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Colonoscopy screening with a conventional 2D colonoscope is known to reduce
mortality due to colorectal cancer by half. Unfortunately, the protective value of
this procedure is limited by missed lesions. To improve the sensitivity of
colonoscopy to precancerous lesions, 3D imaging techniques could be used to
highlight their characteristic morphology. While 3D imaging has proved beneficial
for laparoscopic procedures, more research is needed to assess how it will
improve applications of flexible endoscopy. In this editorial, we discuss the
possible uses of 3D technologies in colonoscopy and factors that have hindered
the translation of 3D imaging to flexible endoscopy. Emerging 3D imaging
technologies for flexible endoscopy have the potential to improve sensitivity, lesion
resection, training and automated lesion detection. To maximize the likelihood of
clinical adoption, these technologies should require minimal hardware modifica-
tion while maintaining the robustness and quality of regular 2D imaging.

In conventional 2D endoscopy, physi-
cians must infer the 3D environment
they are examining from indirect cues,
such as shading and movement parallax.
The lack of direct depth information
requires significant training to become
accustomed to and can lead to fatigue,
reduced efficiency and decreased accu-
racy. These drawbacks have prompted
commercial manufacturers to incorporate
a variety of technologies capable of 3D
imaging in their rigid laparoscopes,
which are now used in applications
ranging from urology and gynecology,
to general surgery and training. Surpris-
ingly, 3D technologies have yet to trans-
late to flexible endoscopes on a wide
scale. This is likely due to both differing
clinical needs and technological con-
straints in laparoscopy compared with
flexible endoscopy. Laparoscopes are
most often used in surgical procedures,
which frequently involve complex 3D
tasks such as suturing and dissection.
Flexible endoscopes, on the other hand,
are primarily used in diagnostic proce-
dures and for taking simple biopsies,
where the need for 3D visualization is

less apparent. Furthermore, flexible

endoscopes must pack more features into
a single device than a typical laparoscope,
which limits the space available to
include the components conventionally
needed to achieve 3D functionality.
Here, we argue that there are several
applications of flexible endoscopy that
would benefit from 3D information and
discuss emerging 3D technologies that
may be suitable within the unique con-
straints of these applications. In particu-
lar, we focus on one of the most
common procedures using a flexible
endoscope — the colonoscopy.
Colonoscopy  screening has  been
shown in large populations to reduce the
risk of death from colorectal cancer by
approximately half. The primary goal of
this procedure is to examine the colon
and identify and remove precancerous
lesions called adenomas, which often
have characteristic 3D morphology.
However, these adenomas are frequently
missed during screening colonoscopy,
with polyp miss rates of 10-30%
observed in tandem colonoscopy stud-
ies [1]. Moreover, non-polypoid lesions
are even more difficult to identfy and
are not screened for outside of Japan [2].
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Clearly, missed lesions are significantly limiting the protec-
tive value of screening colonoscopy. One accepted way to
enhance lesion contrast is by spraying an indigo dye into the
lumen and genty rinsing it away. In this technique, called
chromoendoscopy, the dye accumulates at edges and crevices in
the mucosa surface, effectively highlighting the high-frequency
surface topology. Chromoendoscopy is known to increase
adenoma detection rate but is not used routinely in colono-
scopy screening because it typically doubles or triples the proce-
dure time. This indicates that there is a need for 3D imaging
techniques that increase lesion contrast without increasing pro-
cedure time. A 3D imaging technique may be valuable in
improving the adenoma detection rate in routine colonoscopy
screening.

In addition to improved lesion detection rates, there are sev-
eral other applications where 3D imaging may be valuable in
improving colonoscopy. When a clinically significant lesion is
found, it can be challenging to remove. The polypectomy must
remove the entire lesion, while minimizing bleeding and main-
taining the integrity of the colon wall. There are a variety of
techniques and tools for these procedures, most of which repre-
sent a challenging, inherently 3D task. The placement of the
snare, in particular, may benefit from depth information. With
non-ideal placement, the lesion can escape the snare, or, worse
yet, the colon can be perforated. Better 3D guidance of the
lesion removal may reduce complications and decrease proce-
dure time in screening colonoscopy. Similar to benefits already
observed in laparoscopy, 3D colonoscopy may also reduce
training requirements and the problem of physician-fatigue. 3D
imaging may also be helpful for reconstructing a large area of
the colon (i.e., ‘mosaicking’) and for estimating the portion of
the colon surface that was missed to provide a quality or cover-
age metric [3]. Lastly, to date there has been little success in
implementing reliable algorithms for computer-aided detection
(CAD) of lesions. The additional information gathered in 3D
imaging has enormous potential to improve the performance of
CAD algorithms. Improved CAD algorithms could be espe-
cially useful considering that, in order to be cost-effective,
the examination part of a routine colonoscopy screening must
be performed quickly (typically in less than 10 min), and time
pressures may be contributing to missed lesions [4].

Most implementations of 3D laparoscopy incorporate two
cameras in the endoscope tip to record stereo images. This
approach works in laparoscopy because different entry ports
can be used to introduce the needed tools and it is sometimes
practical to have one port dedicated to imaging. But this
approach is incompatible with colonoscopy because everything
must be done in one endoscope. In addition to imaging and
illumination, this includes channels for fluid exchange and
manipulation tools. These features must be packed into an
endoscope of less than 14 mm outer diameter. Considering
these physical limitations in colonoscopy, an ideal approach
to obtaining 3D information would be to implement a
software-based technique. Software techniques to infer the 3D
structure of the colon from video streams exist, and include

simultaneous localization and mapping (5], computational
stereo [6] and shape from motion (7). Changes in illumination
with depth and surface orientation have also been used to
recover the 3D structure of the colon from a single image using
the shape from shading technique [89]. A fusion of shape from
shading and shape from motion has also been explored [10].
Tubular models of the colon and its folds in conjunction with
contour detection techniques have also been used to recover its
3D structure [35]. However, all these techniques require either
images from different points of view of the same region of the
colon or strong assumptions to solve an ill-posed problem. Fur-
thermore, the colon environment is constantly deforming dur-
ing a colonoscopy, making video-based software reconstruction
especially challenging.

In addition to software-based approaches, 3D endoscopy
techniques utilizing dedicated hardware have also been
explored. In general, these techniques are more robust for cap-
turing the 3D environment, but are difficult to implement
within the physical constraints of a colonoscope. The use of
shape from polarization [11] requires the addition of a rotating
polarization filter to the objective, and is incompatible with
anti-specular  cross-polarization filters. Structured illumina-
tion [12] requires a light pattern projection system that is
complex to implement in forward-viewing endoscopes. Time-
of-flight 3D endoscopy [13] sensors are not available in a minia-
turized form factor that would allow their use in colonoscopy.
Our recent work on photometric stereo endoscopy (PSE) [14] is
an advance toward compatibility of 3D imaging with flexible
endoscopy systems. A major strength of this technology is that
it requires two relatively minor changes to an existing colono-
scope: synchronized switching of multple light sources and
updated software implementing the PSE algorithm to compute
surface orientations.

PSE can acquire the high frequency topography of the field
of view in real-time using a conventional endoscope camera.
Inidal tests of the technology validated the ability to capture
the shape of small features in tissues with heterogeneous optical
properties, including lesions in gastrointestinal tissue. Because
of the minor modifications required to an existing colonoscope,
PSE is straightforward to implement with a commercial endo-
scope and the technique is now undergoing evaluation in a
human clinical colonoscopy trial. Nevertheless, there are some
disadvantages and obstacles that may ultimately limit PSE from
clinical utility. First, the current implementation of the techni-
que does not measure the low frequency variations in object
shape. Second, PSE is an inherently qualitative technique. The
absolute depths in the field of view cannot currently be deter-
mined. Despite these disadvantages, there is still evidence that
qualitative, high-frequency-only topography may be useful in
identifying lesions — this is, in fact, the same contrast that
chromoendoscopy shows.

Several open questions remain concerning the ultimate use-
model for 3D colonoscopy. What will be the most useful way
to visualize the additional data acquired by 3D colonoscopy?
Will the value resulting from a 3D view of the colon be
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enough to merit the adoption of these more expensive, more
complex technologies in routine colonoscopy screening? Can
3D colonoscopy be used in such a way as to not increase pro-
cedure time? Can sufficient sensitivity be achieved for sugges-
tions from 3D-enhanced CAD to be trusted by the physician?
The first implementations of 3D laparoscopy were intro-
duced over two decades ago, but were not adopted until
recently because they generated poorer-quality images and were
difficult to visualize when compared with the conventional 2D
alternatives [15]. Now that more sophisticated 3D technologies
are proving beneficial in laparoscopy, it is time to investigate

how 3D imaging can improve applications of flexible endos-
copy, such as colonoscopy.
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