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A b s t r a c t 

The application of scientific principles in diverse 
scienc e domain s i s widel y regarde d a s a  hallmar k o f 
expertise .  However ,  i n medicine ,  th e rol e o f  basi c 
scienc e knowledg e i s th e subjec t  o f  considerabl e 
controversy .  I n thi s paper ,  w e presen t  a  stud y tha t 
examine s students '  an d experts *  understandin g o f 
comple x biomedica l  concept s relate d t o cardiovascula r 
physiology .  I n th e experiment ,  subject s wer e 
presente d wit h question s an d problem s pertainin g t o 
cardia c output ,  venou s return ,  an d th e mechanica l 
propertie s o f  th e cardiovascula r  system .  Th e result s 
indicate d a  progressio n o f  conceptua l  model s a s a 
functio n o f  expertise ,  whic h wa s eviden t  i n predictiv e 
accuracy ,  an d th e explanatio n an d applicatio n o f  thes e 
concepts .  T h e stud y als o documente d an d 
characterize d th e etiolog y o f  significan t 
misconception s tha t  impede d subjects '  abilit y t o 
reaso n abou t  th e cardiovascula r  an d circulator y 
system .  Certai n conceptua l  error s wer e eviden t  eve n 
i n th e response s o f  physicians .  Th e scop e o f 
applicatio n o f  basi c scienc e principle s i s no t  a s 
eviden t  i n th e practic e o f  medicine ,  a s i n th e applie d 
physica l  domains .  Student s an d medica l  practitioner s 
do no t  experienc e th e sam e kind s o f  epistemi c 
challenge s t o counte r  thei r  naiv e intuitions . 

I n t r o d u c t i o n 

It is widely recognized that scientific principles play a 
fundamenta l  rol e i n th e organizatio n o f  conceptua l 

knowledg e an d procedura l  knowledg e fo r  effectiv e 

proble m solvin g i n divers e scienc e domain s an d tha t 

th e us e o f  principle d knowledg e i s a  functio n o f 
expertis e (e.g. ,  Chi ,  Feltovich ,  &  Glaser ,  1981) . 

However ,  i n medicine ,  th e rol e o f  biomedica l  o r  basi c 

scienc e knowledg e (e.g. ,  physiology )  i s a  sourc e o f 

considerabl e controversy .  Clinica l  knowledg e an d 

basi c scienc e knowledg e constitut e tw o distinc t  bodie s 

of  knowledg e tha t  ar e connecte d onl y a t  variou s 

discret e point s (Patel ,  Evans ,  &  Groen ,  1989) . 

Clinica l  knowledg e i s  primaril y categorica l  an d 

include s a  classificator y schem e fo r  diseas e entitie s 

an d associate d clinica l  findings .  Basi c scienc e 

knowledg e i n medicin e involve s th e organizatio n o f 

biomedica l  model s a t  differen t  level s o f  abstraction . 

Basi c scienc e knowledg e i s no t  easil y integrate d int o 

clinica l  context s an d it s us e frequentl y doe s no t 
improv e th e diagnosti c performanc e o f  eithe r  exper t 

physicia n o r  novic e medica l  studen t  (Patel ,  e t  al , 

1989) .  I t  i s  no t  clea r  whethe r  th e developmen t  o f 

expertis e i n medicin e reflect s progression s o f 

increasingl y elaborat e an d refine d causa l  model s buil t 

aroun d basi c scienc e principles . 
Empirica l  studie s o f  man y differen t  domain s i n 

scienc e indicat e tha t  student s begi n thei r  stud y o f 

scienc e wit h strongl y hel d misconception s o f 

phenomen a (Eylo n &  Linn ,  1988) .  Thes e 
misconception s ar e grounde d i n experienc e an d ar e 
extremel y resistan t  t o change ,  eve n afte r  instruction . 

Th e larg e majorit y o f  scienc e concep t  learnin g 

researc h ha s addresse d issue s i n th e physica l  sciences . 

The relativel y fe w studie s i n th e biomedica l  science s 
hav e yielde d simila r  results ,  fo r  example , 

documentin g misconception s i n students '  causa l 

understandin g o f  th e structur e an d functio n o f  th e 

hear t  (Feltovich ,  Spiro ,  &  Coulson ,  1989 )  an d i n th e 

applicatio n o f  pulmonar y concept s i n clinica l 

context s (Patel ,  Kaufman ,  &  Magder ,  1991) .  Thes e 

findings  underscor e a  nee d t o characteriz e students '  an d 
physicians '  understandin g o f  basi c scienc e concept s i n 

differen t  domain s o f  medicine . 

Conceptua l  understandin g o f  physica l  o r  biologica l 

system s ca n b e characterize d i n ter m o f  progression s 

of  menta l  model s (e.g. ,  Forbu s &  Gentncr ,  1986) . 

Menta l  model s refe r  t o th e interna l  model s o f 

system s individual s develo p fro m interactin g wit h 

thes e system s (Norman ,  1983) .  W e ca n characteriz e 

subjects '  model s an d elucidat e aspect s o f  subjects ' 

representation s tha t  ar e flawe d i n term s o f  th e 
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structur e an d functio n o f  a  syste m o r  i n term s o f  th e 

inference s use d t o evaluat e th e behavior . 

T h e purpos e o f  thi s stud y i s t o characteriz e 

students '  an d experts '  understandin g o f  concept s 

relate d t o th e mechanica l  propertie s o f  cardiovascula r 

physiology .  Speciflcally ,  th e investigatio n focuse s 

o n th e determinant s o f  cardia c outpu t  (th e bloo d 

ejecte d b y th e hear t  pe r  uni t  time) ,  an d venou s retur n 

(th e bloo d returnin g t o th e hear t  pe r  uni t  time) .  Th e 

stud y addresse s individua l  difference s i n conceptua l 

understandin g an d th e progressio n o f  menta l  model s 

of  th e cardiovascula r  syste m o f  subject s a t  differen t 

level s o f  expertise . 

Cardiovascular Physiology 

The regulation of cardiac output is a complex abstract 
topic ,  whic h unlik e mos t  subjec t  domain s i n 
physiology ,  i s lackin g i n explici t  structure-functio n 
correspondences .  Cardia c outpu t  i s th e tota l  amoun t 
of  bloo d pumpe d b y th e hear t  pe r  uni t  time .  I t  i s  a 
produc t  o f  tw o factors ,  hear t  rat e an d strok e volume . 
Hear t  rat e i s th e numbe r  o f  contraction s o r  hear t  beat s 
per  minute .  Strok e volum e i s th e amoun t  o f  bloo d 
ejecte d b y th e ventricl e durin g contraction .  Strok e 
volum e i s determine d b y thre e factors :  1 )  preload , 
whic h refer s t o th e initia l  stretc h o f  th e cardia c muscl e 
befor e contraction ;  2 )  erfierload ,  whic h i s th e tensio n 
i n th e cardia c fibre s an d i s a  forc e i n whic h th e hear t 
must  p u m p against ;  an d 3 )  contractility ,  th e 
functiona l  stat e o f  th e hear t  muscl e tha t  i s define d b y 
th e rat e an d exten t  o f  shortenin g fo r  a  give n afterloa d 
an d preload .  Preloa d an d contractilit y  ar e positivel y 
associate d wit h strok e volum e an d therefor e cardia c 
ou^ut .  Afterloa d i s negativel y associate d wit h strok e 
volum e an d cardia c outpu t 

Venou s retur n i s th e amoun t  o f  bloo d returnin g t o 
th e hear t  pe r  uni t  time .  I t  i s  a  determine d primaril y 
by vascula r  complianc e an d b y venou s resistance . 
Vascula r  complianc e refer s t o th e abilit y  o f  a  vesse l 
t o disten d t o accommodat e mor e bloo d volum e pe r 
uni t  pressure .  Vascula r  resistanc e i s th e oppositio n 
t o bloo d flo w offere d b y th e vessel s an d i s primaril y 
determine d b y th e radiu s o f  th e vesse l  an d th e 
viscosit y o f  th e blood .  M e a n systemi c pressur e i s a 
measur e tha t  i s determine d b y stresse d volum e an d 
complianc e an d i s independen t  o f  cardia c function .  I t 
i s  th e drivin g pressur e fo r  venou s return .  Stresse d 
vo lum e i s th e vo lum e tha t  actuall y stretche s th e 
elasti c wall s o f  vessel s an d thu s produce s pressur e i n 
th e vasculature . 

T h e circulator y syste m i s a  close d syste m an d 
therefor e th e bloo d p u m p e d ou t  b y th e hear t  mus t 
inevitabl y retur n t o th e heart .  Ove r  time ,  cardia c 
outpu t  ha s t o equa l  venou s return .  Cardia c functio n 
mainl y effect s venou s retur n b y changin g th e outflo w 

pressur e fo r  th e periphera l  vasculature .  Venou s 
pressure s fro m outpu t  ar e independent  fro m th e hear t 
becaus e cardia c volum e i s smal l  relativ e t o periphera l 
bloo d volume . 

A causa l  influenc e networ k wa s generate d t o 
represen t  th e se t  o f  entitie s an d relation s involve d i n 
th e proble m set .  Thi s i s illustrate d i n figure  1 .  Thi s 
representatio n i s simila r  t o one s use d i n qualitativ e 
simulatio n o f  physica l  system s (e.g. ,  Forbu s & 
Centner ,  1986) .  Th e figur e represent s directiona l 
functiona l  dependencie s betwee n th e variable s include d 
i n th e study .  Th e variable s represen t  quantities ,  tha t 
when changed ,  ca n initiat e a  proces s tha t  wi U effec t 
othe r  variable s i n predictabl e ways .  A  variabl e ca n 
exer t  a  positive ,  negativ e o r  neutra l  influenc e o n 
anothe r  variable .  Ther e ar e relationship s tha t  ar e no t 
explicitl y  represente d an d ca n b e deduce d fro m th e 
network .  Th e network ,  however ,  doe s no t  explicitl y 
reflec t  tempora l  relation s o r  enablin g condition s tha t 
ca n delimi t  th e circumstance s whe n a n influenc e ca n 
be exerte d o r  h o w t o resolv e ambiguitie s fro m 
multipl e simultaneou s influences . 

Method s 

The subjects consisted of 15 volunteers at several 
level s o f  expertise .  Th e subject s included :  on e 
studen t  w h o ha d complete d a  degre e i n biology ; 
student s fro m eac h o f  th e fou r  year s o f  medica l 
school ;  tw o physician s w h o wer e completin g a 
cardiolog y residen t  trainin g program ;  a n exper t 
physiologist ,  a  cardiologis t  i n privat e practice ,  an d a n 
academi c cardiologis t  w h o divide s hi s tim e betwee n 
researc h an d hospita l  practice . 

T h e material s consiste d o f  4 9 question s an d 
problems ,  includin g (1 )  3 5 basic-leve l  question s 
abou t  specifi c  factor s pertainin g t o cardia c output , 
venou s return ,  an d pressure-volum e an d pressure-flo w 
relationships ,  a s wel l  a s question s intende d t o asses s 
th e degre e t o whic h subject s hav e integrate d coheren t 
model s o f  th e circulator y system ;  an d (2 )  1 2 situate d 
problem s i n whic h thes e concept s ar e t o b e applied . 
Thes e includ e brie f  clinica l  an d applie d physiolog y 
problem s designe d t o asses s th e subjects *  abilit y  t o 
recogniz e th e condition s o f  applicabilit y  an d us e thes e 
concept s i n context .  Subject s wer e presente d wit h a 
serie s o f  question s an d problem s o n cu e cards ,  on e a t 
a time .  The y wer e aske d l o rea d th e questio n ou t  lou d 
an d "talk-aloud" ,  an d answe r  th e question s a s 
completel y a s possible .  Th e subject s wer e teste d on e 
at  a  lim e an d eac h sessio n wa s audi o tape d an d 
transcribe d fo r  analysis .  Thi s pape r  focuse s 
predominantl y o n subjects '  response s t o th e basic -
leve l  questions .  A  mor e detaile d discussio n o f  th e 
experimen t  an d result s ca n b e foun d i n Kaufman . 
Patel ,  an d Magdc r  (1992) . 
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Figur e 1 :  Referenc e Causa l  Influenc e N e t w o r k o f  Relationship s B e t w e e n Concepts . 

For  eac h problem ,  a  referenc e mode l  respons e wa s 
prepare d wit h th e assistanc e o f  a  consultin g exper t 
cardiologis t  an d wa s use d t o asses s th e answer s o f 
eac h subject .  M a n y o f  th e question s require d 
predictions .  Thes e too k th e for m o f  ho w a  particula r 
chang e i n stat e woul d affec t  th e valu e o f  som e 
measure .  Fo r  example ,  a  questio n aske d "ho w doe s a 
larg e increas e i n cfterloa d affec t  cardia c output" .  Th e 
possibl e response s ar e n o change ,  increases ,  decreases . 
Subject s wer e require d t o mak e prediction s i n 2 9 o f 
th e questions ,  fo r  a  tota l  o f  4 5 predictions .  Th e 
probabilit y  o f  randoml y generatin g a  correc t 
predictio n wa s approximatel y 3 0 % .  Incorrec t 
response s wer e categorize d accordin g t o th e differenc e 
i n directio n o f  prediction .  Pattern s o f  subject s 
respondin g acros s question s provide d u s wit h 
informatio n concernin g gap s i n knowledg e an d 
misconceptions .  Semanti c network s wer e als o use d 
t o represen t  subject' s causa l  explanation s fo r 
individua l  question s (Groe n &  Patel ,  1988) . 

The typolog y o f  relation s use d i n semanti c network s 
include d i n thi s pape r  are :  A C T - e n g a g e s i n a n 
actio n o r  process ,  CAU-causal i ty ,  C O N D -
directiona l  conditionality ,  •DIR*-d i rec t ion , 
EQUIV-equivalen t  i n som e property ,  I D E N T -
identity ,  LOC-location ,  RSLT-resul t  o f  a n action , 
and arrow s indicat e directionality .  A  causa l  influenc e 

network ,  representin g subjects '  belief s concernin g 
relationship s betwee n variables ,  wa s als o generate d 
fo r  eac h subjec t  an d the n wa s contraste d wit h th e 
referenc e network .  Thi s metho d allow s u s t o 
characteriz e aspect s o f  thei r  menta l  models '  o f  th e 
mechanic s o f  th e cardiovascula r  system . 

Resu l t s a n d D i s c u s s i o n 

There was a general tendency for an increase in correct 
prediction s wit h expertise .  Th e medica l  student s 
predicte d a  mea n o f  68 .1 % (sd=10 )  o f  th e correc t 
responses .  Th e fiv e mor e advance d subject s 
accuratel y predicte d 78 .2 % (sd=12.5) .  Ther e wer e 
considerabl e individua l  differences .  Th e premedica l 
studen t  generate d th e fewes t  tota l  correc t  prediction s 
(38% )  an d th e academi c cardiologis t  (89% )  an d th e 
physiologis t  (87% )  correctl y predicte d th e highes t 
percentag e o f  responses .  Mos t  student s tende d t o 
hav e somewha t  mor e difficult y wit h th e venou s retur n 
question s tha n cardia c outpu t  questions .  Th e exper t 
subject s responde d wit h greate r  consistenc y acros s 
questio n types .  Surprisingly ,  a  fourt h yea r  studen t 
and a  residen t  predicte d onl y 5 1 % an d 5 8 % o f  th e 
correc t  responses ,  respectively . 
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Tabl e 1 :  Percen t  o f  Correc t  Prediction s b y Subjec t 

CO 

VR 

Tota l 

P 

40 

36 

38 

1.1 

73 

64 

71 

1. 2 

63 

50 

60 

1. 3 

60 

57 

60 

2. 1 

67 

64 

67 

2. 2 

77 

71 

76 

3. 1 

80 

71 

78 

3. 2 

70 

64 

69 

4. 1 

47 

57 

51 

4. 2 

73 

100 

82 

Rl 

53 

64 

58 

R2 

87 

71 

82 

Ph 

83 

93 

87 

CP 

77 

71 

76 

AC 

87 

93 

89 

X 

69. 1 

68. 6 

69. 5 

SD 

14. 2 

16. 8 

14. 2 

P=Premedical ,  l.l=Firs t  yea r  medica l  studen t  subjec t  1 ,  R=Residcnt ,  Ph=Physi o ogist ,  EP=Cardiologis t  Practitioner , 
AC=Academi c Cardiologist .  CO=Cardia c Outpu t  Predictions ,  VR=Venou s Retur n Predictions . 

Misconception s 

Thi s sectio n wil l  examin e tw o differen t 

misconception s tha t  produc e fundamenta l  error s i n 

reasoning .  Comprehensio n o f  th e basi c physica l 

principle s o f  hydrodynamics ,  specificall y pressure -

volum e an d pressure-flo w relationship s ar c essentia l 

fo r  understandin g th e flo w o f  bloo d throug h th e 

circulator y system .  Th e premedica l  studen t  (? ) 

exhibit s a  partia l  understandin g o f  thes e principles . 

He understand s that ,  al l  othe r  thing s bein g equal ,  a n 

increas e i n volum e result s i n a n increas e i n pressure . 

However ,  h e reverse s an d extend s th e relationship s t o 

sugges t  tha t  a n increas e i n pressur e implie s a n 

increas e i n volum e an d a n increas e i n flow.  Thi s 

manifest s itsel f  i n term s o f  a  fundamenta l 

misconceptio n abou t  th e natur e o f  pressure-gradients . 

When &  forwar d flow  pressur e i s increased ,  flo w doe s 

i n fac t  increase .  However ,  whe n th e pressur e i s a 

bac k flow  pressure ,  a n increas e i n pressur e result s i n a 

decreas e i n flow  becaus e th e pressur e gradien t  i s 

narrowed .  Thi s i s illustrate d i n a  semanti c networ k 

representatio n o f  th e subjects '  respons e t o a  questio n 

tha t  ask s "wha t  happen s whe n righ t  atria l  pressur e 

rise s t o equa l  th e mea n systemi c pressure "  (Figur e 2) . 

When right  atria l  pressur e rises  t o equa l  th e mea n 

systemi c pressure ,  th e pressur e gradien t  fo r  venou s 

retur n become s zer o an d flow  stops .  Th e subjec t 

erroneousl y predict s a n increas e i n flow  tha t 

propagate s throughou t  th e system .  Th e networ k 

illustrate s tha t  th e subjec t  possesse s a  menta l  mode l 

of  th e circulator y syste m an d ca n envisio n th e 

consequence s o f  th e effec t  o f  a  chang e i n state , 

howeve r  erroneously .  Th e subjec t  demonstrate d i n 

many question s tha t  h e ha d a n adequat e structura l 

reix'esentatio n o f  th e system ,  bu t  repeatedl y mad e th e 

same kin d o f  erro r  relate d t o pressur e gradients . 

Ther e ar e invariabl y multipl e source s o f  convergin g 

knowledg e tha t  compris e misconception .  I n thi s 

case ,  the y include ,  th e reversa l  o f  a  directiona l 

relationshi p (increas e i n volum e lead s t o a n increas e 

i n pressure )  an d failur e t o differentiat e betwee n a 

drivin g pressur e an d a  bac k pressur e tha t  oppose s 

flow.  Thi s fundamenta l  misconceptio n wa s no t 

characteristi c o f  an y o f  th e othe r  subjects . 
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Figur e 2 .  Semanti c Networ k illustratin g a 

Premedica l  Student' s Misconception . 

Many misconceptions are grounded in experience 

and reflec t  a n acceptanc e o f  th e primac y o f  experienc e 

and intuitio n ove r  counter-intuitiv e forma l  teachings . 

However ,  forma l  learnin g ca n als o resul t  i n th e 

developmen t  o f  significan t  misconceptions . 

Resistanc e i s a  concep t  tha t  i s  wel l  roote d i n 

experience ,  i n th e sens e tha t  resistanc e mean s th e 

slowin g dow n o f  som e proces s (diSessa ,  1983) .  Th e 

most  importan t  determinant s o f  venou s retur n ar e 

complianc e an d resistance .  Complianc e refer s t o th e 

distensibilit y  o f  a  vesse l  an d it s abilit y  t o stor e blood . 

Venous resistanc e i s primaril y a  functio n o f  th e radiu s 

of  th e vessel .  A n increas e i n complianc e increase s 

th e volum e storag e capacit y o f  th e vesse l  an d 

therefor e decrease s venou s return .  Likewis e a n 

increas e i n resistanc e impede s th e flow  o f  bloo d an d 

slow s venou s return .  I t  make s sens e tha t  a n increas e 

i n resistance  woul d decreas e th e diamete r  o f  a  tub e an d 

reduc e it s compliance .  However ,  the y ar e 

physiologicall y incfcpendent . 
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Figur e 3 .  Semanti c Networ k o f  a  Secon d Yea r 

Student' s Misconceptio n 

asthma ,  wher e yo u ge t  a  sudde n increas e i n respirator y 

rat e an d a n increase d bloo d flow .  Howeve r , 

compressin g th e vein s leadin g t o th e hear t  woul d 

dramaticall y increas e resistanc e an d severel y reduc e 

venou s return . 

I t  shoul d b e note d tha t  thi s misconceptio n 

concernin g th e effec t  o f  resistanc e wa s exclusivel y 

relate d t o venou s resistance .  Eac h o f  th e subjects . 

w ho exhibite d thi s misconception ,  correctl y pointe d 

out  tha t  a n increas e i n arteria l  resistanc e woul d 

increas e th e afterloa d an d therefor e reduc e cardia c 

output .  Ther e ar e severa l  bit s o f  erroneou s knowledg e 

an d belief s tha t  contribut e t o thi s misconception :  1 ) 

Th e belie f  tha t  venou s resistanc e an d complianc e ar e 

inextricabl y intertwined ;  2 )  Th e notio n tha t  th e larg e 

vein s ar e storag e vessels ,  w h e n i n fac t  the y ar e 

resistanc e vessels ;  3 )  A  malprioritizatio n o f  factor s 

resulting  i n a  misjudgmen t  concernin g th e primar y 

effec t  o f  resistance ;  4 )  T h e us e o f  inappropriat e 

clinica l  analogies . 

A pervasiv e misconceptio n i s th e confoundin g o f 

venou s resistanc e an d venou s compliance .  Thi s wa s 

eviden t  i n severa l  subjects '  protocols ,  includin g 

severa l  o f  th e mor e senio r  subjects .  Thi s i s 

illustrate d i n a  secon d yea r  student' s (M2.1 )  respons e 

t o a  questio n abou t  h o w " a marke d increas e i n venou s 
resistanc e affect s venou s retur n an d cardia c output" . 
The subjec t  reason s tha t  sinc e th e larg e vein s ar e 

storag e vessels ,  a n increas e i n resistanc e woul d 

diminis h storag e capacit y an d increas e bloo d flowing 

bac k t o th e heart .  Th e mos t  significan t  erro r  her e i s 

tha t  th e larg e vein s ar e storag e vessels .  I t  i s 
commonl y taugh t  tha t  vein s ar e "storer s o f  blood" . 

I n fac t  th e larg e vein s ar e downstrea m fro m th e 

capacitanc e vessels ,  (th e venule s ar e complianc e 

vessels )  an d ar e i n effec t  resistanc e vessel s tha t  ar e 

criticall y importan t  i n determinin g bloo d flow. 
Si x ou t  o f  fiftee n o f  th e subject s exhibite d aspect s 

of  thi s misconception .  I t  i s  predominantl y th e mor e 

advance d subject s tha t  wer e mos t  affecte d b y thi s 
patter n o f  thirJdng .  I n fac t  bot h resident s responde d 

t o som e o f  th e question s i n a  manne r  tha t  woul d 

indicat e tha t  the y coul d no t  completel y disambiguat e 

th e effect s o f  complianc e fro m venou s resistance . 

Thi s i s i n evidenc e i n th e respons e o f  a  residen t  (R2 ) 

t o a  questio n concernin g th e effect s o f  compressio n o f 

th e vein s leadin g t o th e hear t  o n cardia c ouq)ut .  Th e 

subjec t  predict s tha t  thi s wil l  greatl y increas e cardia c 

output .  H e applie s a n inappropriat e analog y fro m a 

common clinica l  situatio n whereb y th e diaphrag m i s 

compressin g th e abdomina l  structures .  Thi s situatio n 

i s typica l  o f  m a n y medica l  conditions ,  suc h a s 

M e n t a l  M o d e l s 

Causal influence networks were generated for each 

subjec t  Th e correspondence s betwee n relations  wer e 

generate d fro m th e subjects '  prediction s an d 

explanations .  T h e premedica l  studen t  correctl y 
predicte d onl y 3 8 % o f  th e correc t  responses .  T h e 

effec t  o f  th e pressure-volum e misconceptio n i s 

eviden t  i n m a n y o f  th e relationship s expressed .  I n 

general ,  an y o f  th e variable s tha t  sugges t  a n increas e 

i n tension ,  resistance ,  o r  pressur e (e.g. ,  contractility , 
afterload )  i s  believe d t o propagat e a n increas e i n 
volum e o r  i n flow. 

I n general ,  th e causa l  influenc e network s o f  th e 

othe r  subject s indicate d a n increas e i n conceptua l 

understandin g wit h expertise .  Th e subject s wer e abl e 

t o qualitativel y deriv e mos t  behaviora l  state s fro m 

change s i n quantitie s t o variables .  Wit h th e 

exceptio n o f  th e physiologis t  an d th e academi c 

cardiologist ,  eac h subjec t  demonstrate d a  partia l 

understandin g o f  th e mechanic s o f  th e cardiovascula r 

system ,  exhibitin g specifi c  loca l  deficit s i n thei r 

menta l  models .  Figur e 1  illustrate s th e source s o f 
fou r  conceptua l  errors .  Th e firs t  erro r  relate s t o th e 

confoundin g o f  venou s resistance  an d complianc e an d 

was discusse d i n detai l  i n th e las t  section . 

Th e secon d conceptua l  erro r  wa s eviden t  i n th e 

response s o f  a  fourt h yea r  studen t  w h o correctl y 

predicte d onl y 5 1 % o f  th e correc t  outcomes .  I t  wa s 

eviden t  fro m th e subject' s explanation s tha t  h e 

understoo d mos t  o f  th e concept s an d coul d aiq)l y the m 

i n mor e comple x situations .  Th e sourc e o f  mos t  o f 
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th e subject' s conceptua l  difficultie s i s relate d t o th e 

effect s o f  afterload ,  whic h i s on e o f  th e critica l 

determinant s o f  cardia c output .  Th e subjec t  infer s 

tha t  afterloa d ha s n o effec t  o n strok e volume . 

Afterload ,  i n fact ,  decrease s strok e volume .  Th e fac t 

tha t  th e subject' s mode l  i s  largel y coherent ,  an d tha t 

he correctl y represent s th e relationshi p betwee n strok e 

volum e an d al l  othe r  variables ,  serve s t o propagat e 

error s throughou t  th e syste m whe n a  questio n 

involve s eithe r  afterload ,  aorti c pressur e o r  arteria l 

resistanc e a s causa l  agents . 
The thir d an d fourt h source s o f  conceptua l  error s 

wer e associate d wit h variable s relate d t o venou s 
return .  Th e thir d erro r  reflect s a  lac k o f  understandin g 
of  a  primar y determinan t  o f  venou s return ,  mea n 
systemi c pressure .  Th e fourt h erro r  i s  relate d t o th e 
functiona l  rol e o f  th e righ t  atriu m a s a  couplin g 
mechanis m relatin g cardia c outpu t  an d venou s return . 
Onl y th e academi c cardiologis t  an d th e physiologis t 
wer e unaffecte d b y thes e conceptua l  emors . 

I n general ,  subjects '  response s indicate d a 
"cardiocentric "  bias ,  explainin g situation s i n term s o f 
cardia c outpu t  factor s an d excludin g venou s retur n 
factcff s fro m consideration .  Th e thre e expert s showe d 
difference s i n thei r  conceptua l  understanding .  Fo r 
example ,  th e physiologis t  coul d respon d wit h 
considerabl e facilit y  t o th e basi c physiolog y question s 
and ha d grea t  difficult y explainin g th e situate d 
problems .  Th e academi c physicia n wa s th e on e 
subjec t  wh o coul d respon d t o eithe r  questio n typ e 
wit h grea t  facility .  Th e tw o cardiologist s responde d 
ver y differentl y t o man y o f  th e questions .  Th e 
practitione r  correctl y predicte d onl y 7 6 % an d th e 
academi c physicia n predicte d 8 9 % correct .  Th e 
practitione r  tende d t o focu s o n a  singl e possibl e 
cause ,  whil e th e academi c cardiologis t  wa s abl e t o 
generat e severa l  possibl e alternative s an d identif y th e 
delimitin g factor s tha t  coul d produc e differen t  results . 

Conclusions 

In this study, we examined the conceptual 
understandin g o f  subject s a t  severa l  level s o f  expertis e 

of  a  rathe r  comple x domain ,  circulator y an d 

cardiovascula r  physiology .  Th e scop e o f  applicatio n 

of  basi c scienc e principle s i s no t  a s eviden t  i n th e 

practic e o f  medicine ,  a s i n th e applie d physica l 

domain s (e.g. ,  engineering) .  Student s an d 

practitioner s canno t  experienc e th e sam e kind s o f 

epistemi c challenge s t o counte r  thei r  naiv e intuitions . 

Consequently ,  eve n strikin g anomalie s resultin g fro m 

fundamenta l  misconception s ca n frequentl y g o 

undetected ,  an d ma y carr y ove r  int o clinica l  practice . 

Certai n conceptua l  error s ar e consequence s o f  forma l 

learning .  I t  i s  importan t  t o identif y th e possibl e 

source s o f  thes e errors .  Ther e i s a  nee d t o prioritiz e 

selecte d cluste r  o f  concepts ,  an d plac e mor e effor t  int o 

th e in-dept h teachin g o f  thes e concepts .  Medica l 

school s als o nee d t o presen t  concept s i n divers e 

context s an d mak e th e relationship s betwee n th e 

specifi c  an d genera l  aspects ,  explicit .  Thi s entail s 

strikin g a  balanc e betwee n presentin g informatio n i n 

situate d contexts ,  ye t  allowin g th e studen t  t o deriv e 

th e appropriat e abstraction s an d generalization s t o 

furthe r  develo p thei r  conceptua l  models . 
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