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Approach  

Å How can we think about systems?  

Å How can we think about ñpractical systemsò? 

Å Observations about ñmyò biomedical systems 

ï What they did  

ï Who used them and why  

ï Their practical value (or lack thereof)  

Å Error and failure modes ï do we neglect them?  

Å Other successful biomedical system examples 
and future opportunities  

Å Closing thought  



  

  

Å A system does something (there are processes and outputs). 
Å Addition or removal of a component changes the system. 
Å A component is affected by its inclusion in the system. 
Å Components are perceived to be related in hierarchical structures. 
Å There are means for control and communication which promote system survival. 
Å The system has emergent properties, some of which are difficult to predict.  
Å The system has a boundary. 
Å Outside the boundary is a system environment that affects the system.  
Å The system is owned by someone. 

How Can We Think About 
Systems?  

-Alan Waring 

There is no common agreement on the 
definition of a ñsystemò, buté 



  

  

System?    

Owner? Output 

Connected components or 
processes 

Control and communication 

Practical?  



  

  

ÅReuben Lucius Goldberg (1883-1970) 
popularized these systems 

Å¢ƘŜȅ ŎŀƳŜ ǘƻ ōŜ ŎŀƭƭŜŘ άwǳōŜ 
DƻƭŘōŜǊƎ ƳŀŎƘƛƴŜǎέ 

They symbolize, he said ,é 
 

ñManôs capacity for exerting maximum 
effort to achieve minimum resultsò 



  

  

Basic Law of Practical 
Systems?  

Å Whatever we call a ñpractical systemòé 

Å éwe want useful results*  

Å  éfor reasonable expenditure* of effort 

Á  (or money, risk, time)  

 

*As measured by real system users  



  

  

Three Factors Affecting How We 
Think About Practical Systems  

Å Practicality of development  

Å Practicality of operation  

 

Å Scale of system  



  

  

Practicality of Developmenté 



  

  

How the 
customer 
explained it 

Practicality of Developmenté 
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How the 
customer 
explained it 

How the 
project 
leader 
understood it 

How the 
systems 
analyst 
designed it 

How the 
programmer 
coded it 

What the 
customer 
really needed 

Practicality of Developmenté 



  

  

éor Practicality of Operation 



  

  

éor Practicality of Operation 



  

  

Practicality and Scale  

Or 

Space Shuttle  

Global Positioning System  

Very large systems come with ñorder(s) of magnitude factorsò 

Å Complexity  
Å Funding  
Å Staffing  
Å Perhaps geopolitical/national priority  
    factors  



  

  

ÅPracticality means reasonable payoff for  
 reasonable effort  

 
ÅWe look mainly at practicality of operation  

 
ÅThe scale is smallé 
ÅDeveloped/operated by individuals or small  
   teams  
ÅType of effort carried out by academic labs,  
small business, small gov. labs  
 

 

This Talk Focuses On Biomedical 
Systems Whereé 



  

  

ÅComplex algorithms are not always essential 
to have significant impact . 
 

Å User value goes up as dependency on computer specialists goes 
down . 
 

Å Engineers need the basic vocabulary and concepts of their 
medical application domain; medical experts need to be able to 
interpret quantitative system output . 
 

Å Small systems have a natural fit for problem - solving in low -
resource areas . 
 

Å Advanced algorithms may provide critical assistance to the 
clinician, but workflow can be a showstopper . 
 

Å Attention to error and failure modes may yield the biggest 
payoff in building practical systems.  

 
Observations  



! ±ŜǊȅ 9ŀǊƭȅ {Ƴŀƭƭ ά{ȅǎǘŜƳέ 

ÅWalter Reed Hospital Cardiology 
     Dept., Washington, DC (1972) 
 
ÅCardiac output measured in  
      liters/min/body surface area 
 
ÅBody surface area calculated with 
    nomograph 



Computer-Based Medical System (CBMS) 

BSA Formula 

Paper Tape Minicomputer 



  

  

Boundary Marking Tool  
(NLM/NIH ~2006)  

Å Graphical annotation (manual segmentation)  

Å Recording of diagnostic data  

- By region  
- For image as a whole  

Å Web -based  

ï Facilitates  multi -observer studies  

Å We distribute under open -source license  

Primary developer: Leif Neve  



  

  

Acetowhite Lesions  



  

  

For each particular 
lesioné 

Region -specific 
information is 
recordedé 

éusing conventions and 
terminology of colposcopic 

practice to score visual 
features such as lesion 

coloré 

éor visual 
patterns on the 

lesions caused by 
vessels near the 
surfaceé 



  

  

Visual 
diagnosisé 

é and lesion 
markingé 

é are subject to 
(sometimes large) inter -

observer variability  

Observer 1  



  

  

Observer 2  

Visual 
diagnosisé 

é lesion 
markingé 



  

  

Boundary Marking Tool  



  

  

Practical Value of the BMT:  
National Cancer Institute (NCI) 
Biopsy Study  

ÅEach year in the U.S. 
Å3 million women with abnormal results on cervix  
   screening undergo colposcopic exams 
ÅUsually, one biopsy is taken, at the visually-worst site 

 
ÅPROBLEM:  NCI analyses have shown that 30-50% 
of high-grade lesions are being missed. 

 
ÅQUESTION: Will new protocol, taking more than one biopsy, 
 alleviate this situation? 



Study to discriminate precancer from HPV 

infection (BIOPSY Study) 

o What is the incremental benefit 

of taking multiple biopsies? 

o Can we better standardize 

colposcopy-biopsy? 

o How are multiple lesions on the 

cervix related? 

o Which types cause individual 

lesions? 

 
Setting: University Oklahoma colposcopy clinic 

Recruitment goal: 800-1000 women from a referral population without 

prior treatment 

Approach: Systematic, extended biopsy protocol with digital 

documentation 
Slide used by permission of Dr. Nicholas Wentzensen, NCI/NIH/USA 



Modified biopsy protocol 

o Up to  four biopsies are taken, if less than 4 targeted 

biopsies, one random is added 

o Biopsy impression is recorded, biopsies are ranked and 

evaluated individually 

Odds ratio: AD/BC Odds ratio: (A+a)(D-c)/(B-a)(C+c) 

Colposcopy-biopsy Reduce misclassification 

CIN3+ <CIN3 

Risk factor/ 

biomarker + 
A B 

Risk factor/ 

biomarker - 
C D 

CIN3+ <CIN3 

Risk factor/ 

biomarker + 
A+a B-a 

Risk factor/ 

biomarker - 
C+c D-c X 

X 

X 
R 

Slide used by permission of Dr. Nicholas Wentzensen, NCI/NIH/USA 



Image annotation 

Slide used by permission of Dr. Nicholas Wentzensen, NCI/NIH/USA 



Data analysis- biopsies 

Biopsy impression, biopsy ranking 

Interobserver comparison 
Slide used by permission of Dr. Nicholas Wentzensen, NCI/NIH/USA 



Wentzensen, et al, Nov. 2014 



Oklahoma City, 

USA 

Guanacaste, 

Costa Rica 

Irun, Nigeria 

Berlin, 

Germany 

Milan, Italy 

Mumbai, 

India 

Den Haag, 

Netherlands 

In place 

In preparation 

Implementation of the boundary marking tool 

Goal:  To create a worldwide database of colposcopy images with 

 annotations and outcomes Slide used by permission of Dr. Nicholas Wentzensen, NCI/NIH/USA 



  

  

 

ÅSo the Boundary Marking Tool did a good job 
at collecting image annotationsé 
 

Åébut when any of these factors changed 
o Image set to be viewed  
o Regions to be marked and labeled  
o Data fields to be collected  
o Observers to annotate the images  

 

Åéa programmer and database administrator 
needed to be involved to make the necessary 
system changes.  
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BMT Study 
Administration Tool 

(BSAT, NLM/NIH ~2008)  

Å BMT Study Administration Tool  

Å Works with BMT  

Å Allows a user   to define a BMT study  

Å Components of BMT study : 

Å Which images to use  

Å Which graphical annotation to collect  

Å Which observers will participate  

Primary developer: Leif Neve  



  

  



  

  

The BSAT allows BMT screens to be configured 
according to needs of a specific study  

An early 
cervigram 

study  

Current NCI 
biopsy study  

Femur fracture 
study 

(illustration 
only)  

Cell image 
study 

(illustration 
only)  
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The Teaching Tool  
(NLM/NIH ~2010)  

Å A system for collecting 
and scoring responses 
to image -based 
questions over the Web  

Å Current 
implementation is for 
field of colposcopy  

- Administers and 
grades two 
professional 
proficiency exams  

 

Visual Diagnosis Question from TT 



  

  

Data for the Teaching 
Tool: Uterine Cervix Data  
ÅGuanacaste  

ïCosta Rica  

ï10,000 women  

ï7 years  

ïClinical data  

ÅPAP test, HPV, 
histology  

ï Image data  

Å60,000 cervigrams  

ÅHistology images  

ÅPAP test images  

ÅALTS 

ïUnited States  

ï2,000 women  

ï2 years  

ïClinical data  

ÅPAP test, HPV, 
histology  

ï Image data  

Å40,000 cervigrams  

ÅHistology images  

ÅPAP test images  
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Data for the Teaching 
Tool: Uterine Cervix Data  



  

  

100,000 Digitized Uterine Cervix Images 



  

  

2105_f7.jpg  /  Aafp.org 

1W7_colposcope.jpg / riversideonline.com 

Colposcopy1 

Colposcopy 

image2 

NCI 

Cervigram 

Acetowhite 

lesions 

Å Cervix is treated with acetic acid, 

then viewed through a colposcope 

 

Å Potentially diseased regions tend to 

turn whitish:  ñacetowhite lesionsò 

Colposcopy and NCI Cervigrams 



  

A 23 y.o P1 female returns to your office for evaluation after her cervical 

cytology is reported as ASC-US with HPV DNA testing positive for high-risk 

types. Her cervix after application of 5% acetic acid is shown here. 

The biopsy showed CIN1. Select one of the following as the most 

appropriate management option: [options follow] 

Pap test result HPV test result 

Histology result 

ALTS cervigram 



  

  

Development with NCI and  
American Society for Colposcopy and 

Cervical Pathology (ASCCP)  
Å Basic concepts  

- Operate on Web; image -based questions  

- Establish a database of exam content resources  

o ñPoolsò of questions and images of various categories 

o  Create exams by drawing content from pools  

Å Question definition ï medical experts  

Å ñWhere to biopsy?ò questions required expert studies 

- Determine ñcorrectò biopsy regions  using BMT  

 



  

  

Å Exams are dynamically ñinstantiatedò 

- at time of user ñTake Examò request 

 

Å Questions are randomly drawn from pools 

Dynamic Exam Creation  



  

  

Medical Knowledge 

Features of Dysplasia 

M
U
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Management 

HSIL 

Adolescent 

Glandular Cells 

ASC/LSIL 
CIN1 

S

L

I

D

E

 

I

D

 
Vulva/Vagina 

Colposcopic 

Impression 

Normal 

Cancer CIN2,3 

CIN1 

Normal 

C

A

S

E

S

 

CIN1 CIN2,3 Cancer 
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 (DIAGNOSIS/BIOPSY/MANAGEMENT) 



  

  

Management by Pap test result 

High-grade 

Squamous 

Intraepithelial 

Lesion 

Example Question  
Section: Multiple Choice  
Pool: Management of HSIL Pap Test  



  

  

Atypical 

Vessels 

Example Question  
Section: Slide ID  
Pool: Features of Dysplasia  



  

  

Example Case  
Section: Cases  

Pool: HSIL by histology  
 

Å Three questions per case (one patient)  

Å Diagnosis  

Å Biopsy  

Å Management  



  

  

Diagnosisé 



  

  

Grade  Color  Vessel  Border  Surface  

Benign Pink, 
translucent 

Fine, lacy Nomal T zone Flat 

CIN 1 Snowy white, 
shiny 

None, fine PN, 
fine MO 

Diffuse, 
feathery 

Flat 

CIN 2 Whiter, shiny 
gray 

None, PN, MO Clearly 
demarcated 

Flat, slightly 
raised 

CIN 3 Whitest, dull 
white, oyster 
white 

None, coarse 
PN, coarse MO 

Sharp, 
straight, 
demarcated, 
internal border 

Raised 

Microinvasive, 
invasive 
cancer 

Red, yellow, 
dull gray 

Atypical, 
irregular 

Peeling, clearly 
demarcated, 
rolled edges 

Nodular, 
ulcerated, 
necrotic, 
exophytic 

PN: punctation, MO: mosaicism 

Some features considered in 
visual diagnosis  



  

  

Diagnosis Examples  

Benign CIN 1 

Cancer CIN 2,3 

Cysts 
Aceto-

white, flat, 

feather-

edged 

Acetowhite, 

demarcated, 

raised 

Possible 

exophytic 

tissue 



  

  

Biopsyé 



  

  

Acceptable biopsy regioné 



  

  

5 expert opinions Consensus 

What is ñcorrectò biopsy region? 

5 expert opinions 

1 2 3 4 5 



  

  

Managementé 



  

  

Current System Usage  

Å Two ASCCP Exams implemented  

- Residentsô Online Exam (ROE)  

- Taken by residents in Ob/ Gyn  or Family Practice programs  

- Colposcopy  Mentorship Program exam (CMP)  

- More advanced; taken in post -residency  

Å Includes Practice Exam, reporting, admin functions  

Å Went operational May 2010  

Å 133 resident programs, 2701 exams taken, 3286 total 
users  

Å Runs on ASCCP server in Amazon cloud  



  

  



  

  

Example Report: CMP Exam  



  

  

But Somethingôs Missingé 

Å The system clearly 
reports how test - takers 
are performingé 

Å éit could also report on 
how the questions  

themselves are 
performing.  

 



  

  

Quantitative question analysis may 

help us identify questions 

 

Åwhich are poorly constructed, or 

 

Åwhere we should focus on better Resident 

training. 

 

This may be high-value capability to  

incorporate into the system. 

 

IDEA  

 



  

  

Teaching Tool Data Analyzed  
 

Å Collection Period: May 2010 ïMay 2012  

Å 830 Resident (ROE) Exams  

Å 830 x 74 = 61,420 responses graded  
 

 



Methods  

 

  

  

ÅñStandardò analysis methods 

Å Per cent correct by question  

Å Per cent responses for each question option  

Å Point biserial  correlation by question  

 

Å Unique methods  

Å Spatial characteristics of biopsy placement  
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Percent Correct by Question  

ăMore Correct More Incorrect Ą 



  

  

Ques  Num  Frac  Correct  N Ques  

110  0.03  60  

170  0.09  93  

287  0.11  235  

89  0.14  58  

398  0.15  104  

221  0.20  102  

235  0.22  90  

106  0.22  45  

55  0.23  619  

Lowest Quartile Correct Responses 



  

  

Based on the appearance of 

this cervix after application 

of 5% acetic acid, what is 

your colposcopic 

impression of the most 

significant diagnosis? 

Benign, no 
neoplastic  
lesion  

CIN1  CIN2,3  Cancer 
(microinvasive  
or invasive)  

.20 .03 .1 .67 

Question 110 

N = 60  



  

  

A 31 y.o P2 female is referred 

for colposcopy. Her Pap test 

shows LSIL. Her cervix after 

application of 5% acetic acid 

is shown here. What is your 

colposcopic impression of the 

most significant diagnosis? 

Benign, no 
neoplastic  
lesion  

CIN1  CIN2,3  Cancer 
(microinvasive  
or invasive)  

.14 .77 .09 0 

Question 170 

N = 93  



  

  

Ques  Num  Frac  Correct  N Ques  

499  0.99  197  

216  0.99  86  

438  0.99  344  

44  0.98  173  

444  0.97  314  

Highest Quartile Correct 

Responses: 178 questions; top 5 

shown 



  

Based on the appearance of this cervix after 

application of 5% acetic acid, what is your 

colposcopic impression of the most 

significant diagnosis? 

Benign, no 
neoplastic  
lesion  

CIN 1  CIN 2,3  Cancer 
(microinvasive  or 

invasive)  

0 .005 .005 .99 

Question 499 

N = 199  



  

The magnified inset from the anterior lip of 

this cervix shows which of these vascular 

patterns? 

Arborizing  
(branching) 
vessels  

Punctation  Mosaic  Atypical vessels  

.01 .98 .01 0 

Question 44 

N = 173  



Methods  

 

  

  

ÅñStandardò analysis methods 

Å Per cent correct by question  

Å Per cent responses for each question option  

Å Point biserial  correlation by question  

 

Å Unique methods  

Å Spatial characteristics of biopsy placement  



  

Biopsy Questions 

Å Spatial analysis:  not in the 

standard test analysis methods 

 

Å How far are incorrect biopsy points 

from the correct answer? 

 

 

 

 



  

  



  

  

Biopsy Errors by Question, Ranked by Median Error 



  

  

Ques  
Num  

Median Dist to 
Correct 

Boundary (Pix)  

Num  
Incorrect 
Biop  Pts  

Total Biop  
Pts  

150  108  21  109  

384  106  55  102  

270  71  1 99  

213  71  45  101  

333  71  102  223  

372  70  27  112  

381  67  72  120  

165  65  80  205  

159  63  65  106  

Questions with Highest Median 

Errors in Biopsy Placement 



  

  

Questions with High Biopsy 

Placement Error 

150 384 



  

  

Å Complex algorithms are not always essential to have significant 
impact . 
 

Å User value goes up as dependency on computer specialists goes 
down . 
 

Å Engineers need the basic vocabulary and concepts of their 
medical application domain; medical experts need to be able to 
interpret quantitative system output . 
 

ÅSmall systems have a natural fit for problem - 
solving in low -resource areas . 
 

Å Advanced algorithms may provide critical assistance to the 
clinician, but workflow can be a showstopper . 
 

Å Attention to error and failure modes may yield the biggest 
payoff in building practical systems.  

 
Observations  



  

  

The Visual Triage Tool  
(NLM/NIH ~2007)  



  

  

Translated Study 
Questions  

Visual Triage Study Tool  

Study Question: How 
well can trained non -
experts screen HPV -
positive women for 

treatment by 
cryotherapy?  

Screen 
image sized 
to simulate 
cervix view 
in practice  



  

  



  

  

Julia Gage of NCI received her 

Ph.D. from this work. 

Peruvian midwives trained for study 


