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Abstract

Background: The aim was to develop scalable Whole Slide Imaging (sWSl), aWSI system based on mainstream smartphones
coupled with regular optical microscopes. This ultra-low-cost solution should offer diagnostic-ready imaging quality on par with
standal one scanners, supporting both oil and dry objective lenses of different magnifications, and reasonably high throughpuit.
These performance metrics should be evaluated by expert pathol ogists and match those of high-end scanners.

Objective: The aim wasto develop scalable Whole Slide Imaging (SWSl), awhole slide imaging system based on smartphones
coupled with optical microscopes. Thisultra-low-cost solution should offer diagnostic-ready imaging quality on par with standalone
scanners, supporting both oil and dry object lens of different magnification. All performance metrics should be evaluated by
expert pathologists and match those of high-end scanners.

Methods: Inthe SWSI design, the digitization processis split asynchronously between light-weight clients on smartphones and
powerful cloud servers. The client apps automatically capture FoVsat up to 12-megapixel resolution and processthemin real-time
to track the operation of users, then giveinstant feedback of guidance. The serversfirst restitch each pair of FoV's, then automatically
correct the unknown nonlinear distortion introduced by the lens of the smartphone on the fly, based on pair-wise stitching, before
finally combining al FoVsinto one gigapixel VS for each scan. These V Ss can be viewed using Internet browsers anywhere. In
the evaluation experiment, 100 frozen section slides from patients randomly selected among in-patients of the participating
hospital were scanned by both ahigh-end Leicascanner and sSWSI. All V Sswere examined by senior pathol ogists whose diagnoses
were compared against those made using optical microscopy as ground truth to evaluate the image quality.

Results: The sWSI system is developed for both Android and iPhone smartphones and is currently being offered to the public.
Theimage quality isreliable and throughput is approximately 1 FoV per second, yielding a 15-by-15 mm slide under 20X object
lens in approximately 30-35 minutes, with little training required for the operator. The expected cost for setup is approximately
US $100 and scanning each dide costs between US $1 and $10, making sWSl highly cost-effective for infrequent or low-throughput
usage. In the clinical evaluation of sample-wise diagnostic reliability, average accuracy scores achieved by sWSI-scan-based
diagnoses were as follows: 0.78 for breast, 0.88 for uterine corpus, 0.68 for thyroid, and 0.50 for lung samples. The respective
low-sensitivity rates were 0.05, 0.05, 0.13, and 0.25 while the respective low-specificity rates were 0.18, 0.08, 0.20, and 0.25.
The participating pathologists agreed that the overall quality of SWSI was generally on par with that produced by high-end
scanners, and did not affect diagnosis in most cases. Pathologists confirmed that SWSI is reliable enough for standard diagnoses
of most tissue categories, while it can be used for quick screening of difficult cases.

Conclusions: Asan ultra-low-cost aternative to whole dlide scanners, diagnosis-ready VS quality and robustness for commercial
usage is achieved in the SWSI solution. Operated on main-stream smartphones installed on normal optical microscopes, sWSl
readily offers affordable and reliable WSI to resource-limited or infrequent clinical users.
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Introduction

Virtual slides (V Ss) generated from whole slideimaging (WSl)
systems are an essential component of digitized diagnostic
processes, asthey provide extended fiel ds-of-view (FoV's) under
microscopes without handling specimens physicaly [1,2]. In
addition to providing a basis for automated analysis [3-5], the
reliability and efficiency of VSs is widely considered on par
with traditional light microscopy (or even superior in certain
cases [6-9]), making it one of the main trends in both digital
pathology and bioinformatics [10-12]. The conversion from
direct observation to digitization has been dramatic [13], even
though the technology is still under heavy development and
shows performance bottlenecks that may not be broken in the
near future [14,15].

In practice, however, automated scanners that are commonly
used to capture and process such data cost approximately US
$50,000 or more up-front, even for low-frequency usage. In
many developing countries, this financial obstacle alone has
significantly impeded modernizing related departments in
hospitals [16], such as that of pathology in China. Lacking
digitization undermines productivity and diagnostic accuracy,
commonly leading to poorer administrative attention and tighter
budgets, thus forming a vicious cycle.

In recent years, two alternative solutions have attracted much
academic and commercial interest. One solution isaborting the
automation feature, thus leaving the operator to control the
microscope manually, reducing the product package to a
dedicated digital camera and software [17-19], and costing as
little as US $10,000. Other attempts have made use of
smartphones, which not only have integrated capturing and
processing abilities, but are also widely distributed among
clinical professionals, thus lowering the start-up cost to near
zero. A small number of productsin the latter category in both
research and commercial stages have been evaluated by clinical
professionals [20], but to the knowledge of the authors, all are
made exclusively for relatively expensive iPhones and are not
yet commercially available. Although rarely explained explicitly,
robustness of full automation and guarantees of successful
V Sgeneration could be serious obstacles between publishable
research and commercial products. Additionally, diversity in
hardware and operating systems might be the reason that
Android phones, although dominating handset markets in
developing countries, are largely ignored.

In this paper, a WSl system on mainstream smartphones that
just became publicly available with commercial-quality and

http://mhealth.jmir.org/2017/9/e132/

low cost (named scalable WSI; sSWSI [21]), is introduced and
evaluated. sWSl offersfast and reliable WSI on most handsets,
average Androids or flagship iPhones alike, reducing the
up-front cost to approximately US $100 and the average service
cost per scan is aslow as US $1. Pathologists recognize swWSl
as an atractive aternative to stand-alone scanners, especially
for quick scans (eg, frozen sections) as well as
medium/low-frequency usages.

Beyond technical development of the SWSI system, thisresearch
also included evaluating it with cryosections, also known asthe
frozen section procedure. Cryosectioning is widely used in
oncological surgeries, which require significantly faster
preparation and diagnoses compared to traditional histology
techniques. Frozen section samples have much lower technical
quality, making them very difficult to analyze for whole slide
scanners [22], but this process offers a good challenge to test
the limits of sSWSI.

Methods

System Overview

There aretwo essential and costly componentsin atypical WS
scanner: the capturing unit, typically a set of lenses with a
distortion-calibrated digital eyepiece; and on-board or external
high-performance computers. Like any dedicated devices, since
both parts are specifically built for the system, they are mostly
nonproductive when the system isidle and thus waste much of
their value when underused. Unfortunately, this is commonly
the case for smaller hospitalsin which complicated pathol ogical
diagnoses occur only occasionally. Thissituation, coupled with
consumer electronics performance approaching that of
medical-grade tools, led to the idea of creating SWSI with the
structure illustrated in Figure 1.

Hardware

To provide full WSl functionality at a dramatically lower cost,
SWSI aimsto reduce the cost of both hardware necessities. For
the optical part, sSWSlI reversibly upgrades existing microscopes
with built-in cameras of smartphones and compensates for the
unknown optical distortions computationally, as discussed in
detail in the On-the-fly Image Distortion Correction subsection
below. For the computing part, SWSl utilizes smartphones for
light-weight real-time processing and transfers the major bulk
of the work to shared remote servers to alow
temporal-multiplexing for improving utilization rate and
cost-sharing.
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Figurel. Simplified sSWSl solution structure.
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Table 1. Minimal and optional hardware specifications.

Kernel Data
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Shared

Remote
Server

Item

Minimal Specification

Recommended Specification

Operating System Version
Central Processing Unit

Camera 3 megapixels

Android 4.2 or iOS 9
Dual-core @ 1.2 GHz

N/A
Quad-core @ 2.4 GHz
12 megapixels

Although the prices of mainstream smartphones vary widely,
much of the cost comes in the form of user-friendly features
(eg, security or battery life) that are largely irrelevant to SWSI.
Thanks to the fast expansion of smartphone markets, their
cameras, which used to be the critical link in such clinical
applications, are now on par with main-stream dedicated digital
eyepieces[23,24]. Overal, newer smartphone models can easily
meet the minimal requirementslistedin Table 1 at pricesaslow
as US $100. It should also be noted that the higher-end
smartphones that meet the optional specification for better
performance may be bought at deep discounts as used or
refurbished, which may suffer short battery life or a repaired
screen, but do not affect the performance of sWSl.

Figure 2. Typical hardware setup (left) and user interface (right).
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Most professionalsin research and health care services already
own a handset that meetsthe criterialisted in Table 1, so SWS
requires installing only one adapter for each pair of existing
smartphone and optical microscope. These
microscope-smartphone adaptors are available with many
commercial options as well as open-source designs for
do-it-yourself 3-dimensional printing [25], although the ones
specifically built for each phone model are preferred, to
minimizethe need for adjusting camera-eyepiece alignment and
to block disrupting light sources. One setup is demonstrated in
Figure 2, utilizing a used iPhone 6 costing US $200 installed
on an Olympus BH2-BHS microscope with a scal Scope adapter,
which took about 15 seconds to set up, and was used for the
clinical evaluation discussed later.
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Software

In addition to image compressing, transferring and VS
synthesizing is needed in any whole slide scanning systems,
and the software in sSWSI is aso responsible for automatically
measuring and compensating hardware diversity. Unfortunately,
fully localizing many of these functionsis beyond the reach of
mass produced mobile devices. Synthesizing the VSfrom FoVs
requires at least several gigabytes of random access memory
and sequentially processing hundreds of FoVsat full resolution
can take an hour or more on a mobile central processing unit
(CPU). The VSs will be stored remotely anyway, so there is
little extra cost in moving the bulk of processing onto remote
servers, as implemented in sWSI. The downside of this
distributed computing model isintroducing significant risks of
failure by splitting the processing work-flow into asynchronous
halves, but in sSWSI this is solved, as explained in Fail-Proof
Distributed Processing subsection below.

Another practical issue worth noting isthat due to architecture
and driver support issues beyond the scope of this paper, most

Yuet a

Android phones only support JPEG image capture at higher
resolution, which cannot be directly processed pixel-by-pixel.
This issue significantly constrains data flux since each FoV
taken must go through an extra encoding-decoding routine
costing several hundred milliseconds, depending on CPU power
and resolution. As a result, the SWSI Android app limits the
capturing resolution to approximately 3 megapixels and
generally achieves throughput of approximately 1 to 3 FoVs
per second, except for rare models with drivers offering
high-resolution pixel data of images captured.

Fail-Proof Distributed Processing

Basic Scan Procedures and | nteraction

In sWSI, a smartphone client app is responsible for gathering
user inputs, capturing and processing the FoV's, and guiding
usersinteractively, with auser interface during the scan (Figure
2). Thereisvery little difference between the scanning procedure
with sSWSI shown in Figure 3 and that practiced by most
microscope users, except for choosing afew parameters.

Figure 3. Microscope observation procedures adapted for sWSl. ROI: region of interest.

Procedure Start

v

[ One-time Hardware Setup
v

» Normal Observation Procedure
-» Additional Action with sWSI
+— Replacing Normal Action

Place the Slide, Choose

lens and Focus
¥

Move the Slide, Adjust

Choose Magnification
Click Start Scan

Focus If Needed to Take a
Quick view
A4
‘ Overview clear |

Overview/Scanning Stage

ROI checking/Capturing Stage

Pause

L ‘ Notify App
Il Update
Move the Slide and | [ Mﬁagn“lflcatlon

Check/Capture ROI

h J

Mail Certain Slides to
Collages

Share the Virtual Slides
with Collages

¥

< Procedure End >

http://mhealth.jmir.org/2017/9/e132/

RenderX

JMIR Mhealth Uhealth 2017 | vol. 5 | iss. 9| €132 | p. 4
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MHEALTH AND UHEALTH

Table 2.
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Error code

Description

Moving too fast
Lost

The trandlation istoo far, so the KP matching in SURF may be unreliable

No reliable translation can be obtained: the causes cannot be further distinguished by the machine but should be
noticeable to the users, such as moving so fast that there islittle overlapping between the current pair of FOV's or

the camerais out of focus
Touching a boundary

No error Thetrandation isreliable

There are few KPs detected, so the FoV islikely near aboundary

Real-Time Feedback on Clients

Theclient's share of processing focuses on speed and robustness
instead of accuracy, and therefore uses down-sampled copies
of camera input. An agorithm roughly estimates pairwise
tranglation of FoV's by stitching each captured FoV with the
last one through key point (KP) detection and matching with
the speeded-up robust features (SURF) algorithm [26,27]. This
trandation is then used in three ways: updating a mini-map
illustrating current location on the slide, feeding a finite-state
machine to manage the kernel asynchronously, and providing
feedback to users as guidance for operating the microscope.
The feedback and their trigger descriptions are listed in Table
2.

With usersfollowing the hints, sWSI essentially createsaclosed
feedback loop that alows scan-time interference against
potentia failure, such as inability to focus properly on thick
samples or to track positioning on barren regions. This
mechanism prevents most flops due to sample preparation and
user operation before spending a long time in completing the
scan, which is acommon issue with automatic scanners.

Full Resolution Processing With A-Priori Knowledge
on Servers

The cloud servers in sWSl are the primary powerhouses of
computation. With full resolution FoV's and scan results from
clients, serversrestitch the adjacent FoV's at maximal accuracy,
correct distortion, and generate the virtual whole dlide. The
asynchronous two-staged stitching performed respectively on

Figure 4. Adaptive thresholding in SURF.

the clients and servers, however, has inherent weak spots on
both stahility and efficiency.

The FoV pairwise stitching is based on KP detection and
matching, whose outcome in turn is resolution-dependent. As
aresult, such outcomesin down-sampled and original resolution
may potentially be significantly inconsistent. In many cases, as
in amost every VS constructed from 100 FoV's or more with
prototypes of sWSl, the full-resolution stitching produced
unreliable matching at least once.

Conversdly, by thelaw of large numbers, it isdesirableto match
as many KP pairs as possible for accurate estimation of the
FoV-wise matching function, especially wherethisfunction has
high degrees of freedom (as is the case of sWSI where raw
images are nonlinearly distorted in unknown patterns). The
computational cost of brute-and-force KP matching, however,
grows quadratically with the number of KPs.

To resolve both issues at once, sWSl employs an a-priori
knowl edge-based SURF K P detection and amatching algorithm
on the server. SURF detects KPs from avirtual image pyramid
that has lower resolution on higher layers. In sWSl, instead of
detecting with one threshold across al layers, multiple
thresholds are chosen adaptively as described in Figure 4.

Afterwards, instead of brute-and-force matching by calculating
difference of al pairs of KPs and picking the optimal set of
matches, sWSl selectively calculates those within a constant
distance from the coordinates indicated by the scan stage
trand ation with up-sampling and assumes al othersareinfinitely
large. Figure 5 further details this process.

First, one threshold ¢, is picked to ensure at least p;ny,, KPs are detected on layers

[Las: Lmax] in total, where p;, > 1is a constant multiplier, ny,, is the number of KPs detected
in the down-sampled copy during scan, l,,,4 is the index of the upper most layer, and 14 is
derived from the power-of-two down-sample rate during scan ry, as

lgs = log,rgs, lgs EN €Y)

Next, threshold t;, i € [0, [4,) for detection on layer i is adaptively chosen so that p;n, KPs
are detected on each lower layer, where p; > 0 is another constant. With this thresholding
approach, most KPs on the scan stage can be detected at full resolution with additional ones
from lower layers that are more localized but with higher resclution, while the total number
of KPs is controlled by p,, and p; and would not overexpand.

http://mhealth.jmir.org/2017/9/e132/

JMIR Mhealth Uhealth 2017 | vol. 5 | iss. 9| €132 | p. 5
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MHEALTH AND UHEALTH

Figure5. Computational benefits of selective KP matching.
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Assuming there are My, and My, KPs detected respectively on the pair of FoVs and
approximately k other KPs within each KP's selected matching region, a brute-and-force
matching needs to calculate differences of my,qmy,, KP pairs while the proposed method
does so only (Mo + Mypo)k times. Considering that the myy,; is in the range of thousands
while k is usually under 10, the proposed modification dramatically reduces calculation, yet

yields nearly identical results.

Since KP matching takes a large number of float point
operations and consumes alarge portion of time, this reduction
boosts the overall efficiency of SWSI by over 50%.

On-the-Fly Image Distortion Correction

When stitching each FoV pair to match KPs, the projection
function can be in any format as long as it minimizes error
without overfitting. Combining all FoVsinto asingle continuous
view, however, requires the projection to be linear so the
nonlinear distortion must be corrected first. If the distortion is
not corrected, the order of the stacked-up nonlinear transfer
function of each FoV onto the whole dlide will keep growing
by each FoV and become very inefficient to solve.

Designed to fit any combination of microscope and smartphone
model, sWSl assumes a generalized high-order polynomial
(HOP) inverse-distortion model [28], which mathematically
approximates any function with margina error if the order is
sufficiently high, as proven by Taylor's theorem [29].
Specifically, it is assumed that there exists a constant but
unknown HOP projection function for each scan procedure that
mapstheraw FoVsinto acorrected 2-dimensional space, where
any matched pixel pairs in overlapping FoV's share the same
phase difference for that FoV pair. After the raw FoVs are
corrected by a HOP function, each adjacent FoV pair can be
stitched with translation onto each other with small error. In
sWSl, this HOP projection matrix is solved iteratively based
on FoV-pair-wise KP matching, formulated as described in
Figure 6.

Clinical Evaluation Setup

To assess the diagnosis-readiness of SWSI VSs of challenging
cases, a clinical evaluation experiment was carried out in
Pathology Center, Shanghai General Hospital, School of

Table 3. Sample categories, counts, and notes.

Medicine, Shanghai Jiaotong University (SITU-PC) between
February 23rd, 2017 and April 15th, 2017. A total of 100 frozen
section slides (from one of the five categorieslisted in Table 3)

gathered among inpatients between February 23 2017 and
April 1st, 2017 were randomly selected asthe test dataset. The
dides varied significantly in size and shape, were prepared
routinely by technicians in the department, and may have had
common issues with frozen sections, such as unevenness and
folding. Consideration of both possibilities of tumors as well
as benign lesions were included in the diagnosis, following
generally accepted practice standards [30-32].

All samples went through three diagnosis procedures using
optical microscopy, SWSI V Ss, and high-end standal one scanner
V Ssunder a20X objectivelens. In each procedure, each sample
was examined by one or two pathol ogistsindependently. These
diagnoses were then compared against each other to obtain
agreement statistics. The full procedure isillustrated in Figure
7. Thiswould bethefirst of a planned sequence of experiments
evaluating sWSl on awide range of samples, so we focused on
using iPhones (on which the internationa version of sSWSI is
supported). The smartphones used were: one iPhone 5s, one
iPhone 6, and one iPhone 6 plus, purchased from the
second-hand market between US $120 and $200. The
microscopes for SWSI scanning were: an Olympus BH2-BHS,
an Olympus CX21, and a Phoenix PH50-1B43L-PL, all being
low-end bio-microscopes. The scanner used in this experiment
was Aperio AT2 from Leica, which is a high-end model. The
microscope for optical microscopy was an Olympus BX51,
which is another high-end model. Pathologists A, B, C and D
are al senior faculty members from SJITU-PC, while the work
of pathologist E was carried out by 10 senior and respected
pathologists invited from top hospitals across China, as listed
in Acknowledgements.

Category Counts  Notes

Breast 20 Requiring median image quality

Uterine corpus 20 Requiring median image quality

Thyroid 28 Requiring high image quality; one sample of scanner VS missing

Lung 31 Requiring very high quality; one sample of SWSI VS missing (physically damaged)

Ovary 1 Accidentally included, as it was assumed to be a thyroid sample; diagnosis only considered in calculating

overal statistics
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Figure 6. On-the-fly distortion correction based on matched KPs.

First, assume the HOP model has 0, orders and name the two FoVs in the ith FoV pair as
srcFoV; and dstFoV,, whereas srcFoV; is stitched onto dstFoV;. For point j on srcFoV; with a
2-dimensional coordinate £; ; = [xi_m,x,‘v,;g], its polynomial expansion kernel is derived as
(28] %5 = (¥, j2), where

Po, (wv) = (L, v,ut,uv, v3, ., v%). @)
T Op+1)(0p+2. F
Thus, the number of dimensions of ¥; ; is N, = w Similarly, the point's exact

match in dstFoV; has a coordinate and kernel 3; ; and ¥, ;, respectively. For simpler notations,
also define N,_; = Np = 1.

Next, note the correction projection matrix as B € R¥:*2 The linear projection used to
stitch the pair after correction is an affine one in the form of A; = [T], R[], where T € R12
and R] € R**? are the translation and rotation components, respectively. The whole model
would ideally satisfy

% BR+Ti =y 8 =0 (3)

for all point pairs across all FoV pairs, where f8 is constant and {T,T,R}] are FoV-pair-
dependent but point-pair-independent.

In reality, correction error exists and the process turns into solving a constrained optimization

problem
TI Rl — i T Rl
AATLRT) = arg min > 7.(5,T!.RY) )
where
o 3 =L 2z % e
F (BT B]) = Z' [l 8R+ T, = 5,81 + 5,8 - 2,1]. ®)

. 1% ”

The regulation term ll[fuﬂ - XE.J“ here prevents the projections from collapsing into all
zeros and A = 0.001 is used. It should be noted that based on the assumption that # should
correct and only correct nonlinear distortions, the elements in

B= Boo B Pz - ﬁN:qO]T_{Enu Bro Pao EU]T ®)
“Bor Bu Bao Be-10 - Boi Bt B Po
satisfy
Boo =Por =P =F11=0,fr0 =P =1 @

Then, the multi-variable nonlinear equation of equation (4) can be solved by iteratively fixing
either 8 or {'TET, RH and finding the least-mean-square solution of the other until
convergence. Specifically, by freezing B equation (4) can be derived into

R = (3 5855) (3, msl) @

where X, ; = [1, X, jB]. By keeping {’T‘J,RH constant and splitting the elements as

o - - R; R;
= am=[ie L] ®

elements in # can be sclved as

o) ) o

where

Wi = [M;‘,,,oo(ﬁf’) Mo (X, 7)
% M 0(®F) M0 (55

7 ™ s 11
7 - L(,ﬁ,n(xa,jryu) ()
by = o g
Lija(%ej 3is)
Omitting subscription (+); ; and (-)(%, ¥) for simplicity, elements in equation (11) are
calculated as
Moo = (Roof — 5" (RooX — 7) + Ry 2% + A%"%
My = Roy(Rau® — 5)"% + Ry 2T (R — 3) (12)
Miy = Rot%T(Ros® =) + Roy(Rinf = )%
My = (Ruf— ) (R %~ 7) + Rip&" 7 + 4877
;o =5 _Tn(Finn:f‘_}z)T_RmTzfvT (13)
Ly = —Ryly®" - Ty(Ry% -7

where # = ¢(xy,%,) and ¥ = $ (3, ¥,) are respective subvectors of £ and ¥ calculated as
Fo,(urv) = (u?,uv,v?, ..., v%). (14)

From experiments, it is shown that O, = 7 is generally sufficient and the model takes
approximately 10 iterations to converge.
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Figure7. swSl clinical evaluation procedure.

Yuet a

< Evaluation Start >

y

100 random
samples slides

A 4

A 4

v

Each scanned with
sWSI by a random
volunteer

Direct visual inspection

Each scanned with a
high-end scanner

L ]

Yy

h 4

Examined by pathologists
A&B scparately

Examined by pathologist C
(most senior)

Examined by pathologists
D&E separately

v

Y

h 4

Remark based on

Remark based on

Ground truth

virtual slides

virtual slides

Agreement Statistics
= v .
Calculation

)
< Evaluation End >

As part of the evaluation, quantifying the learning curve of
manual scanning with sSWSI was covered in this experiment.
The VS quality depends on the sample being in focus and even
the scan speed in the scanning process, soit is positively linked
to the level of skill of operator or inversely to the time
consumed. Presumably, as the operator gains experience, they
would scan faster while maintaining the same quality. An
intuitive way to measure this assumption is by comparing the
time consumption of carefully scanning a unit area of samples
under a fixed objective lens magnification against the number
of slides scanned by operator. To thisend, atotal of 15 interns,
medical school students, and assistant technicians who were
well trained to use microscopes but had no prior experience
with sSWSI volunteered to scan the slides with sWSl. With
duplication, each participant scanned 10 of the 100 slides after
watching a demonstration, with the approximate sample size
and time consumption recorded. Only one of the duplicated
scans of the same sample was randomly selected for accuracy
evaluation.

Results

Sensitivity and Specificity

The accuracy of diagnosis in this evaluation experiment was
measured on a slide-wise level, since the classifications of
regionsin the sample can be subjective and pathol ogists usually
consolidate multiple patterns across the whole sample into a
conclusion. The sensitivity is defined as whether a pathol ogist

http://mhealth.jmir.org/2017/9/e132/

RenderX

can use aVSto correctly identify al critical regions of interest
across the sample. The specificity is defined as whether the
pathologist can correctly analyze each region of interest and
identify patternsbased onaVs.

To represent the performance based on the sensitivity and
specificity defined above, each diagnosis was classified into
one of three categories: accurate, low sensitivity (L Sen), or low
specificity (LSpe). For each VS, if the pathologist missed any
critical region of interest, the VS was deemed as L Sen. With
the V S past the sengitivity check, if the pathol ogist then correctly
identified patterns of all regions of interest, it was classified as
being accurate; otherwise it was L Spe. When averaged, these
metrics were weighted by their sample counts.

Using optical microscopy asthe ground truth, the SWSI system
achieved good performance similar to that of the standalone
scanner in most sample categories except lung, as summarized
in Table 4,Table 5,Table 6, and Table 7. For easier comparison,
the per-category metricsare plotted in Figure 8, Figure 9, Figure
10, and Figure 11, with the average in Figure 12. Screen shots
of VS regions where sSWSI provided adequate or poor image
quality areillustrated in Figure 13 and Figure 14. Although the
performance was not ideal in absolute terms, all pathologists
involved in this experiment firmly agreed that sWS| performed
very well for these frozen section samples after viewing the
resultsin retrospect. The pathol ogists also suggested that sSWSl
isclinicaly reliable for daily use on easier and more common
samples, such as margins or paraffin sections, which are not
covered in this experiment.
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Table4. Accuracy of diagnosis based on sWS| VS by pathologist A. Results are presented as ratios between 0.00 and 1.00.

Category Accurate LSen L Spe

Breast 0.70 (14/20) 0.05 (1/20) 0.25 (5/20)
Uterine corpus 0.75 (15/20) 0.10 (2/20) 0.15 (3/20)
Thyroid 0.68 (19/28) 0.11 (3/28) 0.21 (6/28)
Lung 0.43 (13/31) 0.30 (9/31) 0.27 (8/31)
Ovary 0.00 (0/1) 1.00 (1/1) 0.00 (0/1)
Average 0.61 (61/100) 0.16 (16/100) 0.22 (22/100)

Table5. Accuracy of diagnosis based on sSWSI VS by pathologist B. Results are presented as ratios between 0.00 and 1.00.

Category Accurate LSen L Spe

Breast 0.85 (17/20) 0.05 (1/20) 0.10 (2/20)
Uterine corpus 1.00 (20/20) 0.00 (0/20) 0.00 (0/20)
Thyroid 0.68 (19/28) 0.14 (4/28) 0.18 (5/28)
Lung 0.57 (17/31) 0.20 (6/31) 0.23 (7/31)
Ovary 0.00 (0/1) 0.00 (0/1) 1.00 (1/1)
Average 0.74 (73/100) 0.11 (11/100) 0.15 (15/100)

Table 6. Accuracy of diagnosis based on scanner V'S by pathologist D. Results are presented as ratios between 0.00 and 1.00.

Category Accurate LSen L Spe
Breast 0.95 (19/20) 0.05 (1/20) 0.00 (0/20)
Uterine corpus 0.95 (19/20) 0.00 (0/20) 0.05 (1/20)
Thyroid 0.85 (23/28) 0.00 (0/28) 0.15 (4/28)
Lung 0.77 (24/31) 0.16 (5/31) 0.06 (2/31)
Ovary 1.00 (V/1) 0.00 (0/1) 0.00 (0/1)
Average 0.87 (86/100) 0.06 (6/100) 0.07 (7/100)

Table 7. Accuracy of diagnosis based on scanner VS by pathologist E. Results are presented as ratios between 0.00 and 1.00.

Category Accurate LSen L Spe

Breast 0.70 (14/20) 0.05 (1/20) 0.25 (5/20)
Uterine corpus 0.95 (19/20) 0.00 (0/20) 0.05 (1/20)
Thyroid 0.74 (20/28) 0.00 (0/28) 0.26 (7/28)
Lung 0.71 (22/31) 0.13 (4/31) 0.16 (5/31)
Ovary 0.00 (0/1) 0.00 (0/1) 1.00 (/1)
Average 0.75 (75/100) 0.05 (5/100) 0.19 (19/100)

For validation purposes, al V Ssin this experiment captured by
sWSI and the scanner can be viewed online through the links
provided in Multimedia Appendix 1. Details of each sample
and the diagnosis, including the ground truth and those made

http://mhealth.jmir.org/2017/9/e132/

RenderX

based on standalone scanners or sWSI, are provided in
Multimedia Appendix 2. Limited by time, thisrecord is mostly
in its original language (Chinese) but may be trandated and

requested from the authors.
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Figure 8. Performance based on scanner and sWSI virtual slides. Sample type: breast. L Sen: low sensitivity; L Spe: low specificity.
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Figure 9. Performance based on scanner and sWSI virtual slides. Sample type: uterine corpus. L Sen: low sensitivity; LSpe: low specificity.
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Figure 10. Performance based on scanner and sWSl virtual dlides. Sample type: thyroid. L Sen: low sensitivity; L Spe: low specificity.
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Figure 11. Performance based on scanner and sWSl virtual dides. Sample type: lung. L Sen: low sensitivity; L Spe: low specificity.
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Learning Curve

The learning curve, which is inversely approximated by the
scan time normalized for a 15-by-15 mm sample being plotted
against the number of samples scanned, is shown in Figure 15.
In the experiment, productivity varied significantly among
operators, as the slower ones consumed up to 50% more time
at the beginning of the experiment. However, the slower
operators caught up swiftly through practice and eventualy
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reached just over 35 minutes for every 15-by-15 mm sample,
which is comparable to automatic scanners. Most operators
reached astablelevel of proficiency after scanning just 5 slides.
It should be noted that the 20X objective lensfor frozen section
samplesis arelatively challenging application, as the samples
are often uneven and require frequent focus adjustments. As a
result, the scan speed in Figure 15 may be considered as a
worst-case scenario.
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Figure 12. Performance based on scanner and sWSl virtual dides, averaged. L Sen: low sensitivity; L Spe: low specificity.
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Figure 13. Selected virtual slide regions from sWSI (right) with good quality, compared to those from the L eica scanner (left).
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Figure 14. Selected virtual slide regions from sWSI (right) with poor quality, compared to those from the Leica scanner (l€ft).
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Figure 15. Normalized scan time versus number of samples scanned.
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Discussion

Current Limitations

First, a significant performance gap exists among different
sample categories that are challenging and require very high
image quality. Based on the experimenta results, sWSl
diagnoses of leilomyoma of the uterus, adenomyosis, papillary
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carcinoma of the thyroid, invasive breast carcinoma, and
fibroadenoma of the breast are relatively more reliable than
standard procedures, but those for follicular carcinoma of the
thyroid, intraductal papillary neoplasms of the breast, and lung
cancer are much worse. On the positive side, since the quality
can be assessed after scanning and before inspection by the
pathol ogists, these mistakes may belargely avoided in practice,
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especially those of L Spe (which should be analyzed by optical
microscopy). However, thisfinding doesreveal the fact that the
current version of SWSI may not be suitable to all types of
samples, or at |east that testing may be required beforeformally
adopting sWSI for applications requiring the highest quality
images.

Second, similar to standal one scanners, sSWSl isstrongly affected
by the physical preparation quality of the samples. Common
problems include samples being broken into multiple pieces,
varying thickness, and poor staining quality.

Finally, swSl suffers from an inferior setup of hardware and
environments, which comes with its focus on cost and
scalability, and may make its competition against standalone
scanners challenging. One such example is data storage:
standalone scanners are mostly designed to work with
high-speed wired and local networks. Since sSWSI provides
wireless connection-based data transmission and Web
browser-based viewing, limits on bandwidth may severely affect
image quality. Another example is that VSs produced by
scanners are displayed on specialized work station monitors
with high coverage of red/green/blue color space and 4K
resolution, while those of sWSI are reviewed on normal
monitors, or even smartphones with small screens.

The design of the experiment can be improved in future work.
Based on discussions with participating pathologists, it can be
safely assumed that there would belittle error in diagnoses made
by senior pathol ogists. However, from experimental resultsand
comments, there are significant differences in the level of
confidencethat pathol ogists have regarding dubious caseswhere
the provided V Ss alone are not sufficient for a firm decision.
In practical procedures, pathologists would undertake further
investigation with other techniques, such as paraffin embedding
and sectioning, which is more reliable (but far more time
consuming) than frozen sectioning. In this experiment,
participants were required to make binary decisions when
judging thresholds that were different from each other. As a
result, using multiple probabilities instead of a firm answer
might be a better alternative.

Future Work

There are a number of technical issues to be solved in future
research and development. First, some parameters on Android
phones cannot be controlled through publicly available
programing interfaces for older Android operating systems.
Weakened control may lead to improper configurations, such
asalong exposuretime causing blur. Second, the openGL driver
which offers general -purpose graphic processing unit (GPGPU)
computing potential isvery difficult to work with and produces
unexpected results on many smartphone models for unknown
reasons. Preliminary research using GPGPU on iPhones brought
a dramatic boost in processing speed over 60%, but certain
models behave improperly. Finaly, the real-time movement
tracking is inaccurate and leads to location mismatch in
subsequent mini-map construction. Although this issue does
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not affect the VS generation, the mis-drawing in the mini-map
can be confusing.

Limited by time and devel opment cost, theinternational version
of sSWSl is only offered on iOS. The Chinese version (Tai Rui
Jing Xia), which hasacomplicated still-FoV capturing tool and
clinical report system, supports both Android and iOS but may
not be accessible from abroad. In follow-up studies, both
versions will be evaluated and compared. More quantitative
metrics may also be covered (eg, the measure of absoluteimage
quality) even though most pathologist users suggest such
measurements have very limited implicationsin clinical settings.

On the clinical side, only the basic scanning function of SWSI
was evaluated in this experiment, leaving SWSI's many other
useful functions to be tested. These functions include swift
scanning at a lower magnification then adding static FoV's at
higher magnification to cover both speed and detail, recording
z-stacks of thick smears with video clips, and potential
application of sSWSl in fluorescent or dark-field microscopy.
The validation of these functions, as well as experiments with
expanded sample sizes, are planned in future work.

Conclusions

In this paper, an ultra-low-cost WSI system named sWSl (with
clients hosted on mainstream Android and iOS smartphones)
was introduced and analyzed. Compared to automatic scanners
and high-end computer-based solutions, this aternative
dramatically reduces the setup cost to as low as US $100 per
unit with service costs of US $1-$10 per scan. Although swWSl
may not replace existing dedicated devices, it could become a
reliable alternative that weighs more on cost-effectiveness.

By employing distributed image processing, both robustness
and efficiency are covered. Through high performance
computing and real-timefeedback, user friendlinessis optimized
with minimal manual input, leaving most interface-kernel
coordination (and even image distortion correction) fully
automated. Based on clinical evaluation using 100 frozen section
samples, sSWSI is considered adequate by expert pathol ogists
for making a diagnosis for most sample types. The overall
accuracy based on sWSI VSsisdightly poorer than that based
on high-end scanners, whichisthe current solution for digitizing
whole slides. This gap is largely attributed to low specificity
for samples requiring higher levels of detail (eg, lungs), which
means that most of the inadequacy of sWSl comes from
relatively low image quality, which can be identified before
diagnoses are made.

In the experiment, 15 operators with no prior experience with
SWSl learned to use the manual scanning very quickly. User
throughput stably reached between 27 and 36 minutes per
15-by-15 mm sample area under a 20X objective lens after
scanning 9 dlides each, similar to that of mid-to-low-end
scanners. In low-frequency usage situations (eg, remote or
low-tier hospitals), this level of labor may be considered
cost-effective, given the vast financial savings from deploying
SWSI instead of scanners.
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