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Exper t  P r o b l e m Solvin g i n a  Visua l  Medica l  D o m a i n 

Roger Azevedo (azevedo;giandrew.cmu.edu) 
Departmen t  o f  Psychology ;  Carnegi e Mello n Universit y 

Pittsburgh ,  P A 1521 3 U S A 

Abstrac t 

This study examined the problem solving strategies used by 
staf f  radiologist s an d radiolog y resident s durin g th e 
interpretatio n o f  difficul t  mammograms.  Te n radiologists  an d 
te n resident s diagnose d 1 0 case s unde r  tw o experimenta l 
condition s (authenti c an d augmented) .  I n th e authenti c 
condition ,  standar d unmarke d mammograms wer e use d 
Mammographi c finding s wer e highlighte d o n a  secon d se t  o f 
th e sam e case s fo r  th e augmente d condition .  Verba l  protocol s 
wer e analyze d an d reveale d tha t  mammograph y interpretatio n 
was characterize d b y a  predominan t  us e o f  data-(irive n o r 
mixed-strategie s dependin g o n cas e typicaht y an d clinica l 
experienc e Rq)eate d measure s A N O V As reveale d tha t  th e 
radiologist s scanne d th e case s significantl y faste r  tha n th e 
residents .  N o grou p difference s wer e foun d i n th e numbe r  o f 
radiologica l  findings ,  radiologica l  observations ,  an d numbe r 
of  diagnose s acros s experimenta l  conditions .  Frequenc y 
analyse s reveale d tha t  regardles s o f  experimenta l  conditio n 
bot h group s (a )  use d th e sam e type s o f  operators ,  contro l 
processes ,  diagnosti c plans ,  (b )  committe d th e sam e numbe r 
of  errors ,  an d (c )  committe d case-dependen t  errors .  Overall , 
th e fac t  tha t  fe w difference s wer e foun d betwee n th e group s 
on th e variou s measure s ma y b e du e t o th e fac t  tha t 
m a m m o g r am interiH-etatio n i s a  well-constraine d visua l 
cognitiv e task .  Th e result s hav e bee n applie d t o th e desig n o f 
a computer-base d tuto r  fo r  trainin g resident s t o interpre t 
mammograms Futur e empirica l  direction s includ e buildin g a 
more comprehensiv e mode l  o f  th e perceptua l  an d cognitiv e 
processe s underlyin g mammogra m interpretatio n b y 
convergin g eye-movement ,  cortica l  activatio n (e.g. ,  fMRI ) 
and verba l  protoco l  data . 

Introduction 

Radiological expertise is complex, involving several years 

o f  acquirin g formalize d medica l  knowledg e a s wel l  a s m a n y 

year s o f  clinica l  experience .  I t  involve s th e integratio n o f 
severa l  distinc t  bodie s o f  knowledg e wit h separat e 

organizin g principles ,  includin g physiology ,  anatomy , 

pathophysiology ,  an d projectiv e geometr y o f  radiography . 

Variou s theoretica l  frameworks  postulat e tha t  th e attainmen t 

o f  accurat e visua l  diagnosti c reasonin g abilitie s involve s th e 

interactio n o f  cognitiv e an d perceptua l  factors .  However ,  a 

systemati c effor t  employin g a  combinatio n o f  analytica l 

methodologie s an d perceptua l  probe s i s  require d t o clarif y 

th e coexistin g contribution s o f  cognitiv e an d perceptua l 

factor s i n th e developmen t  o f  radiologica l  expertise . 

Thi s stud y wa s designe d t o investigat e th e proble m 

solvin g strategie s o f  stafi F radiologist s an d radiolog y 

resident s durin g th e interpretatio n o f  difBcul t  breas t 

diseas e case s depicte d o n m a m m o g r a m s.  T h e specifi c 

researc h objective s addresse d i n thi s stud y included : 

1)  Identif y a  cognitiv e mode l  o f  diagnosti c proble m 

solvin g i n m a m m o g r a p h y interpretatio a 

2 )  Identif y th e proble m solvin g strategies ,  operators ,  an d 

contro l  processe s use d b y staf f  radiologist s an d radiolog y 

resident s use d durin g m a m m o g r a p h y interpretatio a 

3 )  Conduc t  in-dept h analyse s o f  protocol s fro m severa l 

breas t  diseas e case s t o exemplif y typica l  staf f  radiologists ' 

an d radiolog y residents '  proble m solvin g strategies . 

4 )  Analyz e th e frequency  an d type s o f  error s committe d 

b y bot h group s whil e diagnosin g th e breas t  diseas e cases . 

5 )  Stud y th e effect s o f  tw o experimenta l  condition s 

(authenti c an d augmented )  o n severa l  aspect s o f  th e 

groups '  performanc e (munbe r  o f  manunog ra m findings, 

observation s an d diagnoses ,  scannin g tim e an d readin g 
time ,  an d diagnosti c acciU3cy) . 

Th e followin g sectio n present s a  brie f  overvie w o f  th e 

majo r  empirica l  findings from  cognitiv e studie s o f 

radiologica l  expertise . 

Cognitive Studies of Radiological Expertise 

Radiological expertise has been investigated by numerous 

author s employin g disparat e theoretica l  perspective s an d 

empirica l  paradigms .  Thre e basi c "paradigms "  tha t  hav e 
bee n appbe d widel y are :  (1 )  searc h studie s whic h 

investigat e ey e movemen t  pattern s whil e expert s an d 
novice s rea d x-ra y films,  (2 )  signal-detectio n studie s 

whic h investigat e th e abilit y o f  novice s an d expert s t o 
dete a norma l  an d abnorma l  film findings,  an d (3 ) 

cognitiv e researc h aime d a t  elicitin g th e underlyin g 

cognitiv e an d perceptua l  factor s involve d i n radiological 

expertise .  Relativel y fe w studie s (Lesgold ,  Rubinson , 
Feltovich ,  Glaser ,  Klopfer ,  &  W a n g ,  1988 ;  Rogers ,  1 9 % ) 

hav e actuall y investigate d th e imderlyin g cognitiv e an d 
perceptua l  factors .  I n fact ,  thes e studie s hav e al l  bee n 

conducte d i n th e are a o f  ches t  radiography .  A s a  result ,  a 
fimdamental  understandin g o f  th e natur e an d acquisitio n o f 

expertis e i n othe r  radiological  sub-specialtie s suc h a s 
m a m m o g r a p hy ha s ye t  t o b e achieved . 

I n term s o f  cognitiv e research ,  ther e hav e bee n fe w 
explici t  account s o f  th e proble m solvin g strategie s o f 
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radiology  resident s an d staf f  radiologists  durin g th e 

diagnosti c process .  Lesgol d an d colleague s (1988 ) 

conducte d tw o studie s investigatin g th e constitutio n an d 

acquisitio n o f  radiological  expertis e i n ches t  x-ra y 

interpretation .  Analytica l  technique s include d perceptua l 

probe s an d in-dept h analyse s o f  participants '  veita l 

protocols .  Thei r  researc h finding s indicat e tha t  expert s buil d 

schema s o f  patien t  anatomy ,  evok e pertinen t  schema s 

quickl y an d exhibi t  flexibility  i n tunin g thei r  schemas . 

Secondly ,  th e assignmen t  o f  x-ra y feature s o f  norma l 

anatom y schemat a determine s whic h feature s ar e "lef t  over " 

and henc e sho w sign s o f  abnormality .  Lastly ,  norma l 

anatom y schemat a migh t  contai n attache d procedure s o r 

locahzatio n rule s fo r  determinin g wher e th e abnormahtie s 

reside .  Th e expert' s flexibiht y i n tunin g schemata ,  i n th e 

cas e o f  a  dominan t  hypothesi s an d a  mor e remot e possibilit y 

stemmin g from  inconsistencie s presente d i n th e film, 
depend s upo n th e availabilit y  o f  menta l  processin g capacity . 

For  exanq)le ,  i f  sub-processe s suc h a s localizatio n ar e no t 

automate d an d requir e consciou s processing ,  workin g 

memory ( W M )  interferenc e ca n preven t  th e constructio n o f 

an adequatel y interconnecte d representatio n o f  th e patient' s 

anatomy . 

To summarize ,  Lesgol d an d colleague s (1988 )  hav e 

characterize d exper t  radiologists  a s being :  (1 )  abl e t o sustai n 

th e lookin g an d reasonin g cycl e eve n i n th e fac e o f 
considerabl e complexity ,  (2 )  opportunisti c planner s wit h 

ver y rich  recognitio n an d constructiv e perceptua l  abiUties , 
(3 )  abl e t o ignor e irrelevan t  data ,  (4 )  mor e abl e t o tak e 

immediat e accoun t  o f  relevan t  dat a tha n residents ,  (5 )  abl e 
t o buil d a  thoroug h representatio n o f  a  patient' s anatomy , 

(6 )  abl e t o quickl y begi n executin g pertinen t  genera l  plans , 
(7 )  flexible  an d abl e t o tun e schemata ,  (8 )  abl e t o analyz e 

severa l  object s tha t  overla p i n a  fihn,  an d (9 )  opportunisti c 
i n th e fac e o f  ne w evidence .  Lastly ,  thei r  schema-drive n 

processin g wa s no t  foun d t o b e consistentl y successfiil . 
I n contrast ,  th e researcher s characteriz e th e less -

experience d radiologists'  diagnosti c performanc e a s 
incomplet e i n thre e respects :  (1 )  th e confirmin g o r  refittin g 

test s ar e no t  applie d t o th e invoke d schema ,  (2 )  a  generall y 
appropriat e schem a i s no t  triggere d efiRcientl y enough , 

and/o r  (3 )  th e detail s o f  th e differentia l  diagnosi s proces s ar e 
incomplet e (Lesgol d e t  al. ,  1988) . 

I n a  recen t  stud y i n ches t  radiography  interpretation , 
Roger s (1996 )  examine d th e interactio n betwee n perceptio n 

and proble m solving .  Verba l  protoco l  dat a wa s collecte d 
from  8  resident s an d 2  staf f  member s whil e the y examine d 

seve n computer-displaye d ches t  x-rays .  Result s indicate d 

tha t  accurat e perceptua l  characterizatio n o f  a  finding  migh t 

stil l  b e insufficien t  t o identif y a  distinr t  diseas e category . 
Th e leve l  o f  abstractio n use d i n characterizin g findings 
provide d empirica l  evidenc e o f  th e transitio n betwee n th e 
perceptiia l  an d proble m solvin g activities .  Bottom-u p (data -

driven )  strategie s wer e supporte d b y us e o f  secondar y 
findings  t o generat e diagnosti c hypotheses,  us e o f  feature s 

t o labe l  primar y findings,  an d us e o f  feature s o f  primai y 
findings  t o generat e diagnosti c hypotheses .  Top-dow n (goal -

driven )  processe s involve d (1 )  confirmatio n o f  expectatio n 

of  secondar y findings  t o suppor t  diagnosti c hypotheses ,  (2 ) 

us e o f  feature s o f  primar y findings  t o rul e ou t  competin g 

findings  an d diagnosti c hypotheses ,  an d (3 )  us e o f  feature s 

of  primar y findings  t o matc h o r  contradic t  expectations . 

M o r e recently ,  Farem o (1997 )  investigate d th e proble m 

solvin g processe s use d b y 8  3rd-yea r  medica l  student s an d 

8 senio r  surgica l  resident s i n diagnosin g breas t  diseas e 

cases .  Durin g th e experimenta l  sessions ,  participant s wer e 

individuall y aske d t o identif y abnorma l  m a m m o g r a m 

findings  fo r  a  se t  o f  te n breas t  diseas e cases ,  an d t o provid e 

differentia l  diagnose s an d follow-u p actions .  Verba l 

protocol s wer e colleae d an d th e analyse s reveale d tha t 

bot h group s differe d i n thei r  proble m solvin g behaviours . 

Furthermore ,  group s differe d significantl y i n th e accurac y 

of  thei r  response s fo r  findings,  diagnoses/differentia l 

diagnoses ,  follow-u p actions ,  an d th e numbe r  o f 
differentia l  diagnose s the y generated .  Student s als o 
differe d from  resident s i n th e numbe r  o f  instance s i n whic h 

the y generate d multipl e diagnoses ,  i n thei r  request s fo r 
clinica l  information ,  an d i n th e number s an d type s o f  error s 

the y committed .  Detaile d analyse s wer e conducte d o n a 
subse t  o f  th e protocol s an d additiona l  betwee n an d withi n 

grou p difference s wer e identified .  Thes e difference s 

includ e th e type s an d frequenc y o f  cognitiv e operator s use d 
an d th e us e o f  hypothesis-drive n an d data-drive n proble m 

solvin g strategies .  Base d o n th e finding s o f  thi s study , 

severa l  recommendation s wer e mad e concernin g h o w a 
computer-base d instructiona l  syste m shoul d teac h breas t 

diseas e t o medica l  students . 
I n sum ,  cognitiv e researc h i n th e are a o f  diagnosti c 

radiology  i s stil l  i n it s infanc y compare d t o th e corpu s o f 
researc h i n othe r  visua l  domain s (e.g. ,  ches s an d physics) . 

Th e fe w studie s tha t  hav e bee n reviewe d hav e provide d a n 
initia l  characterizatio n o f  th e diagnosin g process , 
specificatio n o f  th e top-dow n an d bottom-u p processe s 

involve d i n diagnosti c reasoning ,  an d th e rol e o f  perceptua l 

and proble m solvin g processes .  Thi s researc h ha s focuse d 
mainl y o n th e are a o f  ches t  radiography  an d in-dept h 

analyse s hav e reveale d difference s acros s level s o f  medica l 
experience .  However ,  thei r  utilit y  i n term s o f  developin g a 

proces s mode l  o f  m a m m o g r a p h y interpretatio n i s limited . 
I n orde r  t o adequatel y understan d th e diagnosti c proces s i n 

m a m m o g r a p hy interpretation ,  a  simila r  investigatio n i s 
required .  M o r e specifically ,  a  cognitiv e mode l 

charaaerizin g th e underlyin g difference s i n diagnosti c 
proble m solvin g betwee n radiologist  professional s wit h 

differen t  level s o f  expertis e i s needed .  Suc h a  mode l  ha s 
bee n develope d b y smdyin g radiologists '  performanc e 
durin g th e interpretatio n o f  difficul t  breas t  disease s 

exhibite d o n m a m m o g r a ms usin g appropriat e cognitiv e 
scienc e methodologies . 

Method 

Participant s 
A tota l  o f  2 0 participants ,  1 0 staf f  radiologists  an d 1 0 
radiolog y resident s from  McGil l  University' s teachin g 
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hospital s participate d i n thi s study .  Th e 1 0 staf f  radiologist s 

had M D degree s an d Boar d Certificatio n i n radiolog y an d 

wer e affiliate d wit h on e o f  th e teachin g hospitals .  Thei r 

post-residenc y trainin g range d from  3. S t o 3 4 year s (mea n 

of  20. 3 years) ,  includin g a  rang e o f  5  month s t o 3 0 year s o f 

mammography trainin g (mea n o f  13. 8 years) .  Participants ' 

estimate s o f  th e numbe r  o f  case s the y ha d analyze d ove r  th e 

cours e o f  thei r  medica l  trainin g varie d fro m 60 0 t o 100,00 0 

m a m m o g r a ms (mea n o f  30,(XX )  mammograms) .  The y als o 

reporte d t o hav e "read "  (i.e. ,  diagnosed )  a n averag e o f  6 6 

m a m m o g r a ms pe r  wee k (rang e 0  t o 20 0 mammograms) ,  an d 

"seen "  (i.e. ,  viewe d bu t  no t  diagnosed )  a n averag e o f  6 8 

m a m m o g r a ms pe r  wee k (rang e 5  t o 36 0 mammograms) . 

The 1 0 radiolog y resident s ha d M D degree s an d wer e o n 

rotatio n a t  on e o f  McGill' s  five  teachin g hospitals .  Thi s 

grou p wa s compnse d o f  2  3rd-year ,  1  4th-year ,  an d 7  5th -

yea r  residents .  Al l  o f  th e resident s ha d complete d on e 

manunograph y rotation .  The y reporte d t o hav e 0  t o 1 2 
month s o f  mammograph y trainin g (mea n o f  6  months ) 

Sixt y percen t  o f  th e resident s reporte d t o hav e "read " 

betwee n 2 5 t o 10 0 mammograms,  whil e th e othe r  4 0 % 

reporte d t o hav e "read "  betwee n 20 0 t o 1,00 0 

mammograms.  Non e o f  th e resident s reporte d tha t  the y 

"read "  o r  "see "  m a m m o g r a ms o n a  weekl y basis . 

Breast Disease Cases 
Ten breas t  diseas e case s wer e use d i n thi s study .  A n 

additiona l  cas e wa s use d a s th e practic e case .  Case s wer e 

selecte d b y th e consultin g mammograph y expert' s  teachin g 

files.  Eac h cas e wa s comprise d o f  a  brie f  clinica l  histor y an d 

at  leas t  4  m a m m o g r a ms includin g th e C C (craniocaudal )  an d 

M L O (mediolateral )  view s o f  th e lef t  an d right  breasts .  Th e 
case s includ e 3  benig n an d 7  malignan t  cases .  Th e 

diagnose s fo r  eac h cas e wer e confirme d b y patholog y 

report s fit)m  specimen s extracte d fi-om  th e breas t  tissu e 
correspondin g t o eac h case .  Th e breas t  diseas e case s 

include d case s typicall y encoimtere d i n mammograph y 

textbook s an d clinica l  researc h articles ,  atypica l  case s 

infiiequentl y encountere d i n dail y practice ,  an d case s wit h 

typica l  m a m m o g r ^ h i c manifestation s encountere d i n dail y 

practice .  Thes e case s includ e mammographi c feature s tha t 

range d from  fairl y obviou s t o detec t  t o case s tha t  requir e th e 

use o f  a  magnifyin g glas s t o detec t  subtl e mammographi c 

features . 

Coding Scheme 

A codin g schem e wa s constructe d base d o n th e conten t 

analysi s o f  breas t  diseas e an d manmiography ,  theoretica l 

and methodologica l  article s i n cognitiv e scienc e an d th e 

result s o f  previou s studie s i n variou s relevan t  area s suc h a s 

medica l  cognitio n (Hassebroc k &  Prietula ,  1992 ;  Patel , 

Arocha ,  &  Kauftnann ,  1994 ;  Pate l  & .  Groen ,  1986 ;  Pate l  & 

Ramoni ,  1997) ,  discours e processin g (Bracewel l  & 
Breuleux ,  1993 ;  Breuleux ,  1993 ;  Frederiksen ,  1975) , 

syntactica l  analysis ,  an d artificia l  neura l  network s fo r 

tnanunogra m interpretation . 

Fift y o f  th e 20 0 protocol s collecte d wer e use d t o refin e 

an initia l  codin g schem e int o a  mor e comprehensiv e on e 

consistin g o f  thre e majo r  categories .  Th e majo r  categorie s 

include d knowledg e states ,  proble m solvin g operators ,  an d 

contro l  processe s (Anderson ,  1993 ;  Newel l  &  Simon , 

1972) .  Knowledg e state s i n thi s domai n wer e code d a s 

radiological  observations ,  radiological findings,  an d 

diagnoses .  Proble m solvin g operator s wer e clustere d 

aroun d 1 1 classe s (e.g. ,  hypothesi s generation )  an d 

comprise d a  tota l  o f  3 0 operators .  Contro l  processe s wer e 

comprise d o f  diagnosti c planning ,  goa l  verbalizations ,  an d 

meta-reasoning . 

Inter-rate r  reliabiUt y wa s establishe d b y recruitin g a 

graduat e studen t  wit h experienc e i n th e are a o f  breas t 

diseas e an d mammograph y an d trainm g he r  t o us e th e 

codin g scheme .  Sh e wa s instructe d t o independentl y cod e 
20/20 0 randoml y selecte d protocol s thu s yieldin g a 

reliabiUt y coefficien t  rating  o f  .92 . 

Research Design 

A mixe d factoria l  desig n consistin g o f  1 0 participant s 

neste d acros s 2  level s o f  radiological  expertis e (between -

subject s factor )  crosse d wit h 2  experimenta l  condition s 

(within-subject s faaor) . 

Procedure 

Participants were tested individually. The experimenter 

provide d th e participan t  wit h a  1-pag e handou t  o f 
instruction s fo r  th e diagnosti c task .  Th e experimente r 

place d th e material s i n front  o f  th e participant ,  includin g 

th e practic e case ,  th e te n experimenta l  cases ,  th e 

magnifyin g glas s t o inspec t  th e mammograms,  an d th e 
permanen t  marke r  t o us e fo r  pointin g (t o th e 

mammographi c findings).  Th e experimente r  presente d 

eac h participan t  first  wit h th e practic e cas e an d 

subsequentl y wit h th e 1 0 case s tha t  wer e counterbalance d 
acros s experimenta l  condition s an d participants . 

For  eac h case ,  th e expaimenta l  procedur e involve d 

havin g th e participant :  (a )  rea d th e clinica l  history ,  (b ) 

displa y th e m a m m o g r a m se t  o n a  view-box ,  (c )  poin t  t o th e 

mammographi c findings  and/o r  observations ,  (d )  provid e a 

diagnosi s (o r  a  se t  o f  differentia l  diagnoses) ,  an d (e ) 

discus s subsequen t  fiirther  investigation s (i f  necessary) . 

The participan t  wa s instructe d t o "thin k ou t  loud "  (Ericsso n 

& Simon ,  1993 )  throughou t  th e entir e diagnosti c process . 

The experimenta l  procedur e wa s repeate d fo r  eac h subjec t 

imti l  he/sh e diagnose d al l  te n case s unde r  th e tw o 
experimenta l  condition s ( 5 authenti c an d 5  augmented ) 

withou t  an y tim e constraints . 

Results 

The results of this smdy are presented in the context of (a) 

a cognitiv e mode l  o f  m a m m o g r a m interpretation ,  (b )  th e 

use o f  differen t  proble m solvin g strategies ,  operators ,  an d 
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contro l  processe s durin g m a m m o g r a m interpretation ,  (c ) 

interpretatio n o f  severa l  performanc e variable s acros s 

group s an d e?q)eTimenta l  conditions ,  an d (d )  erro r  analyses . 

Cognitive Model of Mammogram Interpretation 

The cognitiv e mode l  o f  diagnosti c proble m solvin g i n 

m a m m o g r am interpretatio n wa s construae d from a 

cognitiv e tas k analysi s an d conten t  analysi s o f  th e domai n 

and refine d base d o n th e verba l  protoco l  analyse s o f  4 0 

randoml y selecte d protocols .  Decompositio n o f  th e comple x 

tas k o f  m a m m o g r a m inteipretatio n resulte d i n a  mode l 

consistin g o f  seve n steps .  Thes e step s include :  (a )  readin g a 
clinica l  history ,  (b )  placin g a  se t  o f  m a m m o g r a ms o n a 

viewbo x an d identifyin g individua l  m a m m o g r a ms i n th e set , 

(c )  visuall y inspectin g eac h o f  th e m a m m o g r a ms eithe r  wit h 

or  withou t  th e us e o f  a  magnifyin g glass ,  (d )  identifyin g 

mammographi c findings  an d observations ,  (e ) 

characterizin g mammographi c findings  an d observations ,  (f ) 

providin g a  definitiv e diagnosi s o r  a  se t  o f  differentia l 

diagnoses ,  an d (g )  specifyin g subsequen t  examinations . 

The mode l  allow s fo r  a  "linea r  approach' "  (e.g. ,  from 

readin g th e chnica l  histor y t o specifyin g subsequen t 

examinations )  and/o r  a n "iterativ e approach "  i n whic h th e 
result s o f  a  ste p ma y fee d bac k t o previou s step s i n th e 

model .  Th e Unea r  approac h i s analogou s t o th e us e o f  a 
data-drive n proble m solvin g strateg y whereb y a  subjec t 

read s th e clinica l  history ,  scan s th e se t  o f  m a m m o g r a m s,  an d 

provide s a  diagnosis ,  l i e iterativ e approac h i s analogou s t o 

th e us e o f  a  mixed-proble m solvin g strateg y (i.e. ,  include s 
bot h data-drive n an d goal-drive n proble m solvin g 

strategies) .  Fo r  example ,  followin g th e initia l  scaimin g an d 

characterizatio n o f  th e mammographi c findings  th e 
radiologist  ma y postulat e a  se t  o f  differentia l  diagnose s 
whic h wil l  lea d him/he r  t o inspec t  particula r  area(s )  o f  a 

mammograms. 

Problem Solving Strategies 

Overall ,  th e in-dept h analyse s (o f  th e sam e 4 0 protocols ) 
indicate d tha t  diagnosti c prc^le m solvin g i n mammograph y 

i s characterize d b y (a )  th e predominan t  us e o f  a  data-drive n 
diagnosti c strategy ,  (b )  th e us e o f  a  mixed-strateg y 
dependin g o n cas e typicalit y an d clinica l  experience ,  an d (c ) 
rapid  schema-base d problem-solvin g whic h facilitate s 

searc h an d th e charaaerizatio n o f  mammographi c feature s 
and integratio n o f  clinica l  histor y cue s (followe d b y 

accurat e diagnosi s an d subsequen t  radiological 

recommendations) . 

Frequency of Problem Solving Operator Use 

The result s indicat e tha t  resident s use d mor e operator s 

tha n th e staf f  (base d o n th e sam e 4 0 protocol s use d above) . 
Bot h group s use d mor e operator s whe n solvin g case s 

presente d i n th e augmente d conditio n A n analysi s o f  th e 

fiequency  o f  operato r  us e b y staf f  an d resident s diuin g th e 
diagnosti c jwoces s i n case s preseme d unde r  bot h 
experimenta l  condition s reveale d a  predominan t  us e o f  th e 
followin g operator s (bste d i n orde r  o f  descendin g 

frequency):  (a )  dat a examination ,  (b )  dat a acquisition ,  (c ) 

dat a exploration ,  an d (d )  hypothesi s generation .  Thes e 4 

operator s accoun t  fo r  7 6 % o f  al l  operator s use d b y al l 

subject s regardles s o f  leve l  o f  expertis e an d experimenta l 
condition . 

Frequency of Control Processes Used 

Th e frequency  o f  contro l  proces s us e (base d o n th e sam e 
4 0 randoml y selecte d protocols )  reveale d tha t  th e staf f  use d 

slightl y mor e contro l  processe s tha n th e resident s (4 7 a s 
compare d t o 41) .  Diagnosti c plarmin g wa s th e mos t  ofte n 

use d contro l  proces s regardles s o f  leve l  o f  expertis e an d 

experimenta l  condition . 

Number of Radiological Findings, Observations, 

an d Diagnose s 

Repeate d measure s A N O V As faile d t o revea l  an y 

significan t  difference s i n th e mea n munbe r  o f  radiological 

findings,  observation s an d diagnose s betwee n th e group s 
and acros s experimenta l  conditions .  O n average ,  however , 

participant s identifie d a t  leas t  1  radiological  finding,  mad e 

3 radiologica l  observations ,  an d gav e 1  diagnosi s pe r  case . 

Scanning Time for Data Acquisition 

Scannin g tim e wa s operationall y define d a s th e amoun t 
of  tim e (i n seconds )  i t  too k a  participan t  t o attai n a n initia l 

representatio n (r f  a  breas t  diseas e case .  A  repeate d 

measure s A N O V A indicate d tha t  th e staf f  radiologists 

wer e significantl y faste r  tha n resident s i n scannin g th e 

m a m m o g r a ms ( F [1,18 ]  =  4.89 ,  p  <  .05) .  O n average ,  a 

staf f  radiologist  too k 4 6 second s t o sca n a  cas e whil e a 
residen t  too k 6 6 seconds . 

Reading Time for Diagnosis 

Readin g tim e wa s operationall y define d a s th e tota l 

amount  o f  tim e (i n seconds )  i t  too k a  participan t  t o solv e a 
breas t  diseas e case .  A  repeate d measure s A N O V A di d no t 

revea l  a  significan t  mai n effec t  fo r  expertis e ( F [1,18 ]  = 
1.5 )  o r  conditio n ( F =  0.11) ,  an d ther e wa s n o interactio n 

( F =  .0009) .  O n average ,  a  staf f  radiologist  too k 17 5 

second s t o rea d a  cas e whil e a  residen t  too k 20 0 seconds . 

Overall Diagnostic Accuracy 
Overal l  diagnosti c accurac y include s th e combinatio n o f 

diagnose s (e.g. ,  malignant )  an d radiological 
recommendation s (e.g. ,  perfor m a  biopsy) .  Th e categorie s 
include d accurate ,  indeterminat e an d inaccurate .  Fo r 

example ,  a  diagnosi s o f  a  carcinom a foUowed-u p b y a n 
excisiona l  biops y woul d constitut e a n accurat e overal l 
diagnosis .  Th e percentage s fo r  overal l  diagnosti c accurac y 
provide d b y bot h groi4) s acros s experimenta l  condition s 

wer e calculated .  A  2 X 2 x 2 analysi s wa s performe d o n th e 
number  o f  corre a an d wron g overal l  accurac y rating s 
acros s level s o f  expertis e an d experimenta l  condition s (b y 

collapsin g indeterminat e an d wron g error s together) .  Th e 

analysi s reveale d a  non-significan t  differenc e i n th e 
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distributio n o f  th e numbe r  o f  case s acros s level s o f  expertis e 

and correctnes s o f  overal l  diagnosti c accurac y (x ^  [1 ,  A ^  = 
200 ]  =  .57,;7>.05) . 

Overal l  2 5 % o f  th e participant s (5/20) ,  includin g 3  stafi f 

an d 2  residents  correctl y diagnose d an d provide d th e correc t 

subsequen t  reconunendation s fo r  th e 1 0 breas t  diseas e 

cases . 

Analysis of Errors Based on Overall Diagnostic 

Pe r f o rmanc e 

A n in-dept h analysi s o f  th e 3 4 (o f  20 0 protocol s 

collected )  error s committe d b y participant s base d o n overal l 

diagnosti c accurac y acros s experimenta l  condition s wa s 

performed .  Analyse s o f  th e 3 4 code d protocol s reveale d five 

type s o f  th e error s including : 

(1 )  a  perceptua l  detectio n erro r  wa s a  failur e t o detec t  a 

mammographi c finding; 
(2 )  a  findin g mischaracterizatio n erro r  wa s a n incorrec t 

characterizatio n o f  a  mammographi c finding; 
(3 )  a  D O diagnosi s erro r  wa s th e detection ,  correc t 

identification ,  an d characterizatio n o f  a  mammographi c 

finding  bu t  a  failur e t o mak e a  diagnosis ; 

(4 )  a  wron g diagnosi s erro r  wa s th e detection ,  correc t 

identification ,  an d characterizatio n o f  a  mammographi c 

findin g bu t  proposin g a  wron g diagnosis ;  and , 

(5 )  a  wron g recommendatio n erro r  wa s th e correc t 
detectio n an d characterizatio n o f  a  mammographi c finding, 

an d proposin g a  diagnosi s a t  som e leve l  o f  abstraction ,  bu t 

proposin g a n iiû jpropriat e subsequen t  examination . 

Th e analyse s o f  th e fi^uency  an d type s o f  error s b y leve l 
o f  expertis e an d experimenta l  wa s conduaed .  Overal l  an d i n 

descendin g orde r  o f  frequency,  th e resxilts  indicat e error s 

consiste d o f  wron g recommendation s (38%) ,  perceptua l 

detectio n (26%) ,  finding  characterizatio n (24%) ,  n o 

diagnosi s (6%) ,  an d wron g diagnosi s (6%) . 

Th e analyse s reveale d tha t  regardless  o f  leve l  o f  expertise , 

th e commissio n o f  error s wa s case-related .  Furthermore ,  th e 

result s sugges t  tha t  th e chnica l  histor y an d mor e 
importantly ,  th e mammographi c manifestation s ar e critica l 

i n determinin g th e types  o f  error s committe d b y radiolog y 
persoimel . 

Conclusions 

The present study investigated the problem solving 

strategie s use d b y staf f  radiologist s an d radiolog y resident s 

durin g th e proces s o f  diagnosin g difiicul t  breas t  disease s 

depicte d o n m a m m o g r a m s.  Th e result s indicate d tha t  staf f 

radiologist s scaime d th e case s significantl y faste r  than , 

radiology  residents .  N o difference s wer e foun d o n severa l 

aspect s o f  th e groups '  performanc e acros s experimenta l 

conditions .  Frequenc y aiialyse s reveale d tha t  bot h group s 
regardless  o f  experimenta l  conditio n (a )  use d th e sam e type s 

of  operators ,  contro l  processes ,  diagnosti c plan s an d goals , 

(b )  committe d th e sam e numbe r  o f  errors ,  an d (c )  committe d 

case-dependen t  errors .  Analyse s reveale d tha t 

mammography interpretatio n wa s characterize d b y a 

predominan t  us e o f  data-drive n o r  mixe d strategie s 

dependin g o n cas e typicaht y an d cUnica l  experience .  Th e 

fac t  tha t  fe w difference s wer e foun d betwee n th e group s o n 

th e variou s measure s m a y b e du e t o th e fac t  tha t 

m a m m o g r am interpretatio n i s a  well-constraine d visua l 
cognitiv e task . 

Th e contribution s o f  thi s stud y include :  (1 )  a  cognitiv e 

model  o f  diagnosti c proble m solvin g i n th e are a o f 

mammography,  (2 )  enhance d understandin g o f  th e proble m 

solvin g processe s underlyin g mammograph y interpretation , 

and (3 )  empirica l  evidenc e fo r  th e desig n o f  a 

computerize d tutorin g prototyp e fo r  trainin g radiolog y 

residents  t o diagnos e m a m m o g r a m s. 

Th e theoretica l  impUcation s o f  th e stud y includ e th e 

nee d fo r  furthe r  studie s t o buil d a  mor e comprehensiv e 

model  o f  th e perceptua l  an d cognitiv e processe s underlyin g 

m a m m o g r am interpretatio a Secondly ,  th e result s ar e 

presentl y bein g applie d i n th e developmen t  o f  a  basi c 

conceptua l  framework  fo r  th e desig n o f  th e RadTutor ,  a 

computer-base d tuto r  fo r  trainin g radiolog y resident s t o 

interpre t  mammograms. 

Future Directions 

This section presents the empirical and practical 

implication s o f  thi s study .  Thes e implication s ar e presentl y 

bein g pursue d i n tw o differen t  directions :  (1 )  th e desig n o f 

th e RadTutor ,  a  computerize d tutorin g prototyp e fo r 

trainin g resident s t o diagnos e m a m m o g r a m s,  an d (2 )  a n 

empirica l  stud y tha t  wil l  incorporat e eye-movement , 

cortica l  activation ,  an d verba l  protoco l  dat a t o buil d a 

comprehensiv e diagnosti c mode l  o f  m a m m o g r a m 

interpretation . 

Instructional Implications - RadTutor 

The second project is the design of the RadTutor 
(Azevedo ,  Lajoie ,  Desaulniers ,  Fleiszer ,  &  Bret ,  1997) ,  a 

computer-base d prototyp e fo r  trainin g radiolog y residents 
t o interpre t  mammograms.  Th e RadTuto r  presentl y 

incorporate s th e mode l  o f  m a m m o g r a m interpretation , 
proble m solvin g strategies ,  an d erro r  analyse s resulting 

from  thi s study .  Furthermore ,  i t  i s  als o base d o n othe r 

research  i n instructiona l  psychology ,  cognitiv e science , 

artificia l  intelligenc e an d educatio a 

Directions for Future Empirical Research 

An empirical study will be conducted to investigate the 
interactio n betwee n perceptua l  an d cognitiv e factor s i n 

m a m m o g r am interpretatio n b y convergin g multipl e 

source s o f  dat a includin g eye-movements ,  verba l 

protocols ,  an d physiologica l  dat a (i.e. ,  cortica l  activity) .  A 
systemati c effor t  employin g a  combinatio n o f  analytica l 

and perceptua l  methodologie s i s require d t o clarif y th e 

contribution s o f  cognitiv e an d perceptua l  faaor s i n th e 
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developmen t  o f  radiologica l  expeitis e (e.g. ,  verbal ,  eye -

movement ,  an d physiologica l  measures) . 

Recent  advance s i n brai n imagin g hav e facilitate d th e 

constructio n o f  comprehensiv e model s o f  cognitiv e 

processe s throug h th e convergenc e o f  physiologica l  an d 

psychologica l  research .  Non-invasiv e brai n imagin g 

technique s suc h a s fMR I  hav e bee n instrumenta l  i n (a ) 

resolvin g debate s i n cognitiv e scienc e (e.g. ,  interactionis m 

versu s nKxlularity )  (Just ,  Carpente r  &  Keller ,  1996) ,  an d 

(b )  providin g adequat e model s o f  cognitiv e processe s 

includin g multi-leve l  analyse s (e.g. ,  computational , 

algorithm ,  implementation )  o f  dat a (e.g. ,  physiological , 

process-tracing ,  performance )  base d o n level s o f 

organiiatio n an d processin g (Just ,  Carpenter ,  Keller ,  Edd y 

& Thulbom ,  1996) .  Futur e researc h ha s th e potentia l  t o 

provid e a  comprehensiv e cognitiv e mode l  o f  m a m m o g r a m 

interpretatio n b y isolatin g th e variou s "levels "  o f 

perceptua l  an d cognitiv e processe s base d o n expert-novic e 

differences .  Th e participant' s eye-movement s an d th e 
activit y o f  his/he r  cortica l  region s (e.g. ,  activatio n i n th e 

pre-fronta l  corte x activ e durin g goal-drive n proble m 

solving )  woul d als o b e capture d usin g a n eye-trackin g 

syste m tha t  i s  embedde d i n a  fMR I  scaime r  whic h enable s 

whol e brai n imaging . 

Multileve l  analyse s (verbal ,  performance ,  cortical )  woul d 

be conducte d i n orde r  t o (a )  revea l  th e underlyin g cortica l 

region s tha t  ar e activ e durin g th e variou s stage s o f 

diagnosti c proble m solving ,  an d (b )  calculat e th e duratio n o f 

saccades ,  fixations,  an d regression s fo r  eac h participan t 

whil e he/sh e scan s eac h se t  o f  mammograms. 

I n suimnary ,  th e contribution s o f  subsequen t  studie s i n th e 

are a o f  medica l  visua l  diagnosi s wil l  include :  (a )  a 
comprehoisiv e cognitiv e mode l  o f  diagnosti c reasonin g i n 

radiolog y base d o n th e convergenc e o f  verbal ,  eye -
movement  an d physiologica l  data ,  (b )  extende d replicatio n 
dat a whic h coul d b e compare d t o th e presen t  data ,  (c ) 

enhance d understandin g o f  th e percepttia l  an d cognitiv e 

processe s underlyin g mammograph y interpretation ,  (d )  a n 

initia l  theor y o f  learnin g i n ill-structure d domains ,  an d (e ) 
rich  experimenta l  dat a necessar y t o ru n a  cognitiv e 
simulatio n mode l  o f  radiologica l  expertise . 
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