver. Scale bars: 500 mm 
(c, d); 100 mm (i, j). (Adapted from [38])
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Conclusions

Mapping the biological events leading to can-
cer at earlier stages may allow stratification of 
patients to appropriate treatment arms in a more 
timely fashion which can, in turn, potentially 
improve quality of life and patient survival. As 
lymph node metastases are a powerful predictor 
of outcome for melanoma, earlier detection of 
micrometastases in regional lymph nodes using 
real-time optical visualization tools may offer a 
distinct advantage over radioactivity-based iden-
tification of SLN/s, particularly in anatomically 
complex areas of the body. The ability to further 
probe critical cancer targets in a broader range 
of cancer types may elucidate important insights 
into the cellular and molecular processes that 
govern metastatic disease spread. The opportu-
nity to combine these optical technologies with 
novel multimodal and multi-parametric image-
driven metrics and informatics tools may play a 
key role in ultimately improving outcome mea-
sures and clinical radiology practice in the future.
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Introduction

The impact of image processing in medical 
image analysis has increased in recent years con-
currently with the development of novel imaging 
modalities and new user interfaces, facilitating 
both image analysis and maximizing the use of 
information present within the images.

One of the most important imaging process-
ing technologies involves motion compensation. 
While images are assumed to contain informa-
tion of a subject at one moment in time, mea-
surements are, in general, severely hampered by 
the movement of the imaged organ. Specifically, 
physiological tissue motions give rise to strong 
artifacts, which vary in severity depending on 
the organ under investigation, the acquisition 
parameters (e.g., integration time and resolu-
tion), the imaging modality, and the ultimate 
imaging resolution, contributing in creating 
image distortion, blurring, and making image 
sequences highly unstable. Historically, the 

imaging techniques that have more extensively 
dealt with motion reduction methods are mag-
netic resonance imaging (MRI), particularly for 
high-resolution cardiac MRI, and X-ray com-
puted tomography (X-CT). However, more re-
cently, image processing approaches have been 
translated to other existing or newly developed 
imaging modalities.

In this chapter, we present several solutions 
that we and other groups have recently proposed 
for intravital laser scanning optical imaging, 
which could also be easily extended to widefield 
fluorescence imaging. Intravital microscopy is a 
relatively new imaging modality, which allows 
for investigating biological processes at the sin-
gle cell level and in vivo due to its extended im-
aging depth, high resolution, and ease of imple-
mentation. Apart from its success in the biomedi-
cal field, intravital microscopy has also shown 
promise in the clinical settings, specifically for 
intraoperative imaging. Advancements in novel 
imaging systems in combination with the devel-
opment of new targeted probes have provided a 
new platform and new capabilities to explore cell 
biology, and immunological response [1–3]. Un-
fortunately, motion artifacts have so far limited 
the full potential of optical microscopy for small 
animal and clinical imaging.

Respiration and cardiac activity are the major 
contributors to image artifacts; respiration is the 
most significant, affecting, in particular, the lungs 
and extending to all abdominal organs such as 
the liver, kidneys, pancreas, and spleen. Cardiac 
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activity also has a broad effect on many organs, 
and so far has prevented collecting information 
of the heart itself at the single cell level. Several 
other sources may contribute to tissue movement, 
such as peristalsis, muscle contraction, and organ 
drifting. Generally, these sources can be prevent-
ed, but apart from simple image drifting no com-
pensation schemes can be adopted.

All physiological activities give rise to motion 
induced distortions within acquired images or 
sequences of images. These motion artifacts can 

be classified into two groups: in-frame and inter-
frame motion distortions (Fig. 14.1). In-frame 
motion artifacts arise when the object of interest 
moves within a time scale of the order of the acqui-
sition time. Inter-frame motion artifacts, instead, 
are due to motion events which occur between the 
acquisition of consecutive frames or scans and are 
not present, or at least are not noticeable, within a 
single acquired image (Fig. 14.2).

Various solutions for inter-frame and in-frame 
motion artifacts have been proposed, and the 

Fig. 14.1  Schematic showing different types of artifacts 
present during a typical image acquisition of an object in 
motion. Inter-frame and in-frame motion artifacts present 
different characteristics with the former affecting images 

over a long period of time (e.g., acquired sequences) and 
the latter giving rise to visible effects within single ac-
quired images
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literature is abundant with innumerable image 
processing algorithms [4–13]. We briefly discuss 
these solutions.

Inter-frame Motion Compensation

Inter-frame motion refers to motion caused by 
the imaging subject, with respect to the imag-
ing device, and/or due to misalignments be-
tween different imaging modalities. The effect 
is typically evident over multiple image acqui-
sition, such as time-lapse imaging sequences. In 
image sequences like video frame rate movies, 
inter-frame motion is, for the majority of cases, 
compensated by techniques known as “video sta-
bilization,” with the intent to remove unwanted 
artifacts due to relative movements, changes in 
the relative orientation of the imaging device and 
subject, or to the shaky motion of the acquisition 
apparatus (e.g., handheld charge-coupled device 
(CCD) for panoramic organ exploration). Histor-
ically, video stabilization has been developed to 
fix shaky videos by removing unwanted motion 
through image processing [6]. Recently, a similar 
idea has been successfully applied to in vivo mi-
croscopy where continual physiological move-
ments severely impede microscopic observation 
of dynamic events in live tissues [7].

“Image registration” algorithms have been 
widely utilized as key technologies for aligning 
multiple images, acquired mainly from different 
modalities (e.g., MRI and CT or positron emis-
sion tomography, PET) into one coordinate sys-
tem [8, 9], but they can also be applied to image 

sequences for inter-frame motion compensation. 
A typical application, as an example, arises when 
acquiring fluorescence contrast images in arteries 
by way of an imaging catheter and co-registering 
the signal with a simultaneously acquired angio-
gram [14]. Here the registration algorithm aligns 
multiple images from the different imaging tech-
niques into one single coordinate system.

Both video stabilization and image registration 
are fundamentally based on the transformation 
motion models, which are historically classified 
as linear (global) or nonrigid (local) transforma-
tions. Linear transformations span from simple 
translation models to projective transformation 
models. Nonrigid transformations, instead, range 
from small regional variations describable with 
a small number of increased parameters to very 
dense displacement vector fields such as optical 
flow (Fig. 14.3). These algorithms can be utilized 
not only to align images but also to extend the 
imaged area by stitching separately acquired im-
ages. This is a typical case where motion (e.g., 
handheld reposition of the imaging device) is 
positively utilized to increase the field of view 
(Fig. 14.4) [10].

In-frame Motion Compensation

In-frame motion artifacts are present within single 
images and their origin can be ascribed to the rela-
tively low-speed acquisition with respect to the im-
aged subject’s motion. Common examples include 
image blurring in CCD acquired images, caused 
by the high-speed motion of the subject and the 

Fig. 14.2  Examples of motion compensation. a Inter-
frame motion compensation: two microscopic images of 
mouse liver vessels are registered using an affine trans-
formation model. b In-frame motion compensation: mo-

tion artifacts within an MRI image ( left) are removed by 
motion-gated acquisition, leading to an artifact-free image 
( right)
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Fig. 14.4  Image mosaicking through in-frame and inter-
frame motion compensation of a sequence of images 
obtained by laser scanning microscopy (LSM). During a 
first initial image processing phase, an automatic motion 
artifact removal algorithm [13] eliminates in-frame mo-

tion artifacts due to the heart beating. During a second 
phase, when the operator collects images over several ad-
jacent areas of the heart, in-frame motion compensated 
images are combined together using a stitching algorithm, 
to give rise to a final panoramic image

 

Fig. 14.3  Various transformation models, including both linear and nonrigid ones, which are commonly used for 
postprocessing acquired data. The final goal is to reduce image distortions induced by the imaged organ or the operator
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relatively long exposure times (slow shutter speed) 
of the imaging devices. Ghost images in MRI are 
also well known to induce in-frame motion arti-
facts due to movement of subject and slow MRI 
scanning time. The effects can be mitigated by 
choosing a high-speed acquisition modality mini-
mizing the motion during acquisition, leading to 
the elimination of the artifacts. For example, high 
shutter speed of a CCD can freeze a fast-moving 
object without motion blur in the resulting image. 
Although this simple high-speed approach can in 
principle reduce the motion artifacts, a reduced sig-
nal-to-noise ratio occurs as the absolute exposure 
time decreases depending on the speed increase.

Alternatively, slight motion blur artifacts can be 
removed from images through an image process-
ing technology known as “motion deblurring,” 
which needs no other images and information re-
garding the nature of the motion [11, 12]. Although 
these techniques are quite impressive in terms of 
visual appearance, in-frame motion compensation, 
in general, needs additional information such as 
motion parameters and multiple images in order to 
achieve a successful degree of motion compensa-
tion. To date, various motion reduction methods 
have been developed, particularly for high- resolu-
tion cardiac MRI, that speed up scanning acquisi-
tion times and/or involve the use of temporal or 
spatiotemporal redundancy [15–18]. Here the key 
principle underlying scan acceleration is based 
on the presence of quasi-periodic motion compo-
nents, i.e., the predictable reproducibility of tissue 
position at certain time points during physiologi-
cal (cardiac and respiratory) cycles, which allows 
for assisted motion-synchronized scanning [15]. A 
priori knowledge of the position, in combination 
with prospective triggering or retrospective gating 
acquisition schemes, can therefore enable fast-
moving object imaging.

Acquisition Schemes for Motion 
Compensation in Laser Scanning 
microscopy

During LSM acquisition, an excitation laser 
scanning point moves along a predefined tra-
jectory across a horizontal imaging plane. Due 

to the presence of physiological or operator in-
duced motion components, the point along the 
described raster trajectory will not lie at the same 
depth within the imaged organ. Therefore, the 
acquired image is not representative of a single 
horizontal imaging plane across the sample but 
instead coincides with a curved surface with its 
profile modulated by both the speed of the mo-
tion and the microscope acquisition parameters 
(Fig. 14.5). The final image will then present in-
frame artifacts such as distortion and blurring, 
the severity of which varies along a physiologi-
cal cycle in relation to the instant speed (e.g., 
cardiac-induced motion will be minimal during 
the diastole, a cardiac phase with the heart at rest-
ing state).

Through the years, several acquisition schemes 
have been developed for cardiac and respiratory 
MRI with the intent to mitigate motion-induced 
artifacts. While the basic imaging principles of 
MRI and optical microscopy are different, the 
principles of image stabilization are adaptable to 
both techniques (Fig. 14.6) and we have recently 
successfully translated some of them to optical 
microscopy [19].

In cardiac MRI, “segmented cardiac-gated ac-
quisition” has been widely and extensively used 
to correct for cardiac motion artifacts. Here, to 
acquire an MRI image at a specific time point 
during the cardiac cycle, only the data corre-
sponding to a well-defined time window in the 
k-space are selected and gathered until the entire 
k-space is filled (“view per view” acquisition). 
Thanks to the quasi-periodicity and reproducibil-
ity of the cardiac motion, at least on the scale of 
the MRI resolution, a full k-space image can be 
reconstructed by collecting all segments acquired 
at different time points within a well-defined car-
diac phase. This procedure can be done both in an 
active (prospective triggering) or passive mode 
(retrospective gating). In retrospective gating the 
electrocardiogram (ECG) signal is continuously 
measured during MRI acquisition. ECG-gating 
is then applied on all acquired images selecting 
the k-space lines corresponding to specific time 
intervals of the cardiac cycle. All segments are 
then postprocessed and combined to give rise 
to a final image representative of the organ at 
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a specific time of the physiological cycle. Pro-
spective triggering, instead, requires acquisition 
directly initiated by the ECG signal. By varying 
the delay between a specific time point of the 
ECG and the acquisition, all k-space segments 
representative of a time point within the cardiac 
cycle are collected and a final artifact-free image 
is then reconstructed (Fig. 14.6).

Recently we have extended these imaging 
schemes specifically to LSM to image beating 
heart in mice (Fig. 14.7). Here, analogous to 
MRI, multiple images are acquired sequentially; 
by gating to specific time points in the ECG, 
views are grouped into segments to give rise 
to a final reconstructed image representative of 
a horizontal imaging plane free of any motion-
induced artifact. While acquiring physiological 
parameters could facilitate image processing and 
artifact removal, other possibilities are available 

which do not require direct or indirect monitor-
ing of the tissue under investigation. Recently, 
we have proposed several automatic artifact re-
moval image processing algorithms which utilize 
correlation between individual image segments 
instead of using motion information in order to 
identify the data corresponding to the same spe-
cific cycle phase [13], combining them into a 
final “stabilized” image (Fig. 14.8).

Passive and Active Mechanical 
Stabilizers

Because LSM usually operates at higher resolu-
tions than MRI, it is very important to reduce, as 
much as possible, the total displacement due to 
physiological motion, and to introduce high re-
producibility in the motion in order to implement 

Fig. 14.5  a Scheme of principle for laser scanning con-
focal microscopy. Two galvanometer mirrors oscillating 
along orthogonal axes scan the excitation laser beam 
along a raster path. Light is focused onto the sample and 
the emission light is detected through a dichroic mirror. 
b When the subject is stationary, the raster scanning path 

lies on a horizontal imaging plane perpendicular to the 
imaging objective. c When the subject moves, the imag-
ing plane in the organ’s reference frame will appear as a 
curved surface modulated in time according to the motion 
periodicity [19]
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the reconstruction algorithms indicated above. 
Only under this assumption, segments belonging 
to the same specific phase of the cardiac cycle 
but collected at different point in times are equal 
and therefore can be patched together. In the 
absence of reproducibility the segments will be 
uncorrelated to each other, even if gating or trig-
gering schemes are implemented.

One of the most obvious and easily imple-
mented methods to attenuate motion-induced 
image artifacts consists of establishing physical 
immobilization, for example when imaging the 
skin of a patient during a routine dermatologi-
cal check. When imaging inner organs, howev-
er, immobilization cannot always be achieved 
and mechanical restriction is commonly used 
to limit and confine tissue motion, for example 

by applying a gentle pressure. The limitation of 
this strategy is that it can negatively impact the 
physiological functions. Moreover, it will not 
completely suppress motion-induced artifacts 
and may fail to provide enough high-resolution 
images due to the random nature of the motion. 
For this reason, various mechanical stabiliz-
ers have been proposed and extensively used in 
small animal imaging (Figs. 14.9a, b) [20, 21], 
which could be translated with some degree of 
success into patients [22]. Although passive sta-
bilizers are more commonly used, to further com-
pensate residual motion components (Fig. 14.9b) 
gating algorithms or active tracking devices are 
highly recommended. Here, relative motion be-
tween the imaged organ and the imaging lens is 
completely removed by keeping their relative po-

Fig. 14.6  Principle for sequential retrospective electrocar-
diogram (ECG)-gated imaging [19]. In MRI, a sequence 
of views is collected in the k-space by varying the phase-
encoding gradient. Laser scanning microscopy (LSM) im-
ages are acquired pixel by pixel in the real space, with the 

excitation scanning laser beam moving along a predefined 
path. Groups of views are sequentially collected within a 
time-gated window corresponding to the end-diastole. The 
process is then repeated until the entire real space (LSM) 
or k-space (MRI) is filled. (Figure adapted from [19])
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sition to each other constant over time. While in 
small animals this could be achieved sometimes 
by moving the subject, in human patients this 
strategy is not feasible and the imaging objec-
tive is typically tracking the moving organ. The 
objective lens is attached to a fast moving mech-
anism controlled with a feedback loop to track 
the tissue motion, while the organ’s position is 
tracked with a high-speed imaging system. The 
relative position of both objective and tissue is 
therefore kept constant over time providing virtu-
al, free of motion artifacts images. Recently, ro-
botic systems have been developed based on this 
principle [23] that make use of visual informa-
tion or contact-type displacement sensing. In the 
first solution, a vision based compensation sys-
tem (Fig. 14.10a), a high-speed camera (955 fps) 
collects 2D images of the moving organ, which is 
preventively stabilized along the third dimension 
(vertical axis) by way of a compressive cover 

Fig. 14.8  Results of automatic artifact removal image 
processing [13]. The basic idea is to automatically iden-
tify within a sequence of images all artifact-free segments, 
combining them into a final “stabilized” image. Raw im-
ages ( upper part) are in vivo microscopic images of a 
mouse liver. (Figure adapted from [13])

 

Fig. 14.7  a Prospective triggered acquisition scheme: im-
ages are acquired only during a specific triggered window, 
which is determined by the ECG. All acquired data are 
therefore used for image reconstruction. b Retrospective 
gated acquisition scheme: data for images are continu-
ously acquired together with the ECG signal. Following 
this nonselective acquisition, only the data that were ac-
quired during the time of a specific gated window, which 

is determined by ECG, are chosen for image reconstruc-
tion. c Simplified timing diagram and image reconstruc-
tion scheme for sequential retrospective cardiac-gated seg-
mented microscopy. Segments from a continuous sequence 
of images are grouped together and a final image is recon-
structed, which provides a true representation of the heart’s 
morphology at the cardiac phase corresponding to a spe-
cific time-gated window [19]. (Figure adapted from [19])
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slip. A piezo-driven robotic closed arm with 2 
degrees  of freedom and consisting of a five-bar 
linkage with living hinges is then used to con-
trol the position of the imaging objective lens. 
Demonstrating optimal motion compensation for 
kidney imaging, the residual motion of this setup 
was less than 10 μm, while the maximum ampli-
tude of the compensated motion was in excess 
of 150 μm. The second solution, instead, relies 
on motion compensation by contact-type dis-
placement sensing (Fig. 14.10b). This solution is 
sometimes preferable over the first because of the 
reduced costs and the possibility to track motion 
in 3D. The signal from three strain gauges of a 
contact-type sensor consisting of three cantilever 
beam in direct contact with the imaged tissue is 
used to estimate the displacement and track tis-
sue positions over time. Here a piezo-driven ro-

botic closed arm with 3 degrees of freedom, one 
more than in the former configuration, is used.

Conclusion

Imaging technologies such as MRI, CT, and ul-
trasound have considerably improved over the 
course of the last two decades and novel image 
processing technologies for motion compensation 
have been proposed in part because of the imple-
mentation of implemented. Due to their portabil-
ity and low cost integration, intraoperative optical 
imaging systems with different resolution scales 
are also increasingly used. While optical imaging 
techniques potentially offer the ability to acquire 
data at the single cellular level, physiological mo-
tion components have quite limited their applica-
tion at the microscopic scale. Here we have pre-
sented different solutions that are currently avail-
able to suppress motion-induced image artifacts, 
which can be implemented for both wide field and 
laser scanning fluorescence optical microscopy. 
Translation into the clinical environment should 
be pretty straightforward and further facilitate the 
implementation of CCD and laser scanning based 
imaging technologies. Among the different appli-
cations, cardiovascular and tumor surgery would 
benefit the most by adoption of these methods. 
For example, intraoperative motion compensation 
in the beating heart could help detect differences 
between noncontracting necrotic myocardium and 
noncontracting viable but stunned or hibernated 
myocardium. These limitations are particularly 
problematic in the case of surgical revasculariza-
tion of patients with severe myocardial dysfunc-
tion, where it may be impossible to ascertain 
which areas can or cannot be recovered to contrac-
tion by means of revascularization. Also, during 
typical cancer resections, tissue margins could be 
evaluated more accurately during the procedure it-
self without additional postoperative intervention.

Image processing technologies for motion 
compensation will also be enormously facilitated 
by the implementation of graphics processing 
units (GPU) for real-time processing accelera-
tion, further allowing the adoption of these tech-
nologies to be seamless and immediate.

Fig. 14.9  Cardiac vasculature image sequence of a beat-
ing mouse heart at a low and b high resolution. Passive 
mechanical stabilization as proposed by [20, 21] were 
used to reduce image artifacts. At low resolution (a), mo-
tion artifacts look almost absent following mechanical 
stabilization. However, at high resolution (b), artifacts are 
still present, requiring further postprocessing. Scale bars: 
a 500 μm and b 50 μm. (Figure adapted from [13])
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Fig. 14.10  Active motion compensations schemes [23]. a 
“Visual information”-based active motion compensation: 
a high-speed camera (955 fps) collects 2D images of the 
moving organ which is preventively stabilized along the 
third dimension ( vertical axis) by way of a compressive 
cover slip. A piezo-driven robotic closed arm with 2° of 
freedom and consisting of a five-bar linkage with living 
hinges is then used to control the position of the imaging 

objective lens. b Contact-type sensing-based active mo-
tion compensation: The signal from three strain gauges of 
a contact-type sensor consisting of three cantilever beams 
in direct contact with the imaged tissue is used to estimate 
the displacement while a piezo-driven robotic closed arm 
with 3° of freedom moves the objective lens following 
the tissue position over time. (Figure adapted from [23])
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Introduction

From a surgeon’s perspective, one of the most 
desired aspects of surgery is the ability to obtain 
the most information about the operative field. 
With the advent of minimally invasive surgery, 
the need for better visualization techniques has 
increased because of the reduced amount of di-
rect feedback from tissues that the surgeon usual-
ly receives in open surgery. Near-infrared (NIR) 
imaging is one of such technologies which, com-
bined with three-dimensional high-definition 
view, provides details in robotic surgery, which 
are otherwise not available to the surgeon.

NIR imaging refers to the use of the electromag-
netic spectrum between 700 and 1000 nm, which 
is invisible to the human eye, along with fluores-
cent tracers to produce fluorescence. There are 
many advantages for using the NIR spectrum. It is 
invisible with the laparoscopic camera, so the ap-

pearance of the surgical field does not change un-
less the camera is activated to view the spectrum. 
It has a decent tissue penetration (up to 5 mm), it is 
nonionizing, and there is no unfavorable effect on 
the tissue. This technique provides for real-time 
guidance during a procedure, as image acquisition 
takes only a few milliseconds [1].

NIR imaging requires a contrast agent con-
taining a molecule, called a fluorophore, that 
emits NIR fluorescent light after being excited 
by an NIR light source. Depending on the appli-
cation, a targeting ligand is present that directs 
the fluorophore to the structure under study. Vi-
sualization of the tissue is based on the signal of 
the contrast agent in the region of interest relative 
to the background signal, known as the signal-
to-background ratio (SBR). Indocyanine green 
(ICG) and methylene blue (MB) are the only NIR 
fluorophores that are registered with the Food 
and Drug Administration (FDA) and the Europe-
an Medicines Agency (EMA) for clinical use [1].

When illuminated with NIR light, protein-
bound ICG emits light that peaks at approximate-
ly 840 nm [2]. This fluorescence property of ICG 
was found in the 1970s, and the clinical applica-
tion of real-time fluorescence imaging using ICG 
started in the early 1990s with fundus angiography 
in ophthalmology [3]. The application of ICG flu-
orescence imaging was extended to surgery as an 
intraoperative navigation tool of lymphatic flow, 
sentinel lymph node (SLN) mapping, determining 
blood flow during coronary artery bypass graft-
ing, and identifying cerebral aneurysms for clip-
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ping [4–7]. ICG is safe to use, and complications 
following administration are rare [8, 9]. Circulat-
ing ICG is cleared rapidly by the liver and almost 
exclusively excreted into the bile. ICG is the most 
commonly used fluorophore in laparoscopic and 
robotic surgery. The Fluorescence Imaging Vision 
System was integrated into the DaVinci robotic 
platform in 2011. Since then, the role of near-in-
frared fluorescence (NIF)-ICG imaging has been 
rapidly expanding in all fields of robotic surgery. 
Up to date, there are various papers published in 
the scientific literature on the role of fluorescence 
in robotic surgery; however, the experience is still 
limited, because this technology is relatively new 
and some centers are only now starting to use this 
technique. The main surgical fields in which NIF-
ICG is being used are general, urologic, gyneco-
logic, and thoracic robotic surgery [10–15].

MB has been used for over 120 years for sev-
eral medical applications. When diluted to levels 
that are almost undetectable to the human eye, 
MB becomes a fluorophore emitting at ≈ 700 nm 
[16]. This phenomenon is called “unquenching.” 
At high dye concentration, fluorescence emis-
sion from MB is reabsorbed intermolecularly. 
When diluted, fluorescence emission becomes 
unquenched. MB is cleared equally by both the 
liver and kidney, permitting imaging of both the 
bile duct and the ureter.

Real-time cancer identification using fluo-
rescence probes currently represents one of the 
most active research fields. Both ICG and MB 
are nonspecific NIR contrast agents. To permit 
targeted imaging, novel NIR fluorescent probes 
are being developed. These fluorophores can be 
conjugated to a tumor-specific ligand to target 
tumor cells. For instance, they can be conjugated 
to tumor-specific antibodies, nanobodies, small 
peptides, or they can be activated by enzymatic 
cleavage in order to become fluorescent [17].

In robotic surgery, NIR imaging provides the 
surgeon with many potential advantages in any 
given surgical procedure. It can aid in identi-
fying a structure or lesion, which has to be re-
sected (e.g., tumor tissue), or protected (e.g., bile 
ducts). It can help in dissection of blood vessels 
and lymph nodes, and it can identify the blood 
perfusion before performing an anastomosis. 

Researchers are currently working to enable tar-
geted imaging, and it will change the way surgery 
is performed.

Clinical Applications of NIR Imaging in 
General Surgery

After intravenous injection of ICG, within 5–60 s, 
the first structures that are visualized are arter-
ies, followed by veins. The visualization lasts a 
few seconds, but additional doses of ICG could 
be administered if necessary. The toxicity margin 
is very high; the maximal recommended dose in 
adults is 2 mg/kg [8, 9]. Subsequently, the organ 
and tissue microperfusion becomes evident, fol-
lowed by the lymphatic and neural structures. 
After 45–60 min ICG accumulates in the liver 
and is secreted into the bile, and therefore can be 
used to assess the liver and bile ducts. The clini-
cal applications of NIR imaging can be classified 
according to the visualization target and are sum-
marized in Table 15.1.

Vascular Imaging

Identification of arteries and veins is one inter-
esting application of ICG. Recognition of nor-
mal anatomy and/or identification of anatomical 
variations in real-time minimizes the risk of inad-
vertent damage to vascular structures. This is po-
tentially a significant improvement, in a simple 
cholecystectomy (where vascular identification 
could decrease the risk of inadvertent damage 
of anomalous or accessory arteries), as well as 
in a complex case of hepatic or pancreatic resec-
tion (where identification and dissection of major 
vessels are a key step to the successful comple-
tion of the operation).

In urology, NIR-ICG has been recently used 
for super-selective arterial clamping in robotic 
partial nephrectomy (RPN). Borofsky et al. pub-
lished their initial experience with 34 cases of ze-
ro-ischemia RPNs and reported that the imaging 
technique (often referred to as “firefly”) facili-
tates super-selective arterial clamping, leading to 
improved functional outcomes [18].
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Organ and Tissue Perfusion

Evaluation of tissue perfusion is another impor-
tant application of NIR imaging. Adequate ICG 
microperfusion assessment in colorectal and 
esophageal surgery allows real-time recognition 
of viable tissues (Fig. 15.1). Color demarcation 
is not always precise, and Doppler scanning re-
quires specific probes that may present artifacts 
(poor contact/interphase). With fluorescence, the 
surgeon is able to revise the line of resection, if 
needed, and perform safer anastomoses. In the 
case of esophagectomy, the tubulization of the 

stomach could result in distal ischemia of the gas-
tric conduit. Partial ischemia may lead to anasto-
motic leaks, which represent a severe complica-
tion. In robotic colorectal surgery, evaluation of 
the anastomotic perfusion is one of the common-
est applications of ICG. In the last year the first 
experiences with NIR-ICG were published. Jafari 
et al. were the first to evaluate anastomotic tissue 
perfusion during robotic low anterior resections 
(RLAR) [19]. The authors conducted a retrospec-
tive case-control analysis to determine whether 
NIR-ICG could reduce the rates of anastomotic 
leak after RLAR. Since fluorescent imaging al-
lows detection of low perfused areas otherwise 
invisible to the human eye, the authors stated that 
they frequently had to revise the point of bowel 
transection. They reported a 12 % relative de-
crease of risk for anastomotic leak in the NIR-
ICG group [19]. Other studies also confirmed the 
effectiveness of this technique in evaluating the 
bowel perfusion [20–22]. Hellan et al. reported a 
40 % rate of changing the point of bowel transec-
tion after fluorescent imaging [21]. Further stud-
ies are needed to determine whether this trans-
lates in a true reduction of anastomotic leaks, but 
these preliminary results look very promising. A 
prospective multicenter trial is in progress, in an 
effort to identify the real impact of NIR-ICG in 
changing the point of bowel transection during 

Table 15.1  Clinical applications of near-infrared imaging in robotic surgery
Vascular imaging
Anatomy of blood vessels e.g., hepatic artery during hepatectomy, splenic artery, 

and vein during distal pancreatectomy
Organ and tissue perfusion e.g., recognizing adequately perfused tissue during GI 

anastomosis, renal perfusion after transplant
Blood flow e.g., after vascular anastomosis
Lymphatic channels
Lymph node identification e.g., SLN in endometrial cancer
Specialized tissue
Nerve identification e.g., phrenic nerve during thymectomy, inferior hypo-

gastric plexus during pelvic dissection, recognition of 
parathyroids during thyroidectomy

Parathyroid identification

Biliary imaging
Fluorescent cholangiogram e.g., extrahepatic biliary ducts during cholecystectomy 

and hepatectomy
Identification of lesions, based on their vascular and 
metabolic pattern

e.g., well- vs. poorly differentiated HCC, neuroendocrine 
lesions, angiomas

GI gastrointestinal, SLN sentinel lymph node, HCC Hepatocellular carcinoma

Fig. 15.1  Evaluation of gastric perfusion with NIR-ICG 
after robotic total esophagectomy
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left-sided colorectal resections [11]. NIR imag-
ing with ICG can also be used to evaluate blood 
flow and solid organ perfusion. An example of 
these applications could be found in robot-assist-
ed renal transplant. After the completion of the 
vascular anastomosis, ICG can assess the blood 
flow through the anastomosed vessels and the 
perfusion of the transplanted kidney [23].

Biliary Imaging

Identification of biliary anatomy is probably 
one of the most important applications of ICG 
fluorescence in hepatobiliary surgery. Even in 
less complex surgical operations, such as cho-
lecystectomy, NIR imaging could be helpful in 
decreasing the risk of biliary duct injury. Even 
though this is an uncommon complication, in 
most cases it is connected to misinterpretation of 
anatomy. ICG allows real-time visualization of 
the extrahepatic biliary ducts, offering a sort of 
continuous “non-radiographic” cholangiogram.

The first account of NIR-ICG during robotic 
cholecystectomy was published by our group 
at the University of Illinois at Chicago [24], in 
which we described how ICG fluorescence was 
able to identify during the procedure an aber-
rant biliary side branch from hepatic segment 
VI to the common hepatic duct (CHD). The side 
branch was successfully preserved, avoiding a 
postoperative biliary leak or bile duct occlusion. 
Other authors have published their experience 
since then, all confirming the usefulness of this 
technique [25, 26]. Buchs et al. first reported 
their results after 12 single-site robotic cholecys-
tectomies with ICG fluorescence. The cystic duct 
(CD), common bile duct (CBD), and the CHD 
were successfully visualized prior to Calot’s tri-
angle dissection in 91.7, 50 and 33 % of cases, 
respectively. After the dissection, the rates of 
visualization of the three structures were 100, 
83.3 and 66.7 % [25]. Spinoglio et al. published 
their results after 45 cases of robotic single-site 
cholecystectomies with NIF-ICG, with success-
ful fluoresecent visualization of all three main 
biliary structures at a rate of 97 % after dissection 
of Calot’s triangle [26]. Recently, our group re-

ported the results after 184 robotic cholecystecto-
mies with ICG fluorescent cholangiography [10]. 
The overall visualization rates of the CD, CHD 
and CBD were 97.8, 94, and 96.1 %, respective-
ly. In our review, we included not only elective 
cases, but also patients with acute cholecystitis. 
Biliary visualization rates in complex situations, 
like acute cholecystitis and obese patients were 
independently analyzed. In the first group, the 
CD, CHD, and CBD were successfully identified 
in 91.6, 79.1, and 79.1 % of cases, respectively, 
and in the second group, the rates were 97, 94 
and 95 %. NIR light has a penetration ability of 
5–10 mm [27, 28], therefore inflammation and 
obesity are factors that could potentially hinder 
visualization of structures. Nevertheless, in our 
series, the success rate was high. It is noteworthy 
that no biliary duct injuries or allergic reactions 
to ICG occurred in any of the published series. 
NIR-ICG could improve outcomes of cholecys-
tectomies, replacing x-ray cholangiograms, with 
no substantial increase in operative time and with 
minimal risk of adverse reaction to the dye.

NIR imaging is also a valuable tool in more 
complex procedures, such as hepatic resections 
and pancreaticoduodenectomies, especially dur-
ing the dissection of the hepatic hilum. Identifica-
tion of the vascular and biliary structures during 
these difficult procedures allows a more precise 
and accurate dissection, potentially decreasing 
the risk of intraoperative complications.

Lymph Node and Nerve Identification

NIR imaging provides the possibility of lymph 
node mapping and SLN identification. This ap-
plication could be especially useful in oncologic 
surgery, allowing a selective and precise lymph-
adenectomy. In laparoscopic surgery, it is already 
being successfully used in cases of gastric and 
colorectal cancer [29, 30], and in robotic surgery, 
it is currently used for lymph node mapping and 
SLN detection in endometrial and cervical can-
cer. Rossi et al. first published their results of 20 
patients receiving cervical injection of ICG [13]. 
The authors reported a success rate of 88 % in 
the identification of SLN and concluded that this 
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type of imaging is a reliable method for SLN de-
tection and lymph node mapping in early-stage 
endometrial and cervical cancer. The same au-
thors recently reported that cervical ICG injec-
tion is more efficient than hysteroscopic endo-
metrial injection in detecting SLN, with similar 
anatomic lymph node distribution [31]. In a study 
conducted by Holloway et al., they reviewed the 
detection rate of SLN in patients with endome-
trial cancer who underwent robotic staging, com-
paring the NIR-ICG with colorimetric imaging of 
isosulfan blue (ISB) [32]. Their results showed 
that NIR-ICG was more successful in detecting 
bilateral SLNs and lymph node metastasis, with 
77 versus 97 % detection rate of bilateral pelvic 
or aortic SLNs using ISB and ICG, respectively. 
When the two techniques were combined, the 
sensitivity and specificity of the technique were 
90 and 100 %, respectively.

Some authors, however, have reported some 
limitations of NIR-ICG in colorectal surgery, es-
pecially in cases of tattooed lesions and lymph 
node mapping [11]. There are descriptions of 
excessive or inadequate diffusion of the colorant 
around the tumor, spreading inside the abdominal 
cavity and leading to failed visualization of the 
lymph nodes, especially in patients who under-
went neoadjuvant radiotherapy for rectal cancer 
[11].

Nerve identification is yet another interesting 
application of NIR imaging that will certainly 
expand in the future, especially once novel, 
more selective contrast agents become avail-
able. Identification of nerves and nerve plexuses 
could facilitate dissection, improving postopera-
tive outcomes. Prostatectomy (prostatic nerves), 
colorectal surgery (inferior hypogastric plexus), 
thyroidectomy (identification of the recurrent la-
ryngeal nerves), and thymectomy (phrenic nerve) 
are some of the best examples.

Wagner et al. published their experience with 
10 patients that underwent unilateral right robotic 
thymectomy using NIF-ICG to identify the con-
tralateral pericardiophrenic neurovascular bundle 
(PNB) [14]. They reported a success rate of 80 % 
in visualizing the PNB, mainly from a left pleu-
ral view. No injuries occurred to the PNB. The 
authors believe that this technique could achieve 

maximal tissue resection and decrease the nerve 
injury rates.

Identification of Lesions

Difference in hemodynamic properties between 
normal and cancerous parenchyma, as well as dif-
ferences in biliary excretion of ICG allow iden-
tification of lesions from the normal surround-
ing tissue. Hepatocellular carcinoma (HCC) is a 
good example of these properties. In fact, many 
study groups have demonstrated the different 
fluorescent patterns among well-differentiated 
HCC, poorly differentiated HCC, and colorec-
tal metastases [33–35]. In well-differentiated 
HCCs the uptake of ICG is preserved, while the 
biliary excretion is impaired, so they appear as 
uniformly fluorescent lesions. Poorly differen-
tiated HCCs and colorectal metastases, on the 
other hand, appear as hypofluorescent lesions 
surrounded by a fluorescent ring, due to biliary 
excretion disorders of the surrounding tissue that 
is being compressed by the tumor. In our overall 
experience, NIR-ICG has been useful in identify-
ing HCCs (Fig. 15.2), hemangiomas (Fig. 15.3), 
pheochromocytomas (Fig. 15.4), and small neu-
roendocrine pancreatic tumors (Fig. 15.5).

Manny et al. published a series of three robot-
ic partial adrenalectomies with NIR-ICG, con-
firming that this technique helps identifying the 
mass from the normal adrenal tissue, promoting 
parenchyma-sparing resections [36].

Other Applications in Robotic Surgery

Ureteral Stricture Identification

Recently, the indication for NIR-ICG has ex-
panded to intraoperative localization of ureteral 
strictures. Lee et al. reported seven cases of ro-
botic ureteroureterostomy for stricture [37]. ICG 
was administered intraureterally for delineation 
of the ureter, and an additional intraureteral dose 
was administered for distinction of healthy ure-
teral tissue from devitalized tissue, allowing for 
a safer repair. Upper urinary tract reconstruction 
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Fig. 15.4  Pheochromocytoma as it appears intraoperatively, with normal light (a) and NIR-ICG (b)

 

Fig. 15.3  Hepatic hemangioma as it appears intraoperatively, with normal light (a) and NIR-ICG (b)

 

Fig. 15.2  HCC as it appears intraoperatively with normal light (a) and NIR-ICG (b)

 

Fig. 15.5  Small pancreatic neuroendocrine tumor as it appears intraoperatively, with normal light (a) and NIR-ICG (b)
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seems to be a promising new indication for NIR-
ICG. In a separate study 40 patients underwent 
robotic pyeloplasty, ureteral implant, and ureter-
oureterostomy with ICG and demonstrated 100 % 
radiological and symptomatic improvement after 
the procedure [12].

Segmentectomy in Early-Stage Lung 
Cancer

Pardolesi et al. recently described a novel tech-
nique for identification of intersegmental planes 
during robotic anatomic segmentectomy for 
small, early-stage lung cancer [15]. The ICG 
was injected intravenously after division of the 
bronchus, vein, and artery of the target segment. 
The result was a green coloration of the perfused 
parenchyma, with the target segment remaining 
uncolored. The authors reported an excellent de-
marcation of the segment to be removed, facili-
tating its transection.

ICG in Total Endoscopic Robot-Assisted 
Coronary Artery Bypass

A possible future application of NIR-ICG has 
been published by Hassan et al. [38]. They iden-
tified the internal mammary artery, delineated the 
coronary anatomy and evaluated the patency of 
the anastomoses during robotic coronary bypass, 
in a canine model.

Future Applications

New technologies will soon be available for im-
proving NIR imaging [39]. Scientists are already 
working on new techniques to overcome the limit 
of low tissue penetration and improve the fluo-
rescent signal [40, 41].

From a surgical standpoint, the most revolu-
tionary future application will be in vivo, real-
time cancer detection, and characterization. Spe-
cific targeting ligands and monoclonal antibodies 
conjugated to NIR fluorophores could provide 
real-time molecular diagnosis and detection of 

the tumor intraoperatively. Metildi et al. recent-
ly published a study where pancreatic tumors 
in orthotopic mice were labeled with fluores-
cent anti-carcinoembryonic antigen antibodies. 
Fluorescence-guided laparoscopic surgery was 
then performed and resulted in decreased local 
recurrence rate, decreased distant recurrence rate 
and longer median disease-free survival, when 
compared to the bright-light laparoscopic sur-
gery [42, 43]. Future progress in NIR imaging is 
expected with better software to process images 
(subtraction and fusion images) and to make a 
quantitative evaluation of flow (speed) and pat-
tern of perfusion (architecture).

Conclusions

NIF imaging with ICG is one of the latest innova-
tions in surgery. This technique is safe, noninva-
sive, time-effective, and does not expose patients 
to radiation. Currently, the main applications of 
NIR-ICG in robotic general surgery are real-time 
visualization of the biliary anatomy and evalu-
ation of anastomotic perfusion during gastro-in-
testinal (GI) and colorectal surgery. Even though 
there are only a few studies available in the lit-
erature, the results are encouraging. The future 
applications of this technology will hopefully 
allow real-time in vivo microscopy, which will 
be an invaluable asset in minimally invasive on-
cologic surgery. This is only the beginning of a 
new era for surgery. As technologic innovations 
will expand, so will the indications for NIR im-
aging. Further investigation and clinical trials are 
mandatory in order to establish the real value of 
NIR imaging and expand its indications.
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Introduction

Traditionally, two-dimensional (2D) computed 
tomography (CT) images and magnetic resonance 
images (MRI) have been used for surgical plan-
ning [1, 2]. Over the past two decades, the im-
provement in resolution of these imaging modali-
ties has paved the way for increasingly advanced 
three-dimensional (3D) postprocessing techniques 
of anatomic structures. Provided with this 3D in-
formation, surgeons can now plan their procedure 
in great detail before entering the operating room. 
The natural extension of these preoperative sur-
gical plans is an intraoperative navigation system 
that enables the surgeon to realize their surgical 
plan with precision. In the fields of neurosurgery, 
spinal surgery, and ENT surgery, for example, 
such planning and navigation systems have been 
used for over 20 years and are now widely viewed 
as standard-of-care technologies for certain pro-
cedures [3–7]. As these technologies mature, ap-
plications to soft-tissue organs have been investi-
gated and used in the clinical setting [8–10]. Many 
approaches have been developed to perform intra-

operative navigation, but all have the same goal 
in common: to improve surgical outcomes by 
increasing the amount of information available 
to the surgeon in the operation room (OR). This 
chapter aims to provide a summary of the state 
of the art for surgical planning and intraoperative 
navigation and to briefly discuss the advantages 
and drawbacks of such technologies.

Surgical Planning

Traditionally, surgeons have mentally reconstruct-
ed the organ and anatomic structures of interest 
from a 3D data set of 2D images prior to surgery. 
Surgeons have been required to train themselves 
to re-create the 3D surgical space from 2D imag-
es, a task which has varying degrees of difficulty 
depending on the imaging modality being used 
(and in all cases requires extensive training). In 
their simplest embodiment, 3D image reconstruc-
tions, now widely available on most commercial-
ly available radiologic workstations, reduce the 
mental processing required to plan a surgery.

The surgical planning process begins with a 
set of preoperative images, most commonly CT 
or MRI. Many different methods of 3D recon-
struction are available, but the two primary cate-
gories used clinically are surface and volume ren-
dering. A software program, usually installed on 
a high-performance PC with a dedicated graphics 
card, is used to perform the image processing re-
quired to generate the 3D reconstructions.

Y. Fong et al. (eds.), Imaging and Visualization in The Modern Operating Room,  
DOI 10.1007/978-1-4939-2326-7_16, © Springer Science+Business Media New York 2015
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Volume Renderings

Volume renderings are 3D projections of data sets 
that can generally be reconstructed automatically 
or semi-automatically once an image set is load-
ed. Volume renderings can be used to depict the 
3D relationships of organs, vessels and bone, and 
has a wide variety of applications, from evalua-
tion of abdominal aortic aneurysms to dental im-
plants and staging of pancreatic cancer [11–14]. 
While more automated than surface renderings 
and useful from a diagnostic and visualization 
standpoint, volume renderings do not provide 
quantitative volumetric data. Volume renderings 
of the aortic vasculature and renal anatomy, for 
example, can be useful for diagnostic purposes 
but require additional postprocessing for volu-
metric data (Figs. 16.1, 16.2).

Surface Renderings

Surface renderings are generated by segmenting, 
or delineating, each anatomic structure of interest 
on each 2D image from the preoperative data set. 
Often, multiple data sets will be used for segmen-
tation, taking advantage of the known changes in 
contrast between consecutive image acquisitions 

(e.g., arterial phase and venous phase hepatic 
scans).

Various approaches, ranging in their degree 
of automation, can be used to segment each ana-
tomic structure. Most segmentation approaches 
use differences in pixel intensities of adjacent 
structures to separate one structure from another. 
Once these structures are segmented, 3D models 
of each can be displayed. For a hepatic resection, 
for example, the liver, tumors, hepatic and portal 
veins, and bile ducts may be segmented [15]. Ad-
vanced techniques, such as segmental risk analy-
sis for hepatic surgery, can be used depending on 
the clinical application [16, 17]. For example, the 
territories of the liver as defined by portal venous 
inflow can be displayed (Fig. 16.3). Additionally, 
variant anatomy and tumors can be displayed in 
relation to one another (Fig. 16.4).

Resection Planning

Many commercially available surgical planning 
applications have resection planning capabilities 
that enable the surgeon to preoperatively define 
their surgical plan and assess the resulting volu-
metrics. For procedures where clinical outcomes 
have well-defined volumetric thresholds for suc-
cess, such as hepatic resection or living donor 
liver transplantation (LDLT) this functionality 

Fig. 16.2  Volume rendering of liver, liver tumor, kid-
neys, and heart, with ribcage in gray

 

Fig. 16.1  Volume rendering of aortic vasculature and 
kidneys
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can be used to accurately determine whether the 
patient has an adequate remnant prior to surgery 
(or in the case of LDLT, if the graft size is ade-
quate), and if not, what modifications to the treat-
ment plan need to be considered (Fig. 16.5). An-
other common application of volumetric analysis 
is assessment of portal vein embolization, where 
preembolization and postembolization liver rem-
nant volumes are compared to assess hepatic suf-
ficiency prior to surgical treatment.

Workflow

From a clinical workflow standpoint, many dif-
ferent models have been implemented. The pri-
mary challenge associated with segmentation 
is separating adjacent anatomic structures of 
interest. For example, in a portal venous phase 
abdominal CT scan, the abdominal wall is often 
composed of pixels with similar intensity values 
to those of the liver. In many instances, there 
is no physical separation between the liver and 
the abdominal wall, thus creating a challenge to 
separate the two structures. Nevertheless, image 
processing algorithms are steadily improving; a 
review of common approaches to segmentation 
is found below.

Thresholding Thresholding is a simple means 
to separate different classes of pixels based on a 
threshold value, set to a specific intensity. Multi-

Fig. 16.3  Surface rendering of a liver and portal venous 
inflow, with segmental inflow territories identified by 
various colors

 

Fig. 16.5  Right: hemihepatectomy for a living donor liver procedure, with remnant and resected volumes in the upper 
right hand corner. Transection plane is displayed in yellow, portal veins in purple, hepatic veins in blue

 

Fig. 16.4  Preoperative imaging of a liver, hepatic veins 
( blue), portal veins ( purple), and tumor ( brown)
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ple thresholds can be used to include and exclude 
certain ranges of pixels [18].

Region-Growing Segmentation One imple-
mentation of the region-growing method involves 
placing initial seed contours on the organ of 
interest and then automatically propagating those 
contours to the edge of the structure [19, 20]. The 
propagation itself can be influenced by a number 
of pre-determined or adjustable factors, includ-
ing pixel intensities.

Model-Based Segmentation This method uti-
lizes an existing database of organ models as an 
initial framework for segmentation. This method 
can reduce the amount of time required for an ini-
tial estimate of organ segmentation but has accu-
racy limitations given the large variance in organ 
shapes and positions from patient to patient. This 
can also be referred to as statistical shape model-
ing or atlas-based segmentation [21].

Image Registration This method presupposes 
that an initial contour has been accurately defined 
and uses that contour’s shape and/or pixel inten-
sities within the defined area to automatically 
identify the remaining contours of the organ [22].

Most segmentation packages use a combina-
tion of these techniques or at least have some 
form of each available for use. As each technique 
is refined and optimized for a given application, 
image processing becomes more automated and 
less time-consuming. However, manual editing 
tools are still helpful to compensate for anatomic 
anomalies.

The clinical implementation and utilization 
of surgical planning software varies. Some com-
mercially available workstations are installed on 
site and all processing and planning is performed 
by surgeons, radiology technicians, and radiolo-
gists [23–25]. Other planning services can be per-
formed remotely per case, which entails the se-
cure transfer of patient DICOM files, subsequent 
image processing, and the return of a detailed 
analysis to the hospital [26]. Still others exist as a 
hybrid between the aforementioned implementa-
tions, where a workstation is installed at the hos-
pital for image transfer and processing, but that 

processing is performed remotely through server 
access [27].

Future Directions

Future areas of work include functional analysis 
of tissue, refined ablation modeling techniques, 
and increasingly automated methods of segmen-
tation. While volumetric analysis provides useful 
quantitative information for surgical planning in 
certain scenarios, tissue viability is generally not 
taken into account in most software packages. 
If tissue function can be integrated into existing 
software, then clinicians will be able to make 
more informed decisions regarding the optimal 
course of therapy. Ablation modeling is still in its 
infancy and the parameters selected for ablative 
therapy are largely driven by ex vivo data provid-
ed by ablation device manufacturers. Aside from 
controllable device parameters such as wattage 
and ablation cycle time, tissue composition and 
blood flow from nearby vessels likely have an 
impact on the efficacy of ablative devices, and 
taking these patient-specific inputs into account 
will provide the surgeon with a better under-
standing of how to apply the ablation in the OR 
[28, 29]. Finally, automation of 3D postprocess-
ing continues to improve, but there is still much 
work to be done for soft-tissue applications.

Intraoperative Navigation

Intraoperative navigation systems have been 
used in neurosurgery and ENT procedures for 
over 20 years [5]. These systems have been 
shown to improve patient outcomes, reduce 
morbidity, and decrease OR time [6, 7]. Surgical 
navigation systems consist of the following main 
components: a computer and display system to 
provide the information to the end user, a set of 
tracked devices used for spatial localization, and 
a localizing system to track these instruments in 
surgical space. There are two types of tracking 
systems commonly used in the OR: optical and 
electromagnetic (EM). Optical systems use in-
frared cameras to localize surgical instruments 
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by means of rigidly affixing a tracked body with 
reflective lenses to the instruments of interest 
(Fig. 16.6). Optical systems have the advantage 
of wireless tracking of surgical instruments but 
are subject to the inherent limitation of line of 
sight; that is, tracked instruments must be in di-
rect, unblocked view from the localizing camera 
for tracking to occur. Additionally, optical instru-
ments cannot account for needle flexure, which is 
common during needle-based interventions such 
as biopsies and radiofrequency or microwave 
ablation. Optical systems also require that each 
individual tracked instrument be characterized 
from other instruments through unique geometry 
constraints. Optical navigation systems are being 
used in both open and laparoscopic environments 
(Figs. 16.7, 16.8).

EM systems, on the other hand, are comprised 
of an EM field generator and submillimeter coils 
that can be integrated with the desired surgical 
instrument for accurate instrument tracking, even 
if the instruments are non-rigid, such as articu-
lating laparoscopic ultrasound transducers and 
flexible ablation needles. However, EM localiz-
ers are susceptible to tracking error induced by 
metal artifacts in the surgical field. Additionally, 
EM systems introduce cables into the surgical 
field that can be unwieldy if not designed prop-
erly, and some existing systems have relatively 

small working volumes (i.e., the zone in which 
instruments can be reliably tracked). EM systems 
have been used successfully in the clinical setting 
for both prostate and lung procedures, where the 
working volume is less of an issue (Fig. 16.9).

One of the most important components of a 
navigation system is the degree to which it can 
accurately register preoperative image space 
to the intraoperative surgical space. Accuracy 
of navigation systems can be divided into three 
components: (1) inherent tracking error of the lo-

Fig. 16.8  The intraoperative setup for a laparoscopic 
navigation procedure, with the camera placed above the 
working area and the navigation system with integrated 
ultrasound available for display along with the endoscopic 
view

 

Fig. 16.7  The intraoperative setup consists of a double 
touch-screen user interface that displays both the 3D navi-
gational as well as the ultrasound user interface. A stereo 
camera is placed above the patient to track instruments. 
Surgeons can interact with the system through the touch 
screens

 

Fig. 16.6  An optical adapter for an ultrasound transducer 
is used to track the ultrasound device in surgical space 
after a registration has been performed. This allows direct 
comparison of real-time intraoperative ultrasound with 
preoperative 3D imaging
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calizer system being used, (2) registration error, 
and (3) error induced by organ shift and defor-
mation. Localizer system tracking error has been 
reduced as tracking systems are continuously 
refined. Errors associated with commonly used 
optical systems are on the order of 0.35 mm 
(root-mean-square (RMS) error) [30]. Registra-
tion error depends on a number of factors, in-
cluding the registration approach used and the 
ability to accurately identify matching features 
from preoperative and intraoperative data sets. 
Error induced by organ shift and deformation is 
the largest contributor to overall navigation error 
and many approaches have been investigated to 
account for or mitigate this type of error. Dur-
ing a neurosurgical procedure, for example, 
even though the brain is confined by the skull, 
the brain can deform or shift due to swelling, re-
traction, and cerebrospinal-fluid drainage. Tech-
niques to compensate for organ deformation are 
necessary if the navigation system is to be used 
throughout a procedure. One common technique 
to compensate for organ movement and deforma-
tion include updating the preoperative image set 
based on intraoperative image acquisition via CT, 
MRI, or ultrasound [31, 32]. Registration error 
feedback can be displayed to the surgeon either 

qualitatively or quantitatively, whether a surface-
based approach or internal structures are used for 
registration (Fig. 16.10).

Workflow

Navigation systems must be designed such that 
they have minimal impact on the operating room 
environment and existing surgical workflow. A 
small hardware footprint, an intuitive user inter-
face, and surgical instrument accessories that are 
easy to assemble are all necessary prerequisites 
for any navigation system to be successfully in-
tegrated into a clinical workflow. The workflow 
associated with navigation can be summarized as 
follows.
1. Transfer of preoperative data set to the naviga-

tion system. This can be performed via USB 
drive or network connection. Surgical plan-
ning can either be performed prior to the pro-
cedure via a separate software application, or 
on the navigation system itself.

2. Intraoperative hardware setup. The localizer 
system and display must be positioned prop-
erly. In the case of an optically based system, 
for example, the localizing camera must be 
positioned such that it can maintain proper 
line of sight to the tracked instruments in the 
surgical working area.

3. Instrument calibration. If necessary, surgical 
instruments such as resection or ablation de-
vices can be calibrated. Precalibration of an 

Fig. 16.10  2D augmentation of native sonography im-
agery with coregistered preoperative image data is used 
to confirm registration accuracy in a, whereas intraopera-
tively acquired surface data are used to confirm registra-
tion accuracy relative to preoperative 3D models in b

 

Fig. 16.9  An electromagnetic tracking system is used for 
a lung procedure
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instrument can be performed prior to surgery 
if the tracked body can be reproducibly af-
fixed to the instrument in the same position 
and orientation, i.e., there is a known relation-
ship between the tracked device and the surgi-
cal instrument.

4. Registration. Tracked instruments are used to 
perform the registration necessary to map the 
preoperative images to the operating space.

5. Navigation. Once the registration has been 
performed and its accuracy accepted, tracked 
surgical instruments may be used to localize 
anatomic structures such as vessels or tumors. 
Navigation systems that support integration of 
ultrasound can display the ultrasound image 
relative to the preoperative images, enabling 
immediate comparison of anatomic structures 
from each modality [33–36]. Additionally, 
ablation needles, resection devices, and mi-
croscopes or endoscopes can be tracked in the 
surgical space [37, 38].

Applications

Surgical navigation has many different applica-
tions. In general, navigation is useful when pre-
operative imaging is already being used for plan-
ning purposes, since the combination of these im-
ages with instrument tracking provides real-time 
feedback during a surgical procedure.

Common applications in neurosurgery and 
spinal navigation include localization of small 
intracranial lesions, tumor resection, intrace-
rebral biopsies, and pedicle screw placement, 
among others [4, 39]. More recently, applications 
for soft-tissue surgery have been developed, in-
cluding those for the lungs, liver, and prostate [8, 
40–42]. Soft-tissue navigation poses a challenge 
from a registration standpoint since the organ is 
usually mobilized during the surgical interven-
tion and is more likely to be deformed throughout 
the procedure itself. Nevertheless, surgical navi-
gation can play an important role in soft-tissue 
procedures, especially when currently available 
intraoperative imaging is not adequate to assess 

the extent of disease, such as in the case of disap-
pearing liver metastases [43]. In these procedures, 
metastatic disease has been treated with chemo-
therapy such that the tumors are easily viewed on 
preoperative imaging but difficult or impossible 
to identify using intraoperative ultrasound [44]. 
Additionally, for laparoscopic procedures where 
manipulation, control and depth perception of the 
organ and surgical instruments is limited, naviga-
tion has even greater potential, enabling the sur-
geon to confirm their position [45].

Other approaches to surgical navigation in-
clude fluorescence imaging, which has been used 
clinically in hepatic and breast procedures [46, 
47].

Future Directions

While there has been significant progress in the 
field of intraoperative navigation in recent years, 
much work is to be done to increase its clinical 
utility and prevalence. Integration of augmented 
reality (AR) platforms will address some of the 
workflow issues associated with current naviga-
tion systems, since an AR approach will provide 
direct feedback on the physical organ itself rather 
than indirectly via OR monitor. Further refine-
ment of techniques to account for organ move-
ment and deformation will also be necessary to 
improve precision required for continuous use of 
navigation throughout a procedure, particularly 
for soft-tissue organs such as the liver. As intraop-
erative imaging modalities such as CT and MRI 
become more prevalent in soft-tissue procedures, 
surgical navigation systems will benefit; there is 
already significant clinical experience with such 
systems for neurosurgery [48, 49]. Finally, in-
tegration with robotic technology will also be a 
major area of development, as the synergies be-
tween localization systems and robotic treatment 
platforms can potentially remove human error as-
sociated with needle placement [50, 51].
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Conclusion

Imaging plays a crucial role in the diagnosis and 
treatment of many types of diseases. As diagnos-
tic imaging, image postprocessing and intraop-
erative navigation technologies continue to im-
prove, the operating room will more closely re-
semble the interventional suite, with an increas-
ing amount of information available to aid the 
surgeon in the intraoperative decision-making 
process. Minimizing additional burden placed on 
existing intraoperative workflows will be critical 
to ensuring the successful integration of these 
technologies.
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The use of radionuclides for intraoperative detec-
tion of cancer can be traced back to over half a 
century ago [1], when Harris et al. described the 
use of a gamma probe during a neck exploration 
of a patient with thyroid carcinoma, and success-
fully localized and resected residual thyroid tis-
sue using iodine-131. Since then, the availability, 
reliability, and accuracy of these probes have sig-
nificantly improved. Nonetheless, they still work 
as before, detecting particles that are released 
during the decay of an atom.

Nuclear Decay

The decay of an atomic nucleus occurs in a very 
predictable manner in some elements (i.e., carbon 
atoms) but in a rather unexpected fashion in oth-
ers (i.e., unstable atoms). During this process, el-
ements such as alpha, gamma, and beta particles 
are released from the nucleus, and each of these 
has unique characteristics. For instance, an alpha 
particle is the release of two protons and two neu-
trons from a decaying nucleus. This is considered 
a low-energy particle and can be stopped with a 

plain sheet of paper. On the other hand, beta and 
gamma particles have more energy and could 
readily pass a sheet of paper. However, beta 
rays can be stopped by human skin, but to stop 
gamma rays, several millimeters of lead could be 
required (Fig. 17.1). Beta and gamma particles 
represent readily detectable energy and both have 
significant potential for intraoperative use.

Beta Particles and Probes

A beta ray is a low-energy particle emitted from 
the nucleus of a decaying atom. These could be 
formed in one of two settings:
1. When a neutron is converted into two parti-

cles: a proton and a negatively charged par-
ticle (termed an electron)

2. When a proton is converted into two particles: 
a neutron and a positively charged particle 
(termed a positron)

In the case of proton decay, the resultant posi-
tron is denoted by a β+ and in the case of a neu-
tron, the resultant negatively charged energy (i.e., 
electron) is denoted by a β−. Atoms that emit beta 
rays during their decay emit one of these two par-
ticles and beta probes can detect both, in a rather 
specific manner. Of note, these rays can travel up 
to several centimeters in air but in tissues they 
can only travel a few millimeters before annihi-
lating. This is one of the main differences with 
gamma rays, which can travel significantly lon-
ger distances.
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Beta probes are devices designed to specifi-
cally detect beta rays. When used intraopera-
tively, the short distance traveled by beta rays 
allows a more accurate localization because beta 
probes are less affected by surrounding radiation 
[2–4]. This fact compares very favorably with the 
gamma probe (described below). Studies show a 
high sensitivity of the beta probe for beta rays 
and little influence of surrounding radiation (i.e., 
gamma rays). The variety of radioisotopes for 
clinical utility has increased significantly [5, 6], 
while many important innovations have been in-
troduced and many others are on their way [7–9]. 
As an example, a beta probe composed of a pho-
swich detector was recently created that is able to 
differentiate between a positron and background 
scatter, and has an improved spatial resolution 

of 11 mm full width at half maximum (FWHM) 
[10].

F-18 is a positron-emitting atom that has 
been well tested for both imaging (i.e., fluorode-
oxyglucose positron emission tomography, FDG 
PET, scan) and intraoperative utility. For intra-
operative use, a beta probe (i.e., a PET probe) is 
required. Table 17.1 describes frequently used 
beta-emitting radioisotopes.

PET Probes

A PET probe is able to detect F-18 positrons (β+ 
particles) and can be used to localize suspicious 
PET scan findings intraoperatively. The utility of 
this probe relies on the fact that the PET scan is a 
metabolic test, and tissues with high FDG uptake 

Table 17.1  Radioisotopes emitting beta rays, relevant information, and their clinical applications
Beta ray Half-life/energy Notes Applications
18F 109.8 min Beta rays only travel mm in tissue Intraoperative localization utilizing 

the PET probe
131I 8.02 days/606 keV Contributor to Chernobyl nuclear 

disaster. In moderate doses increases 
risks of thyroid cancer, but not all 
large doses (therapeutic dose)

Gamma cameras, Graves’ hyperthy-
roidism treatment of residual thyroid 
tissue (remnant ablation), metastatic 
thyroid cancer

32P 14.3 days/1.7 MeV Has multiple other uses besides 
medical ones

Brachytherapy

Fig. 17.1  Alpha, beta, and gamma rays. Gamma rays are the highest energy from these and require several feet of 
concrete or a few inches of lead to be stopped
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may look and feel similar to normal surrounding 
tissue intraoperatively.

A preoperative injection of 18F-fluorodeoxy-
glucose (18F-FDG) is administered intravenously 
and the beta probe can intraoperatively locate 
areas with high FDG uptake. During the decay 
of 18F-FDG, positrons (β+) are emitted from the 
nucleus, then travel for a short distance and col-
lide with a nearby electron, annihilating and cre-
ating a high-energy gamma ray during this reac-
tion (Fig. 17.2).

PET probes are frequently used beta probes, 
because of the high glycolysis rate in cancer cells 
[11, 12]. The exact mechanism of this increased 
glucose use and FDG trapping is still being eluci-
dated but a few explanations have been observed. 
First, glucose transporters are noted to be overex-
pressed in cancer cells (especially glucose trans-
porter-1, Glut-1, and Glut-3); second, cancer cells 
have decreased levels of glucose phosphatase; 
and third, cancer cells have an increased activity 
of hexokinase [13]. All these events enhance the 
intraoperative trapping of FDG (Fig. 17.3).

The utility of PET probes has been well docu-
mented [6, 14, 15]. Limitations of PET probes 
include the size and the threshold of FDG uptake 
in solid tumors [16]. Preferential uptake of FDG 
by malignant lymph nodes has been noted [6] and 

allows for evaluation of regional lymph nodes to 
assist with staging and resection.

Recently, radiolabeled antibodies targeting 
cancer cells have been developed and combined 
with the FDG radioisotope, optimizing further in-
traoperative detection. Preliminary studies of this 
technology have shown promising results [17]. 
This may allow surgeons to detect specific target 
receptors, improving the precision of the intraop-
erative localization for malignant tissue.

Gamma Particles and Probes

Gamma particles are created from the annihila-
tion of a positron emitted from the nucleus with a 
surrounding electron. In this collision, two high-
energy gamma particles are formed and travel 
in the opposite direction for several centimeters 
(Fig. 17.2). Gamma rays can be detected by 
gamma cameras (Fig. 17.4).

Gamma probes are currently used in a variety 
of intraoperative procedures. Due to the high en-
ergy of the gamma rays and the long distance they 
travel, the gamma probe could easily be over-
whelmed by surrounding radiation. To avoid this 
and optimize the detection of FDG uptake from 
only the tissue of interest, lead shielding and col-

Fig. 17.2  Decay of 18F-FDG. During this decay, a proton 
is transformed into a neutron and a positron, which is re-
leased from the nucleus. This then travels a short distance 

and is annihilated once it collides with an electron. The 
end result is that the nuclear mass remains the same, but 
the atom loses one electron during this reaction
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limation are required. As shown in Fig. 17.5, lead 
shielding covers the entire probe except at its tip, 
were collimation, designed to allow only rays 
from one direction to pass through. Continuous 
improvement has achieved a significant accuracy 
and impressive spatial resolution, and currently a 
resolution of less than 25 mm FWHM is desired 
for clinical applications (Fig. 17.6).

Gamma detection probes utilize either a scintil-
lation or a semiconductor detector, both of which 
have different characteristics in terms of resolu-
tion, size, and costs (Table 17.2). These detectors 
contain a crystalline material that converts the 
radiation energy detected from the radionuclide 
into an electrical pulse, which is then analyzed. 
To create this electrical pulse, the scintillation 
units (Fig. 17.5) require two steps: radionuclide 
detection  light, magnified by a photomulti-
plier  electrical pulse; but the semiconductors 
can perform this in only one step: radionuclide 
detection  electrical pulse [18–21]. Each detec-
tor uses a different crystal to achieve an electrical 
pulse (Table 17.3). After production, the quality 
of the gamma probe is extensively evaluated. The 
most important characteristics that are tested are 
described in Table 17.4 [21–23].

The energy of gamma photons is expressed 
in kiloelectron volts (keV) and classified as low 

(0–150 keV), intermediate (150–400 keV), or 
high (over 400 keV) energy photons. Accurate 
selection of the radioisotope is of outmost im-
portance for each particular clinical application. 
An energy level of at least 100 keV is required 
for proper imaging. In addition, the radioisotope 
should have a half-life of 2–3 weeks allowing the 
monoclonal antibodies to become physiological-
ly integrated and provide accurate localization.

Besides the differences in energy levels and 
half-life, each radioisotope has an intrinsic ac-
curacy based on the ability of the gamma probe 
to detect them [24, 25], and this should also be 
taken into consideration during the selection pro-
cess. As a rule of thumb, gamma probes have bet-
ter sensitivity for lower-energy rays (i.e., 99mTc, 
125I) and radioisotopes with particularly high-
energy levels (i.e., F-18) impose significant chal-
lenges for intraoperative detection [7, 26].

Sentinel Lymph-Node Biopsy with 
Gamma Probes

Gamma probes have been tested in many clinical 
situations, and are the standard of care technique 
for sentinel lymph-node biopsy. Some of the 

Fig. 17.3  18F-fluorodeoxyglucose ( FDG) trapping in 
cancer cells. FDG is infused intravenously and reaches 
the cell surface ( #1). Glucose transporters ( GLUTs) locat-
ed on the cell surface import it into the cell, just as another 

glucose molecule ( #2 and #3). Once inside, hexokinase 
phosphorylates FDG ( #4). Because FDG-P is unable to 
undergo glycolysis ( #5) or be exported from the cell ( #6), 
it becomes trapped inside the cell
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most commonly used radionuclides for gamma 
detection are shown in Table 17.5.

Sentinel lymph-node biopsy (SLNB) using 
99mTc is performed most commonly for breast 
cancer. In these cases, proper lymphatic staging 
could be done with this simple procedure allow-
ing clinicians to reserve the more complex com-
plete lymphadenectomy for patients with positive 
nodal disease. The procedure entails the local 

administration of a radiotracer, intraoperative lo-
calization with the gamma probe, and harvesting 
the lymph node with the highest count together 
with other nodes with counts of at least 10 % of 
the hottest node. The accuracy of this procedure is 
dependent on two main elements, first the experi-
ence of the operator, with 20 SLNB procedures 
considered a threshold number to be able to mas-
ter this technique [27, 28]. Second, the location of 

Fig. 17.5  Gamma probe construction. Lead shielding and collimation protect from surrounding radiation

 

Fig. 17.4  During the decay of an F-FDG atom, a positron is expelled and annihilates with an electron creating a high-
energy gamma particle that travels several centimeters. PET positron emission tomography
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radiocolloid administration relative to the tumor 
or breast parenchyma can also impact accuracy. 
In a recent prospective trial at the Ohio State Uni-
versity, the accuracy of localization of an axillary 
sentinel lymph node was noted to be higher if 
the 99mTc sulfur colloid was administered intra-
dermally (100 %), compared to subareolar (95 %) 
or intraparenchymal administration (90 %) [29]. 
Furthermore, the number of required lymph nodes 
to harvest during this procedure has also been 
evaluated. Increasing the number of lymph nodes 
harvested to two or more decreases the false-neg-
ative rates from 14 % (harvesting only one senti-

nel lymph node) to 5.4 %. Interestingly, when six 
lymph nodes are harvested, the false-negative rate 
approaches 0 % [30, 31]. Factors that negatively 
affect the accuracy of this procedure are history 
of prior chemotherapy, tumor burden within the 
lymphatics that could impede lymphoscintigra-
phy, and obesity [32, 33]. Breast cancer patients 
that are not candidates for SLNB include patients 
with palpable lymphadenopathy, multicentric tu-
mors, prior breast surgery, history of breast radia-
tion or advanced breast cancer [28, 34].

Other uses of the gamma probe for SLNB 
include the staging of patients with cutaneous 

Table 17.2   Gamma detectors: the two main detectors used for the construction of gamma probes and their 
characteristics
Detector type Characteristics
Scintillation High sensitivity but requires more lateral shielding
Semiconductor High-energy resolution, less bulky, more expensive

Table 17.3   Examples of crystalline materials used for different detectors: scintillation and semiconductor detectors 
differ in their physical characteristics, and different materials are used to achieve optimal accuracy
Scintillation detectors Thallium-activated cesium iodide (CsI[T1])

Thallium-activated sodium iodide (NaI[T1])
Bismuth germinate (GBO)
Samarium-activated lutetium ortho-oxysilicate (LSO)

Semiconductors detectors Cadmium zinc telluride (CdZnTe)
Cadmium telluride (CdTe)
Mercuric iodide (HgI2)

Fig. 17.6  Gamma probe spatial resolution. For acceptable clinical use, the probe should identify two independent areas 
of high uptake when those are as close as 25 mm in distance
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melanoma. For this, 1–3 ml of blue dye are ad-
ministered subcutaneously around the malignan-
cy as an adjunct to the 99mTc radiocolloid placed 
preoperatively. The utility of this procedure for 
cutaneous melanoma was first described by Mor-
ton et al. [35] and since then, this technique has 
been adapted as a standard staging procedure for 
patients at risk of lymphatic disease. The mul-
tiple other uses in or outside of clinical trials that 
have been performed with the gamma probe are 
extensive and out of the scope of this chapter but 
detailed reviews could be found elsewhere [26].

Evolution and the Future of Guidance

Besides using radioisotopes for intraoperative 
guidance, surgeons use other methods for local-
izing important structures. In fact the most com-
monly used and older type of guidance is simple 
landmark palpation. This allows surgeons to feel 
bony prominences, pulses as well as detect tu-
mors or organs of interest. As an expansion of 

this method, multiple devices have been used, 
such as the nasogastric tube for localizing the 
esophagus, as well as biliary and ureteral stents 
to locate these structures during the dissection.

Both of these methods of guidance (radioiso-
tope and palpation) have their advantages. Palpa-
tion guides the surgeon with direct tactile feed-
back, while radioisotopes guide with noise. As 
an analogy, imaging yourself in a room without 
light. Using tactile feedback, you can guide your-
self through the room by feeling walls and furni-
ture. Similarly, you can be trained to recognize 
a particular noise and approach or avoid the 
proximity of it depending on its nature. Com-
bining both tactile and noise guidance, clearly 
improves guidance. However, when the light is 
turned on, visual guidance dominates and sur-
rounding structures could be evaluated in an in-
tuitive manner and other stimuli and perception 
becomes secondary. Unfortunately, surgeons can 
only see the superficial layer of exposed tissue, 
and are forced to rely on palpation and noise (or 
counts) to assess deeper structures. In a sense, we 

Table 17.4   Evaluation of gamma probes: during the extensive evaluation for accuracy, multiple characteristics are 
analyzed, some of which are described below
Characteristic description Description
Sensitivity Photons detected per photons emitted
Spatial selectivity Total area at the tip of the probe able to detect photons
Energy resolution Ability to detect a particular ray without being affected by other surrounding 

radiation with different energy levels
Quality of shielding Improper shielding allows surrounding high-energy rays to be detected

Table 17.5   Radioisotopes emitting gamma rays, relevant information, and their clinical applications
Gamma emitting 
radioistopes

Half-life/energy Notes Applications

18F 110 min/511 KeV 
gamma rays

Low-energy positrons (beta rays) 
only travel 2 mm before they 
annihilate, then emit a high-
energy gamma ray

Used for gamma camera imaging

99mTc 6 h/140 KeV Almost no beta ray emission; 
low cost; widely available

Used for both gamma camera 
imaging and intraoperative 
guidance

111In 2.8 Days/35 KeV Is concentrated in the RES, pro-
duces high background scatter 
for intraoperative guidance

Used for gamma camera imaging

125I 60 Days/35 KeV Energy too low for gamma cam-
era imaging

Good for intraoperative guidance

131I 8.02 days/364 KeV Energy too high for routine 
intraoperative use. 10 % of its 
radiation is gamma, and 90 % is 
beta radiation

Intraoperative localization of 
recurrent thyroid malignancy



222 S. J. González and V. Strong

are operating with closed eyes, and even though 
the ability for the human eyes to see through tis-
sues is far from possible, it will certainly be the 
method that could turn the lights on in our surgi-
cal room and allow us to use our vision for guid-
ance beyond the superficial tissue layers.

This notion is not new and attempts to inte-
grate various visual feedbacks are under devel-
opment. In fact, intraoperative probes have been 
created to display a visual interpretation of the 
radioisotope uptake. This is then displayed as 
an overlay image over the patient, in a real-time 
manner [36–39]. Furthermore, technologies that 
allow visualization of organs during procedures 
have also been developed. These permit surgeons 
to visualize internal structures in 3D throughout 
the procedure [40, 41]. Moreover, instruments 
with position tracking technology have been de-
veloped that can be tracked within the 3D anat-
omy of the patient [42]. The only drawback of 
this technology is that it uses preoperative rather 
than real-time imaging to guide surgery [43, 44]. 
Therefore, even though some specialties use 
these images as a guidance tool (i.e., orthopedics, 
dentistry, and neurosurgery), soft tissue surgery 
has a constant displacement of organs and cannot 
fully rely on preoperative images for intraopera-
tive guidance.

A novel software algorithm was recently de-
veloped [45] that allows surgeons to visualize in-
ternal structures in 3D in real-time. This permits 
not only an accurate volumetric analysis of the 
region of interest, but also imports prior analysis 
from the radiologist that could be pertinent to the 
surgical procedure. This software integrates aug-
mented reality, virtual reality, and position track-
ing technologies and allows the full synchroniza-
tion of preoperative analysis to be visually avail-
able for surgeons during the procedure. And even 
though further studies are needed to standardize 
this and other upcoming technologies, it is fair to 
say that we may be approaching an era of turning 
“on” the light in our rooms.
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With the advent of routine screening mammog-
raphy, the identification of nonpalpable lesions 
has increased, and surgeons have had to rely on 
techniques other than palpation-guided methods 
to identify these lesions during surgery. Nonpal-
pable breast cancers account for approximately 
one third of all diagnosed breast cancers [1]. The 
focus of this chapter is to review the localization 
techniques for breast lesions that can be used in 
the operating room (OR). Ultrasound localiza-
tion will not be covered in this chapter since it is 
being covered in a separate chapter.

Image-guided localization is the most common 
technique used to localize nonpalpable breast le-
sions. Lesions can be localized using a variety of 
modalities such as mammography, ultrasound, 
hematoma-directed, magnetic resonance imaging 
(MRI), or radioactive seed localization (RSL). 
In many centers, a team approach is used which 
includes radiologists, nuclear medicine physi-
cians, and surgeons. In some settings, surgeons 
have become accredited in both stereotactic and 
ultrasound techniques and perform the localiza-
tion procedure themselves.

The majority of these localization techniques 
are performed outside the OR in the radiology 
suite, but it is imperative that the surgeon is fa-

miliar with these techniques, so they can effec-
tively use the information in the OR for success-
ful removal of the lesion. Ultrasound localization 
can be used in the OR by a surgeon who is expe-
rienced and preferably accredited in ultrasound.

Needle Wire Localization

Improvements in imaging techniques and the 
increased use of these modalities have resulted 
in the increased detection on nonpalpable le-
sions requiring biopsy and eventual excision for 
final histopathologic diagnosis or treatment of a 
known breast malignancy [2]. Accurate localiza-
tion of the lesion is required to ensure correct and 
adequate removal. Image localization techniques 
are performed by targeting clips that were placed 
during a biopsy using a variety of imaging mo-
dalities such as stereotactic biopsy, ultrasound-
guided biopsy or MRI-guided biopsy, or mass 
or residual calcifications if no clip was placed. 
The most common method for preoperative lo-
calization has been wire localization performed 
with a hook wire and was introduced in the mid 
1960s [3, 4]. Mammographic localization is usu-
ally performed using an upright mammographic 
attachment on a mammographic unit. Stereotaxy 
enables the exact position of the area of concern 
to be located. Other centers use a grid or holey 
plate that was used to calculate the position of 
the needle and subsequent wire placement in the 
X and Y planes. There are a variety of needles 
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available but most use a stiffer, coaxial needle 
thru which the wire is placed. Some surgeons 
leave the needle in place while others prefer to 
have the needle removed (Figs. 18.1, 18.2). Once 
the lesion is removed, a specimen Xx-ray should 
be performed to ensure the lesion in question was 
removed (Fig. 18.3). Because the wire is placed 
thru the breast tissue there are several limitations. 

The wire can be inadvertently pulled, displaced, 
or transected prior to or during surgery limiting 
the accurate localization of the targeted lesion. 
The wire can migrate, kink, or fracture mak-
ing it difficult to accurately identify the lesion. 
Often the entry point of the wire at the skin is 
not near the index lesion, and since the preferred 
method is to make the incision directly over the 
lesion in question, the wire may be difficult to 
locate within the breast (Fig. 18.4) [5, 6, 7]. Be-
cause the wire placement is done on the day of 
the surgery, scheduling needs to be coordinated 
with both the radiologist and the surgeon adding 
a level of complexity to the schedule. The wire 
placement can often be difficult for the patient 
and sometimes results in a vasovagal response. 
Due to these factors other localization methods 
have been developed.

Hematoma-Directed Localization

The majority of patients who require excision of 
a breast lesion have undergone a biopsy either 
with a fine needle aspiration or a core needle bi-
opsy to determine whether or not the lesion in 
question needs to be removed. There are a va-
riety of biopsy techniques that can be used but 
one of the most common biopsy techniques is the 
vacuum-assisted core biopsy. After this type of 
biopsy, there is a biopsy cavity which naturally 
fills with hematoma that can then be visualized 
on ultrasound. This technique was first described 

Fig. 18.3  Specimen X-ray—wire and clip visible in 
specimen

 

Fig. 18.2  Needle localization film—right craniocaudal 
(CC) view

 

Fig. 18.1  Needle localization film—right lateral medial 
(LM) view
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in 2001 by the group at the University of Arkan-
sas [8]. In this study, twenty patients with nonpal-
pable breast lesions detected on MRI had 2–5 ml 
of the patients own blood injected into the breast 
to target the nonpalpable lesion. Intraoperative 
ultrasound was then used to localize the hema-
toma and excise the lesion. This procedure was 
named the hematoma-directed ultrasound-guided 
(HUG) procedure. Ninety-five percent of the 
lesions were localized by hematoma injection, 
and all were identified at surgery and removed 
without complications. This group reported their 
10-year experience with this technique in 2010 
[9]. Rather than inject blood into the lesion itself, 
an ultrasound was used to determine if a hema-
toma was present after a percutaneous biopsy. If 
a hematoma was present, then the HUG approach 
was used. If a hematoma was not visualized, then 
the lesion was localized via a needle localization 
approach. Between 2000 and 2009, 455 patients 

underwent localization procedures, the majority 
(72 %) of whom was localized using the HUG 
technique. The previous core biopsy site was re-
moved in 100 % of the HUG patients. Compared 
to the needle localized cohort, the HUG cohort 
had a lower complication rate (6 vs. 9 %) as well 
as a statistically significant difference in margin 
positivity rate (24 vs. 47 % p value 0.045). This 
technique relies on the naturally occurring he-
matoma after a core biopsy, and therefore there 
is no reliance on clips, needles, or any other de-
vice which makes it easier for the patients and 
perhaps more cost effective. Larrieux et al. [10] 
reported on 55 patients who underwent HUG and 
compared them to 55 patients who had a needle 
localization. They found that HUG is equivalent 
to NL with regard to volume of tissue excised, 
need for operative re-excision, and OR time. 
The time from biopsy to surgery was shorter in 
the HUG group allowing for more timely surgi-
cal care. There did appear to be a learning curve 
for the procedure with an initial longer operative 
time but this decreased over time. Other [11, 12] 
have validated this concept, but it is not a widely 
adopted technique. This may be due to several 
reasons including that there is a time frame that 
needs to be adhered to in order to see the hema-
toma and should be done within 5 weeks of the 
biopsy. On average the hematoma resorbs within 
14 days, but Arentz et al. [9] noted that most he-
matomas are completely absorbed by 5 weeks 
[13]. The surgeon also needs to be experienced 
in ultrasound which may limit its widespread use.

Other Localization Agents

Indocyanine green fluorescence-guided occult 
lesion localization (IFOLL) uses an indocyanine 
green dye injected into the breast at the site of 
the abnormality within 1 h of surgery. Using the 
guidance of a near-infrared-sensitive camera, 
the indocyanine-derived flourscence is visual-
ized and the lesion resected. This has been used 
in limited patients but is technically feasible and 
in two patients was successful with no complica-
tions and negative surgical margins [14].

Fig. 18.4  Photograph after needle localization procedure 
in the operating room. Wire entry is at 6 o clock while le-
sion to be removed is marked with an X in superior lateral 
breast
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Radio-Guided Occult Lesion 
Localization

Radio-guided occult lesion localization (ROLL) 
was developed as a new localization technique at 
the European Institute of Oncology, Milan, and 
described in 1997. The technique involves the 
infection of particles of colloidal human serum 
albumin labeled with radioactive technetium and 
injected directly into the lesion during mammog-
raphy or ultrasonography. In the first 196 patients 
studied from 3/96 to 4/97 the technique was found 
to be satisfactory and reliable and since that time 
was routinely used as the localization technique 
[15]. ROLL was introduced in combination with 
sentinel node mapping in 2002 at the European 
Institute of Oncology as an alternative to wire 
localization. The technique was found to be su-
perior to wire localization as it provided better 
centering of the lesion within the specimen and 
reduced the quantity of healthy tissue removed 
and provided the surgeon with a quick and sim-
ple means of locating and removing the lesion in 
the OR. In over 1000 patients, this technique has 
been shown to lead to fast and accurate removal 
of the lesion, reducing the invasiveness of the 
procedure as well as reducing the operative time 
[16]. There have been multiple reports to date on 
the ROLL technique which report similar results. 
Berdardi et al. reported that radiologist inexperi-
ence, lesion size ≤ 5 mm and location in central 
subareolar quadrant were most common risk fac-
tors for ROLL failure [17]. In a meta-analysis 
comparing ROLL to wire localization, accurate 
localization, periprocedural complications and re-
operation rates were comparable between the two 
techniques; however, the risk of having positive 
resection margins was higher in the wire localiza-
tion groups. The duration of the localization and 
surgical excision times were shorter for the ROLL 
group. Both the volume and weight of the excised 
breast lesions were similar between the groups 
[18]. It should be noted however that the injected 
tracer is not visible on radiographs and Tc99 is the 
same radiotracer used for sentinel node mapping 
which could create some confusion particularly 
for upper outer quadrant lesions.

Radioactive Seed Localization

Radioactive seed localization (RSL) is a recent 
alternative to wire localization and uses a fully 
implanted 4.5 mm 125 I encapsulated titanium 
seed that is visible both on mammography and 
ultrasound (Fig. 18.5). It has a long half life as 
compared to 99mTC, so it does not need to be 
performed on the day of surgery making schedul-
ing less cumbersome. Seeds have a half life of 
60 days so could be placed prior to neoadjuvant 
therapy in certain scenarios [19, 20]. It also has 
a different photopeak compared to 99mTC, so it 
can be performed together with a sentinel node 
biopsy procedure without interfering signals [21]. 
The radioactive seed(s) are placed into the breast 
lesion prior to surgery. It is preferable to have 
this done prior to the day of surgery so that the 
localization process does not interfere with the 
OR schedule. The seed(s) are placed via mam-
mographic or ultrasound guidance (Fig. 18.6). A 
larger area can be bracketed with multiple seed 
placement. In the OR, a gamma probe is used to 
isolate the radioactive seed, and the surgical inci-
sion is made directly over the radioactive seed. A 
specimen radiograph is then obtained to confirm 
the removal of the lesion in question as well as 
the radioactive seed. Identification with a gamma 
probe allows the surgeon to more accurately re-
sect the lesion (Fig. 18.7). Once the pathology 
specimen has been removed, it is placed in a  

Fig. 18.5  RSL needle with stainless steel shielding in 
place
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specimen bag with the appropriate radioactive 
labels and sent to the pathology department 
(Fig. 18.8). There are a variety of gamma probes 
that can be used in this setting (Tables 18.1 and 
18.2). There have been multiple studies per-
formed which suggest that RSL leads to fewer 
positive margins and reoperation rates compared 
to NL and shorter operating times [21–24]. Other 
groups have demonstrated the success of RSL for 
high-risk lesions. Diego et al. analyzed 128 pa-
tients with high-risk lesions who were localized 
via RSL and compared them to 196 patients with 
high-risk lesions who were localized via WL. RSL 
was comparable to WL for high-risk lesions with 
similar OR times and upstage rates. The speci-

men volume was significantly decreased with 
RSL which may translate into a better cosmetic 
outcome [25]. The group at Memorial Sloan Ket-
tering Cancer Center (MSKCC) switched their 
standard method of localizing nonpalpable breast 
lesions from wire localization to RSL in January 
of 2012. They have reported both their 6-month 
and 1-year experience using RSL. The majority 
of localizations were performed prior to the day 
of surgery (90 %). In over 1100 patients, there 
was no difference in the rates of positive or close 
margins, and the specimen volume was not sig-
nificantly increased. Initially there was a increase 
in operative time with RSL patients undergoing 
both lumpectomy and sentinel node biopsy most 
likely due to the need to adjust the gamma probe 
between the 125I and 99Tm [26, 27].

It is imperative that when starting an RSL 
program all compliance issues regarding the ra-
dioactive seeds are in place. An RSL inventory 
log is useful to account for the receipt, adminis-
tration, and ultimate retrieval of all radioactive 
seeds. At MSKCC, the pathology staff processed 
the specimen, and a trained pathology assistant 
used a gamma probe to identify the location of 
the radioactive seeds and then removed them 
placing them in a bag in a lead shielded storage 
container. It was important to do this prior to sec-
tioning the specimen to avoid any injury or inad-
vertent cutting of the seeds [27]. RSL requires a  

Fig. 18.6  Craniocaudal view of mammogram after RSL 
seed placement. Clip and seed in place

 

Fig. 18.8  Pathology specimen placed in bag and labeled 
with radioactive label for transport to pathology lab

 

Fig. 18.7  Specimen radiograph confirming removal of 
clip and radioactive seed
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multidisciplinary team approach but if done cor-
rectly has several advantages over wire localiza-
tion including real-time feedback about loca-
tion of the lesion through intraoperative use of 
a gamma probe, increased OR efficiency by ob-
viating the need for radiology on the day of sur-
gery, ability to plan the surgical incisions without 
intervening wires, and improved patient satisfac-
tion by avoiding the often painful wire placement 
[24, 28, 29].

Although there is a lot of evidence support-
ing the use of radio-guided localization and in 
several institutions, it has become the standard 
of care; the overall uptake of this technique has 
been slow. There have been several meta-anal-
ysis which have demonstrated the superiority 
of radio-guided localization compared to wire 
localization (WL) [30]. The question remains as 
to which technique ROLL versus RSL fits bet-
ter into a specific practice. There are no real dif-
ferences in clinical outcomes between the two 
techniques to suggest one technique is clinically 
superior to the other technique. Both techniques 
have been shown to adequately localize the ab-
normality and are competitively priced compared 
to WL [31]. The biggest difference between the 
two techniques is in the half life of the agent used 
in each technique. The ROLL technique must 
be done within 24 h of the radioactive injection 
while the RSL has a much longer half life allow-
ing for more flexibility with scheduling and with 
patient selection. Each institution will need to de-

termine which technique works best in their prac-
tice setting. Any localization technique requires 
a multidisciplinary team approach to make it a 
successful program.

Intraoperative Margin Analysis

Breast conservation has been an established sur-
gical approach for early stage breast cancer for 
more than 30 years, and contemporary series 
report that 60–75 % of women with early stage 
breast cancer are treated with breast conservation 
[1, 2]. The goal of breast conservation is to excise 
the tumor with a margin of normal tissue. This 
can be difficult for the surgeon to accomplish 
since it can be difficult to appreciate the micro-
scopic extent of the tumor at the time of surgery. 
There is still great debate as to the optimal size of 
the negative margin; however, at least 20–25 % 
of patients will require additional surgical inter-
vention to obtain a negative margin which can 
increase the cost as well as patient anxiety [32]. 
Some studies have demonstrated a reduction in 
re-excision rates when additional tissue is rou-
tinely used from all six surfaces of the lumpec-
tomy cavity [33, 34]; however, other groups have 
shown no advantage in obtaining negative mar-
gins by the removal of shave margins [35]. There 
have been several new techniques which have 
been designed to enhance the surgeons’ ability to 

Table 18.2   Isotopes for clinical use with gamma probes
Tc99m-Technetium-99m
I125-Iodine125
I131-Iodine 131
I111-Indium 111
F18- Fluorine 18
Ga68-Gallium 68
http:/en.wikipedia.org/wiki/Gamma_probe

Table 18.1   Available gamma probes in the US
Company Device control unit Company website
RMD instruments Navigator rmdmedical.com
Devicor medical products, Inc. Neoprobe Mammotome.com
Care wise medical C-trak carewise.com
Intra medical imaging Node seeker gammaprobe.com
http://en.wikipedia.org/wiki/Gamma_probe
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identify a positive margin at the time of surgery. 
The MarginProbe (Dune Medical Devices Ltd., 
Caesarea, Israel) was developed to provide sur-
geons with real-time intraoperative assessment 
of lumpectomy margins. The device measures 
the local electrical properties of breast tissue. 
Schnabel et al. recently published a randomized 
prospective study of lumpectomy margin assess-
ment using the MarginProbe in patients with 
nonpalpable malignancies. A total of 596 patients 
were enrolled. There was a reduction in needed 
re-excision procedures in the MarginProbe group 
19.8 % compared to 25.8 % in the control group 
resulting in a 23 % relative reduction [36].

Localization of nonpalpable breast lesions is 
an extremely important component to the suc-
cessful management of patients with breast le-
sions. The more accurate the localization, the 
better the ability the surgeon has to completely 
remove the lesion. There are many techniques 
that can be used to localize these lesions, and it 
often requires a multidisciplinary team approach. 
Each surgeon needs to identify which localization 
techniques will work well in their clinical setting 
and work on ways to streamline the process and 
make it as efficient and effective as possible.
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History

The status of breast  lesion localization performed 
peri and intraoperatively by qualified breast and 
general surgeons has been heavily influenced by 
the sometimes contentious debate over which 
specialty—radiology or surgery—should be per-
forming these and other image-guided breast pro-
cedures [1].

The debate began in the early 1990s, when 
surgeons expressed an interest in performing ste-
reotactic breast biopsies. That interest gave birth 
to some legislative efforts to prevent surgeons 
from performing these procedures. The American 
Society of Breast Surgeons was actually started 
with the help of a grant that was to be used to 
counter proposed legislation in Texas that would 
have prevented surgeons from utilizing stereotac-
tic technology. California also created an arduous 
pathway for surgeons to gain privileges and be 
credentialed in stereotactic breast biopsies.

Besides these legislative efforts, there were 
numerous reports of surgeons being denied privi-
leges to perform these procedures in the centers 
and hospitals in which they worked. Eventually, 

third-party payers in a number of states began to 
withhold reimbursement for surgeons performing 
image-guided breast procedures.

Striving to ensure proper training for sur-
geons, the American Society of Breast Surgeons 
and the American College of Surgeons developed 
a series of didactic and hands-on courses that al-
lowed surgeons to develop the imaging skills 
necessary to perform image-guided breast inter-
ventions.

In a separate attempt to prevent surgeons from 
utilizing the stereotactic technology, the FDA’s 
National Mammography Quality Assessment and 
Advisory Committee debated developing regula-
tion limiting stereotactic breast procedures to ra-
diologists alone. The American Society of Breast 
Surgeons, the American College of Surgeons, the 
American Society of General Surgeons, and the 
Society of Surgical Oncology all testified before 
the Advisory Board effectively arguing that well-
trained surgeons could safely and effectively per-
form stereotactic breast biopsies. One of the de-
ciding factors in the Advisory Committee’s deci-
sion to defer regulating stereotactic biopsies was 
that the American Society of Breast Surgeons had 
developed certification programs for surgeons in 
breast ultrasound and stereotactic breast biopsies 
as well as starting a database that in part recorded 
and reviewed image-guided procedures [2].

As more breast and general surgeons became 
certified in breast ultrasound, ultrasound-guided 
biopsies, and stereotactic breast biopsies, there was 
a natural evolution to employ these skills during 

Y. Fong et al. (eds.), Imaging and Visualization in The Modern Operating Room,  
DOI 10.1007/978-1-4939-2326-7_19, © Springer Science+Business Media New York 2015
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the peri and intraoperative periods to localize non-
palpable breast lesions scheduled for excision [3].

Part I: Intraoperative Breast Imaging

Intraoperative Ultrasound-Guided Wire 
and Nonwire Localizations

The ability to surgically manage nonpalpable 
breast abnormalities depends upon localizing the 
abnormality within the breast allowing the sur-
geon to excise the tissue in question without the 

advantage of being able to palpate the lesion. [4] 
Traditionally, the localization procedure was per-
formed in a radiology suite using mammography 
to guide the insertion of one or more wires into 
the breast close to or within the targeted tissue 
(Fig. 19.1).

With the expansion of breast ultrasound into 
the operating room, nonpalpable sonographically 
visible nodular densities can be localized under 
ultrasound guidance by the surgeon as part of the 
operative procedure (Fig. 19.2).

Availability of echo visible tissue markers 
placed within the lesion at the time of an image-

Fig. 19.2  Ultrasound-guided wire localization can be 
performed in the operating room with numerous advan-
tages to the patient and the surgeon. These figures show 

the ultrasound localization procedure and corresponding 
images prior to lumpectomy. Note orthogonal views of the 
localization wire within the targeted lesion

 

Fig. 19.1  Single-wire mammographic localization for a 
nonpalpable lesion prior to widespread use of routine pre-
operative needle biopsy. Today, most wire localizations 

are for lesions that have already undergone percutaneous 
needle biopsy with placement of biopsy markers
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guided procedure made it possible to utilize ul-
trasound as the imaging technology for the local-
ization procedure [5]. No longer is it routinely 
necessary to localize clusters of abnormal calci-
fications by mammography. Placement of echo-
genic tissue markers at the time of stereotactic 
biopsy makes many of these areas amenable to 
intraoperative localization (Fig. 19.3).

More recently, a technique to insert radioac-
tive seeds to localize nonpalpable breast lesions 
has been developed utilizing a 4.5 × 0.8 mm ti-
tanium seed labeled with I–125 [6]. The seed 
is placed percutaneously in a manner similar to 
placing a wire for localization, most commonly 
the day before surgery. Intraoperatively a gamma 
detector is used to guide the surgical procedure. 
The half-life of the seed is such that the seed 
can be placed up to 5 days before the procedure 
(Fig. 19.4).

Additional techniques have been described 
to provide targets for intraoperative localiza-
tion, including localization of the post biopsy 
hematoma, and charcoal injected into the lesion 
or perilesional tissue [7, 8]. Enhancements to ul-
trasound units available in the operating room, 
including higher resolution probes with the ad-
dition of spatial compounding, also make it pos-
sible to localize traditional biopsy markers, not 
previously well seen on ultrasound.

For solid lesions visible on ultrasound, the 
need to place wires to guide the surgeon to a 
nonpalpable abnormality may be avoided by 
simply performing an ultrasound over the lesion 
using orthogonal views. If the lesion is centered 
on the ultrasound image in both projections and 
the transducer position on the skin is marked, 
the point at which the two projections cross each 
other, that point on the skin is directly above the 
abnormality. Using this technique often com-
bined with ultrasound images obtained during 
the procedure itself, the ultrasound skilled sur-
geon can remove a solid nonpalpable abnormal-
ity without inserting wires (Fig.  19.5).

For surgeons skilled in breast ultrasound any 
of the described localization procedures can now 
move from the radiology suite to the operating 
room where the surgeon performs the localiza-
tion. This creates numerous advantages for both 
the patient and the operating team. The surgeon, 
a familiar face to the patient, is now performing 
the procedure. This lessens patient anxiety and 
introduces the opportunity to use conscious seda-
tion in combination with local anesthesia admin-
istered under ultrasound guidance—a technique 
not available in the radiology suite.

In addition, performing the localization in the 
operating room eliminates any potential sched-
uling difficulty in the radiology suite that could 
lead to a delay in the operating room schedule.

Fig. 19.3  An ultrasound visible (water-soluble polyethylene glycol-based hydrogel) biopsy marker as seen on mam-
mogram and ultrasound
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Intraoperative X-ray of Imaged 
Localized Specimens

The challenges of managing nonpalpable breast 
imaging abnormalities include not only the need 
to employ some form of lesion localization, but 
also to document that the targeted abnormality 
has in fact been excised. This has been recog-
nized since the 1980s [9].

The importance of documenting that the non-
palpable targeted lesion has been excised is clear-
ly emphasized through the work of the American 
Society of Breast Surgeons, now resulting in the 
incorporation of this important confirmatory 
step into the Centers for Medicare and Medicaid 
Services Physician Quality Reporting System 
(PQRS) quality measures [10].

Initially, confirmation that the targeted ab-
normality was included in the resected specimen 
was performed using a specimen radiograph, in-
terpreted by a radiologist in the radiology suite, 
who then communicated to the operating surgeon 
whether the targeted area was in the resected 
specimen. While this was effective, particularly 
if the specimen was X-rayed in two orthogonal 
views, it was time-consuming and resulted in de-
lays in the surgical procedure.

As early as 1979, dedicated specimen imag-
ing systems became clinically available. This 
resulted in higher definition imaging, and if the 
technology was located in the operating suite, 
decreased the time to confirm the adequacy of 
the excision [11, 12]. In addition, the recent im-
provements in the quality of the new dedicated 
imaging systems can be helpful in determining 
the need for directed margin excision. While this 
has not yet been documented in prospective stud-
ies, it proves very useful in the hands of a busy 
clinical surgeon [13] (Fig. 19.6).

Intraoperative Ultrasound as an 
Adjunct to Margin Assessment

The reduction and local recurrence rates when 
the resected malignant tumor does not approach 
the surgical margin of a lumpectomy have been 
well documented. As a result, surgeons strive to 
get free margins when performing breast-pre-
serving procedures for invasive and noninvasive 
malignancies.

What constitutes an adequate surgical mar-
gin has been vigorously debated. Reviewing the 

Fig. 19.4  A handheld gamma probe is first used to lo-
cate the I–125 radioactive seed previously inserted under 
image guidance. The probe is used continuously during 
the procedure to guide the dissection. X-ray of the speci-

men confirms the seed within the center of the lumpec-
tomy specimen. Once the specimen has been inked for 
orientation, the seed is recovered. (Courtesy of Richard 
Gray, MD and Barbara Pockaj, MD)
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Fig. 19.6  Intraoperative specimen imaging using a high-
quality digital unit shows stranding extending toward the 
medial margin of the specimen. Additional lumpectomy 

margins were excised at the time of surgery resulting in 
final negative margins. Compare detail relative to a stan-
dard-specimen X-ray

 

Fig. 19.5  Wire insertion may be avoided by simply performing ultrasound imaging using orthogonal views directly 
over the lesion. (Courtesy of Howard Snider, MD)

 



238 A. G. Lerner and E. B. Whitacre

literature data suggesting that a larger negative 
margin reduces local recurrence rates is lacking 
[14, 15]. There is a growing consensus that re-
turning to the National Surgical Adjuvant Breast 
and Bowel Project (NSABP) no ink on tumor is 
the standard that should now be applied for inva-
sive cancer lumpectomies [16].

For lesions clearly visible on ultrasound, the 
ultrasound adept surgeon can use this technology 
to guide the resection and evaluate the gross ad-
equacy of the margins about the resected abnor-
mality [17]. When compared to traditional sur-
gery guided strictly by palpation without imag-
ing, use of intraoperative ultrasound contributes 
to better margin assessment, and reduces surgical 
re-excision for involved margins [18, 19].

Ex vivo orthogonal ultrasound images of the 
resected tissue provide the surgeon with a gross 
estimate of the tissue around the resected abnor-
mality. In addition, the distance between the le-
sion and the skin or the chest wall can be evaluat-
ed with intraoperative scanning. Combined with 
other margin assessment techniques the number 
of patients having to return to the operating room 
as a result of involved margins can be reduced 
[20, 21] (Fig. 19.7).

Intraoperative ultrasound is also useful in 
monitoring intraoperative ablative procedures. 
Radiofrequency ablation of the lumpectomy 

cavity at the time of lumpectomy is still being 
pioneered. Percutaneous image-guided radio 
frequency (RF) ablation of small breast cancers 
was first reported in 1999 [22]. The technique 
utilizes real-time ultrasound for placement of the 
RF probe within the tumor. The RF energy causes 
molecules within the tumor to vibrate, creating 
surface friction when molecules move against 
one another. The heat generated by the surface 
friction is the energy that causes cell necrosis.

More recently, RF energy has been utilized 
post lumpectomy to treat margins and reduce 
local recurrence risk. Following placement of 
a probe under direct vision, intraoperative ul-
trasound is used to monitor intra cavity hyper-
thermia with RF energy, creating a 1 cm circum-
ferential tumor-free zone. A multicenter trial is 
now underway to assess the long-term results of 
RF ablation of lumpectomy cavity margins [23] 
(Fig. 19.8).

Advantages of Intraoperative 
Ultrasound from the Patient 
Perspective

The anxiety and overall psychological stress that 
many women experience when faced with a sur-
gical breast biopsy has been well documented 

Fig. 19.7  Ex vivo scan of the lumpectomy specimen. Margins are individually imaged to assess for adequacy. Note 
location of the localization wire in the first view

 

Fig. 19.8  Device placement into lumpectomy cavity under direct vision, with subsequent intraoperative ultrasound 
monitoring of the RF ablation of the lumpectomy margins (using power Doppler)
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[24, 25, 26]. When preoperative needle localiza-
tion is required for the procedure, anxiety levels 
may increase [27]. Seventy percent of women 
who undergo preoperative wire localization with 
mammography guidance experience moderate to 
severe pain. Approximately 7 % experience vaso-
vagal episodes [28].

Performing the localization procedure in the 
operating room immediately prior to surgery 
provides an opportunity to accomplish this pro-
cedure under conscious sedation with local an-
esthesia or, if the patient chooses, under general 
anesthesia. This approach may significantly less-
en or eliminate the anxiety that accompanies the 
localization procedure.

An additional potential benefit for the patient 
of having the surgeon perform the localization 
is that the patient knows the surgeon, likely has 
great confidence in the surgeon, and this may 
well produce less concern and anxiety than hav-
ing a similar procedure performed by someone 
unknown to the patient in an environment that 
eliminates the option of using conscious sedation 
as an adjunct to local anesthesia.

Part II: Image-Guided Breast 
Procedures—Extension into the Clinic

Development of new percutaneous and trans-
cutaneous therapies of benign and malignant 
breast disease is one of the most important rea-
sons for breast surgeons to develop expertise in 
image-guided procedures. Just as laparoscopic 

and robotic technology has transformed general 
surgery, minimally invasive image-guided breast 
procedures promise to radically change care of 
patients with breast disease.

Percutaneous Excision of Benign  
and High-Risk Lesions

The availability of large-bore vacuum-assisted 
devices has made it possible to remove all pal-
pable and all image evidence of benign lesions. 
This is easily performed in the office setting 
under local anesthesia and offers multiple advan-
tages for the patient: It avoids an incision, and 
the cost and discomfort of anesthesia and sur-
gery. This technique has been shown to be suc-
cessful for removal of fibroadenomas up to 3 cm 
in size with no residual palpable mass in 98 % of 
patients at 6 months and very high patient satis-
faction [29] (Fig. 19.9–19.11).

Additional experience supports use of these 
devices for percutaneous removal more complex 
entities such as benign papillomas, which had, 
until recently, routinely required surgical exci-
sion following simple Tru-cut needle biopsy with 
only partial removal of the lesion. A new genera-
tion of devices has been developed that permit 
percutaneous removal of intact tissue specimens 
comparable to excisional biopsies. These have 
been shown to be successful in accurate evalua-
tion of high-risk pathology lesions (e.g., atypical 
ductal and lobular hyperplasia) with no signifi-

Fig. 19.9  Palpable fibroadenoma imaged in two orthogonal views
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cant upstaging to cancer as occurs with smaller, 
fragmented biopsy specimens [30] (Fig. 19.12).

Catheter Insertion for Accelerated 
Partial Breast Irradiation

While brachytherapy for post lumpectomy treat-
ment of breast cancer has been available for 
many decades, the traditional “tube and button” 
technique is complex and difficult to perform. 
Accelerated partial breast irradiation (APBI) be-
came widely available only with the development 
of indwelling catheters placed in the lumpectomy 

cavity. The first-generation catheters, which con-
sisted of spherical balloons, were placed either 
in surgery or postoperatively using ultrasound 
guidance to position the catheter within the se-
roma cavity. Newer multicatheter devices allow 
for more tailored radiation dosing and mean that 
more patients are candidates for this technique.

While “spacers” have been developed to place 
within a lumpectomy cavity at the time of sur-
gery, delayed placement of these newer devices 
under ultrasound guidance remains the preferred 
technique. This allows for the patient to recover 
without a foreign body in the lumpectomy while 
the final lumpectomy margins and sentinel node 
pathology are being processed. In addition, ultra-
sound assessment of the seroma cavity allows for 

Fig. 19.10  Eight-gauge vacuum-assisted biopsy device positioned deep to the lesion in the same orthogonal views 
ensuring appropriate positioning

 

Fig. 19.12  Intact specimen from a percutaneous large-
loop radio-frequency-assisted excision. (Courtesy of 
Richard Fine, MD)

 

Fig. 19.11  Sonographic appearance following complete 
excision of imaged abnormality showing only the biopsy 
trough in the biopsy device (15 cores total from an eight-
gauge biopsy device)
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better assessment of the catheter size and direction 
of insertion, and permits a good initial assessment 
of skin spacing and conformance (Fig. 19.13).

Percutaneous and Transcutaneous 
Ablation Techniques

A variety of ablative technologies have been at-
tempted for treatment of both benign and malig-
nant breast disease. These include cryotherapy, 
interstitial laser therapy, radiofrequency abla-
tion, high-intensity focused ultrasound (HIFU) 
and focused microwave thermotherapy. Of these, 
both cryoablation and laser ablation are FDA ap-
proved for the treatment of fibroadenomas and 
have specific current procedural terminology 
(CPT) procedure codes. Based on the results of 
published clinical experience and phase II clini-
cal trials, several phase III clinical trials have 
been started to study their use in the treatment of 
breast cancer.

Cryoablation of Benign and Malignant 
Breast Tumors

Cryoablation of fibroadenomas performed in 
the clinic under ultrasound guidance is an estab-
lished technique with well-documented efficacy 
in reducing the size of lesions up to 4 cm in diam-
eter with high patient satisfaction [31, 32, 33]. A 
small handheld cryoprobe is inserted in the lesion 
under ultrasound guidance using local anesthesia, 
and a freeze-thaw cycle determined based on the 
tumor size is used for the ablation. Advantages of 
the technique include ready ultrasound visualiza-
tion of the ice ball as it develops and minimal pa-
tient discomfort. Occasional patients will require 
excision of a persistent palpable mass.

Based on the clinical success with manage-
ment of benign tumors, initial pilot and feasi-
bility studies for the treatment of breast cancer 
showed complete ablation of 52–100 % for tu-
mors ranging from T1 to T3 in size. Results of 
a recent multiinstitutional phase 2 clinical trial 

Fig. 19.13  Delayed insertion of a partial breast irradiation catheter performed in the clinic after post lumpectomy pa-
thology showed negative margins and sentinel lymph nodes. (Courtesy of Victor Zannis, MD)
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demonstrated that for patients with tumors 1 cm 
or less, the ablation rate was 94 % [34]. Patient 
selection was important in determining the suc-
cess of the procedure, which was less in patients 
with tumors > 1 cm or with significant ductal car-
cinoma in situ (DCIS). MRI following the pro-
cedure was essential in predicting the success of 
the procedure and will likely become a critical 
component in evaluating the success of cryoab-
lation procedures in the future [35] (Fig. 19.14).

Two new phase III clinical trials have since 
been launched to further study the role of cryoab-
lation for breast cancer, both utilizing ultrasound 
guidance for the procedure, and with imagina-
tive titles that are appropriately suggestive of 
the intended effect: ICE-BREACCER [36] and 
FROST [37].

Laser Ablation of Benign and 
Malignant Breast Tumors

Interstitial laser ablation of breast lesions has 
paralleled the development of cryoablation, be-
ginning first with successful demonstration of 

efficacy for fibroadenomas, followed by pilot 
series documenting success in ablation of breast 
cancer [38, 39].

Laser thermoablation can be performed under 
ultrasound, stereotactic or MRI guidance. Ultra-
sound guidance is the most convenient for both 
the patient and the physician, but other modali-
ties may broaden applicability of the procedure. 
Once the lesion has been localized, a laser fiber 
is inserted percutaneously with an adjacent tem-
perature probe and the lesion ablated (Fig. 19.15, 
19.16).

Various laser fibers and protocols have been 
shown to successfully achieve cell death over the 
defined spherical volume—most involve heating 
the targeted area to 60 °C for several minutes. As 
with cryoablation, patient selection for the pro-
cedure is critical as only a defined volume of tis-
sue is ablated. Post ablation imaging, especially 
MRI, is also critical in determining whether there 
is any viable tumor remaining, allowing those pa-
tients to undergo post ablation lumpectomy.

There is currently an international multiinsti-
tutional single-arm phase III clinical trial evalu-
ating the safety and efficacy of laser ablation in 

Fig. 19.14  Placement of a cryotherapy catheter and cre-
ation of an ice-ball that is easily visualized under continu-

ous ultrasound monitoring. Cosmetic results, as with most 
percutaneous procedures, are excellent months following 
the procedure. (Courtesy of Deanna Attai, MD)

 

Fig. 19.15  Laser fiber and adjacent thermal probe with 
the artist’s interpretation of the ablation procedure. The 

physician monitors temperature at the five thermistors; 
the procedure is complete when all five have reached 
60 °C. (Courtesy of Novian Health Inc.)

 



24319 Intraoperative Breast Imaging and Image-Guided Treatment Modalities

selected breast cancer patients with primary le-
sions up to 2 cm in diameter [40].

High-Frequency Ultrasound 
Transcutaneous Ablation

The percutaneous treatment of benign and malig-
nant tumors using image-guided high-intensity 
focused ultrasound (HIFU) has been well docu-
mented [41]. The largest experience with this 
technique appears to be in treatment of uterine fi-
broids [42], although it has also been used to ab-
late liver lesions and prostate cancer. The percu-
taneous treatment of fibroadenomas of the breast 
has also been reported. This technology has also 
been applied to the percutaneous treatment of in-
vasive breast cancer. MRI and ultrasonography 
are the imaging techniques utilized when percu-
taneously treating lesions with HIFU [43, 44].

Applying HIFU to the treatment of breast le-
sions has a potential advantage over other abla-

tive technologies in that it is completely noninva-
sive with the energy being delivered percutane-
ously to ablate the chosen abnormality.

A unique technology that combines conven-
tional ultrasound with HIFU in a module that al-
lows the physician to plan control and monitor 
the ablation in real time has been developed [45]. 
A procedure performed under local anesthesia, 
with or without conscious sedation in the clinic, 
this technology has been successfully used in the 
treatment of fibroadenomas without lesion recur-
rences or regrowth followed out over two years 
(Figs. 19.17–19.19).

Summary

The remarkable advances in imaging technolo-
gies that has occurred over the past several de-
cades has afforded the surgeon caring for breast 
patients a unique opportunity to utilize these im-
aging technologies in the operating room envi-

Fig. 19.16  Ultrasound-guided placement of a laser fiber 
into a small infiltrating ductal carcinoma, showing appro-
priate location of the laser tip in orthogonal views. Sub-

sequent images show progressive ablation of the tumor 
and a rim of surrounding tissue. (Courtesy of Mike Shere, 
MD, Bristol, UK and Novian Health Inc.)
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ronment, and has allowed some surgical proce-
dures to be moved to the clinic setting.

The transition from film-based imaging to 
digital imaging and the portability of many of 
the modern imaging technologies has given the 
surgical community a unique opportunity for 
hands-on participation in many of the diagnostic 
modalities previously available only in imaging 
centers. Many of these imaging technologies will 
become the cornerstone of new noninvasive or 
minimally invasive therapies for in situ and inva-
sive breast cancers.

It is therefore imperative that surgeons caring 
for breast patients continue to develop the nec-
essary skills to appropriately incorporate breast 
imaging technology into their practices.

Fig. 19.18  High-frequency ablation of a biopsy-proven fibroadenoma with Echopulse demonstrating sequential reduc-
tion in volume during a 2-year followup. (Courtesy of Theraclion)

 

Fig. 19.17  Echopulse, a technology that combines B 
mode ultrasound with high-frequency ultrasound ablative 
technology. (Courtesy of Theraclion, Inc.)
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Anatomy

Historically, lymph node groups are designated 
based on anatomical location. The axillary vein 
group is located superior and lateral to the ax-
illa and runs along the axillary vein. However, 
these nodes may course lower below the vein as 
much as 3–4 cm, as an apron of nodes, or as a 
linear chain of nodes. It has always been taught 
that these lymph nodes receive most of the lymph 
draining from the upper extremity. The external 
mammary or anterior or pectoral groups are lo-
cated at the border of the pectoralis minor muscle 
in association with the lateral thoracic vessels. 
These are the primary lymph nodes receiving 
lymph drainage from the breast. The scapular or 
posterior or subscapular group, located posteri-
orly in the axilla is closely associated with the 
subscapular vessels. These lymph nodes drain 
the posterior region of the neck and the poste-
rior aspect of the shoulder region. Collectively, 
these nodes are termed level I nodes. The central 
group nodes, located posteriorly to the pectoralis 
minor group along with the interpectoral nodes 
of Rotter’s nodes comprise the level II axillary 

nodes. The subclavicular or apical group, located 
medially to the pectoralis minor muscle and ex-
tending to the apex of the axilla, are considered 
level III nodes. These nodes receive lymph from 
all the other groups of axillary lymph nodes and 
become the lymphatics forming the thoracic duct 
on the left and on the right, the right lymphatic 
duct (Fig. 20.1). In addition to the axillary nodes, 
the breast lymph also drains into internal mam-
mary nodes located retrosternal between the cos-
tal cartilages commonly to the second and third 
intercostal spaces approximately 2–3 cm lateral 
to the sternal  margin.

Until recently, the lymphatic drainage of the 
arm was not considered when removing lymph 
nodes. The majority of draining lymphatics from 
the distal arm enter the axilla along the volar sur-
face of the upper arm [1]. Axillary reverse map-
ping (ARM) maps the drainage of the arm as it 
traverses the axilla. Figure 20.2 demonstrates that 
this anatomy varies substantially from the tradi-
tional teaching, that the arm lymphatics course 
within a centimeter of the axillary vein (Fig. 20.2).

Indication for Staging Lymph Nodes 
and Development of SLNB

The current practice of staging the axilla varies 
widely, but for the clinically node-negative pa-
tient with invasive ductal cancer, should almost 
always include a sentinel lymph node biopsy 
(SLNB). The primary route of lymphatic  drainage 
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of the breast is through the axillary lymph nodes 
with more than 75 % of the lymph from the breast 
passing to the axillary lymph nodes [2]. Separate 
lymphatic drainage pathways for the breast and 
the upper extremity as well as the back can run 
side by side when crossing the axilla. It has also 
been demonstrated that the lymphatic drainage is 
highly variable between subjects. Only in a small 
percentage of cases (< 5 %) the lymphatic drain-
age of the breast and the arm completely over-
lap [3]. SLNB should be considered in  clinically 

node-negative patients T1–3 regardless of mul-
ticentricity who have not had previous axillary 
surgery. It may also be useful in patients with 
aggressive large (> 2.5 cm) ductal carcinoma in 
situ [4]. Axillary status in breast cancer patients 
continues to serve as a major predictor of out-
come while also influencing decisions for adju-
vant therapy.

The potential sequele of axillary lymphadenec-
tomy includes local sensory dysfunction, reduced 
shoulder mobility, and lymphedema. Ranging 

Fig. 20.1  Lymphatic drainage of the breast [33]
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from 13 to 77 % after axillary lymph node dissec-
tion (ALND), lymphedema is the patient’s most 
dreaded side effect of axillary surgery adversely 
affecting quality of life, job performance, and 
health-care costs. SLNB was designed to amelio-
rate the morbidity of ALND while still offering 
accurate staging of the patient. Despite the less 
invasive dissection, reported lymphedema rates 
for SLNB still range from 0 to 13 %, with larger 
studies reporting a range of 7–8 %.

Many different variations in mapping tech-
nique have been described. Type and number of 
agents, including dual versus single agents have 
been researched, as well as the site and timing of 
the material that is injected (i.e., injectate).

Agents

SLNB was originally described by Krag et al. 
with unfiltered 99m Technetium sulfur colloid 
(Tc99) [5, 6, 7] which has been validated in mul-
tiple studies and has become the gold standard 
with or without blue dye. Variations of Tc99 
using filtered or unfiltered or as a nanocolloid 
in a human albumin base have also been used. 

Radioactive handling difficulties and potential 
radiation exposure have led to a plethora of ways 
to map lymph nodes without radioactivity.

Giuliano et al. first reported the use of isosul-
fan blue dye for mapping SLNB in breast cancer 
[8]. Since that time, other blue dyes used have in-
cluded patent blue dye, which is the gold standard 
in the UK and Europe as opposed to its isomer 
isosulfan blue which is mainly used in the USA 
[9]. Increasingly, many countries have been using 
diluted methylene blue for SLNB as it is a cheaper 
alternative and more readily available although 
more caustic with higher reported local reactions 
and necrosis. Indigo carmine is also used primar-
ily in Asia for SLNB with reportedly good local-
ization rates [10]. The main drawbacks to blue dye 
are major allergic reactions, which occur with less 
than 1 % frequency but have resulted in death [11].

Recently, studies have used a Lymphoseek 
(technetium Tc99m tilmanocept) injection for 
subcutaneous, intradermal, subareolar, or peritu-
moral use. Lymphoseek with 0.5 mCi of radioac-
tivity is given at least 15 min to within 15 h prior 
to SLNB [12]. In this small study, 13 centers con-
tributed 148 patients given Lymphoseek and vital 
blue dye with a 99 % concordance rate.

Fig. 20.2  Variations in the lymphatics draining the arm as they course through the axilla [31]
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Fluorescent dyes in particular isocyanogreen 
dye (ICG) have been used for SLNB, particularly 
in Asia. Until recently, ICG was used only ex-
perimentally when a handheld device (PDE®, 
Hamamatsu, Japan) to image near-infrared fluo-
rescence attained Food and Drug Administration 
(FDA) approval and began to be marketed in the 
USA [13]. ICG mapping can be seen through the 
skin but tends to map to more nodes than other 
agents (Fig. 20.3) [14].

Recently, magnetic particles (superparamag-
netic iron oxide, SPIO) have been used for senti-
nel lymph node (SLN) localization in the Senti-
Mag study which compared SPIO to radioguided 
localization. This prospective multinational non-
inferiority study demonstrated a similar detec-
tion rate with the magnetic tracer (Sienna + ®, 
Endomagnetics, Basel, Switzerland) and a hand-
held magnetometer, the SentiMag®. A similar 
average number of SLNs was detected and a 
higher per patient malignancy detection rate was 
found for the SPIO tracer [15]. The technique is 
straightforward and there is no associated radio-
activity. SPIO is not FDA approved for SLNB in 
the USA.

As of yet the optimal size of particles and 
volume of injectate is not settled and will be the 
reason for further development of methods and 
tracers for SLN mapping.

Site and Timing of Injections

A plethora of studies have been generated de-
scribing various sites of injection including peri-
tumoral, subareola, dermal, subdermal, and in-
tratumoral [16]. Even the timing of injection has 
come under scrutiny with studies performing the 
injection of radioactive colloid anywhere from 
30 min to 24 h preoperatively. Most recently, 
studies have described intraoperative injection 
of technetium, which can be performed dermally 
or in the subareolar complex with great success 
and accuracy and with the added advantage of 
being painless for the patient, avoiding vasova-
gal episodes and avoiding scheduling coordina-
tion issues with the operating room. In a study 
of 699 patients, intraoperative injection of Tc99 
identified 98.6 % of SLNs, 100 % of intraopera-
tive dermal injections (only used in six patients 

Fig. 20.3  Near-infrared (NIR) fluorescence-guided sen-
tinel lymph node (SLN) mapping. The top row shows 
percutaneous NIR identification of afferent lymphatic 
channels flowing away from the injection site ( Inj.). The 
planned incision site, based on the presumed location of 

the SLN, is shown as a dashed line. Middle row: real-time 
fluorescence identification of the SLN directly after inci-
sion. Bottom row: ex vivo image of the SLN. Scale bars 
1 cm. Camera exposure times were 150 ms ( upper row), 
55 ms ( middle row), and 50 ms ( bottom row) [14]
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with upper outer breast scars) and dual tracer 
with isosulfan blue dye in 94.8 % [17].

Lymphoscintigraphy before SLNB is not uni-
formly performed and is of questionable value in 
mapping the breast [18]. Klauber-deMore et al. 
reviewed 13 studies in which lymphoscintig-
raphy was performed. The lymphoscintigram 
mapped to the internal mammary node (IMN) in 
12.7 % (0–35 %) of patients. Eight of the studies 
report on IMN status and showed an18 % IMN 
positivity (15/83 patient). In five studies that 
evaluated lymphoscintigraphy mapping, only 2 
of 15 patients had positive IMN when the axilla 
was negative. In addition, techniques other than 
peritumoral injection map to these nodes even 
less [19, 20].

In cases where there is potential for significant 
drainage to the internal mammary vessels we rec-
ommend ultrasound (US) of the second and third 
intercostal spaces for visualization of suspicious 
internal mammary nodes.

When the breast fails to map additional injec-
tion of saline (20–40 cc) can be performed with 
massage to increase chances of mapping. When 
no SLN is found, ALND is performed [21].

Mapping of Multicentric Lesions

The drainage of the breast seems to be more im-
portant than the location of the tumor and thus 
localization of the SLN [22]. Within the EORTC 
10981−22023 (AMAROS) trial the SLN was 
identified in 96 % of patients with known mul-
ticentric tumors and 98 % with unifocal tumors 
demonstrating an expected higher rate of positiv-
ity with multicentric disease (51 %) compared to 
28 % in the unifocal group [23]. Importantly, the 
percentage of nonsentinel nodes were similar in 
each group, 40 and 39 %, respectively.

Mapping After Neoadjuvant 
Chemotherapy

At this time, there is no consensus whether and 
when to perform a SLNB in patients receiving 
neoadjuvant chemotherapy. It has been shown 

that about 40 % of known positive lymph nodes 
are converted to negative with chemotherapy and 
advocates of SLNB after chemotherapy point out 
that these patients could be spared an ALND. 
However, reported false negative SLNB rates 
after neoadjuvant chemotherapy are higher than 
those performed before systemic chemotherapy 
[24]. Dual mapping is recommended as the re-
sults of the ACOSOG Z1071 (Alliance) clinical 
trial study demonstrated improved sensitivity 
with radioactive and blue dye mapping [25].

Axillary Recurrence After a Negative 
SLNB

There have been seven randomized controlled 
trials demonstrating that patients with negative 
SLNs do not require ALND despite the known 
~ 10 % false negative rate. The rate of axillary re-
currence is referred to as the clinical false nega-
tive rate. Van der Ploeg and colleagues performed 
a systematic review and meta-analysis of axillary 
recurrence in SLNB negative breast cancer pa-
tients [26]. In 48 studies encompassing 14,959 
SLN negative breast cancer patients followed for 
a median of 34 months, 0.3 % of patients had an 
axillary recurrence with the highest sensitivity 
rates and lowest recurrence rates seen with Tc99, 
superficial versus deep injections and the use of 
immunohistochemistry staining.

Completion ALND with Positive Nodes

In 2011, Giuliano et al. reported on the ACOSOG 
Z-0011 trial including patients with tumors 
smaller than 3 cm and a clinically node-negative 
axilla. Patients, who had one or two positive 
nodes at SLNB, were randomized to breast con-
servation therapy (BCT) with completion ALND 
or BCT with no further treatment of the axilla. 
The study did not accrue all its patients and may 
be underpowered. However, at 6.3 years median 
follow-up no statistically significant difference 
was found in regional recurrence or survival. 
Details of the radiation fields have not been re-
ported, but by protocol axillary radiation was not 
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planned. Multiple small retrospective articles to-
taling 1035 patients with positive SLNB and no 
ALND report less than 2 % axillary recurrence 
with 28–82-month follow-up [27]. In general, 
Europe has been less accepting of these data than 
the USA where many surgeons have stopped 
doing ALND under Z-0011 criteria.

Failure of Mapping

Technical factors including surgical experience 
and the 20–30 cases that it takes to become profi-
cient in SLN mapping are the only ones that sur-
geons can predict and control. Dual versus single 
injection can aid the novice in locating SLNs. 
The inexperienced surgeon can validate his tech-
nique with a completion ALND. Palpation as 
well as intraoperative US of the axilla can help 
locate nodes that have low counts and are hard 
to find as well as nodes with high tumor burden 
that did not take up the radioactivity or blue dye 
or were just a technical miss (took up the dye but 
were not located by the surgeon) [28].

Factors that cause false negative SLNB and 
therefore not under control of the operator are 
tumor/patient factors including large size, upper 
outer location, older and obese patients, lobular 
or poorly differentiated ductal histology or par-
tial to complete replacement of non-SLN with 
tumor and larger tumor size [29, 30].

Axillary Reverse Mapping

ARM has been described by Klimberg and col-
leagues as a technique to identify and separate 
the lymphatic drainage of the arm from that of 
the breast in an attempt to minimize unnecessary 
disruption of the arm lymphatics [31, 32, 33]. It 
is useful for ALND as well as SLNB, allowing 
visualization and protection of the arm lymphat-
ics during lymphadenectomy, resulting in sig-
nificantly reduced postoperative lymphedema 
while maintaining oncologic safety. It involves 
injection of blue dye in the upper inner volar sur-
face of the arm simultaneously with breast lym-
phatic mapping. When performing SLNB, blue 

 lymphatics can be seen in ~ 30 % of patients and 
during an ALND greater than 70 % of the time. 
In ~ 10 % of patients, the ARM node was separate 
but juxtaposed to the SLN and therefore poten-
tially in harm’s way if not distinguished by the 
blue dye (Fig. 20.4). When non-SLN blue nodes 
were resected, the positivity rate was low as were 
follow-up regional recurrence rates. Lymph-
edema for SLNB was less than 1 % and ALND 
lymphedema rates were less than 6 %, which 
compares favorably with national studies. When 
blue nodes are resected, the remaining lymphat-
ics are reanastomosed end-to-end, which results 
in a very low lymphedema rate.

Boccardo and colleagues have developed 
what is called lymphatic microsurgical prevent-
ing healing approach the so-called LYMPHA 
procedure. This is basically performing a lym-
pho-venous anastomosis after excision of the 
node rather than anastomosing end to end [34]. 
Lympho-venous anastomosis of the lower arm 
has also been used for moderately successful re-
versal of lymphedema.

No Surgical Staging

Recurrence scores from genomic assays on the 
primary tumor provide a quantitative estimate of 
the risk of distant recurrence and reveal the un-
derlying tumor biology that traditional measures 
such as patient age, tumor size, and tumor grade, 
cannot provide. The recurrence score does not 
predict lymph node involvement. In fact lymph 
node involvement has been shown to be  additive 

hot node
blue node

Fig. 20.4  Hot radioactive node in Babcock being dis-
sected free from the blue nonradioactive arm node
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to recurrence scores. Therefore, at this time, 
prognostic information is still gained by perform-
ing an SLNB or even an ALND.

Drawbacks of axillary irradiation without dis-
section are that pathologic node status is unknown, 
complexity of matching fields, risk of arm edema, 
and risk of brachial plexus injury. Recurrence ap-
pears to be the same; however, mixed reports indi-
cate that the lymphedema rate might be higher at 
longer follow-up. Others argue that the omission 
of ALND would affect the choice of chemother-
apy. Preliminary reports from the EORTC AMA-
ROS trial found no difference in use or type of 
systemic therapy in patients randomized to ALND 
versus axillary radiation therapy (XRT) [35].

Future Developments

Percutaneous biopsy of SLN is common using US 
(Fig. 20.5) and avoids taking the patient with a 
clinically suspicious axilla to the operating room 
prior to neoadjuvant chemotherapy. However, oc-
cult metastases require excision of the lymph node 
for detection. Kim and colleagues have developed 
a method using ICG in a rat model and a novel 
handheld photoacoustic probe for image-guided 
needle biopsy (Fig. 20.6). Optical fibers are used 
to deliver pulsed laser light and direct photoacous-
tic image-guided insertion of a needle into lymph 
nodes identified by ICG. This highly sensitive 
method is being tested in the clinic and may pro-
vide less invasive staging of micrometastases [36].

Real-time MRI-navigated US may have a role 
in confirming positive nodes on MRI with much 
greater sensitivity than second-look US. Real-
time US with supine MRI using a volume naviga-
tion technique increases the detection and biopsy 
of positive SLNs [37].

High-resolution, handheld cameras have been 
developed for nonpalpable breast localization 
plus SLNB or the so-called SNOLL technique 
(sentinel node and occult lesion localization) that 
is common in Europe and beginning to be adopt-
ed more widely in the USA [38]. These handheld 
gamma cameras enable intraoperative scintigra-
phy in real time.

The development of hybrid single-photon 
emission computed tomography/computed to-
mography (SPECT/CT) cameras can increase the 
precise anatomical localization of SLNB prior 
to surgery as opposed to scintigraphy. They also 
may be important in evaluating novel tracers 
[39].

Eleven quality indicators for the performance 
of SLNB have been identified based on a con-
sensus of Quan and colleagues [40]. These in-
clude: pathologic evaluation protocol, patho-
logic reporting by AJCC guideline, protocol for 
injection of radiocolloid, proper identification 
of SLN, SLNB performance in eligible patients, 
SLNB concurrent with lumpectomy/mastectomy, 
completion of ALND for positive SLNB, SLNB 
performance in ineligible patients, axillary node 
positivity rate; number of nodes removed; axil-
lary recurrence rate.

Fig. 20.5  a Ultrasound (US) demonstrating a positive node with rounded shape, hypoechoic, and without cortical 
structure. b US-guided needle biopsy to confirm nodal positivity
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Summary

The literature will continue to be showered with 
various conjugates to Tc-99 and new dyes as well 
as new scanning devices in an effort to improve 
detection and accuracy of SLNB. At this time 
SLNB remains an important addition to hormon-
al and genomic information on tumors, however, 
as oncogenomics becomes more accurate SLNB 
may become obsolete.
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Introduction

Bladder tumors are common neoplasms that arise 
from the bladder mucosa. Bladder tumors also 
frequently recur, making them prevalent epithe-
lial neoplasms. There are 75,000 new cases of 
bladder cancer diagnosed each year in the USA 
and over 500,000 men and women are current-
ly living with the disease. Early detection and 
timely follow-up care are important because of 
the high rate of bladder cancer recurrence, and 
because some tumors may progress to life-threat-
ening bladder wall invasion.

Successful treatment of both primary and 
recurrent bladder tumors depends on detection, 
tumor type, tumor extent (stage), and complete 
local destruction. Each of these critical compo-
nents comprising diagnosis, treatment and fol-
low-up surveillance is facilitated by endoscopic 
evaluation, or cystoscopy. Diagnosis including 
tumor type and stage is made by cystoscopy, and 
local control is achieved by cystoscopy-guided 
biopsy and transurethral resection (TUR). Stan-
dard cystoscopy uses conventional white light 
(WL), which is composed of an equal mixture of 
primary color wavelengths comprising the vis-
ible spectrum.

Modern cystoscopy began with invention of 
the first practical cystoscope by Max Nitze in 
1877 [1], and has since evolved from wire fila-
ments and incandescent bulbs to fiberoptics, rod 
lens systems and digital chip cameras. Each tech-
nical innovation aimed to bring brighter WL illu-
mination within the bladder, permitting improved 
recognition of a multitude of maladies, including 
urothelial tumors. The modern cystoscope is 
equipped with a charged-coupled device (CCD) 
or chip placed at the tip of a flexible or rigid in-
strument. The digital chip collects images in high 
definition and transmits them to be displayed on 
a video screen. High quality WL images are cre-
ated to produce a uniformly sharp and focused 
magnified picture of the bladder interior and mu-
cosal abnormalities.

In order to detect, diagnose, and remove blad-
der tumors, they must be visualized by cystosco-
py. Most bladder neoplasms are papillary or nod-
ular and are easy to see using white light cystos-
copy. However, lateral margins may be obscure, 
because tumor cells spread out from the base 
and blend in with normal appearing surrounding 
bladder mucosa. Papillary tumors may also be 
small, subtle, hidden in bladder folds, multiple, 
or occur in clusters resembling normal bladder 
mucosa that may be overlooked. Nonpapillary 
neoplasms appear as flat, poorly defined, red 
patches disguised among normal urothelium, and 
are commonly overlooked or mistaken for benign 
inflammatory lesions. Because white light imag-
ing (WLI) cystoscopy sometimes fails to detect 

Y. Fong et al. (eds.), Imaging and Visualization in The Modern Operating Room,  
DOI 10.1007/978-1-4939-2326-7_21, © Springer Science+Business Media New York 2015
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all bladder tumors, biopsy and tumor resection 
may be incomplete, contributing to early and 
possibly invasive tumor recurrences.

The frequency of “missed lesions” found in 
random or selected-site biopsies of “normal-ap-
pearing” mucosa in bladder tumor patients varies 
from 8 to 41 % [2], and a repeat second biopsy 
after an initial TUR finds persistent tumors in 
14–76 % of patients [3]. Additional tumors are 
found at the same sites in 44–86 % of patients 
and distant sites within the bladder in 14–56 %. 
Because residual tumors are missed by WLI cys-
toscopy, a new generation of optical methods 
designed to enhance cystoscopic visualization 
was developed [4]. These include narrow band 
imaging (NBI), fluorescence cystoscopy, optical 
coherence tomography, and confocal endomi-
croscopy. Only the first two methods have been 
introduced into clinical practice. The latter are 
promising new investigational technology. We 
have had NBI capability available for flexible 
digital cystoscopy and transurethral tumor resec-
tion since 2006, and the author uses both WLI 
and narrow band cystoscopy to diagnose, evalu-
ate, and treat bladder tumors. This chapter pro-
vides a comprehensive review, including visual 
examples, of NBI cystoscopy.

Narrow Band Cystoscopy

NBI is a novel optical image technology that im-
proves the visibility of blood vessels and bladder 
mucosa in order to enhance tissue contrast be-
tween cancerous and normal bladder epithelium. 
This makes it an excellent tool for diagnosing 
bladder cancers during cystoscopy. Urothelial 
neoplasms are hypervascular owing to microves-
sel density. NBI exploits angiogenic features of 
bladder tumors by filtering WL into two discrete 
bands of light, one blue at 415 nm and one green 
at 540 nm. Both bands are absorbed by hemo-
globin. The shorter wavelength in NBI is 415 nm 
light, which penetrates only the superficial lay-
ers of the mucosa. This is absorbed by superficial 
capillary vessels and appears brownish on the 
video image. The second NBI wavelength is 
540 nm light, which penetrates deeper into the 
bladder wall. It is absorbed by blood vessels lo-

cated deeper in the submucosal layer, and appears 
green on imaging. Narrow band blue light vivid-
ly displays surface mucosal capillaries (brown), 
which defines capillary dense cancerous lesions 
within the mucosa. Green light highlights vessels 
in the submucosa that helps to identify fronds of 
papillary tumors and to determine submucosal 
invasion of papillary and solid neoplasms. Blad-
der tumors are identified by the concentration of 
brown and green images that contrasts with pink 
to white normal mucosa.

Figure 21.1 shows the NBI filter technology. 
The urologist can change the optical filter and 
switch back and forth between WL and narrow 
band mode by simply pushing a button on the 
digital flexible cystoscope or camera head at-
tached to the resectoscope. There is no additional 
cost to patients over standard cystoscopy. NBI 
cystoscopy is safe and poses no risks to patients. 
In contrast to fluorescence cystoscopy, there is no 
need for intravesical dye or time constraints per-
forming procedures owing to photo-bleaching as-
sociated with long dye dwell times, postoperative 
monitoring, or potential local side effects. NBI 
may be used on or off anytime during the proce-
dure. Figure 21.2 shows an example of a flexible 
digital cystoscope and resectoscope camera head 
equipped with NBI capability, including built-in 
light-source unit, video processor, and HD TV 
monitor. Imaging equipment is light, mobile, and 
ideal for use in inpatient and outpatient operating 
rooms, procedure rooms, and clinics.

Figure 21.3 shows cystoscopic appearance of 
normal bladder mucosa by WLI cystoscopy and 
NBI cystoscopy. NBI highlights delicate network 
of superficial mucosal capillaries (brown) and the 
more prominent blood vessels (green) coursing 
through the submucosa. NBI improves visualiza-
tion of tumors by enhancing the contrast between 
well-vascularized lesions and the surrounding 
pale-yellow or white normal mucosa.

Papillary tumors appear dark green or brown-
ish green on NBI cystoscopy. Figure 21.4 shows a 
papillary tumor that is distinct from adjacent nor-
mal white mucosa. Individual fronds are clearly 
seen owing to enhanced visualization of submu-
cosal vessels in fibrovascular stalks (dense green) 
covered by overlying epithelium (pale green). 
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Fig. 21.2  Cystoscopy video 
imaging system, including 
flexible digital cystoscope, 
light source unit, video 
processor, video screen, 
camera head to attach to 
eye-piece on resectoscope, 
equipped for both white light 
and narrow band imaging. 
(Provided by Olympus)

 

Fig. 21.1  Narrow band imaging filter technology. Light source and video processor are used to deliver high-definition 
light through the cystoscope. (Provided by Olympus)
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The greenish cast also identifies this tumor as a 
low-risk (low grade) papillary neoplasm. In con-
trast, Fig. 21.5 shows a similar papillary tumor 
on WLI cystoscopy that has dense dark brown 
capillary fronds on NBI cystoscopy, identifying 
it as likely a high-risk (high-grade) tumor. Subtle 
or “missed” lesions on WLI cystoscopy can also 
be detected by NBI. Figure 21.6 shows a cluster 
of papillary tumors seen on NBI cystoscopy that 
were undetected on WLI cystoscopy.

Carcinoma in situ (CIS) is a high-grade pre-
invasive bladder cancer that appears as a flat or 
slightly raised, poorly outlined erythematous red 
patch. Undetected and unsuccessfully treated, 
CIS becomes an invasive, life-threatening can-
cer. Owing to superficial capillary-dense neovas-
cularity, CIS appears dark brown on NBI cystos-
copy. Figure 21.7 shows innocuous-appearing 
mucosa on WLI cystoscopy, but NBI cystoscopy 
shows mucosal brown lesion characteristic of 

CIS. Figure 21.8 shows an example of hyperemic 
mucosa on WLI cystoscopy and brown patches 
on NBI cystoscopy corresponding to biopsy of 
CIS. The underlying submucosal vessels high-
lighted green are normal in appearance and distri-
bution, indicating noninvasive tumor. Figure 21.9 
on WLI cystoscopy shows mild erythema of the 
mucosa, but brown patches on NBI cystoscopy 
indicate biopsy-confirmed CIS. Figures 21.10 
and 21.11 illustrate examples of CIS that ap-
peared to be more extensive on NBI than WLI 
cystoscopy, features that aid complete endoscop-
ic destruction. Figure 21.12 shows bland normal-
appearing mucosa on WLI cystoscopy that is in 
fact replaced by CIS seen on NBI cystoscopy. 
The contrast between papillary and flat morpho-
logic types of bladder cancer is best illustrated in 
mixed lesions. Figure 21.13 shows visible low-
grade papillary tumors (green) surrounded by 
patches of poorly defined CIS (brown).

Fig. 21.4  Papillary tumor (low-grade) on NBI cystoscopy ( left) and WLI cystoscopy ( right)

 

Fig. 21.3  Normal bladder. WLI cystoscopy ( left) and 
NBI ( right). Mucosa is bland on WLI cystoscopy; NBI 

shows prominent green submucosal vessels and faint 
brown superficial capillaries, but no evidence of concen-
trated enhancement (neovascularity)
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Fig. 21.7  Normal WLI cystoscopy ( left); NBI cystoscopy ( right) shows carcinoma in situ ( brown patch)

 

Fig. 21.6  Negative WLI cystoscopy ( left); NBI cystoscopy ( right) shows cluster of papillary tumors. (Courtesy of Dr. 
Stephen Jones, Cleveland Clinic, Cleveland, Ohio)

 

Fig. 21.5  Papillary tumor (high-grade) on WLI cystoscopy ( left) and NBI cystoscopy ( right)
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Fig. 21.8  Hyperemic bladder mucosa on WLI cystoscopy ( left); NBI ( right) reveals carcinoma in situ. (Courtesy of Dr. 
E. Cauberg, Academic Medical Center, Amsterdam, Netherlands)

 

Fig. 21.10  Carcinoma in situ of bladder (CIS) visualized 
on WLI cystoscopy ( left), and NBI cystoscopy ( right). 
The patchy brown areas surrounding the dominant le-

sion on NBI cystoscopy, not detected on WLI cystoscopy, 
showed biopsy-proved carcinoma in situ. Index lesion 
measured 1 cm (WLI), but CIS extended another 1–2 cm 
(NBI)

 

Fig. 21.9  White light 
cystoscopy ( left) shows mild 
erythema. NBI cystoscopy 
( right) shows brown patches 
scattered among normal 
green background, typical of 
carcinoma in situ (below). 
(Courtesy of Dr. K. Tatsu-
gami, Kyushu University, 
Fukuoka, Japan)
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Fig. 21.13  Papillary tumors on WLI cystoscopy ( left) appear dark green on NBI cystoscopy ( right), but surrounding 
brown lesions indicate associated carcinoma in situ

 

Fig. 21.12  WLI cystoscopy ( left) shows unremarkable mucosa, that on NBI cystoscopy ( right) is replaced by carci-
noma in situ ( brown patches)

 

Fig. 21.11  Carcinoma in situ visualized on WLI ( left) appears more extensive by NBI ( brown-black lesions) cystos-
copy ( right). Wide resection around NBI visible lesions confirmed diffuse carcinoma in situ
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NBI Detection of Bladder Tumors

NBI cystoscopy detects more tumors than WLI 
cystoscopy. Table 21.1 shows results of indi-
vidual studies [5–13]. WLI cystoscopy identifies 
57–84 % of all papillary tumors and 50–68 % of 
CIS, compared to 78–97 % and 90–100 %, respec-
tively, with NBI cystoscopy. The studies show 
superior sensitivity and negative predictive value 
(> 90 %) for NBI over WLI cystoscopy, making 
NBI cystoscopy useful for identifying abnormal 
lesions and for excluding a diagnosis of bladder 
tumor. Additional biopsies of suspicious lesions 
detected only with NBI, some of which show no 
cancer, have not resulted in increased complica-
tions. Negative tumor margins of suspicious le-
sions identified by NBI also confirms complete 
tumor resection.

We recently updated our results in 538 patients 
undergoing surveillance cystoscopy for recurrent 
bladder tumors [6]. Of 151 patients (28 %) with 
recurrences, 89 % were found with both WLI and 
NBI.

In 11 % of patients, recurrent tumors were de-
tected only by NBI cystoscopy. Other series have 
also reported more tumors found on NBI over 
WLI cystoscopy in 27–41 % of cases. Zheng 
et al. performed a metaanalysis of eight studies 
including 1022 patients and found NBI cystos-
copy consistently improved detection of blad-
der tumors, including CIS, compared with WLI 
cystoscopy [14]. Li et al. also conducted a meta-
analysis in 1040 patients having 1476 tumors de-
tected by biopsy [15]. A total of 17% of patients 
had tumors detected only by NBI and 24 % had 
more tumors found by NBI than WLI cystoscopy. 
NBI provides a clearer view of papillary lesions 
and better defines the extent and margins of pap-
illary and CIS lesions from surrounding normal-
appearing epithelium. Figure 21.14 shows how 
NBI cystoscopy facilitates TUR or fulguration 
with negative mucosal margins.

NBI is usually used as an add-on procedure to 
WLI cystoscopy, raising a question of whether ob-
server bias favors enhanced tumor detection after 
a “first-look” cystoscopy, because the same urolo-
gist usually performs NBI after first observing 

Table 21.1   Detection of bladder tumors by white light imaging (WLI) and narrow band imaging (NBI) cystoscopy
Series No. patient Cystoscopy Sensitivity Specificity PPV NPV
Bryan [5] 29 WLI 82 % 79 % 70 % 81 %

NBI 96 % 85 % 61 % 92 %
Herr and Donat 

[6]
427 WLI 87 % 85 % 66 % 96 %

NBI 100 % 82 % 63 % 100 %
Cauberg [7] 95 WLI 79 % 75 % – –

NBI 95 % 69 % – –
Tatsugami [8] 104 WLI 57 % 86 % 69 % 79 %

NBI 93 % 71 % 63 % 95 %
Shen [9] 78 WLI 77 % 82 % – 79 %

NBI 92 % 73 % – 87 %
Xiaodong [10] 64 WLI 79 % 76 % – –

NBI 97 % 68 %
Geavlete [11] 95 WLI 84 % – – –

NBI 95 % – – –
Zhu [12] 12 WLI 50 % 91 % – –

NBI 78 % 80 % – –
Chen [13] 179 WLI 79 % 81 % – –

NBI 97 % 79 % – –
PPV positive predictive value, NPV negative predictive value



26521 Narrow Band Cystoscopy

the bladder with WLI cystoscopy and spends 
more time examining the bladder. Cauberg et al. 
studied 45 patients in which NBI cystoscopy was 
performed by a second surgeon who was blinded 
to the results of the initial WLI cystoscopy; addi-
tional tumors were found in 24 %, including one 
patient with CIS detected only by NBI [16]. In 
order to address observer bias a randomized trial, 
in which the bladder was inspected first by WLI, 
then NBI, or vice versa, confirmed that a “second 
look” did not compromise the superiority of NBI 
over WLI flexible cystoscopy to detect papillary 
and CIS lesions [9]. The issue is not, however, 
whether one modality is better than the other, but 
that narrow band plus WLI cystoscopy detects 
more bladder tumors, at no increased risk or cost 
to patients, than standard WLI cystoscopy alone.

NBI Evaluation of Response to 
Intravesical Therapy

Intravesical bacille Calmette-Guerin (BCG) im-
munotherapy or chemotherapy is used to pre-
vent tumor recurrences and to treat residual CIS 
after complete resection of visible tumors. The 
response to intravesical therapy is determined 
3 months after treatment by cystoscopy, biopsy, 
or TUR as necessary. BCG and chemotherapy 
cause an intense inflammatory reaction or chemi-
cal cystitis, which resembles CIS on WLI cystos-
copy. The mucosa appears diffusely red, friable, 
and edematous, individual lesions are poorly de-
fined, and vision is sometimes poor. We evalu-
ated 61 patients 3 months after BCG by NBI cys-
toscopy [17]. All had red lesions suggesting BCG 
inflammation or CIS on WLI cystoscopy. Of 22 
patients having residual tumor, NBI correctly 
identified 21 as having CIS. Figure 21.15 shows 
a benign-appearing bland lesion after BCG that 

Fig. 21.15  WLI cystoscopy ( left) shows faint red mucosa after BCG that appears benign. NBI ( right) shows capillary-
dense brown lesions typical of carcinoma in situ

 

Fig. 21.14  TUR using WLI cystoscopy shows bland mar-
gin of resection ( left) and no obvious tumor. NBI cystos-

copy ( right) clearly shows tumor at margin of resection 
( brown mucosa) representing CIS on wider TUR. (Cour-
tesy of Dr. B Geavlete, Bucharest, Romania)
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under NBI has capillary-dense mucosa indicat-
ing CIS. Of 30 patients who had negative NBI 
cystoscopy, only one had persistent focal disease.  
Figure 21.16 shows a red lesion at cystoscopy 
after BCG therapy, which could be residual can-
cer or BCG-inflammation. NBI cystoscopy shows 
enhanced submucosal vessels (dense green) but 
unremarkable overlying mucosa (green) resem-
bling normal mucosa. This is consistent with 
acute inflammation (confirmed by biopsy). We 
defer the 3-month biopsy in BCG-treated patients 
who have negative urine cytology and benign-
appearing lesions observed on NBI cystoscopy. 
Inflammatory lesions present a challenge for 
both WLI and NBI cystoscopy and more study is 
needed in differentiating benign from malignant 
disease, especially after intravesical radiation or 
chemotherapy that damages the bladder, and in 
patients with chronic bacterial infections or inter-
stitial cystitis.

Therapeutic Impact of NBI-assisted 
TUR

Although the therapeutic impact of NBI cystos-
copy in the management of patients with bladder 
tumors has not been proved, it seems logical that 
better visualization of tumors would translate 
in improved tumor staging, better local control, 
and fewer tumor recurrences. Naselli et al. found 
NBI-assisted biopsies detected more tumors in 
13 % of 47 patients missed during a WLI-assisted 

second TUR [18], suggesting that NBI cystos-
copy facilitates more complete tumor resections. 
The same authors also proved the feasibility and 
safety of performing TUR entirely by means of 
NBI[19]. Cauberg et al. reported that among 158 
patients, tumors recurred in 30 % after WLI-as-
sisted TUR compared to 15 % with NBI-assisted 
TUR [20], and we found fewer tumor recurrenc-
es in 126 patients who had recurrent low-grade 
papillary tumors treated by outpatient biopsy and 
fulguration using flexible NBI versus WLI cys-
toscopy [21]. We have a prospective trial ongoing 
to determine if NBI-TUR of new bladder tumors 
can prolong the 2-year recurrence-free interval 
over WLI-TUR, and a multicenter international, 
randomized study has been launched to investi-
gate whether NBI-assisted TUR reduces the fre-
quency of tumor recurrences compared to WLI-
assisted TUR [22]. Although prospective studies 
are required to determine whether visual advan-
tages of NBI can translate into real therapeutic 
benefit for individual patients, current evidence 
suggests NBI improves the overall quality of di-
agnostic cystoscopy and transurethral surgery.

NBI Cystoscopy Learning Curve

Two papers have addressed new user’s experience 
with NBI cystoscopy. We evaluated 50 patients 
subjected to WLI and NBI cystoscopy for recur-
rent bladder tumors. Each patient was indepen-
dently viewed by three experienced urologists, 

Fig. 21.16  WLI cystoscopy ( left) shows red, granular lesions after BCG. NBI ( right) shows dominant submucosa 
vessels ( dense green) consistent with inflammation, and normal overlying mucosa ( green)
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and one novice (fellow in training), assessing 
the presence or absence of tumor. We found no 
significant differences among urologists adapting 
to NBI cystoscopy to visualize lesions or in de-
termining final pathology [23]. Bryan et al. also 
found no difference between new users and ex-
perienced users in detecting more tumors using 
NBI technology over WLI cystoscopy [24].

Interpretation of NBI Cystoscopy

The first principle of endoscopy is that it is still 
subjective. No visual modality is perfect, nor can 
it substitute for a surgeon’s quality and experi-
ence. However, NBI cystoscopy appears to im-
prove visibility of bladder lesions over standard 
WLI cystoscopy in the hands of both experienced 
and novice urologists. Normal bladder mucosa 
and vasculature are easy to identify. Predomi-
nately green lesions are most likely either benign 
inflammation (cystitis) or low-grade papillary 

tumors that usually pose little risk to patients. 
Predominately brown lesions are more often than 
not cancers, either flat CIS or high-grade papil-
lary carcinoma.

Indeterminate lesions can pose problems. I 
use a simplified scheme where if a lesion is more 
green than brown, it is usually a benign or low-
grade tumor, whereas a lesion that is more brown 
than green probably represents a high-grade tu-
mors. Figure 21.17 shows two indeterminate 
pink lesions that are green against a green back-
ground on NBI cystoscopy, proved to be benign 
inflammation. Figure 21.18 shows flat red le-
sions on WLI cystoscopy, which is characteristic 
of both inflammation and carcinoma. Brownish 
appearance on NBI cystoscopy against the green 
background favors malignant bladder neoplasm.

Fig. 21.18  Focal red areas on WLI cystoscopy ( left). NBI cystoscopy ( right) shows brown lesions against green 
background indicating carcinoma in situ

 

Fig. 21.17  Indeterminate bladder lesion on WLI cystoscopy ( right) that is benign ( cystitis) on NBI cystoscopy ( left)
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Conclusions and the Future

NBI cystoscopy has become integrated into clini-
cal practice to evaluate and manage bladder tu-
mors. However, many questions remain, such 
as Does NBI cystoscopy detect more significant 
tumors and results in better outcomes? Can NBI 
reliably predict histopathologic diagnosis? Are 
false positive findings a problem that may pose 
risks to patients because of unnecessary biopsies, 
especially after intravesical therapy? Is observer 
bias significantly distorting results in favor of 
NBI over WLI cystoscopy? Is NBI cost-effec-
tive? And lastly, since optical imaging is inher-
ently subjective, the quality of the surgeon must 
be considered when interpreting reported results. 
Like other new optical methods, such as fluores-
cence cystoscopy, optical coherence tomography, 
and confocal endomicroscopy, NBI will likely 
be used mostly as a supplement to conventional 
WLI cystoscopy [25]. More research is needed 
to define how NBI and other imaging modalities 
can best be implemented in the management of 
bladder cancer. However, growing experience 
shows that NBI cystoscopy is an effective meth-
od to identify abnormal bladder lesions, includ-
ing dangerous cancers and their extent, and may 
provide higher diagnostic precision than standard 
WLI cystoscopy.

The next evolution of NBI cystoscopy will 
be identification of CIS by computer software 
and highlighted on the monitor during bladder 
inspection. Further, enhanced detection by NBI 
may improve the outcome of other emerging 
technologies such as confocal endomicroscopy 
or optical coherence tomography, which may 
allow real-time in vivo histologic diagnosis of 
cancer and local invasiveness.
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Human Bile Fluorescence Imaging 
Using Indocyanine Green

Fluorescence imaging using indocyanine green 
(ICG) was first used as an intraoperative naviga-
tion tool for coronary arteriography during car-
diac bypass surgery at the beginning of the twen-
ty-first century [1, 2]. Protein-bound ICG emits 
fluorescence that peaks at approximately 840 nm 
when exposed to light excitation at 750–810 nm 
[3, 4]. Because human bile also contains proteins 
such as albumin and lipoproteins that bind with 
ICG [5], we hypothesized that fluorescent images 
of the biliary tract could be obtained following 
injection of ICG [6]. We confirmed that fluores-
cence cholangiography could be performed using 
intravenous ICG injection because ICG was 
excreted into bile and acted as a fluorescence 
source [7].

A diluted ICG solution (approximately 
0.025 mg/mL) should be used for injection of 
ICG in the biliary tract [6]. If the ICG concentra-
tion is too high, the fluorescence intensity will 

diminish, because of absorption of near-infrared 
light by ICG [8]. To obtain clear cholangiograms 
by this technique, it is also important to aspirate 
a small amount of bile into the syringe before in-
jecting to promote ICG protein-binding in the sy-
ringe (Fig. 22.1a) [6, 9]. Using ICG diluted with 
radiographic contrast, conventional radiographic 
cholangiography can be performed easily and 
immediately following fluorescence cholangiog-
raphy, when evaluating both the extrahepatic bili-
ary system and the intrahepatic bile duct anatomy 
(Fig. 22.1b, c, d).

Alternatively, fluorescence cholangiography 
can be performed using ICG (Fig. 22.2) intrave-
nously, usually 2.5 mg diluted with a 1 mL solu-
tion [7, 10]. Although biliary excretion of ICG 
begins within minutes after the intravenous injec-
tion, ICG should be administered at least 15 min 
before the imaging to obtain better contrast be-
tween the fluorescing bile ducts and nonfluoresc-
ing surrounding organs (fluorescence of ICG in 
the extrahepatic bile ducts continues up to 6 h 
after injection) [10–12]. Intravenous injection of 
ICG has potential advantages over conventional 
radiographic cholangiography in saving time and 
avoiding bile duct injury associated with catheter-
ization to inject contrast materials. Fluorescence 
cholangiography has recently gained attention as 
a novel navigation tool that provides a roadmap 
of the extrahepatic ducts to reach the critical view 
of safety [13] in laparoscopic cholecystectomy, 
which can reduce the need for intraoperative ra-
diographic cholangiography [12, 14].
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Fig. 22.1  Fluorescence cholangiography by intrabiliary 
injection of ICG. a A small amount of bile is aspirated 
into a syringe prior to injection of ICG diluted with radio-
graphic contrast material (ICG 0.025 mg/mL) into the bile 
ducts. b Fluorescence imaging ( right) identifies conflu-
ence of the right ( white arrow) and left ( yellow arrow) 
hepatic duct. c Magnified view of the framed area in b. 
In addition to the left hepatic duct ( yellow arrow), the he-
patic duct from the Spiegel lobe to be preserved ( yellow 
arrowhead) is visualized on fluorescence images ( right). 

d Conventional radiographic cholangiography following 
fluorescence cholangiography delineates the anatomy 
of the intra- as well as extrahepatic bile ducts including 
the left hepatic duct ( yellow arrow) and the hepatic duct 
from the Spiegel lobe ( yellow arrowhead). e All of these 
fluorescence images were obtained with the D-Light P 
laparoscopic imaging system (KARL STORZ GmbH & 
Co. KG, Tuttlingen, Germany). This image shows a sub-
sequent model of this system (SPIESTM Camera System, 
KARL STORZ)
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Fig. 22.2  Fluorescence cholangiography by intravenous 
injection of ICG. a Fluorescence imaging following pre-
operative intravenous injection of ICG (2.5 mg) delineates 
the cystic duct ( yellow arrow) and the common hepatic 
duct ( yellow arrowheads) during dissection of Calot’s 

triangle in laparoscopic cholecystectomy. b Fluorescing 
bile leaking from the cut stump of the cystic duct. c ICG 
fluorescence imaging of metastatic liver cancer with the 
PINPOINT® endoscopic fluorescence imaging system 
(Novadaq Technologies Inc., Toronto, Canada)

 



274 T. Ishizawa and N. Kokudo

Fluorescence Imaging Systems  
for Open Surgery

Fluorescence images of the bile ducts can eas-
ily be obtained during open hepatobiliary surger-
ies using commercially available fluorescence 
imaging systems. The SPY® system (Novadaq 
Technologies Inc., Toronto, Canada) was the first 
near-infrared imaging system and was launched 
in Canadian and European markets in 2002 and 
then approved by the Food and Drug Administra-
tion (FDA) in 2005. However, this system was 
designed and used mainly for coronary arteriog-
raphy during cardiac bypass surgery and has been 
rarely applied to intraoperative cholangiography 
[2]. Alternatively, the PDE® system (Hamamat-
su Photonics, Hamamatsu, Japan) has been used 
in Japan for the identification of sentinel lymph 
nodes during breast surgery since 2005 [15]. It 
was first used to visualize the bile ducts in 2008 

[6, 8]. Recently, this system has become commer-
cially available in the USA and Europe at a cost 
of approximately US$48,000 (Fig. 22.3a). The 
HyperEye Medical System (Mizuho Ikakogyo 
Co., Ltd. Tokyo, Japan) [16] is another fluores-
cence imaging system for open surgery available 
in Japan that enables simultaneous near-infrared 
and visible light full-color images of ICG fluo-
rescence from the bile ducts (Fig. 22.3b) [9]. In 
2011, Hutteman and colleagues reported the re-
sults of ICG fluorescence imaging of the bile duct 
using the Mini-Fluorescence-Assisted Resection 
and Exploration (Mini-FLARETM) near-infrared 
imaging system (Fragioni laboratory, Brookline, 
MA, USA) [17]. Recently, several European 
medical equipment manufacturers have devel-
oped near-infrared imaging devices for open 
surgery, such as Fluobeam® Imaging System 
(Fluoptics, Grenoble, France) (Fig. 22.3c) [17] 

Fig. 22.3  Fluorescence imaging systems for open sur-
gery. a The portable camera head, control units, and TV 
monitor of PDE®. b Structure of the HyperEye Medi-
cal System Handy (Mizuho Ikakogyo Co., Ltd., Tokyo, 
Japan). c Intraoperative fluorescence imaging with Fluo-

beam® Imaging System (Fluoptics, Grenoble, France). 
The arrowhead shows a portable camera head, which can 
be covered with a sterile drape and used by the operating 
surgeon. Imaging data is transmitted from a control unit to 
a laptop PC ( arrow)
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and the Artemis Handheld System (Quest Medi-
cal Imaging, Middenmeer, The Netherlands).

All of these near-infrared imaging systems 
consist of a camera unit (fixed or portable) with 
light-emitting diodes and a control unit. Some are 
also equipped with software to control the light 
source, adjust camera sensitivity, and evaluate 
the fluorescence intensity, which is useful for 
intraoperative assessment of portal uptake func-
tion [18]. Fluorescence imaging of the bile ducts 
can be obtained with these imaging systems sim-
ply by setting a camera imaging head above the 
operative field and turning off the surgical lights 
(ceiling lights can usually be kept on during ob-
servation) [6].

Laparoscopic and Robotic 
Fluorescence Imaging Systems

The first clinical application of laparoscopic op-
tical imaging using ICG was for sentinel node 
navigation during gastric surgery, reported in 
2004 [19]. Although the authors’ technique was 
not based on ICG fluorescence but instead on 
the amount of infrared light absorbed by the ICG 
that accumulated in the nodes, development of 
this imaging technique led to a subsequent proto-
type (Olympus Medical Systems, Tokyo, Japan), 
enabling visualization of ICG florescence in real 
time during laparoscopic surgery (Fig. 22.2a, b) 
[20–22]. Another prototype laparoscopic imag-
ing system (Hamamatsu Photonics and Shinko 
Optical, Tokyo, Japan), which was originally de-
veloped to visualize sentinel lymph nodes during 
resection of gastric cancer [23] and to evaluate 
the placental vascular network in the treatment 
of twin-twin transfusion syndrome [24], has also 
been used for fluorescence cholangiography [7, 
10]. ICG fluorescence imaging using these pro-
totype imaging systems is clinically useful for 
visualizing the extrahepatic bile ducts and can be 
used to identify hepatic segments [21] and the lo-
cation of hepatic malignancies [22] during lapa-
roscopic hepatobiliary surgeries. However, stan-
dard-definition color images must be improved 
to next-generation quality to meet the needs of 
more complicated procedures.

In 2011, a fluorescence imaging system for ro-
botic surgery (FIREFLY, Novadaq Technologies 
Inc.) was launched in the USA [25, 26], followed 
by the company’s latest PINPOINT® endoscopic 
fluorescence imaging system [27, 28], which en-
ables the superimposition of fluorescence images 
on full-color images with high-definition quality 
(Fig. 22.2c). Alternatively, another high-defini-
tion laparoscopic fluorescence imaging system 
(D-Light P System, KARL STORZ GmbH & 
Co. KG, Tuttlingen, Germany) became com-
mercially available in Europe in 2012 and then 
in the USA and Japan in 2013. Although simulta-
neous visualization of ICG fluorescence images 
and background color images is not available in 
this system, fluorescence images can be changed 
quickly from the full-color images using a foot 
switch (Fig. 22.1) [13, 29].

Future Perspectives in Fluorescence 
Cholangiography

Intraoperative fluorescence cholangiography has 
the potential to enhance the safety of hepatobili-
ary surgery. However, the feasibility and quality 
of the fluorescence images require improvement 
for this technique to become a widely used in-
traoperative navigation tool benefitting both sur-
geons and patients. Some authors have developed 
novel non-ICG-dependent fluorescence probes 
optimized for visualization of the bile ducts [30]. 
New generation near-infrared imaging systems 
also continue to be developed and evaluated [31, 
32]. Among these, a wearable display for the 
fluorescence images similar to a “google glass” 
system [33] may enable surgeons to confirm 
fluorescence images without moving their visual 
focus from the TV monitor to the surgical field, 
enhancing the feasibility of fluorescence imaging 
especially during open surgery (Fig. 22.4). Final-
ly, it is important to note that the administration 
of ICG for cholangiography has not yet been ap-
proved. Although the safety of ICG has been es-
tablished for clinical use for more than 50 years, 
further accumulation of clinical experience and 
subsequent large multicenter trials are needed to 
prove the efficacy of fluorescence cholangiogra-
phy using ICG.



276 T. Ishizawa and N. Kokudo

Acknowledgments The authors would like to thank 
Drs. Yosuke Inoue, Junichi Arita, Yu Takahashi, and Akio 
Saiura for their support and guidance on the use of fluo-
rescence imaging at the Cancer Institute Hospital.

References

1. Rubens FD, Ruel M, Fremes SE. A new and simplified 
method for coronary and graft imaging during CABG. 
Heart Surg Forum. 2002;5:141–4.

2. Reuthebuch O, Haussler A, Genoni M, et al. 
Novadaq SPY: intraoperative quality assessment in 
off-pump coronary artery bypass grafting. Chest. 
2004;125:418–24.

3. Landsman ML, Kwant G, Mook GA, et al. Light-
absorbing properties, stability, and spectral sta-
bilization of indocyanine green. J Appl Physiol. 
1976;40:575–83.

4. Mordon S, Devoisselle JM, Soulie-Begu S, et al. Indo-
cyanine green: physicochemical factors affecting its 
fluorescence in vivo. Microvasc Res. 1998;55:146–52.

5. Mullock BM, Shaw LJ, Fitzharris B, et al. Sources of 
proteins in human bile. Gut. 1985;26:500–9.

6. Ishizawa T, Tamura S, Masuda K, et al. Intraoperative 
fluorescent cholangiography using indocyanine green: 
a biliary road map for safe surgery. J Am Coll Surg. 
2008;208:e1–4.

7. Ishizawa T, Bandai Y, Kokudo N. Fluorescent chol-
angiography using indocyanine green for laparoscopic 
cholecystectomy: an initial experience. Arch Surg. 
2009;144:381–2.

 8. Mitsuhashi N, Kimura F, Shimizu H, et al. Usefulness 
of intraoperative fluorescence imaging to evaluate 
local anatomy in hepatobiliary surgery. J Hepatobili-
ary Pancreat Surg. 2008;15:508–14.

 9. Kawaguchi Y, Ishizawa T, Masuda K, et al. Hepato-
biliary surgery guided by a novel fluorescent imaging 
technique for visualizing hepatic arteries, bile ducts, 
and liver cancers on color images. J Am Coll Surg. 
2011;212:e33–9.

10. Ishizawa T, Bandai Y, Ijichi M, et al. Fluores-
cent cholangiography illuminating the biliary tree 
during laparoscopic cholecystectomy. Br J Surg. 
2010;97:1369–77.

11. Cherrick GR, Stein SW, Leevy CM, et al. Indocya-
nine green: observations on its physical properties, 
plasma decay, and hepatic extraction. J Clin Invest. 
1960;39:592–600.

12. Verbeek FP, Schaafsma BE, Tummers QR, et al. 
Optimization of near-infrared fluorescence cholan-
giography for open and laparoscopic surgery. Surg 
Endosc 2014;28(4):1076–82.

13. Strasberg SM, Hertl M, Soper NJ. An analysis of the 
problem of biliary injury during laparoscopic chole-
cystectomy. J Am Coll Surg. 1995;180:101–25.

14. Dip FD, Asbun D, Rosales-Velderrain A, et al. Cost 
analysis and effectiveness comparing the routine 
use of intraoperative fluorescent cholangiography 
with fluoroscopic cholangiogram in patients under-
going laparoscopic cholecystectomy. Surg Endosc. 
2014;28(6):1838–43.

15. Kitai T, Inomoto T, Miwa M, et al. Fluorescence 
navigation with indocyanine green for detecting sen-
tinel lymph nodes in breast cancer. Breast Cancer. 
2005;12:211–5.

16. Handa T, Katare RG, Nishimori H, et al. New device 
for intraoperative graft assessment: HyperEye 
charge-coupled device camera system. Gen Thorac 
Cardiovasc Surg. 2010;58:68–77.

17. Hutteman M, van der Vorst JR, Mieog JS, et al. Near-
infrared fluorescence imaging in patients under-
going pancreaticoduodenectomy. Eur Surg Res. 
2011;47:90–7.

18. Kawaguchi Y, Ishizawa T, Miyata Y, et al. Portal 
uptake function in veno-occlusive regions evaluated 
by real-time fluorescent imaging using indocyanine 
green. J Hepatol. 2013;58:247–53.

19. Nimura H, Narimiya N, Mitsumori N, et al. Infra-
red ray electronic endoscopy combined with indo-
cyanine green injection for detection of sentinel 
nodes of patients with gastric cancer. Br J Surg. 
2004;91:575–9.

20. Tagaya N, Shimoda M, Kato M, et al. Intraoperative 
exploration of biliary anatomy using fluorescence 
imaging of indocyanine green in experimental and 
clinical cholecystectomies. J Hepatobiliary Pancreat 
Sci. 2010;17:595–600.

21. Ishizawa T, Zuker NB, Kokudo N, et al. Positive 
and negative staining of hepatic segments by use of 
fluorescent imaging techniques during laparoscopic 
hepatectomy. Arch Surg. 2012;147:393–4.

Fig. 22.4  Simulation of intraoperative fluorescence im-
aging in the near future. Future intraoperative imaging 
systems may enable the superimposition of fluorescence 
images on full-color images with information obtained 
by other pre- and intraoperative imaging modalities. Sur-
geons can obtain all the necessary information through a 
wearable display in real time during open as well as lapa-
roscopic surgery. In this picture, the operating surgeon 
wears a head-mount display (Sony Corporation, Tokyo, 
Japan) for three-dimensional laparoscopic imaging

 



27722 Fluorescence Imaging of Human Bile and Biliary Anatomy

22. Kudo H, Ishizawa T, Tani K, et al. Visualization of 
subcapsular hepatic malignancy by indocyanine-
green fluorescence imaging during laparoscopic 
hepatectomy. Surg Endosc. 2014;28(8):2504–8.

23. Kusano M, Tajima Y, Yamazaki K, et al. Sentinel 
node mapping guided by indocyanine green fluores-
cence imaging: a new method for sentinel node navi-
gation surgery in gastrointestinal cancer. Dig Surg. 
2008;25:103–8.

24. Harada K, Miwa M, Fukuyo T, et al. ICG fluores-
cence endoscope for visualization of the placental 
vascular network. Minim Invasive Ther Allied Tech-
nol. 2009;18:1–5.

25. Buchs NC, Hagen ME, Pugin F, et al. Intra-operative 
fluorescent cholangiography using indocyanin green 
during robotic single site cholecystectomy. Int J Med 
Robot. 2012;8:436–40.

26. Spinoglio G, Priora F, Bianchi PP, et al. Real-time 
near-infrared (NIR) fluorescent cholangiography 
in single-site robotic cholecystectomy (SSRC): a 
single-institutional prospective study. Surg Endosc. 
2013;27:2156–62.

27. Sherwinter DA. Identification of anomolous biliary 
anatomy using near-infrared cholangiography. J Gas-
trointest Surg. 2012;16:1814–5.

28. Ris F, Hompes R, Cunningham C, et al. Near-infrared 
(NIR) perfusion angiography in minimally invasive 
colorectal surgery. Surg Endosc. 2014;28(7):2221–6.

29. Schols RM, Bouvy ND, Masclee AA, et al. Fluores-
cence cholangiography during laparoscopic chole-
cystectomy: a feasibility study on early biliary tract 
delineation. Surg Endosc. 2013;27:1530–6.

30. Figueiredo JL, Siegel C, Nahrendorf M, et al. Intra-
operative near-infrared fluorescent cholangiography 
(NIRFC) in mouse models of bile duct injury. World 
J Surg. 2010;34:336–43.

31. Venugopal V, Park M, Ashitate Y, et al. Design and 
characterization of an optimized simultaneous color 
and near-infrared fluorescence rigid endoscopic 
imaging system. J Biomed Opt. 2013;18:126018.

32. Gioux S, Coutard JG, Berger M, et al. FluoSTIC: 
miniaturized fluorescence image-guided surgery sys-
tem. J Biomed Opt. 2012;17:106014.

33. Liu Y, Zhao YM, Akers W, et al. First in-human intra-
operative imaging of HCC using the fluorescence 
goggle system and transarterial delivery of near-
infrared fluorescent imaging agent: a pilot study. 
Transl Res. 2013;162:324–31.



279

23PET-Guided Interventions from 
Diagnosis to Treatment

Mikhail Silk, François Cornelis and Stephen Solomon

M. Silk  () · F. Cornelis  · S. Solomon
Department of Radiology, Memorial Sloan-Kettering 
Cancer Center, 1275 York Avenue, New York, NY 
10021, USA
e-mail: solomons@mskcc.org

Section 1: Basics of PET

Positron emission tomography (PET) is based 
on the physics of radionuclides that undergo β+ 
decay. The commonly used radionuclides for 
PET imaging and their respective half-lives are 
listed in Table 23.1.

As the radioisotope undergoes positron β+ 
emission, it emits a positron, an antiparticle of 
the electron with opposite charge. The emit-
ted positron travels in tissue for a short distance 
(less than 1 mm), and interacts with an electron. 
Both electron and positron are annihilated, and 
produce a pair of gamma 511 keV photons mov-
ing in opposite directions (Fig. 23.1). Only paired 
photons arriving at 180° in nanoseconds of each 
other are counted and eventually reformatted into 
an image. When photons do not happen in these 
temporal “pairs” they are ignored.

Radionuclides used for PET imaging are in-
corporated either into compounds normally used 
by the body such as glucose, water or ammonia 
or into molecules that bind to receptors or other 
sites of drug action. The radionuclide Fluorine 
18, specifically in the glucose analog 18F-fluoro-
2-deoxy-glucose (FDG), has revolutionized med-
ical management for cancer patients [1]. Based 

on the Warburg effect (i.e., increased rate of 
anaerobic glycolysis seen in cancer) tumor cells 
take up a higher percentage of FDG compared 
to normal cells [1, 2] (Table 23.2). Once me-
tabolized by the cell, the FDG becomes trapped 
(Fig. 23.2) and the higher concentration of FDG 
is visualized as a “hot-spot” on PET imaging.

PET/CT

PET imaging, while excellent to detect the pres-
ence of tumor cells, does not give information 
of anatomic location. For this reason, PET scans 
are increasingly combined with computed to-
mography (CT) or magnetic resonance imaging 
(MRI) scans, for coregistration of anatomic and 
metabolic information [3, 4]. PET and CT fu-
sion is accurate for the brain. However, fusion 
of independent CT and PET scans is more dif-
ficult at other anatomical sites. Differences be-
tween scans in patient positioning (arm position, 
supine vs. prone, etc.) result in non-linear organ 
displacement making accurate anatomical fusion 
challenging [5].

In 2000 [6], the first hybrid CT-PET system 
was described which was able to reduce the er-
rors commonly encountered with image fusion. 
Since the two scans can be performed in immedi-
ate sequence during the same session, with the 
patient not changing position, the two sets of 
images are more-precisely registered. Areas of 
abnormality on the PET imaging can be better 
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correlated with anatomy on the CT images. In 
addition to aiding in anatomic localization, the 
combination with CT aids in the correction of the 
attenuation of tissues and improves the results of 
such explorations. FDG PET/CT is able to create 

more accurate images displaying the anatomic 
location of metabolic activity [3, 4].

Section 2: PET/CT-Guided Biopsy

FDG PET images can detect malignancy before 
the tumor is large enough to be observed on 
conventional cross sectional imaging. However, 
some FDG avid findings are false-positive for 
cancer, which has led to both overstaging and 
under-treatment of patients [7–9] (Table 23.3). 
FDG PET/CT guided biopsies can aid in manag-
ing cancer patients to both diagnose cancer early 
and avoid incorrect tumor staging due to false-
positive FDG avid findings.

In vitro and in vivo studies have demonstrated 
FDG uptake is directly correlated with the num-
ber of viable tumor cells [10–14]. In tumors with 
extensive necrosis or fibrosis FDG PET/CT-guid-
ed biopsy is more likely to improve the diagnosis 
of cancer. An additional advantage of FDG PET/
CT guidance is in the follow up of surgically or 
radiation-treated tumors. Posttreatment anatomic 
changes may make conventional cross sectional 
imaging difficult to interpret. Avid findings on 
PET/CT facilitate active targeting in these situ-
ations.

Common PET/CT-Related Artifacts

The CT portion of PET/CT is captured in sec-
onds, the PET component can take a few minutes 
and this can lead to significant misregistration. 
Areas in the lungs or organs affected by respira-
tory movement require patient cooperation [15] 
or anesthesia for breath control to reduce arti-
fact from diaphragmatic movements (Fig. 23.3). 
Patients with metallic objects (i.e., metal stents, 
surgical clips, etc.) can have false positive find-
ings due to attenuation correction. X-ray energy 
is attenuated more by metallic objects than PET 
energy. This leads to overestimation of the atten-
uation for PET activity and results in artifactual 
increased FDG activity.

Table 23.1   Half-life of Various Positron Emitting 
Isotopes
Radionuclide Half-life
Fluorine 18 110 min
Carbon 11 20 min
Nitrogen 13 10 min
Oxygen 15 122 s
Rubidium 82 75 s

Table 23.2  Relative FDG-PET uptake by tumors
Tumor origin High-to-moderate Variable Low
Lung x
Colorectal x
Esophageal x
Stomach x
Head and neck x
Cervical x
Ovarian x
Breast x
Melanoma x
Lymphoma x x
Thyroid x
Testicular x
Hepatocellular x
Renal x
Bladder x
Sarcoma x
Neuroendocrine x
Prostate x

Fig. 23.1  Decay products of 18F (e+ = positron, υ = neu-
trino) and resulting annihilation with an electron (e−). Re-
sultant photons (γ) travel 180° from each other
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Fig. 23.2  Uptake of 18F-fluoro-2-deoxy-glucose ( FDG) is by the glucose transporter ( GLUT)-1 transport protein [3]. 
18F-FDG is later phosphorylated by hexokinase where it becomes trapped within the cell

 

Table 23.3   Common Areas of Physiologic Uptake of FDG. (Adapted from Kobayashi et al. 2012)
Abnormal uptake Cause Typical location
Brown adipose tissue Increased glycolytic metabolism Neck, supraclavicular area, shoulder, axilla
Thymus Physiologic, rebound hyperplasia (i.e. follow-

ing chemotherapy)
Retrosternal

Myocardium Fasting myocardium shifts to a glycolytic 
metabolism

Mediastinum (confused with lymph nodes 
or pulmonary masses)

Bone marrow Granulocyte colony stimulating factor (GCSF) 
or chemotherapy induced

Variable

Spleen Physiologic to extrasplenic infection, GCSF 
therapy, extramedullary hematopoiesis

Diffuse uptake in spleen

Skeletal muscle Heavy use/active contraction, insulin injection, 
recent surgery

Variable

Fig. 23.3  PET/CT misregistration due to diaphragmatic 
movement. CT image (a) and PET/CT fused image (b) 
demonstrating artifact from respiratory motion. The 

tumor (asterisk) appears to be supradiaphragmatic in 
PET/CT fusion due to a change in anesthesia vent settings 
during the procedure 
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Section 3: PET/CT-Guided Ablation 
and Surgery

PET/CT-Guided Ablation

Ablative technologies (e.g., radiofrequency, mi-
crowave, cryoablation, etc.) are well-established 
methods in treating tumors especially in patients 
who are not ideal candidates for surgical resec-
tion. PET/CT-guided ablations can help to ensure 
initial needle placement [16, 17] and new tech-
niques are being developed to evaluate residual 
viable tissue during the procedure [18].

A diagnostic PET/CT scan is typically ob-
tained before the PET/CT-guided procedure day. 
The prior diagnostic PET/CT scan confirms the 
avidity of the area being targeted, aids in plan-
ning, and subsequently permits a lower FDG 
dose during the procedure day since only a local-
izing PET scan is required. Additionally, local-
izing PET scans have shorter acquisition times 
(30 s–2 min compared to the typical 5 min for a 
diagnostic PET scan [15]) facilitating repetitive 
use during a procedure. Patients are instructed in 
a similar fashion when optimizing a diagnostic 
PET/CT scan to avoid caffeine and strenuous ex-
ercise as well as avoid excessive sugar intake.

Breath-hold during localizing PET/CT imag-
ing is helpful to minimize misregistration and 
distortion of small tumors in areas subject to 
respiratory motion [19, 20]. CT-fluoro or ultra-
sound can be used to guide needle placement and 
periodic fusion with the localizing PET scan can 
help guide needle trajectory. Ablative modalities 

do not dissipate radioactivity [16, 21], however 
residual FDG avidity combined with a postpro-
cedure CT can help in the assessment of ablative 
margins and can aid in confirmation of treatment 
efficacy.

A new method for real-time assessment of 
margins involves splitting the dose of FDG ad-
ministered [22]. A standard dose of 12 mCi 
(444 MBq) is divided into a localizing dose 
4 mCi (148 MBq) and a treatment efficacy dose 
of 8 mCi (296 MBq). By the time, the ablation 
has concluded the majority of the localizing 
dose decays away. The second FDG dose, by the 
time the postablation PET is acquired, is close to 
seven times the activity of the original dose. The 
PET acquisition is dominated by the second dose 
such that residual activity of the first dose is not 
registered by the PET scanner (Fig. 23.4).

A major technical concern regarding ablations 
is the inability to measure the margin of the abla-
tion. Current surrogates for margin assessments 
(CT measurement of ablation defect in relation 
to original tumor size [23], identification of vi-
able tissue adherent to ablation probe [24, 25]) 
are limited. False negative findings commonly 
occur due to vascular injury or procedural edema 
prohibiting contrast enhancement [26]. The ben-
efit of the split-dose technique is the ability to 
confirm that an ablation was at least an “A1 abla-
tion” similar to an R1 resection. The treatment ef-
ficacy dose does not guarantee 100 % tumor cell 
death, but lack of avidity on post ablation scans 
represent the reduction in viable cancer volume 
below the threshold for FDG PET/CT detection.

Fig. 23.4  Images during split dose PET-guided ablation. 
Localizing PET/CT after administration of 4 mCi of FDG 
demonstrating avid tumor in liver (a). Post insertion of 
Irreversible Electroporation (IRE) electrodes (b, black 

arrows). Post ablation PET/CT while patient is still on 
the procedure table after administration of an 8 mCi dose 
shows loss of uptake in the ablated area 
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PET/CT-Guided Surgery

A major challenge facing surgeons is the correla-
tion of preoperative PET scans with intraoperative 
findings. Hand-held PET gamma cameras which 
detect 511 keV photons [27] and novel probes 
able to detect beta emissions [28] have had prom-
ising results. Similar to PET-guided percutaneous 
ablations a diagnostic PET is obtained before the 
date of surgery to confirm avidity of the area in 
question and aid in procedure planning. On the 
operation date 5–15 mCi of FDG are injected and 
physical activity should be kept to a minimum 
for 60 min post injection. Surgical exploration 
is scheduled 2–4 h after administration of FDG. 
The gamma camera is used to evaluate areas with 
abnormal uptake visualized on pre-op PET scans. 
A target to background ratio (TBR) of 1.5:1 [29] 
differentiates tumor tissue from normal adjacent 
tissues and areas with high TBR should be inves-
tigated.

TBR is affected by physiologic uptake and 
accumulation. Areas around the brain, heart, kid-
neys, and bladder can be challenging to assess ac-
curately. Background radiation from physiologic 
uptake tends to decrease over time compared to 
tumor activity, which remains stable for a lon-
ger period. Planning the time required between 
injection and surgical exploration is particularly 
important when investigating these challenging 
areas.

Radiation Dose for PET-Guided 
Procedures

Safety studies of radiation dose from intra-oper-
ative [30, 31] and percutaneous [32] PET-guided 
procedures have demonstrated no significant dif-
ference in radiation exposure compared to fluo-
roscopically guided procedures if proper tech-
niques are followed. In PET, the source of radia-
tion (511 keV) is significantly higher than that of 
CT (140 keV). Personal protective devices such 
as lead shielding, aprons, and glasses are ineffec-
tive against PET radiation [33]. However, proper 
techniques similar to CT-guided procedures; 
such as limiting exposure time and increasing 

distance from patient when feasible, were shown 
to reduce overall radiation dose during PET/CT 
procedures [32]. In addition, since a majority of 
FDG is excreted in the urine [34], patients should 
void before being prepped for the procedure.

Section 4: Monitoring Treatment 
Response After PET-Guided 
Procedures

Postoperative PET monitoring can detect resid-
ual disease months before findings are defini-
tive on contrast enhanced CT imaging [35–38]. 
Local control rates for ablative techniques with 
newer technologies (i.e., MWA) may be as high 
as 88–96 % [39–41], and detection of local recur-
rence at an earlier time may allow for repeat cu-
rative therapy. The resolution of PET activity has 
a negative predictive value of 96–100 % [35, 42]. 
The ideal time interval for repeat PET/CT imag-
ing is controversial since inflammatory changes 
are likely to be present after any intervention and 
foci of increased FDG uptake do not always rep-
resent residual disease.

Lung tissue is especially prone to having in-
creased uptake not related to local recurrence fol-
lowing treatment [37, 42, 43]. At 3 months, the 
diagnostic accuracy of a PET/CT scan following 
RFA ablation of a lung tumor was 66 % (sensi-
tivity 91 %, specificity 63 %, positive predictive 
value (PPV) 23 %, and negative predictive value 
(NPV) 98 %) [42]. Some FDG uptake patterns are 
more indicative of treatment failure (Fig. 23.5). 
Focal uptake (Fig. 23.5b) or a rim with a focus 
at the site of the original lesion (Fig. 23.5f) is 
more likely to represent recurrent disease [37]. A 
negative 3-month PET/CT is useful in ruling out 
residual disease but positive findings need to be 
confirmed by biopsy before subsequent treatment 
is indicated.

PET/CT following local liver treatment is ac-
curate even with short duration follow up and of-
fers earlier detection of recurrence over contrast 
enhanced CT or MRI imaging [44–46]. Similar 
to lung tissue, a negative PET/CT has a NPV of 
96–100 %, but unlike the lungs, a positive PET/
CT is more indicative of residual disease with 
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a PPV of 80–97 % [35, 47–50]. Nonspecific 
rim enhancement (Fig. 23.5c) can be observed 
within 5 months [38] and should not prompt in-
tervention without histological confirmation. A 
3-month PET/CT is useful in ruling out residual 
disease and positive findings, with the exception 
of non-focal rim enhancement, should be consid-
ered highly suspicious for local recurrence.

The clinical usefulness of PET/CT in the post-
treatment of other areas of the body is promising. 
In follow up of patients with treated breast cancer 
PET/CT is reported to have a diagnostic accuracy 
of 91 % (sensitivity 91 %, specificity 92 %, PPV 
95 %, and NPV 88 %) [51, 52]. PET/CT’s role 
is currently being investigated for the treatment 
response of soft tissue tumors, but preliminary 
reports are promising in its ability to differentiate 
between pathologic and benign findings [53, 54].

Conclusion

PET/CT has revolutionized the standard of care 
for cancer patients. Whereas the role of PET/CT 
in cancer staging is well established, integrating 
metabolic imaging into procedures is a new and 
rapidly expanding field. PET guidance during 
procedures allows for identification and targeting 

of tumors previously impossible to identify with 
conventional modalities. New PET techniques 
facilitate an immediate assessment of therapeutic 
margins allowing for repeat intervention while 
patients are still on the operating table. PET/CT 
use in posttreatment follow up can identify local 
recurrence at a shorter time point when a repeat 
intervention is still possible.
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