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Abstract

• A growing part of the medical device portfolio of CDRH includes image-based detection (e.g., find the 
tumor) and classification algorithms (e.g., classify an abnormality as benign or malignant). Whatever 
the health condition, imaging technology, or algorithm architecture (neural networks, random forests, 
regressions), submissions of the “software as a medical device” often include a reader study, a study in 
which clinicians make evaluations with and without the algorithm. Comparing the evaluations against a 
reference truth, we can compare the performance impact of the algorithm. The statistical analysis of 
such studies is not trivial since it is well known that there is a range of skill among clinicians and their 
evaluations are noisy. Furthermore, the studies often have multiple clinicians evaluating the same 
cases, leading to correlations in the data. FDA guidance recommends an MRMC (multi-reader multi-
case) analysis paradigm in which a reader-averaged performance metric is analyzed (variance 
estimates, confidence intervals, and p-values) to account for the variability (and correlations) from 
readers and cases. To support such analyses, we have developed, published, and shared on GitHub 
statistical methods and software, data, and examples. Such development relies on simulations of 
MRMC studies to validate the statistical methods. In this talk, we will discuss reader studies, 
performance metrics, and the corresponding MRMC structures of uncertainty. We will present a 
simulation model that has served us well in validating MRMC analyses of detection and classification 
metrics. To address studies of algorithms that yield quantitative values and the within- and between-
clinician agreement of such values, we have been developing new MRMC methods that analyze 
differences in quantitative values. To support this work, we are investigating and will present a new 
simulation model that better represents such data.

• 25 minutes presentation time
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Outline
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Reader Studies
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Reader Studies

Compare clinician performance with a new imaging 
system to a reference imaging system
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Reader Studies
Example: Evaluating Computer Aids

• Modality: Images with computer aid 
vs. images without computer aid

• Task/Performance 1:
Recall women with cancer

– Binary patient management decision
– Sensitivity, specificity

• Task/Performance 2:
Score cancer confidence

– More information. Goal is to rank.
– Area under the ROC curve

• Readers: Radiologists

• Cases: Breast cancer screening 
population

ROC scoring instructions
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Reader Studies
Example: Evaluating Computer Aids

• Modality: Images with computer aid 
vs. images without computer aid

• Task/Performance 1:
Recall women with cancer

– Binary patient management decision
– Sensitivity, specificity

• Task/Performance 2:
Score cancer confidence

– More information. Goal is to rank.
– Area under the ROC curve

• Readers: Radiologists

• Cases: Breast cancer screening 
population

Decision Threshold
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Reader Skill

AUC=0.5

AUC=0.85

AUC=0.98

ROC Primer
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Quick Primer on Sensitivity, Specificity,
and Area Under the ROC curve
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Threshold True
Cancers

True
Non-Cancers

Most SuspiciousMost Normal
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Threshold

True
Cancers

True
Non-Cancers
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Threshold

Sensitivity

Specificity

= True Negative Fraction
= TNF

= True Positive Fraction
= TPF

True
Cancers

True
Non-Cancers
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Entire ROC curve

Different readers use different thresholds
• Significant and important source of 

variability in sensitivity and specificity.

Prevalence effect
• As prevalence increases so does 

sensitivity (at the expense of specificity)
• The more cancers you see the more 

cases you call cancer

ASA-BIOP, 23 Sept. 2020, Gallas, Modeling/Simulating Reader StudiesFDA.gov 17



OSEL Accelerating patient access to innovative, safe, and effective medical devices through best-in-the-world regulatory science

TP
F, 

se
ns

iti
vi

ty
FPF, 1-specificity

Entire ROC curve

Diagnostic performance
-or-

Reader Skill

AUC=0.5

AUC=0.85

AUC=0.98

ASA-BIOP, 23 Sept. 2020, Gallas, Modeling/Simulating Reader StudiesFDA.gov 18



OSEL Accelerating patient access to innovative, safe, and effective medical devices through best-in-the-world regulatory science

Non-Parametric AUC estimate

• Single reader:

�𝐴𝐴𝐴𝐴𝐴𝐴𝑟𝑟 = 1
𝑁𝑁0𝑁𝑁1

∑𝑘𝑘=1
𝑁𝑁1 ∑𝑘𝑘′=1

𝑁𝑁_0 𝑠𝑠 𝑋𝑋𝑟𝑟𝑟𝑟 − 𝑌𝑌𝑟𝑟𝑘𝑘′

• Average over readers:

�𝐴𝐴𝐴𝐴𝐴𝐴� = 1
𝑁𝑁𝑅𝑅𝑁𝑁0𝑁𝑁1

∑𝑟𝑟=1
𝑁𝑁𝑅𝑅 ∑𝑘𝑘=1

𝑁𝑁1 ∑𝑘𝑘′=1
𝑁𝑁0 𝑠𝑠 𝑋𝑋𝑟𝑟𝑘𝑘 − 𝑌𝑌𝑟𝑟𝑘𝑘′
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MRMC Analysis


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var AUC1  AUC2(                     )
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MRMC Analysis

MRMC: Multi-reader, Multi-case Analysis

• Analysis
– Estimate variances, confidence intervals
– Perform hypothesis tests

• Account for reader and case variability

• Account for reader and case correlations

• Results Generalize to Population of Readers and Cases
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MRMC Analysis
Variance Components

• Main Random Effects
– case variability

difficulty
– reader variability

skill
– reader/case interaction

training, experience, cases encountered
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MRMC Analysis
Variance Components

• Main Random Effects
– case variability

Non-disease +   Disease +   Interaction
– reader variability

– reader/case interaction
Non-disease +   Disease +   Interaction
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MRMC Analysis
Variance Components

• Single Modality
– Gallas et al. (2009)

var AUC 
0

2

N0

1

2
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01
2

N0N1
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R

2

NR


0R

2

N0NR


1R
2

N1NR


01R
2

N0N1NR

(        ) Case
Variability

Reader
Variability

Reader-Case Interaction

Given U-statistic estimator 
of reader-averaged AUC

7 variance components
7 coefficients

No modeling
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MRMC Analysis
Variance Components

• Two Modalities
– Gallas et al. (2009)


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
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var AUC1  AUC2(                     )

Different interpretation 
for these components
• AUC difference

Case
Variability

Reader
Variability

Reader-Case Interaction
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MRMC Analysis
Variance Components

• Two Modalities
– Gallas et al. (2009)
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Sizing
Estimate components
Explore N0, N1, NR

Case
Variability

Reader
Variability

Reader-Case Interaction
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MRMC Analysis

Size a Trial

Add data to reduce variance by 50%.
Colposcopy Study
Plot courtesy of Hsu, NCI.

Pilot result

1:1 sampling
4:1 sampling

Only Non-Diseased
Only Diseased
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To
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nc

e

Total number of cases

MRMC Analysis

Size a Trial

Colposcopy Study
Plot courtesy of Hsu, NCI.

Case mix 1:1

Case mix 4:1

Non-diseased cases only

Diseased cases only

Pilot result

Add data to reduce variance by 50%.

1:1 sampling
4:1 sampling

Only Non-Diseased
Only Diseased
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MRMC Analysis

Publications and Software

Published iMRMC Software
• 2013: Java Application - Google Code

– Retired
• 2015: Java Application – GitHub 

– https://github.com/DIDSR/iMRMC
• 2017: R Package – CRAN

– https://cran.r-
project.org/web/packages/iMRMC/index.html

Communications in Statistics - Theory and Methods, 2009
https://doi.org/10.1080/03610920802610084

Academic Radiology, 2006
https://doi.org/10.1016/j.acra.2005.11.030
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MRMC Simulation

readerID caseID modID score Truth

reader1 negCase1 testA 0.12 0

… … … … …

reader2 negCase1 testA -0.27 0

… … … … …

readerID caseID modID score Truth

reader1 negCase1 testA 0.12 0

… … … … …

reader2 negCase1 testA -0.27 0

… … … … …

readerID caseID modID score Truth

reader1 negCase1 testA 0.12 0

… … … … …

reader2 negCase1 testA -0.27 0

… … … … …

readerID caseID modID score Truth

reader1 negCase1 testA 0.12 0

… … … … …

reader2 negCase1 testA -0.27 0

… … … … …

readerID caseID modID score Truth

reader1 negCase1 testA -.36 0

… … … … …

reader2 posCase1 testA -0.11 1

… … … … …
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MRMC Simulation

readerID caseID modID score Truth

reader1 negCase1 testA 0.12 0

… … … … …

reader2 negCase1 testA -0.27 0

… … … … …

readerID caseID modID score Truth

reader1 negCase1 testA 0.12 0

… … … … …

reader2 negCase1 testA -0.27 0

… … … … …

readerID caseID modID score Truth

reader1 negCase1 testA 0.12 0

… … … … …

reader2 negCase1 testA -0.27 0

… … … … …

readerID caseID modID score Truth

reader1 negCase1 testA 0.12 0

… … … … …

reader2 negCase1 testA -0.27 0

… … … … …

Estimates

AUC Var(AUC)

A1 V1

A2 V2

A3 V3

A4 V4

… …

… …

ANMC VNMCreaderID caseID modID score Truth

reader1 negCase1 testA -.36 0

… … … … …

reader2 posCase1 testA -0.11 1

… … … … …

MC
Variance

• Validate/Characterize Variance Estimator
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MRMC Simulation

readerID caseID modID score Truth

reader1 negCase1 testA 0.12 0

… … … … …

reader2 negCase1 testA -0.27 0

… … … … …

readerID caseID modID score Truth

reader1 negCase1 testA 0.12 0

… … … … …

reader2 negCase1 testA -0.27 0

… … … … …

readerID caseID modID score Truth

reader1 negCase1 testA 0.12 0

… … … … …

reader2 negCase1 testA -0.27 0

… … … … …

readerID caseID modID score Truth

reader1 negCase1 testA 0.12 0

… … … … …

reader2 negCase1 testA -0.27 0

… … … … …

Estimates

AUC Var(AUC)

A1 V1

A2 V2

A3 V3

A4 V4

… …

… …

ANMC VNMCreaderID caseID modID score Truth

reader1 negCase1 testA -.36 0

… … … … …

reader2 posCase1 testA -0.11 1

… … … … …

“TRUE”
Variance

MC
Mean

If equal,
estimator is unbiased.

• Validate/Characterize Variance Estimator
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MRMC Simulation

readerID caseID modID score Truth

reader1 negCase1 testA 0.12 0

… … … … …

reader2 negCase1 testA -0.27 0

… … … … …

readerID caseID modID score Truth

reader1 negCase1 testA 0.12 0

… … … … …

reader2 negCase1 testA -0.27 0

… … … … …

readerID caseID modID score Truth

reader1 negCase1 testA 0.12 0

… … … … …

reader2 negCase1 testA -0.27 0

… … … … …

readerID caseID modID score Truth

reader1 negCase1 testA 0.12 0

… … … … …

reader2 negCase1 testA -0.27 0

… … … … …

Estimates

AUC Var(AUC)

A1 V1

A2 V2

A3 V3

A4 V4

… …

… …

ANMC VNMCreaderID caseID modID score Truth

reader1 negCase1 testA -.36 0

… … … … …

reader2 posCase1 testA -0.11 1

… … … … …

MC
Variance

Estimator
Precision

• Validate/Characterize Variance Estimator
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MRMC Simulation
Roe and Metz Model (1997)

• Simulation model for ROC scores
– Multiple modalities (fixed effect)
– Multiple readers
– Multiple cases

Random effects: (Independent)
• Case 𝑘𝑘 : N 0,𝜎𝜎𝐶𝐶2 , N 0,𝜎𝜎𝜏𝜏𝐶𝐶2
• Reader 𝑗𝑗 : N 0,𝜎𝜎𝑅𝑅2 , N 0,𝜎𝜎𝜏𝜏𝑅𝑅2
• Interaction: N 0,𝜎𝜎𝑅𝑅𝐶𝐶2 , N 0,𝜎𝜎𝜏𝜏𝑅𝑅𝐶𝐶2

Signal-absent scores
𝑋𝑋𝑖𝑖𝑖𝑖𝑖𝑖0 = 𝜏𝜏𝑖𝑖0

+𝐶𝐶𝑘𝑘0 + 𝜏𝜏𝜏𝜏 𝑖𝑖𝑖𝑖0
+𝑅𝑅𝑗𝑗0 + 𝜏𝜏𝜏𝜏 𝑖𝑖𝑖𝑖0
+ 𝑅𝑅𝑅𝑅 𝑗𝑗𝑗𝑗0 + 𝜏𝜏𝜏𝜏𝜏𝜏 𝑖𝑖𝑖𝑖𝑖𝑖0

Fixed effect: Modality 𝑖𝑖
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MRMC Simulation
Roe and Metz Model (1997)

• Simulation model for ROC scores
– Multiple modalities (fixed effect)
– Multiple readers
– Multiple cases

Looks like
3-way ANOVA

Warning
Simulation for scores not AUC

Signal-present scores
𝑌𝑌𝑖𝑖𝑖𝑖𝑖𝑖1 = 𝜏𝜏𝑖𝑖1

+𝐶𝐶𝑘𝑘1 + 𝜏𝜏𝜏𝜏 𝑖𝑖𝑖𝑖1
+𝑅𝑅𝑗𝑗1 + 𝜏𝜏𝜏𝜏 𝑖𝑖𝑖𝑖1
+ 𝑅𝑅𝑅𝑅 𝑗𝑗𝑗𝑗1 + 𝜏𝜏𝜏𝜏𝜏𝜏 𝑖𝑖𝑖𝑖𝑖𝑖1
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MRMC Simulation
Roe and Metz Model: Updates

• Binary Data • Parameters depend on truth and 
modality 

• Analytic relationship
– ROC scores
– AUC components of variance

https://doi.org/10.1117/1.JMI.1.3.031011 https://doi.org/10.1117/1.JMI.1.3.031006

20142014

https://doi.org/10.1364/JOSAA.24.000B70 2007
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Study Designs

Diseased
Cases

Diseased
Cases

Non-Diseased
Cases

Non-Diseased
Cases

Re
ad

er
s

Modality 1 Modality 2

Modality 1

Cases

Re
ad

er
s

Cases

Modality 2
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Study Designs
Fully-Crossed

• Fully-crossed study
– All readers read all cases
– Readers and cases are paired across modalities

Data Array
Rows = readers

Cols = cases

Diseased
Cases

Diseased
Cases

Non-Diseased
Cases

Non-Diseased
Cases

Re
ad

er
s

Modality 1 Modality 2
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Study Designs
Fully-Crossed

• Fully-crossed study
– All readers read all cases
– Readers and cases are paired across modalities

Remove truth labels to unclutter study design concepts.

Modality 1

Cases

Re
ad

er
s

Cases

Modality 2
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Study Designs
Split-Plot

• Fully-crossed study is burdensome
– All readers read all cases
– Readers and cases are paired across modalities

• Split-plot study
– Readers and cases split into 2 groups
– Data is fully-crossed within a group

Cases

Re
ad

er
s

Modality 1 Modality 2

No Data

No Data

No Data

No Data

Cases
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Study Designs
Split-Plot

• Fully-crossed is burdensome
– A lot of reads per reader
– A lot of reads total

• Split-plot studies can save time (and money)
– Half the reads per reader
– Half the reads total

Cases

Re
ad

er
s

Modality 1 Modality 2

No Data

No Data

No Data

No Data

Cases
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Study Designs

• Generalized analysis methods
– Treat arbitrary study designs
– Publications and Software

https://doi.org/10.1080/03610920802610084

Academic Radiology, 2012
https://doi.org/10.1016/j.acra.2012.09.012
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Study Designs: Efficiency

Readers Unpaired
Across Modalities

Fully-Crossed B

Fully-Crossed A

4-Groups

3-Groups

2-Groups

Compare 
designs 
using 

simulation
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Study Designs: Efficiency

Resources
• Number of Readers
• Number of cases
• Number of observations

Statistical efficiency

𝑣𝑣𝑣𝑣𝑣𝑣 𝐴̂𝐴 | Two−block split−plot
𝑣𝑣𝑣𝑣𝑣𝑣 𝐴̂𝐴 | Study design X

Examine trade off between
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Study Designs:

Efficiency

Take-away 1. It is possible (fairly easy) to compare study designs.
• Simulation
• Modeling
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Study Designs:

Efficiency

Take-away 2. You pay a price when you don’t pair readers across modalities
• More readers, more cases, more observations
• More variability – lower efficiency
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Study Designs:

Efficiency

Take-away 3. For the same number of observations, a split-plot study is more efficient.
• Need more cases.
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Study Designs:

Efficiency

Take-away 4. You can be more efficient by splitting more.
• Need more readers
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Study Designs:

Efficiency

• Why are split-plot studies efficient?
• Avoid diminishing returns
• Observations on a case are correlated
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Study Designs:

Efficiency

• My rules of thumb:
• Need 20 cases per class per reader

-> Need to estimate individual reader performance.
• Need at least 3 readers per case

-> Need to estimate reader variability.
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Study Designs:

Efficiency

• Simulation informed theory
– More groups = less variance

𝑣𝑣𝑣𝑣𝑣𝑣 �𝐴𝐴𝐴𝐴𝐴𝐴1 −�𝐴𝐴𝐴𝐴𝐴𝐴2

= 1
𝑁𝑁𝑅𝑅
𝑉𝑉𝑅𝑅 + 1

𝑁𝑁𝐺𝐺
𝑉𝑉𝐶𝐶 https://doi.org/10.1117/1.JMI.5.3.031410

Re-organize
components

2018
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Study Designs:

Efficiency

• Simulation informed theory
– More groups = less variance

𝑣𝑣𝑣𝑣𝑣𝑣 �𝐴𝐴𝐴𝐴𝐴𝐴1 −�𝐴𝐴𝐴𝐴𝐴𝐴2

= 1
𝑁𝑁𝑅𝑅
𝑉𝑉𝑅𝑅 + 1

𝑁𝑁𝐺𝐺
𝑉𝑉𝐶𝐶

More groups
= less variance

https://doi.org/10.1117/1.JMI.5.3.031410

2018
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MRMC Tools
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MRMC Tools
iMRMC Software, GitHub Repository

• GitHub:
– Version Control
– Collaboration
– Issue tracking
– Dissemination

• Java Package
• R Package

– Hosted at CRAN

• iMRMC features
– Size MRMC study
– Analyze MRMC study
– Produce ROC curves

• Wiki
– Adapt for binary data
– Links to data packages
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MRMC Analysis
Publications and Software

https://doi.org/10.1117/1.JMI.6.1.015501, 2019 

https://didsr.github.io/viperData/

GitHub Wiki Page: iMRMC-Datasets
• https://github.com/DIDSR/iMRMC/

wiki/iMRMC-Datasets

viperData R package
• Data
• R scripts
• R Markdown Files

Supplementary Materials
• Study Designs (Split-Plot)
• Sizing analysis
• Histograms of reader scores and 

ROC curves

All analyses fully reproducible
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BONUS
High-Throughput Truthing Project

HTT project

ASA-BIOP, 23 Sept. 2020, Gallas, Modeling/Simulating Reader StudiesFDA.gov 57



OSEL Accelerating patient access to innovative, safe, and effective medical devices through best-in-the-world regulatory science

• Slides originally presented at
• SIIM: Society for Imaging Informatics in Medicine

• Play recorded audio (with fingers crossed)
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High-throughput truthing (HTT) Collaborators

Collaboration of Volunteers

Engage stakeholders through the Alliance for Digital 
Pathology 

Involve experts & the community.

Pathologists Academia Health 
Systems

Associations Industry
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HTT Core Collaborators

Project mgmt.
Sarah Dudgeon, MPH
FDA/CDRH/OSEL/DIDSR

caMicroscope team
Ashish Sharma, PhD
Emory University Department of Biomedical Informatics

Joel Saltz, MD PhD
Dept. of Biomedical Informatics, Stony Brook Medicine

Nan Li, MS
Dept. of Biomedical Informatics, Stony Brook Medicine

PathPresenter team
Matthew Hanna, MD
Memorial Sloan Kettering, New York, NY

Rajendra Singh, MD
Icahn School of Medicine at Mt Sinai

Krushnavadan Acharya, MCA
PathPresenter

Slides and Clinical
Roberto Salgado
Peter Mac Callum Cancer Center; GZA-ZBA Hospitals
International Working Group for TILs in Breast cancer

Denis Larismont
Institut Jules Bordet

Statistics
Si Wen
FDA/CDRH/OSEL/DIDSR

Manasi Sheth
FDA/CDRH/OPEQ/OCEA/Biostatistics

Chava Zibman
FDA/CDRH/OPEQ/OCEA/Biostatistics

Weijie Chen, PhD
FDA/CDRH/OSEL/DIDSR

Committee
Mohamed Amgad, MSc
Emory University School of Medicine, Atlanta, 
GA
Rajarsi Gupta, MD, PhD
Renaissance School of Medicine and Dept. of 
Biomedical Informatics, Stony Brook Medicine
Steven N. Hart, PhD
Mayo Clinic, Rochester, MN
Joe Lennerz, MD, PhD
Massachusetts General Hospital, Boston, MA
Richard Huang, MD, MS
Massachusetts General Hospital, Boston, MA
Anant Madabhushi, PhD
Case Western Reserve University
Kyle J. Myers, PhD
FDA/CDRH/OSEL/DIDSR
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High-throughput truthing (HTT) Project

Demonstration project
• Collect multi-reader image annotations 

to establish biomarker truth

• Annotations support validation of an 
algorithm

• Pursue FDA qualification of a
Medical Device Development Tool

• Application: Stromal Tumor Infiltrating 
Lymphocytes (sTILs) are prognostic in 
breast cancer
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Standardized Annotations Yield a Biomarker

• Quantitative Biomarker
• Density of sTILs: 0-100
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Standardized Annotations Yield a Biomarker

• Pathologist
– Takes time
– Requires training
– Noisy
– Board Certification

• Algorithm
– Fast
– Requires training
– Reproducible
– Regulatory permission
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Standardized Annotations Yield a Biomarker

• Pathologist
– Takes time
– Requires training
– Noisy
– Board Certification

• Algorithm
– Fast
– Requires training
– Reproducible
– Regulatory permission

Literature
Examples with truth

(feedback)

Literature
Examples with truth

(feedback)
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Standardized Annotations Yield a Biomarker

• Pathologist
– Takes time
– Requires training
– Noisy
– Board Certification

• Algorithm
– Fast
– Requires training
– Reproducible
– Regulatory permission

Evaluate performance
Requires truth

“Truth by pathologist”
Reduce and Account

for
Pathologist Variability
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Standardized Annotations Yield a Biomarker

• Pathologist
– Takes time
– Requires training
– Noisy
– Board Certification

• Algorithm
– Fast
– Requires training
– Reproducible
– Regulatory permission

Evaluate performance
Requires truth

“Truth by pathologist”
• Additional training
• Multiple pathologists 

per region / image
• Sophisticated 

analysis
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Patch to Whole Slide Image

• Zoom Out
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Whole Slide Images: Digital Scans of Glass slides

• Breast Cancer Biopsies

• Square Regions of 
Interest control the 
evaluation areas

Current selection by pathologist:
• Areas in tumor (~50%)
• Areas in tumor margin (~20%)
• Other (~30%)
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Whole Slide Images: Digital Scans of Glass slides

• Breast Cancer Biopsies

• Square Regions of 
Interest control the 
evaluation areas

Study to prepare the study.
Cover the range of scores.
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Whole Slide Image to Patient

• Zoom Out
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Patients

• Define the patient 
population

Subgroup Description
Planned for 

MDDT?

Age
<40 years old Yes

40-60 years old Yes
>60 years old Yes

Breast 
Cancer 

Subtypes

Luminal A Maybe
Luminal B Maybe

Triple-negative Yes
HER2 positive Maybe
Normal-like Maybe

Breast 
Cancer 
Stages

0 Yes
I Yes
II Yes
III Yes
IV Yes

Patients 
After 

Therapy

Therapy 1 No
Therapy 2 No

Therapy 3 No

TILs always look the same.
Background “context” looks different.
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Update: Choices & Challenges

Data-collection test run
• Alliance Meeting 
• USCAP Annual Meeting
• Feb. 28, 2020

Four workstations
• 2 microscopes
• 2 digital platform

64 slides (balance sampling 
within and across specimens)
• 8 batches of 8 slides
• 10 ROIs per slide
• 30 minute sessions  

Digital Modes Microscope 
Mode

PathPresenter caMicroscope eeDAP

nReaders 7 8 7

nObs at USCAP 850 300 440

nObs post USCAP 232 572 0

nObs Total 1082 872 440

Total Obs
2394
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What does the data look like?

• Histogram of Biomarker 
Scores

• Many slides yield LOW 
biomarker scores

PathP , reader0455 , HTT-TILS-00     

sTIL densities

Fr
eq

ue
nc

y

0 20 40 60 80 100

0
2

4
6

8
10

LOW
biomarker scores

Scores from one reader evaluating 
six ROIs in one case
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PathP , reader0455 , HTT-TILS-00     

sTIL densities

Fr
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What does the data look like?

• Histogram of Biomarker 
Scores

• Many slides yield LOW 
biomarker scores

• Some slides yield LOW to 
MODERATE biomarker 
scores

LOW to 
MODERATE

biomarker scores,
heterogeneous

Scores from one reader evaluating 
ten ROIs in one case
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PathP , reader0455 , HTT-TILS-00     

sTIL densities
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What does the data look like?

• Histogram of Biomarker 
Scores

• Many slides yield LOW 
biomarker scores

• Some slides yield LOW to 
MODERATE biomarker 
scores

• Some slides yield LOW to 
HIGH biomarker scores

LOW to HIGH
biomarker scores,

heterogeneous

Scores from one reader evaluating 
nine ROIs in one case
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What does the data look like?

• Histogram of Biomarker 
Scores

• One reader
• All 64 slides
• 10 ROIs per slide

• Oversampling low scores

PathP , reader0455 , N = 451

sTIL densities
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Scores from one reader evaluating 
all ROIs in 64 cases
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Agreement: Start with a scatter plot

• Two readers, batch001
• Plot axes scaled log base 10
• Circle size proportional with number of observations
• Flip reader7281 <-> reader5139        ==        Flip x <-> y

Between-reader scores, N = 5

reader5139
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81

1 2 5 10 20 50 100

1
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Between-reader scores, N = 5
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Combine to Symmetrize
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Agreement: Consider all pairs of readers

Between-reader scores (sym    

readerX
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Score differences from 3 readers 
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Bland-Altman Plot
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Agreement: Consider all pairs of readers

Between-reader scores (sym    
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Rotate 
45°

Do differences between an algorithm 
and the pathologists lie within these 

limits of agreement?

Average over 
squared differences
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Summary and Future Work
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Summary

• MRMC variance of AUC framework allows study sizing
– Variance components
– Coefficients that correspond to experiment size

• Framework (and simulation) allow study of tradeoffs
– Resources (Number of readers, cases, and observations)
– Statistical efficiency

• Split-plot studies are less burdensome than fully-
crossed studies 
– Avoid diminishing returns from collecting correlated data
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Future (Current) Work
(to support the HTT project)

• Cluster / Nested Data
– Multiple regions per case
– Building simulation

• Quantitative Measurements
– Between-reader agreement
– Within-reader agreement

– Algorithm-reader agreement

– Generalizing MRMC
methods and simulation

– Correlation, Mean-squared error

Paired Scores from 2 readers 
Batch001, N = 56

re
ad

er
72

81
reader5139
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