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Section V: Financial Information

Estimated FY19 CP Budget 
List the expected project expenses to be covered by ONE year of CP funding.

Budget Category Item Description Justification Cost

ORISE Masters level bioengineer Maintain hardware, prepare study materials (slides and 
images), coordinate logistics.

ORISE
Masters level statistical 
programmer

0.5 FTE: Starting with CDRH-developed tools for sizing and 
analyzing reader studies, expand them to analyze data when 
truth is not known (under direction of senior statistician).

Contracts Data-collection events
Data-collection events will have conference-like costs: set-
up, AV, telecommunications, cloud services, electricity, 
furniture, and space

Total Requested Budget

 

Out Year Costs 
Project the expected expenses for continuing the project AFTER ONE year of CP funding.

Budget Category Item Description Justification Cost

Total Budget







CDRH Metrics Collection: Collaboration & Dissemination

Metric Description Status/Fulfillment

Standards, studies, and guidances cited in 
applications

This demonstrates a broad understanding and 
acceptance of research.

Research is cited in an expedited PMA Research contributes to approval of a breakthrough 
medical device.

Guidances impacted Research helps the development of a new guidance 
document (the guidance cites the research).

New regulations Research contributes to the development of a new 
regulation.

Licensures Research results in a licensing agreement.

Data sharing Data generated from the research is shared 
externally.

Web traffic to research outputs Public-facing research has a site that generates hits 
or visits, or is found in internet searches.

Impact of internal presentations related to 
the research

Research results are internally integrated, and 
reviewers are trained on the research results.

Media coverage Research is relevant and communicated well enough 
to be covered by the media.

Submissions impacted Research is cited in submissions to the FDA.

Consults Researchers receive consults related to the research.

Potential standards impacted Research is likely to contribute to standard 
development in areas of need.

Research collaborations with external 
stakeholders

There is documented collaboration with external 
stakeholders.

1 presentation, 1 paper submitted, 2 proposals 
submitted

Input from industry stakeholders. Industry stakeholders have had direct input into the 
need for, design of, or use of the research.

External funding External stakeholders provide additional funding 1 sponsor travel, 1 CRADA green light

Documented collaboration with internal 
stakeholders (scientific reviewer, stats, etc.)

Research has input from potential internal users, or is 
conducted in collaboration with internal users. Provided update to Chen Cui (OIR/DMGP/MPCB)

Patents Research results in a patent.

Public meetings/workshops Research is presented at a public meeting or 
workshop.

Publications Research is published in peer-reviewed journals.

Presentations- external Research is presented in a public capacity (not 
limited to internal use). 1 presentation

Attending conferences Research is disseminated at conferences. 1 presentation

Miscellaneous high-impact communication 
with stakeholder

Center leadership incorporates research in 
communications.

Expert training provided to review staff Review staff is effectively prepared to evaluate the 
results of the research.



Metric Description Status/Fulfillment

External use of internally or collaboratively 
developed computational tools

The actual use of tools that are developed by CDRH. 
The tool both satisfies a need and is accessible.

eeDAP system, images/slides, and study design 
were used to collect the data for the MSKCC 

Number of devices approved due to 
innovative computational models and clinical 
trials designs that enable a rebalancing of 
non- and post- clinical data

Research that facilitates the use of postmarket data, 
bench data, and animal data.

Reliability and reproducibility of test and trial 
methods

Research protocol permits reproducibility; results are 
significant.

Creation of or impact on postmarket registry Research affects clinical data registries for devices on 
the market.

Creation of test methods, tools, and 
computational models

Research affects the preclinical evaluation of device 
safety and effectiveness. Data for eeDAP MDDT. New eeDAP workflows

Development of new or improved clinical 
endpoints; validation of biomarkers (MDDTs)

Research affects the clinical evaluation of device 
safety and effectiveness. Data for eeDAP MDDT. New eeDAP workflows.

Creation of or impact on other surveillance 
systems

Research contributes to surveillance of medical 
device safety.

Creation of infrastructure and methods for 
evidence generation, capture, synthesis, and 
analysis

Research contributes to better evidence for medical 
device evaluation and decision-making. Data for eeDAP MDDT. New eeDAP workflows

Relevance to emerging technology forecast Research builds internal capacity and expertise in 
novel, needed areas.

Obtaining Camelyon images and developing 
building blocks of code for training AI

Reverse translation Taking a product or clinical insight and further 
developing the science behind it.

Product code relevance Research is tied to an existing or new product code.

Relevance to common premarket deficiencies Relevance to common premarket deficiencies

Potential test methods developed (MDDTs)
Research is likely to contribute to the development of 
a medical device development tool, a preclinical test 
method that may be used in submissions.

Potential development of new or improved 
clinical endpoints; validation of biomarkers 
(MDDTs)

Research is likely to contribute to the development of 
a medical device development tool, a clinical test 
method that may be used in submissions.

Relevance of research to manufacturing 
processes (e.g. 3D printing)

Research contributes to better understanding of the 
safety considerations associated with a 
manufacturing process.

CDRH Metrics Collection: Science Impact





 

 

 

 
Brandon D. Gallas, PhD 
Division of Imaging, Diagnostics, and Software Reliability 
Office of Science and Engineering Laboratories  
Center for Devices and Radiological Health  
10903 New Hampshire Ave 
WO-62 Rm 4104 
Silver Spring, MD 20993 

 

 
October 18, 2018 
 
Dear Brandon: 
 
As the Senior Director of the American College of Radiology (ACR) Data Science Institute (DSI), I am 
writing this letter on behalf of the ACR in strong support of your proposal, High-throughput truthing of 
microscope slides to validate artificial intelligence algorithms analyzing digital scans of same slides: data 
(images + annotations) as an FDA-qualified medical device development tool (MDDT).  The goal of the 
proposal is to qualify a set of pathology images and annotations as a medical device development tool 
(MDDT) so that algorithm developers can use the data as a validation data set for FDA submission.  The 
goal is directly in keeping with the plans that the ACR DSI has for creating validation datasets for medical 
imaging.  Our hope is that we can collaborate with you in this space to create radiology\pathology 
validation datasets for common use cases.  Such a collaboration would provide a very powerful 
mechanism for advancing artificial intelligence algorithms in a clinical setting to improve patient care. 
 
 
We hope that your proposal is funded, and we are looking forward to future collaborations on this topic with the 
ACR. 
 
Sincerely, 
 

 
 
 
Laura Coombs, PhD 
Senior Director, Informatics and Data Science Institute 
American College of Radiology 





 

 
Histopathology Department 

Level 5, Bexley Wing 
St James University Hospital 

Leeds LS9 7TF 
United Kingdom 

 
Tel. +44(0)113 20 67594  
darrentreanor@nhs.net 

 
18 Oct 2018 

 
Dr Brandon Gallas 
 
Re: Support for Critical Path Proposal 
 
Dear Dr Gallas  
 
  I’m writing this letter in support of your Critical Path proposal entitled “High‐
throughput truthing of microscope slides to validate artificial intelligence algorithms 
analyzing digital scans of same slides: data (images + annotations) as an MDDT”.  
 

As you know, at University of Leeds we have been researching digital pathology for 
over 15 years, with one of the largest digital pathology image repositories in the world 
(386,000 slides, 150 Terabytes of image data). In our hospital at Leeds Teaching Hospitals 
NHS Trust we have transitioned to a fully digital workflow for clinical pathology diagnosis, 
scanning over 1000 slides a day, and 6 of our pathologists working fully digitally for primary 
diagnosis, with the other 35+ following over the next 12 months. We prioritise an evidence 
based approach to digital pathology, with over 80 papers specifically on digital pathology 
including work on clinical validation, colour and human computer interaction.  Our work has 
led to the UK national guidelines for digital pathology and significant partnerships with 
several vendors including Leica Biosystems, Roche and Sectra. 

 
We think your proposal is timely and practical. The FDA/CDRH Medical Device 

Development Tool program seems ideal to demonstrate how the clinical care community 
can impact the evaluation of AI in digital pathology and gain trust in the use of AI tools. The 
pathologists can have ownership of their contributions – their annotations – by creating an 
FDA‐qualified validation dataset to be used by any and all algorithm developers. We are 
particularly impressed by the leading position that FDA have taken in digital pathology and 
the coming AI revolution in healthcare, and your work furthers that advanced position for 
your organisation. 

 
We would be pleased to support you in any way we can, including: 

 Access to our images, data, and staff 
 Input on experimental design 



 

 Participation in your experimental work 
 Supporting and co‐organising an event at the UK Pathological Society in 2‐5 

July 2018 at which we could run a data‐gathering exercise 
 
    
  We remain at your service for any areas where my expertise may be of value to your 
research. 
 
 
Sincerely 
 

 
_______________ 
Darren Treanor BSc (Computing) PhD FRCPath 
Consultant Pathologist/ Honorary Clinical Associate Professor  
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Joel H. Saltz, MD, PhD 

Cherith Professor and Founding Chair, Department of Biomedical Informatics  

Vice President for Clinical Informatics, Stony Brook Medicine 

Associate Director, Stony Brook University Cancer Center 

October 17, 2018 
 

Brandon D. Gallas, PhD 

U.S. Food and Drug Administration 

Center for Devices and Radiological Health 

Division of Imaging, Diagnostics and Software Reliability 
 

Dear Dr. Gallas: 
 

On behalf of the Department of Biomedical Informatics at Stony Brook University it is my pleasure to 

give support to your proposal entitled, “High-throughput truthing of microscope slides to validate 

artificial intelligence algorithms analyzing digital scans of same slides: data (images + annotations) as an 

MDDT.” 

  

As a leader in research in Pathology Informatics, over the past twenty years, I have led the development 

of several highly impactful, innovative systems to support the analysis, visualization, and management of 

whole slide imaging data.  My published whole slide virtual microscope system with concepts was 

ultimately adopted by many commercial vendors and embodied in the NCI supported caMicroscope 

system.  I have also led a variety of multi-disciplinary efforts for creating cutting-edge machine learning 

algorithms for analysis of whole slide tissue imaging data and extraction and classification of imaging 

features.  These algorithms include methods for classifying whole slide images and image regions, 

segmenting microanatomic structures and for carrying out analysis of IHC stained tissue.   My overall 

research program focuses on the development of principles, techniques and tools that can be used in 

cancer research studies to assemble a coherent biomedical picture by integrating information from 

multiple complementary pathology, clinical, radiology and molecular data sources.   

 

Much of this research has been in collaboration with Dr. Sharma’s group at  Emory University; one key 

Emory collaboration has been the development of   high resolution segmentation of TILs in multiple 

tumor types, and high resolution classification of tumors in breast cancer with ongoing efforts to 

generalize to additional tumor types.    Our current efforts in this area are supported by the  National 

Cancer Institute Information Technology for Research  (ITCR) program,  CBIIT and SEER programs.  I 

am PI of  NCI  ITCR U24 CA180924 and NCI SEER UG3 CA225021 both with focus on digital 

Pathology visualization, algorithms, data management and applications and MPI of ITCR U24 CA215109 

(with Drs. Fred Prior PI and Ashish Sharma MPI) with work that includes integrating digital Pathology 

capabilities into TCIA.  Finally I lead the Stony Brook subcontract for  Dr. Sharma’s CBITT funded 

digital pathology  informatics  project.  

 



Department of Biomedical Informatics        Stony Brook University     Stony Brook, NY  11794-8322       631-638-2590 

The Stony Brook Department of Biomedical Informatics looks forward to collaborating with the FDA in 

the management of whole slide imaging data including images and derived metadata as well as in  the 

development and evaluation of pathology related deep learning algorithms.  We are delighted to make 

available  software and systems for management of annotation/markup data from pathologists and from 

algorithms.  We will work with your team to support the data collection activity and will host images, 

annotations and derived metadata in TCIA.  In collaboration with Emory, we will run our  algorithms on 

WSIs submitted to the FDA and will also make the code available to the FDA.  We are also delighted to 

offer help in the ground truth generation process;  the Chair of the Department of Pathology at Stony 

Brook, Dr. Kenneth Shroyer, has offered the services of his pathologists to help support the crucial 

truthing effort. 

   
  

 

Sincerely, 

 

 
 

Joel H. Saltz 



 

 
1639 Pierce Drive NE, Suite 4105, Dept. of Biomedical Informatics, Tel: 404.654.0124 
Woodruff Memorial Research Building, Atlanta, GA 30322  Email: ashish.sharma@emory.edu 
The Robert W. Woodruff Health Sciences Center 
An equal opportunity, affirmative action university 

October 18, 2018 
 
Brandon D. Gallas, PhD 
U.S. Food and Drug Administration 
Center for Devices and Radiological Health 
Division of Imaging, Diagnostics, and Software Reliability 
 
Dear Dr. Gallas 
 
I am writing this letter to express my support to your proposal entitled, “High-throughput truthing of 
microscope slides to validate artificial intelligence algorithms analyzing digital scans of same slides: 
data (images + annotations) as an MDDT.” As you well know, I lead the caMicroscope project — a 
CBIIT funded project to support digital pathology informatics and I’m also part of the team that 
manages the Cancer Imaging Archive focusing on Digital Pathology capabilities for TCIA. I’m also the 
PI/MPI (together w/ Fred Prior – Chair, Dept. of Biomedical Informatics at UAMS, and Joel H. Saltz – 
Chair, Dept. of Biomedical Informatics at Stonybrook University) of an ITCR U24 (1U24CA215109) that 
is tasked with the Sustainment and Scalability of TCIA to support Quantitative Imaging Informatics in 
Precision Medicine. Through these and other related activities I am well aware of the value of high-
quality labeled data and its usefulness in the development, training, and validation of AI algorithms 
for digital pathology. I was therefore very excited to learn about your plans to run a controlled data 
collection activity for characterizing TILs in breast cancer cases. 
 
We will work with your team to support the data collection activity, incl., the hosting of images in 
TCIA; the development of annotation templates that accompany slide markup; as well as any 
automated TIL characterization efforts that may arise from this project. As you are aware, Dr. Joel 
Saltz and I have published methods to extract and characterize TILs in various cancer types. If 
interested, we’d make our pipelines available to your project. I wish you the best and look forward to 
working on this important and exciting activity. 
 
Sincerely, 
 
 
 
 
 
Ashish Sharma, PhD 
Assistant Professor, Dept. of Biomedical Informatics 
Vice Chair of Education and Training in Biomedical Informatics 
Emory University 



 
Department of Biomedical Engineering  Mailing Address: 
Case School of Engineering / School of Medicine Case Western Reserve University  Phone    (216) 368-4063 
     Wickenden Building, Room 340  Fax        (216) 368-4969 
     10900 Euclid Avenue    
     Cleveland, Ohio 44106-7207 

Department of Biomedical Engineering 
Case Western Reserve University 

Wickenden Bldg., Rm. 340 
10900 Euclid Avenue 

Cleveland, Ohio 44106-7207 
 

  
 
 
 

To Dr. Brandon Gallas and the FDA Critical Path Proposal Review Committee, 
  
I support Dr. Brandon Gallas’ proposal, “High-throughput truthing of microscope slides to validate 
artificial intelligence algorithms analyzing digital scans of same slides: data (images + annotations) as 
an MDDT.” I believe he has an excellent plan for conducting studies to create regulatory grade 
annotation data for a medical device development tool (MDDT). I am willing to participate and recruit 
pathologists from my organization. The evaluation of tumor infiltrating lymphocytes (the primary 
application) appears very promising for prognosing cancer, and the pathologist community needs 
training in this area. 
  
Additionally, I have a grant to organize a speaker series on AI in digital pathology and I’d like to invite 
Dr. Gallas to speak and conduct a data-collection event as part of that. I believe we can get a 
respectable turn out of pathologists to hear about the project and be study participants. My team is 
also very active in the development, investigation, and deployment of AI in digital pathology. I believe 
we can provide algorithm expertise and outputs to support the development of the reader studies and 
performance evaluation. If I can, I will also use my network to help the project conduct studies at 
conferences where the pathologists go. These are excellent opportunities to get pathologists to 
participate in the studies. 
  
My CCIPD team has developed pioneering computer aided diagnosis, pattern recognition, image 
analysis tools for diagnosis and prognosis of different types of cancers (prostate, breast, 
medulloblastoma, oropharyngeal) based on quantitative and computerized histomorphometric image 
analysis of digitized histologic biopsy tissue specimens. This novel approach involves quantitatively 
mining the histologic image data for hundreds of image features via sophisticated image segmentation, 
feature extraction, machine learning and pattern recognition methods and then predicting the risk of 
disease recurrence and patient prognosis. We have also pioneered new ways of combining 
histomorphometric imaging features with “omics” derived biomarkers for improved and integrated 
prediction of prostate cancer outcome. We have published over 140 peer-reviewed journal papers, 
over 160 peer-reviewed conference papers, and have over 70 patents awarded or pending. 
 
The aims of this project are what the community needs. It engages pathologists, giving them a voice 
and role in the regulatory process. If the community is involved in creating the validation data and 
evaluating algorithms, there will be confidence in the technology. 
 
Sincerely,  

 
Anant Madabhushi, PhD  
F. Alex Nason Professor II 
Department of Biomedical Engineering,  
Director, Center of Computational Imaging and Personalized Diagnostics  
Case Western Reserve University 









Evaluation environment for digital and analog
pathology: a platform for validation studies

Brandon D. Gallas,a,* Marios A. Gavrielides,a Catherine M. Conway,b Adam Ivansky,a Tyler C. Keay,a
Wei-Chung Cheng,a Jason Hipp,b and Stephen M. Hewittb
aFDA/CDRH/OSEL, Division of Imaging, Diagnostics, and Software Reliability, 10903 New Hampshire Avenue, Building 62,
Room 3124, Silver Spring, Maryland 20993-0002, United States
bNational Cancer Institute, National Institutes of Health, Center for Cancer Research, Laboratory of Pathology,
10 Center Drive, MSC 1500, Bethesda, Maryland 20892, United States

Abstract. We present a platform for designing and executing studies that compare pathologists interpreting
histopathology of whole slide images (WSIs) on a computer display to pathologists interpreting glass slides
on an optical microscope. eeDAP is an evaluation environment for digital and analog pathology. The key element
in eeDAP is the registration of the WSI to the glass slide. Registration is accomplished through computer control
of the microscope stage and a camera mounted on the microscope that acquires real-time images of the micro-
scope field of view (FOV). Registration allows for the evaluation of the same regions of interest (ROIs) in both
domains. This can reduce or eliminate disagreements that arise from pathologists interpreting different areas
and focuses on the comparison of image quality. We reduced the pathologist interpretation area from an entire
glass slide (10 to 30 mm2) to small ROIs (<50 μm2). We also made possible the evaluation of individual cells.
We summarize eeDAP’s software and hardware and provide calculations and corresponding images of the
microscope FOV and the ROIs extracted from the WSIs. The eeDAP software can be downloaded from the
Google code website (project: eeDAP) as a MATLAB source or as a precompiled stand-alone license-free appli-
cation. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in

whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.JMI.1.3.037501]

Keywords: digital pathology; whole slide imaging; reader studies; technology evaluation; validation; microscopy.

Paper 14108PR received Aug. 13, 2014; revised manuscript received Oct. 10, 2014; accepted for publication Oct. 13, 2014; published
online Nov. 12, 2014.

1 Introduction
Digital pathology (DP) incorporates the acquisition, manage
ment, and interpretation of pathology information generated
from a digitized glass slide. DP is enabled by technological
advances in whole slide imaging (WSI) systems, also known as
virtual microscopy systems, which can digitize whole slides at
microscopic resolution in a short period of time. The potential
opportunities for DP are well documented and include telepa
thology, digital consultation and slide sharing, pathology
education, indexing and retrieval of cases, and the use of auto
mated image analysis.1–3 The imaging chain of a WSI system
consists of multiple components including the light source,
optics, motorized stage, and a sensor for image acquisition. WSI
systems also have embedded software for identifying tissue on
the slide, auto focusing, selecting and combining different fields of
view (FOVs) in a composite image, and image processing (color
management, image compression, etc.). Details regarding the com
ponents of WSI systems can be found in Gu and Ogilvie4 There
are currently numerous commercially available WSI systems as
reviewed by Rojo et al. in terms of technical characteristics.5

A number of studies (many cited in Refs. 6 and 7) have
focused on the validation of WSI systems for primary diagnosis,
with findings generally showing high concordance between
glass slide and digital slide diagnoses. A common drawback of
current validation studies of WSI systems is that they sometimes

combine diagnoses from multiple pathology tasks performed on
multiple tissue types. Pooling cases can lead to the undersam
pling of clinical tasks as discussed in the study by Gavrielides
et al.8 It can also dilute differences in reader performance that
might be specific to certain tasks. Another issue from current
validation studies is that agreement was typically determined
by an adjudication panel comparing pathology reports from
the WSI and microscope reads head to head. Guidelines are
sometimes developed for defining major and minor discrepan
cies, but there is a considerable amount of interpretation and
judgment required of the adjudication panel as the pathology
reports are collected as real world, sign out reports (free text).
Additionally, the focus of most validation studies is on primary
diagnosis, with minor emphasis on related histopathology fea
tures that might be affected by image quality. The quantitative
assessment of a pathologist’s ability to evaluate histopathology
features in WSI compared to the microscope would be useful in
identifying possible limitations of DP for specific tasks. Related
work includes the study of Velez et al.9 where discordances in
the diagnosis of melanocytic skin lesions were attributed to dif
ficulty in identifying minute details such as inflammatory cells,
apoptosis, organisms, and nuclear atypia. Finally, studies focus
ing on primary diagnosis do not typically account for differences
in search patterns or FOV reviewed by observers. The selection
of different areas to be assessed by different observers has been
identified as a source of interobserver variability.10

In this paper, we present an evaluation environment for dig
ital and analog pathology that we refer to as eeDAP. eeDAP is a
software and hardware platform for designing and executing
digital and analog pathology studies where the digital image

*Address all correspondence to: Brandon D. Gallas, E mail: brandon.gallas@
fda.hhs.gov
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is registered to the real time view on the microscope. This regis
tration allows for the same regions of interest (ROIs) to be evalu
ated in digital mode or in microscope mode. Consequently, it is
possible to reduce or eliminate a large source of variability in
comparing these modalities in the hands of the pathologist:
the FOV (the tissue) being evaluated. In fact, the current regis
tration precision of eeDAP allows for the evaluation of the same
individual cell in both domains. As such, a study can be
designed where pathologists are asked to evaluate a preselected
list of individual cells or groups of cells in the digital mode and
with the microscope. Consequently, paired observations from
coregistered FOV are collected allowing for a tight comparison
between WSI and optical microscopy.

A reader study with eeDAP is intended to evaluate the
scanned image, not the clinical workflow of a pathologist or
lab. Instead of recording a typical pathology report, eeDAP ena
bles the collection of explicit evaluation responses (formatted
data) from the pathologist corresponding to very narrow tasks.
This approach removes the ambiguity related to the range of
language and the scope that different pathologists use in their
reports. At the same time, this approach requires the study
designer to narrow the criteria for cases (slides, ROIs, cells) to
be included in the study set.

Reader studies utilizing eeDAP can focus on the evaluation
of specific histopathology features. Since certain features chal
lenge image quality properties such as color fidelity, focus qual
ity, and depth of field, such reader studies can provide valuable
information for the assessment of WSI and its role in clinical
practice. The presented framework allows for the formulation
of different types of tasks, many of which are currently available
and customizable in eeDAP: free text, integer input for counting
tasks, a slider in a predefined range for a confidence scoring task
(ROC task, receiver operating characteristic task), check boxes
of specific categories for a classification task, and marking the
image for a search task. Figure 1 shows the examples of the GUI
presentation for two scoring tasks that we have explored: on the

left, the reader would be asked to provide a score between 1 and
100 reflecting their confidence that the cell within the reticle is a
plasma cell [in hematoxylin and eosin (H&E) stained, formalin
fixed, paraffin embedded colon tissue], whereas on the right, the
reader would provide a score reflecting their confidence that the
cell within the reticle is a mitotic figure (in H&E stained, for
malin fixed, paraffin embedded sarcoma).

In this paper, we outline the key software and hardware ele
ments of eeDAP. First, we discuss the eeDAP software as a pub
licly available resource and describe software specifications and
requirements. We next talk about the tone reproduction curves
that characterize eeDAP and the native viewers: the curves
showing the lightness in the output image given the transmit
tance of the input slide. In Sec. 2.3, we summarize the local and
global registration methods that are key to pairing ROIs across
the digital and microscope domains. In Sec. 2.4, we provide the
key hardware specifications that eeDAP requires and then dem
onstrate the differences in FOVs and image sizes between the
two domains: the digital image and the glass slide. These cal
culations and corresponding representative images help to pro
vide a sense of scale across the digital and analog domains.
Finally, we talk about reticles and their important role in narrow
ing the evaluation area to a small ROI or an individual cell.

2 Methods
In this section, we summarize the key elements of the eeDAP
software and hardware. The eeDAP software is made up of three
graphical user interfaces (GUIs) written in MATLAB (Math
works, Natick, Massachusetts).

The first interface establishes the evaluation mode (Digital or
MicroRT) and reads in the study input file. The input file con
tains the file names of the WSIs, hardware specifications, and
the list of tasks with corresponding ROI locations that will be
interpreted by the pathologist. Each ROI is defined by a loca
tion, width, and height in pixel coordinates of the WSI, and all
are automatically extracted on the fly from the WSIs named.

Fig. 1 Here are the two windows, each showing the eeDAP presentation of a slider task: the image on
the left is of colon tissue, the image on the right is of sarcoma.
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There are installation requirements that make the ROI extraction
possible from the proprietary WSI file formats. We also discuss
a color gamut comparison between eeDAP and a native WSI
viewer (a viewer designed by a WSI scanner manufacturer).

The second interface is executed only for studies run in the
MicroRT mode. This interface globally registers each WSI to its
corresponding glass slide. For each global registration of each
WSI, a study administrator must interactively perform three
local registrations. The local and global registration methods
are described in Sec. 2.3.

The third interface runs the study in accordance to the list of
tasks given in the input file. If the study is run in the Digital
mode, the pathologist views the ROIs on the computer display
in the GUI and enters the evaluations therein. If the study is run
in MicroRT mode, the pathologist views the ROIs through the
microscope (calibrated for Köhler illumination) and is respon
sible for any focusing in the z plane. Although the pathologist is
engaged with the microscope in the MicroRT mode, the study
administrator is viewing the ROIs on the computer display in the
GUI and enters the evaluations there as dictated by the patholo
gist. The study administrator also monitors a live camera image
of what the pathologist sees through the microscope. This allows
the study administrator to confirm and maintain a high level of
registration precision in MicroRT mode.

The eeDAP hardware consists of an upright brightfield
microscope, a digital camera, a computer controlled stage with
a joystick, a computer monitor, and a computer (see Fig. 2). The
microscope requires a port for mounting the camera that allows
for simultaneous viewing with the eyepiece. eeDAP currently
supports a Ludl controller and compatible xy stage, and an
IEEE 1394 FireWire camera communicating according to a
DCAM interface (RGB, 8 bits per channel, minimum width
640, minimum height 480). Setup instructions and example
specifications can be found in the user manual.

Below we summarize how these components are used in
registration and how the WSI and real microscope image appear
to the pathologist. We also identify an important part of the
microscope, the reticle. The reticle is housed in the microscope
eyepiece. One reticle that we use identifies ROIs in the micro
scope FOV and another points at individual cells.

2.1 eeDAP Availability and Technical Requirements

The software component of eeDAP is publicly available as
MATLAB source code or as a precompiled stand alone license
free MATLAB application.11 Running eeDAP source code

requires the MATLAB image acquisition toolbox and the instal
lation of third party software to extract ROIs from WSIs. WSIs
are often extremely large (several GB) and are stored as large
layered TIFF files embedded in proprietary WSI file formats.
eeDAP uses ImageScope, a product of Aperio (a Leica Biosys
tems Division) to read images scanned with WSI scanners from
Aperio (.svs) and other formats, including .ndpi (Hamamatsu).
ImageScope contains an ActiveX control named TIFFcomp that
allows for the extraction and scaling of ROIs. A consequence of
using TIFFcomp is that the MATLAB version must be 32 bits.

The precompiled stand alone application requires that the
MATLAB compiler runtime (MCR) library be installed. It is
important that the version of the MCR correspond exactly to
that used for the stand alone application (refer to the user
manual).

2.2 Tone Reproduction Curves

Manufacturers of WSI scanners typically provide software for
viewing their proprietary file formats. These viewers may
include specialized color management functions. In fact, we
observed color differences when we viewed .ndpi images with
the native Hamamatsu viewer (NDP.view) side by side with the
Aperio viewer (ImageScope) and MATLAB (with the Aperio
ImageScope Active X component TIFFcomp). In an attempt
to understand the native viewer and correct for these differences
(so that we can show the images as they would be seen in the
native viewer), we considered the image adjustments that may
have caused them. From these, we observed that the images
appeared the same in the three viewers when we adjusted the
gamma setting. To confirm our observations, we measured the
tone reproduction curves of NDP.view (gamma ¼ 1.8 and
gamma ¼ 1.0) and ImageScope (no adjustments made; equiva
lent to the MATLAB).

Following the work of Cheng et al.,12 we measured the trans
mittance of the 42 color patches of a color phantom (film on a
glass slide, see Fig. 3). Using an FPGA board, we then retrieved
the sRGB values of a Hamamatsu scanned image of the color
phantom from the NDP.view with gamma set to 1.8 (default),
gamma set to 1.0 (turning off the gamma adjustment), and
ImageScope (default, no gamma correction). We then converted
the sRGB values to the CIELAB color space and plotted the
normalized lightness L� channel against the normalized trans
mittance. The results (Fig. 3) supported our visual observations:

• There is good agreement between the tone reproduction
curves of NDP.view with gamma ¼ 1.0 and ImageScope.

• The tone reproduction curve of NDP.view with gamma ¼
1.0 appears to be linearly related to transmittance.

• The tone reproduction curve of NDP.view with gamma ¼
1.8 appears to be 1/1.8 gamma transformation of
transmittance.

• The default images displayed by NDP.view and
ImageScope (and MATLAB by equivalence) differ only
in the gamma setting.

2.3 Registration

eeDAP uses registration to link the stage (glass slide) coordi
nates to the WSI coordinates. eeDAP has two levels of registra
tion: global and local. The global registration is equivalent to

Fig. 2 The evaluation environment for digital and analog pathology
(eeDAP) hardware: microscope, camera, computer-controlled stage
with joystick, and a computer with monitor (not shown).
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finding the transformation between the stage and WSI coordi
nates. The global registration requires three anchors, three pairs
of stage WSI registered coordinates. Each anchor is generated
by a local registration: a ðx; yÞ stage coordinate and a ðx; yÞWSI
coordinate that correspond to the same specimen location.

eeDAP conducts two levels of global registration: low and
high resolutions. Low resolution corresponds to microscope
magnifications such as 2×, 5×, and 10×; the entire WSI image
is scaled to fit in the GUI. High resolution registration corre
sponds to the microscope magnifications such as 20× and 40×;
the low resolution registration results are used to limit the
amount of the WSI shown in the GUI, sequentially zooming
in on the location of the low resolution anchors.

eeDAP uses local registration for two purposes. The first pur
pose is to support global registration as discussed. The second
purpose is to maintain a high level of registration precision
throughout data collection. During our pilot studies, we
observed that the precision of the global registration was deterio
rating as the stage moved throughout the study. Therefore, we
implemented a button that could be pressed during data collec
tion that could register the current microscope view to the cur
rent task specific ROI. The current level of precision appears to
allow for the reliable evaluation of individual cells. Technical
details of local and global registrations are provided below.

2.3.1 Local registration

A local registration is accomplished by taking a snapshot of the
microscope FOV with the microscope mounted camera and by

finding a search region containing the corresponding location in
the WSI (see Fig. 4). The search region is identified by the study
administrator and avoids searching the entire (very large) image.
A local registration yields a ðx; yÞ coordinate in the WSI and a
ðx; yÞ coordinate on the microscope stage that identify the same
location.

The camera image contains some amount of specimen on the
glass slide and is labeled by the ðx; yÞ coordinate of the current
stage position. See, for example, the “Preview with cross hairs”
window labeled “Camera image” depicted in Fig. 4. The camera
image has three channels (RGB) and must be at least 640 × 480.
The physical size of a (square) camera pixel is given by the
manufacturer specifications. This size divided by any magnifi
cation by the microscope (objective × camera adapter) deter
mines the camera’s spatial sampling period in units of the
specimen.

We extract a patch of the WSI image (RGB) that is larger
than and contains the same content as captured by the camera.
See, for example, the image labeled “WSI image” depicted in
Fig. 4. The WSI’s spatial sampling period (often referred to
as the WSI resolution) is given by the manufacturer specifica
tions in units of the specimen and is often recorded in the
WSI image.

An ROI extracted from a WSI image can be rescaled (inter
polated) to have the same sampling period as the camera
image using the ratio of the sampling periods. In other
words, the number of pixels before and after rescaling is deter
mined by

Fig. 3 (a) Hamamatsu scanned image of a color phantom (film on a glass slide). (b) The transmittance of
the 42 color patches plotted against the normalized lightness L� in the CIELAB color space (derived from
the average sRGB values in a patch).
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½corresponding number of camera pixels�

¼ WSI sampling period

camera sampling period
½number of WSI pixels�:

Given the camera image cðx; yÞ and the WSI image dðx; yÞ at
the same scale, we perform normalized cross correlation to find
the Δx; Δy shift that best registers the two images. In other
words, we find the Δx;Δy that maximize the following sum:

1

n

X
x;y

ðcðx; yÞ − c̄Þðdðxþ Δx; yþ ΔyÞ − dÞ
σcσd

;

where the sum is over the n pixels in the camera image, ðx; yÞ
indexes the pixels in the image, Δx;Δy is the shift in pixels, and
c̄; σc and d̄; σd are the average and standard deviation of the ele
ments of cðx; yÞ and dðx; yÞ considered in the sum.

2.3.2 Global registration

Global registration is done for each WSI in the input file and
corresponding glass slide on the microscope stage. Each global
registration is built on three local registrations. The three local
registrations yield three pairs of coordinates that define the
transformation (the change of basis) between the coordinate sys
tem of the WSI (image pixels) and the coordinate system of the
stage (stage pixels).

Let the three pairs of coordinates be given by ðxWSI
i ; yWSI

i Þ,
ðxstagei ; ystagei Þ for i ¼ 1; 2; 3. Given these pairs, we define the
two coordinate systems with the following matrices:

MWSI ¼
�
xWSI
2 − xWSI

1 ; xWSI
3 − xWSI

1

yWSI
2 − yWSI

1 ; yWSI
3 − yWSI

1

�
;

Mstage ¼
�
xstage2 − xstage1 ; xstage3 − xstage1

ystage2 − ystage1 ; ystage3 − ystage1

�
:

Then given a new location in the WSI coordinate system
½xWSI

new ; yWSI
new �t, we can determine the corresponding location in

the stage coordinate system with the following transformation:

�
xstagenew

ystagenew

�
¼ MstageM 1

WSI

��
xWSI
new

yWSI
new

�
−
�
xWSI
1

yWSI
1

��
þ
�
xstage1

ystage1

�
.

In words, we first shift the new point according to the origin
in the WSI coordinate system ðxWSI

1 ; yWSI
1 Þ. Next, we map the

point from the WSI coordinate system to the standard one with
M−1

WSI and then map it to the stage coordinate system withMstage.
Finally, we shift the point according to the origin in the stage
coordinate system ðxstage1 ; ystage1 Þ. Consequently, the location
of each ROI for each task given in the input file can be accessed
in the WSI coordinate system or the stage coordinate system.

The study administrator determines each local registration by
navigating the microscope with the joystick to an appropriate
anchor, taking the camera image, and then approximately identi
fying the corresponding anchor in theWSI. An appropriate anchor
is one that can be recognized in the WSI image and is surrounded
by one or more salient features. Salient features increase the like
lihood of a successful registration; repetitive features and homo
geneous regions do not. Additionally, global registration is better
when the set of three anchors are widely separated; encompassing
the entirety of the tissue is best. The most challenging aspect in
finding the appropriate anchors is navigating the microscope stage

Fig. 4 Screen shot of the registration interface including the real-time microscope field of view (FOV) as
seen with the mounted camera (“Camera image”).
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with the joystick, focusing on the specimen, and determining the
corresponding location in the WSI image.

In Fig. 4, we see the “Camera image” and the “WSI image.”
The study administrator has clicked on the WSI image to indi
cate where in the WSI to search for the camera image. A patch of
the WSI image is extracted from the WSI at the full scanning
resolution, the patch is scaled to the resolution of the camera,
and a local registration produces the shift that identifies the cor
responding WSI location to pair with the current stage location.

2.4 Comparing FOV and Image Sizes

In the following, we provide the key hardware specifications
that eeDAP requires and demonstrates the calculation of differ
ent FOVs and image sizes. These calculations provide the rela
tionships regarding scale across the digital and analog domains.

2.4.1 Microscope FOV

An important parameter of an optical microscope is the field
number (FN); it is the diameter of the view field in millimeters
at the intermediate image plane, which is located in the eyepiece.
The FN is a function of the entire light path of the microscope
starting with the glass slide, through the objective, and ending at
the intermediate image plane in the eyepiece; the FN is often
inscribed on the eyepiece. To get the FOV in units of the speci
men being viewed, we divide the FN by the objective magnifi
cation. We currently have an Olympus BX43 microscope
(FN ¼ 22 mm) and a Zeiss Axioplan2 Imaging microscope
(FN ¼ 23 mm). At 40× magnification due to the objective,
the FOV covered in the specimen plane is given by

• Olympus FOV at 40×

• diameter ¼ 22∕40 ¼ 0.550 mm,

• area ¼ 0.2376 mm,

• Zeiss FOV at 40×

• diameter¼ 23∕40¼ 0.575 mm,

• area ¼ 0.2597 mm.

The FN can also be used to determine the perceived size of
the microscope image at an effective viewing distance of 25 cm.
The 25 cm effective viewing distance is a design convention13

that is not well documented or well known. The perceived size is
then simply the FN times the eyepiece magnification. Since the
eyepieces on both microscopes above have 10× magnification,
the perceived diameters of the intermediate images are 22 cm
(Olympus) and 23 cm (Zeiss) at the effective viewing distance
of 25. This corresponds to a visual angle (subtended angle of
object at the eye) equal to 2 × arctanð23∕ð2 � 25ÞÞ ≈ 50 deg.
In Fig. 5, we show what the microscope FOV looks like for
the sarcoma slide scaled to fit the page.

2.4.2 Size of scanner images

We have access to two WSI scanners: a Hamamatsu
Nanozoomer 2.0HT and an Aperio CS. They both operate at
20× and 40× magnification equivalent settings with similar
sampling periods:

• 0.4558 μm at 20× and 0.2279 μm at 40× (Hamamatsu);

• 0.5000 μm at 20× and 0.2500 μm at 40× (Aperio).

The 40×Hamamatsu scanned images we have been using for
pilot studies have 123; 008 × 82; 688 pixels (10 GB) and
39; 680 × 51; 200 pixels (2 GB). By multiplying the number
of pixels by the sampling period, we get the size of the images
in units of the specimen on the glass slide. These images cor
respond to the image areas of 28.0 mm × 18.8 mm and
9.0 mm × 11.7 mm. We have been extracting 400 × 400 ROI
patches that show 0.092 mm × 0.092 mm patches of the speci
men (area ≈ 0.0084 mm2) for our most recent pilot study, which
is 3.2% of the microscope FOV.

The size of a patch seen by a pathologist depends on the com
puter monitor pixel pitch (distance between pixels). For a com
puter monitor with a 258 μm pixel pitch, the display size of a
400 × 400 patch is 10.32 cm × 10.32 cm (area ≈ 106 cm2). If
we assume a viewing distance of 25 cm from the computer mon
itors (to match the effective viewing distance in the microscope),
we can compare the image size of the ROI on the computer

Fig. 5 The two images in this figure depict the relative sizes of the microscope image as seen through the
eyepiece at 40× (a) and a 400 × 400 regions of interest patch from a whole slide image as seen on a
computer monitor with 258-μm pixels at a viewing distance of 25 cm (b).
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monitor to the microscope perceived image size. Figure 5 shows
the relative sizes of the two views side by side, demonstrating
the apparent magnification of the specimen area in the displayed
400 × 400 patches.

2.4.3 Size of camera images

We currently have a Point Grey Flea2 color camera (FL2G
50S5C C) that has a default output format of 1024 × 768
with 6.9 μm pixels. This format corresponds to 2 × 2 binning
of a camera with a native pixel size of 3.45 μm. At 20× mag
nification (40× objective times 0.5× camera adapter), the spatial
sampling period in units of the specimen plane corresponds to
0.345 μm (6.9/20) and the camera FOV is 0.353 mm ×
0.265 mm (area ¼ 0.0234 mm2), which is about 36% of the
microscope FOV.

2.5 Reticles

Reticles are pieces of glass that are inserted at the intermediate
image plane in the eyepiece. They contain fine lines and grids
that appear superimposed on the specimen. Reticles help to mea
sure features or help to locate objects. The current version of
eeDAP uses them to narrow tasks to very small regions and indi
vidual cells, allowing for an expansion of capabilities. In Fig. 6,
we depict reticles as seen through the microscope (line thickness
exaggerated) and as they appear in eeDAP (400 × 400 patches).
These reticles are described below and were studied in two fea
sibility reader studies for their functionality.

In the first feasibility study, we used a reticle containing a
10 × 10 grid with squares that are 1.25 mm on a side (Klarmann
Rulings: KR 429). At 40×, these squares are 31.25 μm on a side
in the specimen plane. When running in Digital mode, eeDAP

digitally creates a reticle mask to create the same effect as the
real reticle in the microscope. The instructions for this study
were to score the reticle square that was immediately above
and to the right of the center cross (red squares in Fig. 6).
Identifying the center cross in the 10 × 10 grid in MicroRT
mode is challenging; it is accomplished by rotating the eyepiece
as the center cross remains fixed. Additionally, the instructions
to score a square were to score the cell that was most likely the
target (mitotic figure or plasma cell as shown in Fig. 1), consid
ering cells with at least half their nuclei in the square.

In the second (similar) feasibility study, we used a custom
reticle that has fiducials that point to gaps (Klarmann Rulings:
KR 32536). Two gaps are 1 mm × 1 mm and three gaps are
0.5 mm × 0.5 mm. At 40×, these gaps are 25.0 μm and
12.5 μm on a side. The instructions for this study were much
more direct: score the cell at the center of the center fiducials
(red squares in Fig. 6).

3 Results and Discussion
We have been using pilot studies to identify weaknesses and
future improvements needed for eeDAP and the general
study design. The main weakness that we identified was that
the registration precision throughout data collection was not
good enough: pathologists were not evaluating identical ROIs.
We have addressed this in the current generation of eeDAP by
incorporating the ability to do a local registration for every ROI
during data collection. We have also created a custom reticle that
allows us to point at individual cells. This reduces ambiguity and
disagreements due to evaluations based on multiple different
cells within an ROI.

We also observed that the .ndpi WSI images appeared darker
when viewing with eeDAP (and ImageScope) compared to

Fig. 6 Reticles (line thicknesses exaggerated) as seen through simulatedmicroscope FOV (a) and 400 ×
400 patches as they appear in eeDAP (b). The red squares in the simulated microscope FOVs and the
red-dash boundary squares in the 400 × 400 patches indicate the “evaluation” areas. In the 400 × 400
sarcoma patch on the left, a majority of the obvious mitotic figure falls in the grid square to the left of the
evaluation square. In the 400 × 400 sarcoma patch on the right, the central cross hairs point to the
obvious mitotic figure. In the 400 × 400 colon patch on the left, there are several plasma-cell candidates
in the “evaluation” square. In the 400 × 400 colon patch on the right, the cross hairs point to a single
plasma-cell candidate to be evaluated.
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viewing with the native viewer, NDP.view. Through observation
and subsequent measurement, we determined that the difference
was a simple gamma adjustment, and we implemented a color
look up table to make this and any other color adjustment pos
sible with eeDAP.

Our pilot studies emphasized the need for reader training. We
found that pathologists needed to develop a level of comfort in
scoring individual candidate cells, as this is not a part of a path
ologist’s typical clinical work flow. This is especially true when
we asked for a 101 point confidence rating instead of a yes no
decision. Consequently, we are focusing our efforts to creating
training on the cell types and scorings. Training on cell types
may include Power Point slides that contain verbal descriptions
of typical features and sample images. Training may also
include eeDAP training modules: the training modules may
elicit scores of the typical features as well as the overall score
and then provide feedback in the form of the scores of experts.

As we move beyond pilot studies to pivotal studies, we need
to investigate and establish several methods and protocols to
reduce the variability between the pilot study and the pivotal
study, to reduce variability during a pivotal study, and to allow
for a study to be replicated as closely as possible. Methods and
protocols are needed on the following issues:

• Computer monitor QA/QC and calibration, includ
ing color

• It is understood in radiology that poor quality dis
plays can result in misdiagnosis, eye strain, and
fatigue.14 As such, it is common in the practice
and evaluation of radiology to control, characterize,
and document the display conditions. This culture
has led to the creation of standards that treat dis
plays.15 This issue is not yet fully enabled and appre
ciated within the culture of DP practice or
evaluation. Study reports do very little to describe
the display characteristics and calibration, with
recent work being the exception.8 However some
groups, including the International Color Consor
tium, are filling the void and addressing the challeng
ing issue of display and color calibration.16–18

• Slide preparation.

• It is well known that there is significant variability in
tissue appearances based on processing, sectioning,
and staining differences and this variability leads to
variability in diagnosis.19 Protocols for slide prepa
ration are a part of standard lab practice and are
changing with increased automation, driving stan
dards in this space.20

• Tissue inclusion/exclusion criteria, including methods to
objectively identify candidate cells for the evaluation task.

• Identifying inclusion/exclusion criteria for study
patients (or in the current context, their tissue) is
needed to convey the spectrum of the tissue being
used, and thus the trial’s generalizability and rel
evance.21,22 Given the tissue, when the task is to
evaluate individual cells, it is important to not bias
the selection process. For our work, we intend to first

identify the entire spectrum of presentations, not just
presentations that are easy in one modality or
another (as might result from pathologist identified
candidates). Once the entire spectrum of presenta
tions is identified, there may be reasons to subsam
ple within to stress the imaging system evaluation
and comparison. Future work may include the incor
poration of algorithms for the automated identification
of candidate cells to be classified or histopathological
features to be evaluated. Such algorithms may be less
biased and more objective in creating the study sets.

Finally, a coherent analysis method is needed that does not
require a gold standard, since one is typically not available for
the tasks being considered. To address this need, we are inves
tigating agreement measures, such as concordance, that compare
pathologist performance with WSI to conventional optical
microscopy. The goal is to develop methods and tools for multi
reader, multicase analysis of agreement measures, similar to the
methods and tools for the area under the ROC curve23 and the
rate of agreement.24

4 Conclusions
In this paper, we presented the key software and hardware ele
ments of eeDAP, a framework that allows for the registration and
display of corresponding tissue regions between the glass slide
and the WSI. The goal was to remove search as a source of
observer variability that might dilute differences between
modalities. The software part of eeDAP can be downloaded
from the google code website (project: eeDAP) as a MATLAB
source or as a precompiled stand alone license free applica
tion.11 This software can be paired with the required hardware
(microscope, automated stage, and camera) and used to design
and execute reader studies to compare DP to traditional optical
microscopy.
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