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Acquiring expertise in medicine involves the mastery of a wide repertoire of cognitive skills 

and an d th e accumulatio n an d integratio n o f  a  vas t  stor e o f  knowledge .  I t  i s  generall y 

agree d tha t  i n medicine ,  ther e ar e tw o distinc t  domain s o f  knowledge ;  clinica l  knowledg e 

and basi c scienc e knowledge .  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 ,  (e.g. ,  fro m th e biochemica l  leve l  t o th e orga n system s level) .  M u c h o f  ou r 

researc h ha s addresse d th e issu e o f  th e o f  basi c scienc e i n a  clinica l  problem-solvin g 

context .  W e hav e foun d certai n anomalies ,  namel y tha t  basi c scienc e knowledg e doe s no t 

necessaril y  suppor t  th e diagnosti c reasonin g proces s (studie s summarize d i n Patel ,  Evan s 

& Groen ,  i n press) .  Student s us e o f  basi c scienc e concept s frequentl y resulte d i n 

inconsisten t  clinica l  inference s tha t  wer e actuall y counter-productive .  I n fact ,  th e us e o f 

basi c scienc e i n th e causa l  explanation s o f  exper t  physician s di d no t  see m t o improv e th e 

accurac y o f  diagnosti c performance .  Thi s motivate d u s t o examin e i n greate r  detai l  th e 

proces s o f  h o w thes e basi c scienc e concept s ar e acquire d an d utilized .  I n thi s pape r  w e 
investigat e th e applicatio n o f  comple x concept s i n th e domai n o f  pulmonar y physiology . 

Recently, a great deal of research has focused on the acquisition of scientific concepts 
(e.g. .  Pine s &  West ,  1986) .  M a n y o f  th e finding s sugges t  tha t  scientifi c  concept s ar e 
inherentl y difficul t  t o maste r  becaus e the y typicall y requir e rathe r  abstrac t  forma l 

representation s tha t  ar e no t  easil y amenabl e fo r  applicatio n i n a  particula r  domai n (Whit e & 

Frederiksen ,  1987) .  Th e quantitativ e forma l  instantiatio n o f  thes e concept s i s no t  generall y 

consisten t  wit h students '  naiv e intuition s abou t  th e phenomen a tha t  the y purpor t  t o explai n 

(diSessa ,  1983) .  Th e evidenc e fro m m a n y investigation s clearl y sugges t  tha t  m a n y 

student s w h o hav e complete d scienc e course s acquir e a  knowledg e o f  scientifi c  concept s 
tha t  canno t  b e use d flexibly  t o interpre t  causa l  event s an d resul t  i n th e acquisitio n o f 

significan t  scientifi c  misconception s (Reif ,  1987) . 

Feltovich et al. (1988) investigated medical students understanding of complex concepts in 

th e domai n o f  cardia c physiology .  Thes e studie s documen t  widesprea d misconception s i n 

th e structur e an d functio n o f  a  disease d heart .  Thes e misconception s ar e develope d earl y 

on i n th e learnin g proces s an d becom e stabilize d an d entrenche d i n a  student' s diagnosti c 

thinking .  Th e author s argu e tha t  difficult y i n attainin g a  dee p leve l  o f  understandin g i s ofte n 

a resul t  o f  reductionisti c approache s t o impartin g th e knowledg e t o th e learner .  Complexit y 

i s progressivel y introduce d t o earl y "scaffold "  models ,  i n orde r  t o facilitat e a n orderl y 

acquisitio n o f  simplifie d model s o f  comple x biomedica l  phenomena .  Thi s 

oversimplificatio n result s i n a n i n a n inabilit y  t o appl y thes e concept s i n "real-world " 

phenomena . 

In this experiment, we continue on this trend towards investigating the nature of reasoning 

i n biomedicine .  W e deviat e sUghti y fro m ou r  previou s wor k i n tha t  w e loo k a t  a  proble m 

which ,  althoug h couche d i n a  clinica l  setting ,  remain s a  proble m o f  causa l  reasonin g abou t 
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a mechanis m an d therefor e fairl y  close d withi n th e basi c scientifi c  sub-domai n o f 
physiology .  A s a  resul t  w e propos e tha t  reasonin g i n th e domai n o f  physiolog y wil l  hav e a 
certai n correspondenc e t o reasonin g i n physica l  system s domain s suc h a s physic s 
(Mcloskey ,  1983 )  an d electronic s (Whit e an d Frederiksen,1987) ,  i n th e sens e tha t  ther e i s a 
need fo r  a  qualitativ e causa l  understandin g t o enabl e th e problem-solve r  t o characteriz e a 
proces s an d predic t  futur e state s o f  a  system .  On e importan t  differenc e i s that ,  lik e al l 
biomedica l  sciences ,  pulmonar y physiolog y i s no t  a  forma l  domain ,  i n th e sens e tha t  i t  i s 
not  possibl e t o unambiguousl y stat e a  se t  o f  principle s tha t  ar e sufficien t  t o solv e al l 
clinicall y relate d problem s (Larkin ,  1981) .  Th e applicatio n o f  thes e concept s t o clinica l 
problem s ar e therefor e b y abstractio n an d analog y (Patel ,  Evan s &  Groen ,  i n press) . 

The Instructional Setting 
The topi c o f  pulmonar y physiolog y i s typicall y introduce d t o second-yea r  medica l  students . 
The structura l  component s tha t  constitut e th e gas-exchang e syste m are—ai r  spaces -  uppe r 
airway ,  bronchi ,  bronchiole ,  alveola r  units ,  etc .  Th e focu s the n shift s t o th e topi c o f 
pulmonar y mechanics ,  i n whic h th e syste m i s reduce d t o a  physica l  devic e ,  an d th e 
behavio r  i s  explaine d i n term s o f  th e scientifi c  law s governin g flui d an d ga s mechanics -  A 
differenc e i n pressure s drive s a  ga s throug h a  membrane .  Thi s progresse s t o identifyin g 
th e constraint s o f  gas-exchang e throug h a  membrane ,  ga s exchang e throug h a  lun g unit , 
and exchang e throug h th e lun g a s a  whole .  Th e precis e interrelationship s ar e explicate d 
throug h identifyin g th e algebrai c relation s tha t  hold .  Thi s i s ofte n withou t  a n alternat e 
qualitativ e perspective .  Class-lecture s includ e a n introductio n t o clinica l  cases ; 
specifically ,  th e measurabl e symptom s an d th e respectiv e causa l  agent s (th e influence) ,  an d 
an identificatio n o f  exactl y wha t  i s  happenin g a t  a  a  dee p leve l  b y characterizatio n i n som e 
physiologica l  interpretation .  Towar d thi s end ,  man y abstrac t  concept s ar e introduced .  Fo r 
example ,  understandin g th e pathophysiologica l  stat e o f  righ t  hear t  failur e ma y requir e a n 
understandin g o f  th e relationshi p betwee n pressur e an d flo w an d thei r  relatio n t o resistanc e 
i n a  complian t  se t  o f  vessels . 

METHOD 

The subject pool consisted of 160 second year medical students at McGill University ,who 
wer e attendin g a  serie s o f  lecture s o n cardio-pulmonar y physiology .  Followin g th e 
lectures ,  th e student s wer e examine d usin g a  conventiona l  multipl e choic e format .  Th e 
lecture s wer e monitore d b y ou r  researcher s an d a n additiona l  essa y questio n fo r  th e 
examinatio n wa s devise d i n consultatio n wit h th e instructor .  Th e questio n wa s designe d t o 
asses s th e students '  abilit y  t o comprehen d selecte d concept s an d us e the m i n applie d 
context .  4 0 o f  th e students '  essa y question s wer e randoml y sample d fo r  ou r  analysis .  Th e 
stimulu s tex t  an d questio n ar e presente d below . 

Table 1: Stimulus Text and Question Presented to Students. 

A 30 year-old previously well non-smoker has a large pulmonary embolus which blocks 
th e righ t  pulmonar y arter y an d hal f  th e vasculatur e o f  th e lef t  pulmonar y artery .  W h e n h e 
present s t o th e emergenc y department ,  h e i s ver y shor t  o f  breath .  Hi s p 0 2 i s 4 8 tor r 
(N=100) ,  an d hi s p C 0 2 i s 3 0 tor r  ( N =  4 0 torr) .  A  cathete r  wa s place d i n hi s pulmonar y 
arter y an d th e pressur e wa s 50/1 5 m m Hg (N=25/8) .  Th e pressur e i n th e righ t  atriu m wa s 
12 m m Hg ( N <  8 )  an d th e cardia c outpu t  wa s 3. 5 L/min .  ( N =  5- 6 L/min. ) 
Discus s th e factor s whic h coul d hav e produce d th e hypoxi a b y predictin g wha t  woul d 

happe n t o dea d spac e an d ventilation-perfusio n matching . 
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Cognitiv e Tas k Analysi s 

The tas k require s tha t  subject s initiall y  for m a  situationa l  representatio n o f  th e proble m 
statement .  Th e given s consis t  o f  a  quasi-anatomica l  descriptio n o f  th e patient' s stat e an d a 

set  o f  value s whic h represen t  deviation s from  th e norma l  value s (i n brackets) ,  reflectin g th e 

underlying  pathophysiologica l  perturbations .  Th e firs t  par t  o f  th e tas k require s tha t 

subject s identif y th e proces s b y whic h hypoxi a (lo w concentratio n o f  Oxyge n i n th e blood ) 

results .  The y ar e prime d t o interpre t  th e scenari o throug h th e concept s o f  dea d space , 

whic h characterize s th e stat e an d ventilation-perfusio n matchin g which ,  additionally , 

identifie s a  proces s o f  inadequat e oxygenatio n o f  blood .  Th e tas k i s essentially ,  t o buil d a 

causa l  chai n fro m th e give n representatio n t o th e en d stat e o f  hypoxia .  Thes e latte r  tw o 

concept s loo k a t  th e relationshi p betwee n ventilatio n an d perfusio n an d therefor e ca n b e 

applie d t o variou s representation s o f  th e pulmonar y uni t  fo r  exampl e th e lun g a s a  whole , 

th e lef t  an d righ t  lung s respectively ,  specifi c  lun g units ,  etc . 

Data Analysis 

A reference model was devised in consultation with three expert physicians and textual 

material s o n th e subjec t  matter .  Th e subjects '  protocol s wer e compare d t o a  referenc e 

model  b y identifying ;  1 )  th e variou s concept s i n th e respectiv e se t  o f  protocols ;  2 )  th e 

representatio n o n whic h thes e ar e applied ,  b y identifyin g locationa l  cue s i n th e text-- "  O n 

th e lef t  sid e yo u hav e decrease d perfusion ,  an d norma l  ventilation... "  whic h contrast s wit h 

a descriptio n suc h a s -  "perfusio n i n th e entir e lun g ha s decreased..." ;  an d 3 )  concept s 

wit h a  quantitativ e attribute ,  th e specifi c  valu e o r  directio n o f  change — "  Th e V / Q rati o i n 

th e lef t  lun g ha s increased... " 

The following represents a list of concepts that they may choose to bring to bear to the 
problem : 

diffusion of gases through a membrane 

shun t 
oxyhemoglobi n curv e 

0 2 - C 0 2 relationshi p 

(inverse )  relationshi p betwee n C 0 2 an d ventilatio n 

compartmenta l  mode l 

dea d spac e 
relationshi p betwee n ventilatio n an d perfusion-V/ Q 

V / Q distributio n 

anatomica l  feature s o f  th e respirator y system . 

Table 2: Reference Model 

There are four factors which produce hypoxia: 
l)hypoventiIatio n 
2)shun t 
3)ventilation-perfusio n mismatchin g 
4)diffusio n problem s 

Hypoxia is present here as reflected in the low po2 value which is indicative of the concentration of oxygen 
i n th e bloo d a s bein g lo w (no t  meetin g demand s o f  th e tissues) . 

An embolu s block s al l  th e flow  t o th e righ t  lun g an d hal f  th e left .  Thi s bloo d mus t  the n b e 
accommodate d b y th e 1/ 2 functionin g lef t  lung .  Tha t  is ,  i t  get s force d ove r  here .  S o i n othe r  word s 1/ 4 o f 
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th e entir e lun g i s receivin g al l  th e blood .  Th e 3/ 4 o f  th e lun g whic h i s no w no t  receivin g bloo d bu t  i s  stil l 
bein g ventilate d therefor e represent s physiologi c dea d space . 
Normall y th e bloo d receive d i n th e stil l  functionin g lun g i s on e quarte r  th e cardia c output--1. 5 L/min( 6 

L/tnin .  divide d 4  sinc e i t  i s  on e fourt h th e lung) .  I n thi s cas e i t  i s  3. 5 L/min .  s o ther e i s definitel y increase d 
perfusion .  H e i s blowin g of f  mor e C 0 2 a s wel l  whic h i s reflecte d i n hi s C 0 2 bein g belo w normal .  S o h e 
i s blowin g i t  of f  faste r  tha n i t  i s  bein g delivered .  An d sinc e i t  i s  onl y i n th e workin g regio n o f  th e lun g 
throug h whic h th e gase s ca n diffus e i n o r  ou t  (sinc e thi s i s th e onl y plac e wher e ai r  an d bloo d meet) ,  i t 
seems tha t  ventilatio n ha s increase d a s well.sinc e ventilatio n i s linearl y relate d t o co2 .  S o v/ q i s normall y 
1-  sam e flo w o f  bloo d a s ai r  i n tha t  regio n fo r  whic h thi s v/ q i s applied ;  an d i n thi s cas e i t  i s  nea r  that .  S o 
th e v/ q o f  thi s workin g lun g i s o k i n th e sens e o f  measurin g flo w o f  ai r  an d bloo d throug h thi s regio n a t  a 
gros s level . 

Diffusio n problems :  l)Bloo d ma y b e goin g throug h a t  suc h a  fas t  velocit y no w tha t  b y th e tim e 

i t  reache s th e end-capillar y (ther e i s a  certai n distanc e throug h whic h th e bloo d an d ga s meet )  th e 
hemoglobi n i n th e bloo d doesn' t  hav e tim e t o pic k u p th e oxyge n diffusin g throug h th e membrane ? Tha t  is , 
ther e i s no t  ful l  equilibration .  Thi s ma y b e possibl e i n case s wher e ther e i s a  massiv e amoun t  o f 
overperfusion .  2 )  Anothe r  secondar y facto r  ma y b e tha t  th e increase d pulmonar y pressur e ma y caus e edem a 
leadin g t o impaire d diffusion .  Shunt :  I f  th e increase d volum e o f  bloo d O P E N ED U P som e bloo d path s 

whic h allo w bloo d t o flo w fro m th e venou s sid e t o th e arteria l  sid e withou t  i t  comin g i n contac t  wit h ai r  (i n 
alveoli )  the n thi s bloo d woul d no t  b e oxygenated .  Thi s woul d b e physiologi c shunt .  V/ O mismatch :  Ther e 

i s a  distributio n o f  lun g unit s wit h respec t  t o th e ventilatio n perfusio n ratio s i.e., .  Tak e an y lun g uni t  an d 
see ventilatio n /perfusion .  Mos t  linit s i n a  norma l  lun g hav e a  rati o o f  one .  I n ou r  case ,  ther e i s a 
redistributio n suc h tha t  a  lo t  mor e hav e a  v/ q rati o o f  <  1  wit h th e increase d perfusio n an d a  lo t  les s hav e a 
v/ q o f  >  1  an d o f  cours e ther e ar e les s wit h v/ q =  1  whic h i s optima l  fo r  ga s exchange .  S o th e distributio n 
i s suc h tha t  C 0 2 ca n stil l  escap e enoug h bu t  no t  suc h tha t  0 2 ca n com e in .  C 0 2 an d 0 2 behav e differentl y 
fro m eac h othe r  becaus e hemoglobi n hol d oxyge n an d no t  C02 .  Ther e ar e differen t  affinitie s fo r  bot h o f 
thes e b y th e bloo d a s illustrate d b y th e oxyhemoglobi n curve . 

Increase d perfusio n cause s lo w p0 2 i.e.,.-wit h norma l  perfusion ,  i t  happen s t o equilibrat e a t  th e 
poin t  o f  10 0 tor r  (mmHg) .  A s yo u increas e th e perfusio n yo u decreas e th e poin t  o f  equilibration . 

RESULTS and DISCUSSION 

Out of 40 students, nineteen made the incorrect inference of 1/2 blockage in the left lung 
leadin g t o decrease d perfusio n i n th e perfuse d portio n o f  th e lef t  lung .  O f  relate d concepts , 

i.e. ,  concept s apar t  from  v/ q mismatc h an d dea d space ,  fo r  whic h th e student s wer e prime d 

for ,  1 2 o f  4 0 discusse d th e relationshi p betwee n C 0 2 an d ventilation ,  5  o f  4 0 discusse d v/ q 

distribution ,  1 1 o f  4 0 discusse d th e relationshi p betwee n 0 2 an d C 0 2 (ofte n implicitl y 

throug h mentionin g th e relationshi p betwee n o 2 an d hemoglobi n whic h make s i t  ac t 

differentl y tha n C 0 2 ) . 

With respect to other mechanisms being offered as an explanation to hypoxia, 17 of 40 

attribute d th e hypoxi a t o edem a resultin g fro m increase d pulmonar y pressure ;  2  o f  4 0 

mentione d th e increase d transi t  tim e (failur e o f  complet e equilibration- a diffusio n problem) , 

an d 7  o f  4 0 mentione d shun t  a s th e significan t  factor . 

Specific to the application of V/Q, some students chose to apply V/Q to the right and left 

lun g respectively .  Tha t  is ,  lookin g a t  th e amoun t  o f  ventilatio n i n th e righ t  an d th e amoun t 

of  perfusion .  Sinc e ther e i s n o mentio n i n th e stimulu s tex t  o f  a  chang e i n ventilatio n bu t 

th e blockag e infer s zer o perfusion ,  th e tw o ar e combine d t o giv e a  V / Q o f  infinit y fo r  thi s 

lun g (som e valu e /  0) .  The n lookin g a t  th e lef t  lung ,  som e chos e t o appl y i t  t o th e whol e 

lef t  lun g whil e other s partitione d thi s lun g int o th e perfuse d an d nonperfuse d portions . 

Other s applie d th e concep t  a t  a  globa l  leve l  t o giv e a  V / Q >  1 -  reduce d perfusio n t o 

ventilation. — 

"The obstruction greatly decreases the blood perfusion, therefore resulting in 

mismatchin g o f  ventilation-perfusio n ratio.. "  (S78 ) 
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The us e o f  dea d spac e wa s simila r  althoug h man y student s limite d th e dea d spac e t o th e 
right  lung ,  failin g t o conside r  th e nonperfuse d hal f  o f  th e lef t  lung .  Som e student s wer e 
globa l  i n thei r  applicatio n b y merel y statin g tha t  overal l  dea d spac e ha d increased . 

In identifying the process of Ventilation-perfusion mismatch as the causal factor, it is 
essentia l  tha t  th e reasone r  determin e tha t  ther e ar e region s o f  overperfusio n .  W e postulat e 
tha t  incorrec t  inference--parria /  blockag e i n th e lef t  lun g cause s decrease d perfusio n arise s 
fo r  tw o distinc t  reasons : 

1) There is a failure to consider that the blood normally going to the right lung must be 
accommodate d b y th e unblocke d lef t  lung ,  illustrate d b y th e followin g studen t  protocol s : 

"The pressure in the pulmonary artery is increased since normal blood flow is 
impeded :  bloo d i s stuc k there..."(S53) . 

"The embolus in the artery means that less blood is getting to the lung where it is 
needed...Thi s [compensator y mechanis m o f  hyperventilation ]  doe s nothin g fo r  th e bloo d 
tha t  i s  no t  reachin g alveoli ,  sinc e i n thi s cas e mos t  o f  th e flo w i s i n thi s positio n (i.e. ,  no t 
reachin g ai r  flui d spaces)... "  (S82 ) 

These excerpts illustrate that students often are incapable of maintaining the concept of 
circulatio n a s a  close d system ,  tha t  i s  ther e i s i n som e sense ,  n o choic e bu t  fo r  th e entir e 
bloo d flo w t o b e route d t o th e unblocke d pulmonar y vessels .  Al l  th e necessar y 
informatio n i s no t  represente d (carrie d over )  whe n th e focu s o f  attentio n shift s t o th e lef t 
lung .  I n fact ,  thi s i s  largel y presen t  i n protocol s tha t  partitione d th e initia l  proble m int o a 
right/left  scenari o a s oppose d t o a  functional/non-functiona l  distinction .  Th e proble m then , 
result s fro m th e stati c interpretatio n o f  concept s an d th e problemati c us e o f  oversimplifie d 
representation s identifie d b y Feltovic h et .  al .  (1988 ) 

2) If there are features in a sub-problem that have similar components to a previously 
solve d sub-problem ,  the n heuristic s ar e use d t o infe r  relationship s base d o n th e respectiv e 
chang e i n values : 

"The pulmonary embolus blocking the R.(right) pulmonary artery would cause an 
increas e i n physiologica l  dea d spac e an d a  ventilation/perfusio n imbalanc e wher e essentiall y 
V/ Q =  infinity .  Thi s lun g become s non-functiona l  i n it s  capacit y o f  eventua l  oxygenatio n 
of  tissues .  O n th e lef t  side ,  ther e i s als o a n increas e i n physiologica l  dea d spac e an d a n 
imbalance d V/ Q ratio .  Ther e i s les s perfusio n du e t o th e embolu s an d s o th e V/ Q rati o 
woul d increase .  Assumin g tha t  yo u ge t  hal f  th e perfusio n expecte d initially ,  thi s woul d 
giveaV/Qratioof2."(S97 ) 

A surface similarity mapping is used in examination of different representations with 
overlappin g set s o f  variables-I n th e right  lun g ther e i s tota l  blockag e an d zer o perfusion . 
therefor e sinc e ther e i s hal f  blockag e i n th e lef t  lung ,  ther e i s hal f  perfusion . 

In consideration of the variability in descriptions of causal relations that were identified, we 
postulat e tha t  explanatio n take s plac e b y characterizin g th e proble m stat e i n term s o f 
modification s t o quantitativ e parameter s i n a  piecemea l  manner .  Thes e modification s ar e 
incorporate d int o discret e algebrai c constraint s wit h som e apparen t  gap s betwee n specifi c 
relationship s i n attemptin g t o construc t  a  coheren t  explanation .  Th e solutio n i s t o us e a 
heuristi c t o infe r  wea k relation s betwee n thes e gaps ,  b y observin g th e mutua l  deviation s 
fro m th e assume d "ideal "  value s amon g parameter s i n a  system ,  i n a  normall y functionin g 

535 



CHAWLA/PATEL 

state .  Thes e relation s tha t  ar e draw n suppor t  causa l  attribution ,  bu t  fai l  t o trul y identif y th e 
pathophysiologica l  proces s a t  th e leve l  o f  mechanism .  Thi s i s a  necessar y conditio n fo r 
discriminatin g betwee n differen t  possibl e pathophysiologica l  outcome s whic h i s critica l  fo r 
practica l  implication s suc h a s therapy .  Suc h mode s o f  reasonin g superced e mor e basi c 
method s o f  envisionin g a  process ,  a  for m tha t  bette r  characterize s exper t  reasonin g i n suc h 
physica l  syste m domain s (Kuipers ,  1985 ;  DeKlee r  an d Brown ,  1985) . 

In physiology, concepts such as ventilation-perfusion matching and dead space act 
primaril y o n anatomicall y base d representations .  Fo r  example ,  an y attemp t  t o determin e 
dead spac e ventilatio n require s tha t  on e firs t  identif y th e locatio n o f  th e lun g bein g perfuse d 
and ventilated .  This ,  w e feel ,  i s anatomica l  becaus e i t  hold s i n th e mos t  efficien t  manner , 
th e require d informatio n t o reaso n abou t  functio n an d behaviour .  Schemati c 
representation s serv e a  purpos e i n thi s respec t  (Larki n an d Simon ,  1987) .  Ther e is , 
however ,  mor e tha n on e suc h representatio n tha t  mus t  b e invoke d t o understan d a  typica l 
physiologica l  phenomenon .  H o w abstrac t  concept s suc h a s V/ Q ac t  o n thes e represen t  th e 
procedura l  componen t  o f  th e knowledg e require d t o reaso n abou t  a  system .  Wha t  i s the n 
neede d i s a n explici t  identificatio n o f  ho w the y relat e t o suc h representation s apar t  fro m th e 
model s o f  dysfunction . 

CONCLUSION 

We have attempted to investigate reasoning about complex concepts in the domain of 
pulmonar y physiology .  Wit h respec t  t o instructiona l  implications ,  ou r  finding s sugges t 
tha t  wha t  i s neede d i s a n explici t  identificatio n o f  ho w a  piec e o f  knowledg e contribute s t o 
comprehendin g th e underlyin g pathophysiologica l  state ,  a s wel l  a s a  specificatio n o f  th e 
cognitiv e natur e o f  th e representation s tha t  ar e use d i n reasonin g abou t  a  problem .  W e 
argu e tha t  withou t  a  prope r  schem e fo r  impartin g thi s knowledge ,  reasonin g proceed s i n a 
non-optima l  manner .  Causa l  reasonin g tha t  employ s model s o f  mechanis m i s displace d b y 
strategie s tha t  lin k knowledg e component s throug h mor e genera l  heuristic s i n th e proces s 
of  constructin g a n explanation . 

An effort must be made to identify the principles/attributes around which the concepts are 
most  effectivel y organize d i n thi s domain .  W e speculat e tha t  mos t  ca n b e anchore d i n a n 
idea l  anatomica l  representation .  Suc h a  representatio n i s mor e concret e an d a t  th e sam e 
tim e make s th e relevan t  constraint s explici t  (fo r  a  larg e subse t  o f  problems )  suc h tha t 
operation s tha t  requir e les s cognitiv e effort ,  bu t  conced e t o varyin g interpretation s ar e 
avoided .  The y als o serv e a s anchorin g fo r  othe r  relate d concepts ,  whic h ma y rel y o n 
differen t  anatomica l  representation s bu t  becaus e i t  i s th e anatomica l  relationship s tha t  ar e 
linked ,  mor e abstrac t  relationship s ar e muc h mor e accessibl e an d easil y maintained . 
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