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Optical Biopsy of Bladder Cancer
Using Crowd-Sourced Assessment
Crowdsourcing and optical biopsy are emerging technologies
with broad applications in clinical medicine and research.
Crowdsourcing, an interactive digital platform that uses mul-
tiple individual contributions to efficiently perform a com-
plex task, has been successfully used in diverse disciplines
ranging from performance assessment in surgery to optimi-
zation of tertiary protein conformations.1,2 Optical biopsy tech-
nologies provide real-time tissue imaging with histology-like
resolution and the potential to guide intraoperative decision
making.3-5 An example is confocal laser endomicroscopy (CLE),
which can be used for the diagnosis and grading of bladder
cancer.6 To further assess the adoptability of optical biopsy as
a diagnostic tool, we applied crowdsourcing to determine the
barriers to learning how to diagnose cancer using CLE. We hy-
pothesized that a nonmedically trained crowd could learn to
rapidly and accurately distinguish between cancer and be-
nign tissue.

Methods | Amazon Mechanical Turk (Amazon.com) users were
recruited as the crowd using a software platform developed
by C-SATS. Each crowd worker first completed a validated train-
ing module6 and answered a standard screening question, and
then assessed a CLE video sequence randomly selected from
a set of 12 sequences derived from a benign (n = 3) or cancer-
ous (n = 9) urothelium (Figure 1). Videos were previously an-
notated by an expert user (J.C.L.), and diagnoses were con-
firmed by pathology under a Stanford University institutional
review board–approved protocol. For a video to be catego-
rized as showing a cancerous urothelium, correct classifica-
tion by at least 70% of the crowd, which is the lowest statis-
tical threshold for differentiation from random guessing, was
required. Agreement with the expert user by at least 70% of
crowd workers was also used to classify microscopic features
with 2 categories (papillary structure, organization, morphol-
ogy, cellular cohesiveness, and cellular borders). Microscopic
vascular features with 3 categories were categorized based on
a lower threshold of 35% agreement. Crowd workers were com-
pensated 50¢ for each video assessed and blinded to patient
history and diagnosis.

Results | A total of 1283 ratings from 602 crowd workers were
received in 9 hours, 27 minutes. A total of 1173 ratings were
eligible for analysis based on correct screening response. The
crowd accurately distinguished a cancerous urothelium
from a benign urothelium in 11 of 12 video sequences (92%)
(Figure 2). The single erroneous classification was of low-
grade bladder cancer. In the assessment of microscopic char-
acteristics, the crowds achieved the highest accuracy for cel-

lular borders (10 of 12 video sequences [83%]), followed by
vascularity (9 of 12 video sequences [75%]), organization (8
of 12 video sequences [67%]), and cellular cohesiveness (7 of
12 video sequences [58%]). One video was not included in
the analysis of cellular morphology (8 of 11 video sequences
[73%]) because it contained both monomorphic and pleo-
morphic cells, but the crowd workers were not given the
option to select both. The diagnostic accuracy was lowest for
flat vs papillary characterization (6 of 12 video sequences
[50%]).

Discussion | Hurdles for dissemination of new diagnostic
technologies in surgery include clinical validation, over-
coming the learning curve, and result interpretation. We
hypothesized that crowdsourcing may provide an efficient
and cost-effective means for technology evaluation and
refinement of the educational curriculum. To validate CLE
for intraoperative optical biopsy of bladder cancer, we pre-
viously found high diagnostic accuracy and moderate
interobserver agreement for image interpretation by 15 nov-
ice CLE users, including urological surgeons, pathologists,
and engineers.6 Herein, using crowdsourcing, we efficiently
expanded our study to a considerably larger crowd. After a
brief training module, the crowd achieved an overall diagnos-
tic accuracy of 92% for cancer classification and exceeded
70% accuracy for cellular borders, vasculature, and cellular
morphology. The lower accuracy for cellular cohesiveness,
organization, and papillary structure suggests a path toward
further refinement of the CLE training curriculum. The limi-
tations of our study include a lack of demographic informa-
tion for crowd workers and a limited number of video
sequences. Overall, the diagnostic accuracy achieved with
crowdsourcing demonstrates the relative ease of learning an
optical imaging technology for enhanced detection of can-
cer and a complementary strategy to evaluate new surgical
technologies.
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Figure 1. Representative Screenshots of Online Modules for Crowd-Sourced Assessment of Bladder Cancer Using Confocal
Laser Endomicroscopy (CLE)
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A, Each crowd worker was presented with a computer-based CLE training module that included previously validated diagnostic criteria of a cancerous urothelium
and a benign urothelium. B, Crowd workers were then asked a test question. An incorrect answer excluded the crowd worker’s responses from subsequent analysis.
C, Crowd workers were randomly assigned to evaluate 1 of 12 video sequences. The video sequences consisted of 3 benign urothelia and 9 cancerous urothelia (4
low-grade carcinomas and 5 high-grade carcinomas). Crowd workers were asked to designate the video image as cancer or benign, as well as evaluate 6 microscopic
features (flat vs papillary, organization, morphology, cellular cohesiveness, cellular borders, and vascularity). Crowd workers could elaborate on their observations
with free text responses. Additional CLE videos could be reviewed by reentering the system. Each CLE video received a minimum of 100 responses.
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Figure 2. Diagnostic Accuracy of Crowd-Sourced Assessment of Confocal Laser Endomicroscopy Imaging for Bladder Cancer
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To classify a video image as a cancerous urothelium, a threshold of 70%
agreement by the crowd was used on the basis that this represented the lowest
percentage with a 1-sided 90% CI that excluded a random classification for
cancerous vs benign by the crowd. The crowd was able to accurately distinguish
between a cancerous and a benign urothelium in 11 of 12 video sequences

(92%), with 1 video sequence of (low-grade) cancer incorrectly classified as
benign. Diagnostic accuracy was lowest for papillary structure; this provides a
presumptive explanation for the single erroneous video classification for which
the majority of crowd workers missed the presence of neoplastic papillary
features.
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