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A B S T R A C T
A R T I C L E I N F O
Context: Despite the benefits of digital pathology, data storage and management of digital whole slide images intro-
duces new logistical and infrastructure challenges to traditionally analog pathology labs.
Aims: Our goal was to analyze pathologist slide diagnosis patterns to determine the minimum number of pixels re-
quired during the diagnosis.
Methods:We developed a method of using pathologist viewing patterns to vary digital image resolution across virtual
slides, which we call variable resolution images. An additional pathologist reviewed the variable resolution images to
determine if diagnoses could still be rendered.
Results: Across all slides, the pathologists rarely zoomed in to the full resolution level. As a result, the variable resolu-
tion images are significantly smaller than the original whole slide images. Despite the reduction in image sizes, the
final pathologist reviewer could still proide diagnoses on the variable resolution slide images.
Conclusions: Future studies will be conducted to understand variability in resolution requirements between andwithin
pathologists. Thesefindings have the potential to dramatically reduce the data storage requirements of high-resolution
whole slide images.
Introduction

Digital pathology, or the acquisition, management, and analysis of digi-
tized glass slides, provides many opportunities to improve the practice of pa-
thology by enabling telemedicine, computer-aided diagnosis, and archiving
of glass slides that may fade or break over time.1,2 However, while digital ra-
diology received FDA approval over 20 years ago3 and rapidly became the
standard of care, the adoption of digital pathology has lagged with the first
digital pathology slide scanning system only receiving FDA clearance for pri-
mary surgical pathology diagnosis in 2017.4 At present, digital pathology has
not been broadly adopted for primary diagnosis in the US.

One reason for digital pathology’s lack of widespread adoption is that
uncompressed high-resolution pathology images can be 80 times the size
of a digital radiograph ormore.5 In fact, for large specimens, such as radical
prostatectomy specimens, an uncompressed 20x whole slide image (WSI)
with 0.220 μm/pixel resolution still can be over 90 000 x 110 000 pixels
(10 gigapixels) and require nearly 30 gigabytes (GB) of storage. If such
large specimens are digitized at the recommended 40x magnification (0.1
μm/pixel) for primary clinical diagnosis,6 then the size of the uncompressed
digital files can swell to 100 GB. In addition, because the number of slides
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from a single radical prostatectomy case can range from 20 to over 100
slides,7 this can cause data storage requirements to scale rapidly and possi-
bly overwhelm existing data infrastructures. Large pathology centers may
produce over 1million digital slides8 and around 1 petabyte (106 GB) of un-
compressed data per year,9 along with data redundancy and backup
requirements.10 Clearly, storage of these images introduces new logistical
and infrastructure challenges to traditionally analog pathology labs.

One commonly used solution to this data problem is to store and view
WSIs in compressed formats. There are 2 modes of compression: ‘lossy’
and ‘lossless.’ Lossless compression algorithms, such as LZW or lossless
JPEG2000, are preferred in medical imaging because the information is
not irreversibly changed during the conversion.11 For instance, the FDA ap-
proved Philips system uses a modified lossless JPEG2000 compression
scheme.12 ‘Lossy’ algorithms, such as JPEG, can compress images to a
greater degree, but the data, once converted, is unrecoverable. Given a par-
ticular compression quality level, the compression ratio (uncompressed
image size over compressed image size)will vary based on image content.13

Large amounts of compression can degrade image quality and create visual
artifacts, such as blurry or ‘blocky’ pixels.14 Compression ratios ranging
from 10:1 to 20:1 for JPEG and 30:1 to 50:1 for JPEG2000 are commonly
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used, although there is no standard acceptable ratio for preserving diagnos-
tic content.13,15,16 Even after compressing 40x scans to 500MB, Lujan et al.
estimates that a non-redundant storage system for a lab with a throughput
of 250 000 slides per year would cost around $90k per year in data storage
costs alone.6 Also, unlike in digital radiology where raw images are pro-
duced using inherently digital acquisition systems, today in pathology
glass slides still need to be created as the first step before digitization. Be-
cause the creation of glass slides is still part of the digital pathology
workflow and primary diagnoses can be rendered on the glass slide directly
using inexpensivemicroscopes, the use of digital imaging in pathology is an
added expense. Such an added expense, driven primarily by instrumenta-
tion and data storage costs, may not ultimately be funded by hospital ad-
ministration if it cannot easily be demonstrated to substantially improve
the standard of care.

With an eye toward a “smarter” approach for data reduction to lower
the barriers to adoption, we have developed a hypothesis based on the in-
sight that during a diagnostic review, pathologists typically do not observe
the entire specimen at the highest magnification available on the micro-
scope, or the highest possible zoom-level available in the digital image
viewer. In both analog (glass slide) and digital (WSI) reviewworkflows, pa-
thologists first view slides globally using low power objectives or low zoom
levels as they navigate around the specimens and only switch to higher
power objectives or zoom into smaller, specific areas based on targeted rec-
ognition of features of interest. We hypothesized that if we could capture
the pathologist’s behavior while reviewing digital slides, that we could en-
able a form of digital slide archival that maintains image quality in a way
that directly represents the information needed by the pathologist to render
the clinical diagnosis, while relegating less diagnostically important regions
as targets for lower resolution archival, or adaptive, targeted compression.

We further hypothesized that such adaptively archived images could be
rendered subsequently as “variable resolution images” (VRIs) and still be
diagnostically sufficient. Therefore, our goal for this study was to use a
custom-developed web-based WSI viewer to track search path, visitation
history, and resolution utilization spatiotemporally in digital images during
clinical diagnosis, to use the resulting information to create VRIs that pre-
serve the highest quality in diagnostically important regions, and to evalu-
ate the reduction in permanent file size storage that would result with such
an approach. To evaluate the feasibility of this approach for primary
pathologist-directed WSI archival and secondary pathologist review, we
then conducted a pilot study to evaluate the impact on diagnostic outcomes
that would result from such an approach.

Methods

Case selection and image acquisition

We chose to test our approach in prostate cancer surgical pathology.
Prostate cancer is the second most commonly diagnosed cancer in men
worldwide, with over 1 million new cases diagnosed in 2018.17 Treatment
often involves the surgical removal of the prostate gland and tumor, called a
radical prostatectomy. A typical radical prostatectomy case consists of 25 to
upwards of 100 slides, each of which typically contains large tissue sec-
tions. Due to the subsequently largefile sizes and storage requirements, rad-
ical prostatectomy represents a challenging case for routine digitization
that would benefit from the data reduction approach described in this
work. In this feasibility study, we recorded pathologists reviewing one rad-
ical prostatectomy case, which consisted of 25 slides. Using a slide scanner
(Aperio, Leica Biosystems), we scanned the slides at 20x magnification
(0.504 μm/pixel). The average uncompressed WSI size was 35 000 x 46
000 pixels or 1.6 gigapixels. The minimum WSI size was 0.64 gigapixels,
and the maximum was 3.7 gigapixels.

Digital slide interaction data collection

We converted each WSI into an “image pyramid,” or multi-resolution
representation consisting of successively downsampled image tiles. By
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displaying an image pyramid in the viewer, only image tiles in the field of
view (FOV) at a particular zoom level, which we will describe later in rela-
tion to magnification, were rendered at one time. In other words, at a low
zoom level, only a low-resolution image was loaded, and at the highest
zoom, the original high-resolution tiles were loaded.18

We addedmouse and scroll event handlers to a custom OpenSeadragon
web-based multi-resolution viewer to capture the zoom level, image tiles,
mouse coordinates, viewport bounds, and viewport coordinates as the
user interacts with the image. These data are then saved to a log file
along with their timestamps, which enables reconstruction of the search
path, zoom-level utilization, and visitation history spatiotemporally with
millisecond resolution.19

Resolution analysis

Image resolution is theminimum resolvable distance between 2 objects.
Resolution is limited either by diffraction of the imaging system or by the
size and spacing of the pixels in the camera used to collect the digital
image. The final displayed resolution of a digital WSI thus depends on the
image display monitor (number and density of pixels the monitor can dis-
play), zoom level, scanning optical magnification and numerical aperture,
and camera sensor resolution.18 Perceived resolution depends on the
human visual system and how far away the pathologist is from the
monitor.14 For this study, we only considered image zoom level and as-
sumed other factors affecting resolution were consistent.

As mentioned above, the custom image viewer logged the viewport co-
ordinates (i.e., the coordinates of the part of the image visible to the user on
the screen), viewport size, image zoom level, mouse coordinates, and time
during each session. Log entries were added when any interaction with the
viewer, such as scroll or mousemovement, was detected. Image zoom is the
ratio of the displayed image width to the original image width, which we
can relate to image magnification. For instance, if the image zoom is 0.5
of an original image that is at 20x magnification, the image resolution
that the pathologist views is 10x. We binned the resolution to 2.5x, 5x,
10x, or 20x according to the utilized image zoom per pixel for each log
entry. Image zoom between the bin levels was rounded to the next highest
level.

Next, to create “resolution maps” that visualize the highest utilized
magnification or zoom level over the image, we created new arrays scaled
to 1/10 of the original WSI size for each resolution level to encode and dis-
play visited viewport dimensions and coordinates. To create the VRIs, we
first found the outlines of the visited areas. Using the point in polygon
test, 20 for each 256 x 256-pixel tile pertaining to the original image size,
we determined whether any of the 4 coordinates of the tile were within
the viewport outlines. For each tile,we only stored themaximum resolution
level visited (Fig. 1).

Variable-resolution images

After determining each tile’s highest visited resolution level, we elimi-
nated tiles in the image pyramids greater than the required resolution.
For instance, if the pathologist viewed an area at a maximum of 10x resolu-
tion, we removed the corresponding four 20x image tiles in the pyramid hi-
erarchy. If high-resolution image tiles are missing, the OpenSeadragon
package automatically serves and upsamples the image tiles lower in the
image pyramid.

Evaluation of Variable Resolution Images (VRIs) for accurate secondary review

We recorded 2 expert board-certified pathologists with genitourinary
surgical pathology expertise, referred to as Pathologists A and B, as they re-
viewed all 25 slides in the test case. From these reviews, we generated var-
iable resolution images for each pathologist separately that corresponded to
each of their specific viewing sessions. The pathologists were asked to con-
duct 4 tasks during the review of the 25 slides in the case: (1) evaluating the
specimen margin for positive or negative margins, (2) checking for



Fig. 1.Method for creating resolution maps according to the 256 x 256 image tiles using the point in polygon method
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extraprostatic extension (EPE), (3) quantifying the tumor volume by
outlining the tumor with a digital annotation pen, and (4) Gleason grading.

To perform an initial evaluation of this method for downstream diag-
nostic sufficiency, we then asked a third pathologist, referred to as Pathol-
ogist C, to review the VRIs. Our goal was to understand whether the VRIs
contained enough information for an accurate secondary review despite
variation in resolution due to Pathologist A or B’s specific viewing behav-
iors. First, we asked Pathologist C to review the 25 VRIs produced from
only Pathologist A’s recordings and perform 3 tasks per slide: (1) evaluate
the specimen margin for positive or negative margins, (2) check for EPE,
and (3) provide the Gleason grade. If during the reviewof a VRI, Pathologist
C felt that the VRI did not contain sufficient information, on their request,
we provided to Pathologist C the VRI that combined the highest resolution
tiles used by both Pathologist A and B, called the ‘union’ VRI. If Pathologist
C still felt the resolutionwas insufficient to render an accurate diagnosis, on
their request, we provided them with the full-resolution WSI (Fig. 2).

For each slide, we recorded which of the 3 images (Pathologist A’s VRI,
the union VRI, or the original WSI) that Pathologist C ultimately used for
each task. We recorded each task’s results and produced resolution maps
from Pathologist C’s sessions to analyze the visitation history of Pathologist
C for every image viewed. To compare diagnostic results, we definedmajor
diagnostic discordance as instances where Pathologist C’s diagnosis of mar-
gin status, EPE, or Gleason grade differed from both Pathologist A and B’s
diagnosis.

Results and discussion

VRI generation and analysis

In this study, we digitized slides at 20x magnification and asked expert
pathologists to review the WSIs to determine the extent to which patholo-
gists utilize the native resolution. Resolutionmapswere created for each re-
viewer for each slide, which provide information on specific resolution
utilization for each reviewer/slide combination. While certain regions
were viewed at the native resolution, we found that large areas of the slides
were never viewed at the highest available resolution by any of the three
Fig. 2.VRI evaluation workflow for secondary pathologist review. For each slide, Patholo
diagnosis. If Pathologist C felt the resolutionwas too low, the pathologistmoved on to the
option to review the full resolution WSI and to update their diagnosis accordingly.
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reviewers. The resolution maps derived from digital slide review were
then used to resample the WSIs to create VRIs based on each pathologist’s
viewing history. Fig. 3 shows an example of VRI resolution maps overlaid
onto a thumbnail of the WSI, as well as a comparison of pixel zoom utiliza-
tion across both primary pathologists for a single slide from the case (Slide
0). For this slide, the greatest proportion of the slide area was viewed at
2.5x or lower resolution by both pathologists, and the size of the VRI com-
pared to the WSI was 4% for Pathologist A and 8% for Pathologist B. The
effective compression ratio (defined as the number of utilized pixels over
the total number of pixels in the original WSI) for this example was there-
fore 23:1 and 12:1 for Pathologists A and B, respectively. Fig. 4 and the sup-
plemental video shows an example of a VRI at a low zoom level and
increased zoom levels, where transitions in the image can be observed at
boundaries between utilized resolution levels. This specimen contained a
positive surgical margin, the location of which is indicated by the black
box in Fig. 3a. The resolution maps clearly show areas where both patholo-
gists required higher resolution. For instance, higher resolution was used at
the boundary of the specimen by both reviewers, reflective of the task to as-
sess the surgical margin for tumor cells touching the inked boundary.

In aggregate, for all 25 slides in this radical prostatectomy case, the
number of pixels contained in the VRIs was on average 4% of the original
WSI pixel sizes across both primary reviewing pathologists, with standard
deviations of 1% and 2% for Pathologists A and B, respectively. The average
effective compression ratio was therefore 31:1. The VRIs produced fromPa-
thologist A’s session ranged from 3% to 5% of the original WSI pixel sizes,
whereas the VRIs produced from Pathologist B’s session ranged from 2% to
8% of the original WSI pixel sizes (Fig. 5b). A paired Student’s t-test con-
firmed the sizes of Pathologist A and B’s VRIs were not significantly differ-
ent with P-value > 0.05. The average size of the union VRIs was also only
5% of the original WSI size.

In terms of each pathologist’s range of zoom or resolution levels, Pathol-
ogist A viewed at least part of the slide image at 20x resolution for 80% of
the slides. Pathologist B utilized 20x resolution in at least part of 68% of the
slides. Whether the slide image contained cancer did not greatly impact
data size reduction. Specifically, the average VRI to WSI size ratio was 3%
for specimens with cancer and 4% for specimens without cancer. Although
gist C first reviewed the VRIs produced from Pathologist’s A session, and provided a
union VRI, and updated their diagnosis as necessary. Finally, the pathologist had the



Fig. 3. Resolution utilization example for a radical prostatectomy slide for two primary reviewers. This figure shows the highest utilized resolution per pixel for: (a)
Pathologist A and (b) Pathologist B as they reviewed Slide 0, a specimen with a positive surgical margin. Areas in red correspond to 20x resolution, areas in yellow
correspond to 10x resolution, areas in blue correspond to 5x resolution, and all other areas correspond to 2.5x or lower resolution. The area inside the black box contains
the positive surgical margin. (c) This image corresponds to the union of both pathologist reviewer’s resolution maps. (d) The bar graph displays the fractional resolution
visitation history compared to the full resolution WSI across the specimen area for each pathologist.
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the sample size is too small to make a definitive conclusion, this result sug-
gests that image file size can be dramatically reduced by pathologist-
directed data reduction, whether or not cancer is present. Whereas overall
data reduction was similar, we also analyzed the total area viewed at 20x in
the union VRIs across specimens with and without tumor. We found a
Fig. 4. Example of resolution transitions in a variable resolution image. A and B
show examples of border transitions between variable resolution image tiles at
image zoom 0.2 and 1, respectively.

4

significant difference (two-tailed Student’s t-test P-value = 0.01) in total
area covered with 20x resolution between specimens with and without
tumor. As expected, the pathologists coveredmore areawith 20x resolution
for specimens with tumor.

Across all slides, the necessary resolution for the primary pathologists to
render their final clinical decisions was heavily weighted towards lower
zoom levels (Fig. 5a). In fact, on average, only 0.6 (0.5%) and 0.3 (0.3%)
of the slides’ areas were observed at the raw native resolution (i.e., 20x)
for Pathologists A and B, respectively. Given the pathologists’ limited
need to view the digital slides at the full native acquisition resolution, the
VRIs produced from the viewing sessions for both pathologists were signif-
icantly smaller than the original WSIs. While it is understood that radical
prostatectomy slide review does not typically require a large degree of
high magnification usage, this does represent an example use case where
the size of the data of a full-resolution WSI is large compared to the neces-
sary image information needed to render the diagnosis; such a situation
would likely be common across surgical pathology applications in other
organ sites, or in cytopathology or hematopathology. From additional pre-
liminary work with kidney biopsy specimens (data not shown), we have
reason to believe that our hypothesis on resolution variation during slide
viewing can be applied in other settings. Fig. 5 thus supports our hypothesis
that only a fraction of the slide is viewed at the native resolution of the
whole slide imaging system, and that pathologist-directed adaptive resam-
pling using VRIs could be an efficient means for data size reduction for ar-
chival purposes.

VRI evaluation results

After transforming theWSIs into VRIs based on Pathologist A and B’s re-
view sessions, Pathologist C then reviewed Pathologist A’s VRIs, with the
opportunity to review the union VRIs and full-resolution WSIs if deemed
necessary by the pathologist. We chose to use Pathologist A’s VRIs as the
primary data source for secondary review, since this pathologist had the



Fig. 5. Comparison of pixel utilization and file size between pathologist-directed VRIs and full-resolution WSIs. (a) The highest fraction of resolution utilization for both
pathologists was at 2.5x, and dropped off precipitously at higher zoom/resolution levels. (b) The ratio of VRI to WSI pixel sizes for Pathologists A and B and the union of
their VRIs.
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smallest VRIs on average across all slides (i.e., lowest resolution utilization
over the whole slide area). Pathologist C reached a definitive diagnosis on
84% of the VRIs derived from Pathologist A’s diagnostic session only. Addi-
tionally, Pathologist C asked to review the union VRIs for only 16% of the
slides (Table 1) and did not ask to review any of the full resolution WSIs.
For 2 out of the 4 higher-resolution unionVRIs reviewed, Slides 1 and 6, Pa-
thologist C’s diagnosis did not change from their initial diagnosis rendered
on Pathologist A’s VRIs, after reviewing the higher resolution union VRIs.
For Slide 20, where Pathologist C referred to the union VRI, Pathologist C
mentioned the specimen would require recutting because the specimen
was partially missing. Pathologist C decided not to refer to the full resolu-
tion WSI (Fig. 6), likely because resolution was not the issue limiting diag-
nostic decision in this case.

In the case of Slide 7, the glass slide contained 2 serial sections from the
block. In our instructions to all 3 reviewers, if the slide containedmore than
1 section, we did not dictate which section should be reviewed. In this
Table 1
Diagnostic results from Pathologists A, B, and C. We defined diagnostic concordance as
margin status and Gleason grade, for specimens with more than 5% tumor content.

Slide
ID

Margins assessment EPE assessment

Path. A Path. B Path. C
(Path. A
VRI’s)

Path. C
(Union
VRI’s)

Path. A Path. B Path. C
(Path. A
VRI’s)

Path. C
(Union
VRI’s)

0 Positive Positive Negative Negative Negative Negative Negative Negative
1 Negative Negative Negative Negative Negative Negative Negative Negative
2 Negative Negative Negative Negative Negative Negative Negative Negative
3 Negative Negative Negative Negative Negative Negative Negative Negative
4 Negative Negative Negative Negative Negative Negative Negative Negative
5 Negative Negative Negative Negative Negative Negative Negative Negative
6 Negative Negative Negative Negative Negative Negative Negative Negative
7 Negative Negative Negative Negative Negative Negative Negative Negative
8 Negative Negative Negative Negative Negative Negative Negative Negative
9 Negative Negative Negative Negative Negative Negative Negative Negative
10 Negative Negative Negative Negative Negative Negative Negative Negative
11 Negative Negative Negative Negative Negative Negative Negative Negative
12 Negative Negative Negative Negative Negative Negative Negative Negative
13 Negative Negative Negative Negative Negative Negative Negative Negative
14 Negative Negative Negative Negative Negative Negative Negative Negative
15 Negative Negative Negative Negative Negative Negative Negative Negative
16 Negative Negative Negative Negative Negative Negative Negative Negative
17 Negative Negative Negative Negative Negative Negative Negative Negative
18 Negative Negative Negative Negative Negative Positive Negative Negative
19 Negative Negative Negative Negative Negative Positive Negative Negative
20 Negative Negative Negative Negative Negative Positive Negative
21 Negative Negative Negative Negative Negative Negative Negative Negative
22 Negative Negative Negative Negative Negative Negative Negative Negative
23 Negative Negative Negative Negative Negative Negative Negative Negative
24 Negative Negative Negative Negative Negative Negative Negative Negative
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particular case, Pathologists A and Pathologist B reviewed opposite sec-
tions. Subsequently, Pathologist C chose to review a different section than
Pathologist A (Fig. 7) which was rendered at only 2.5x in the Pathologist
A VRI. As shown in Fig. 7, by observing where Pathologist C was looking
on the section, if Pathologist C had reviewed the left tissue section instead
of the right, there may have been adequate resolution to come to a diagno-
sis from Pathologist A’s result, due to the fact that the areas of interest for
Pathologist A and C were in similar areas of the specimen. However, be-
cause we chose to present Pathologist A’s VRI first, Pathologist C subse-
quently asked for the union VRI, which contained additional resolution
on the particular section in question due to the fact that this was the one
that Pathologist B reviewed. A limitation of this study’s method is that pa-
thologists may choose to review different sections if multiple are presented
on 1 slide. However, in the future, we may present the resolution map as a
thumbnail (see supplemental video) to indicate areas where the resolution
is higher to aid the pathologists’ secondary reviews.
instances where Pathologist C agreed with either Pathologists A and B on EPE and

Tumor
volume

Gleason grade Highest
resolution image
reviewed

Diagnostic
concordance

Path.
A

Path.
B

Path.
A

Path.
B

Path. C
(Path. A
VRI’s)

Path. C
(Union
VRI’s)

Path. C Path. C

50% 40% 4+3 4+3 3+4 Pathologist A VRI No
40% 30% 3+4 3+4 3+4 3+4 Union VRI Yes
25% 30% 3+4 3+4 3+4 Pathologist A VRI Yes
5% 5% 3+3 3+3 3+3 Pathologist A VRI Yes
1% <5% 3+3 3+3 3+3 Pathologist A VRI Yes
0% 0% Pathologist A VRI Yes
0% 0% Union VRI Yes
1% <5% 3+4 3+3 3+4 Union VRI Yes
0% <5% 3+3 Pathologist A VRI Yes
0% <5% 3+3 Pathologist A VRI Yes
0% 0% Pathologist A VRI Yes
0% 5% 3+3 Pathologist A VRI Yes
8% 10% 4+3 4+3 4+3 Pathologist A VRI Yes
1% 0% 3+4 3+3 Pathologist A VRI Yes
0% 0% Pathologist A VRI Yes
0% 0% Pathologist A VRI Yes
0% 0% Pathologist A VRI Yes
0% 0% Pathologist A VRI Yes
60% 60% 3+4 3+4 3+4 Pathologist A VRI Yes
50% 50% 3+4 3+4 3+4 Pathologist A VRI Yes
10% 25% 3+3 3+3 3+3 Union VRI Yes
1% 5% 3+3 3+4 3+3 Pathologist A VRI Yes
8% 10% 4+3 4+3 3+4 Pathologist A VRI Yes
25% 25% 4+3 3+4 4+3 Pathologist A VRI Yes
0% 0% Pathologist A VRI Yes



Fig. 6. This figure shows the resolution maps of Pathologist A and B and the union VRI of Slide 20 (top row). The bottom row features Pathologist C’s resolution maps,
produced from reviewing Pathologist A’s VRI and the union VRI. Pathologist C agreed with Pathologist A and B on the Gleason grade and margin status. Pathologist A
and B disagreed on EPE. Pathologist C noted that the slide preparation quality was low, which made EPE difficult to identify.
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Themost significant differences in diagnostic results were that Patholo-
gist C reported a negative margin on Slide 0 after reviewing Pathologist A’s
VRI but did not review the union or full-resolutionWSI. In contrast, Pathol-
ogists A and B both reported a positive margin. Pathologist B reported EPE
on Slides 18, 19, and 20, but Pathologist A and C did not report EPE. Pathol-
ogist C felt EPE was difficult to determine on Slide 18, but did not refer to
the full resolution WSI, indicating the difficulty in determining this was
not due to image resolution. As previously mentioned, Pathologist C also
Fig. 7.This figure shows the resolutionmaps of Pathologist A and B and the union VRI of
from reviewing Pathologist A’s VRI and the union VRI. Pathologist C agreed with Patho
and EPE.

6

would have asked to recut Slide 20, which indicates a slide preparation
issue rather than an image resolution issue. Other differences in diagnostic
reporting were slight, such as not grading tumor when only a few glands
were present and slight variations in Gleason grade (which is known to
be variable across reviewers), none of which were diagnostically signifi-
cant. Overall, Pathologist C mentioned that the difficulty in providing diag-
noses for some slides was due to poor slide preparation or complexity of the
diagnostic features present rather than the available resolution.
Slide 7 (top row). The bottom row features Pathologist C’s resolutionmaps produced
logist A on the Gleason grade and with both Pathologists A and B on margin status
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Comparisons to related work

The concept of reducing whole slide images data size based on regions
of interest has been appreciated in the past. Specifically, Varga et al. altered
image compression based on annotated histopathological images.21,22 In
contrast, ourmethod does not rely on annotations but is based on the actual
viewing sessions of the pathologists, directly informing which areas require
certain resolutions. There have also been studies on user interaction in dig-
ital pathology with multi-resolution viewers19,23–25 and eyetracking;26

however, to our knowledge, this is the first application of using patholo-
gists’ interactions with digital slides to adaptively alter whole slide image
resolution for storage and subsequent secondary review. There has also
been previous work on compositing several images of differing zoom fac-
tors into a single VRI,27 but this is the first application of such variable res-
olution imaging in pathology. With our approach, pathologist diagnostic
behavior determines the image resolution across the specimen area and al-
lows us to reduce whole slide image data sizes while maintaining the rele-
vant information to the diagnosis. In the future, this method may reduce
data storage costs or enable more efficient sharing of WSIs.

Future work

While these pilot results are promising, before the VRIs can be imple-
mented in clinical practice for archival or secondary review, we will need
to conduct additional appropriately powered studies to understand inter-
and intra-pathologist variability in resolution requirements. Additionally,
our results from radical prostatectomy specimens will need to be confirmed
across other specimen types and with more complex presentations of pros-
tate cancer, such as specimens that include benign mimickers of prostate
cancers. Interestingly, even if pathologists did not view the same areas at
the same resolution levels, there was diagnostic concordance amongst re-
viewers for some specimens. For Gleason grading in particular, pathologists
can review different areas of the tumor and come to the same conclusion on
grade. In this study, we combined resolution levels viewed by different pa-
thologists to create ‘union’ VRIs to account for variation in zoom behavior.
In the future, we could potentially train a machine-learning model to pre-
dict which portions of the digital slides require certain resolution levels
by one or more pathologists based on particular image features of interest,
and require that these areas also be stored at the highest resolution.

Although we did not focus on it here, this method can also be combined
with standard web file format or compression schemes, such as JPEG or
JPEG2000, to reduce data sizes further. Additionally, images and redun-
dant backups may be stored in tiers with cloud storage, where cost varies
based on ease of access and performance requirements. With our approach,
tiered cloud storage could be informed by the actual viewing patterns of the
pathologist, which would help determine which images to store in higher-
cost storage. Additionally, our approach could seamlessly reduce data stor-
age requirements for clearly unusable slide images, such as out of focus
slides or those with other artifacts, that slip through the institution’s quality
control process.

Conclusions

We investigated the resolution requirements of 2 pathologists reviewing
25 digital radical prostatectomy slides. The pathologists reviewed each
slide in a web-viewer that logged image zoom and viewport size and coor-
dinates over time. We created resolution maps from the logs and used this
information to reduce WSI pyramids on a per-tile basis. We found that pa-
thologists performing diagnoses only view a small percentage of the WSI
pixels, and most of the specimens were viewed with low resolution primar-
ily. By altering the WSIs to reflect the pathologist-utilized resolution levels,
the VRIs are optimally digitized, meaning the image file maintains at least
theminimumnumber of pixels required to review their diagnoses. Wewere
able to reduce the size of the WSIs by altering resolution without the use of
compression by an average of 96%. Despite significantly reducing file sizes,
7

a third pathologist reviewer was able to use the VRIs to evaluate diagnostic
features and provide diagnoses for each slide.

Although we would need a larger data set with additional specimen
types to make any conclusive arguments on the ability to retain full diag-
nostic quality, this work has provided the framework and identified
methods for demonstrating user-directed viewer interaction to reduce
data size. While some pathologist raters more routinely used higher zoom
levels for prostate cancer diagnosis and pathology report workup than
others, there were few major differences in diagnostic results between the
3 raters. In the future, by collecting the results of many pathologists, we
may be able to train an algorithm to detect all possible areas where pathol-
ogists may want to zoom, such as the full tumor area, to create VRIs, and
combine our method with standard image compression to further reduce
data size. With additional development, our method could have enormous
implications for data and cost reduction in digital pathology.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jpi.2022.100113.
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