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INTRODUCTION 1

1 Intmdmon

o 'U"s mﬁﬂdmnhesa.h V,,.mmmmwwmina
,, techmquqfromaqmm;w igence technak ; f : -
| ,mwmmmwmmqmmmmmmmmw
. medical.education apd, the, pABES Of oM wolsense forad: by this- k.t intooduces the
~_Harvard New Pathway, the Jarger WMM&QW is mpart, It
. explains the.ole played by infopmation. tochaclgy; s igsecalicand by kiiowledge based
phys:olog:c modeling, in pmxcular in the New Pathway and how they:suppart dts overall
goals.

L1, Medical Edllcatiﬂ- Mﬁi &aut

centm‘y Th comrast mvﬂm stasis of medica!

S TR

‘practite and the scope of medical knowledge have changed drastically over th the satue pesiod
‘of time. The resulting asynchrony has been the source of impomt problems.

Erghty years asc, the sod of : eduwbgwm tpiprcmcﬂwmim of
students for solo gengrd! prawce [2]f ;t ild, x

* imparting to nwdicd
* cutrleulunt®) and ¢ by i

WWmemwmammmmmmm
- Undergraduase voedical, adugasion:is the-thede or foie - {
internghip, mmmmwmwwim .

$the principles of structure and fusetion of ieshamiakbidy s Nl s tbiads, s Coavéyed by the
scxcnces of Anatomy, Hstulogy Biochemistry, l’hyslolm P.Magy l‘blmmnla‘y etc.'ﬂle R
in this field, uwm»ummmmwm
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The volume of medical knowledge is now a thousand times:as;lafge as it was in 1900
and, like other scientific knowledge, it continues to grow at an exponennal rate [4). Yet
. traditional undergraduate medical education’ renvains' comnitted 1 4

basic and dlinical sciences 10 its:students, greatly exceeding:

- knowledge in a very limitod:time span (usually the ﬁlsi‘*ﬁiayﬁ?s ol edical school), Even
. if medical students were mmm ‘Al thi miabes f w@dld‘notserve them ‘well,
) ' ten oﬁhﬁdérgmduate educauon

vh 7 ‘w:lf‘fast a hl'bnme.

Today, most physicians pursue specialty and subspecialty training after receiving their
M.D. degrees*[2]. An alternative view of medical beutriiag’: wié: is Sonsonant with this
present day reality, regards the undemmdua& years ag a period of general pmfess:onal
education, the fnitiatiori to a m‘elong process of l“ei’mfn?"3 m elopment which
" prerequisite fbi competent clftical practice. Thisﬁewﬁu  been advocated by members
* of the education ‘comtunity S, 6], but has not had a sgn;écént mactqn}medigal school
- curricuta. * More recently; th‘éA&aataon ofAmerfcm Med:&ﬁl es has called for a
" major reform afundergmduate medical educat‘fm abng precnsely tlmel'lihes in thg GPEP

Reporr"m

If traditional medical educatxon has become meffectual by virtue of its emphasns on
‘rapidly imparting a hbge body of knowledge what does the ;appn;oach of general
professional education offer aﬁ an altemaﬁve‘f gumﬁly tate th er
knowledge acquisition are Gttitudes and skills whxch wﬂi qanq! p;;;up physncsans to
 maintain alifelong leanting m in otder 0 cope mth ihe explos:ve gn;)wth of medical
kniowlédge. A Turidamentsl requirement of such Iifelong éelﬁ;guanon isan acl;ve role on
the ‘part of thé fearner. ’l‘hxstdbismcontrasteb_fdard}hgg : pmcnce.
whereby students are the object of countless hours of lectures, Mmm and audio-

Fal

4 “Nowmmmums(atmumgmaumumwamgmmmormm
science, as physicians strive.to. aitain sampeshensive knowledge of at foust wwe sl domain. Tiis trend toward
mcreasmgly narrow specialization hmdmymwdmmﬁwnmafﬂnpmofnwdmlmand if
unchecked, is likely to further accelerate tms Mb&sm

* SPublished 74 years afer the Flexaer Report, mmm umau whes haﬁngerofeqmﬂy great
change. However it is much 100 5000 10, assess whether such change bus indoed Yegan to octur:
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visual or computer based tutorials which they are expected to incorporate mtegrate and
regurgitate in rapid succession.

1.2. The Harvard New Pathway

Motivated by the issues discussed above, Harvard Medlcal School has mmated an
experimental undergraduate medical education program, ‘the Neiv l’athmy [8] The
developers of the New Pathway have proposed -8 specific. set of attitudes, skills, and
knowledge which would prepare students for lifelong professional learning. The principal
categories of these are shown in Table 1-1. The goal of the New Pathway curricutum i is to
provide an environment where. the student :canc acspitre’: thege: atiieudeés, ‘skills, and
knowledge.

The detailed Structure of the New. Pathway curriculum and the criteria by which it will
be evaluated are beyond the scope of this thesis. However, itis pertment to note that the
New Pathway 18 a fiajor uiillertiking, drawing reSourcés from diverse sectors of the Harvard

educational community, . The curriculum has heen under divelopment since July 1982 by a
faculty of appmxxmately 30 persons, with extensive input fmm medlcal studeqts.

In September 1985, the first New Pathway group, consisting of 24 of Harvard’s 165
- member first year medical class, was selected6 This  group, kqgvmas the Oliver Wendell

TR

Holmes Society, has its own Iectum tutonals, and taboratory exercises and the vo.rse
material is studied by sysiem rather than-disciplime’..Clinical rposure-begins ih this first

year, and cases are the motivation for and focus of Basic Scxeqﬁg Jeamning.. The 24 students
are divided into four tutorial ¢ groups ‘and there is a strong emphasis oa:teamwork and
cooperative learning within these. To date, the New Pathway students, faculty, and staff
have been enthusiastic aborit their experimertal progiam and ‘appedr tq have developed a
very good rapport with each other.

6Eat:h newly accepted medical stndent was given the opponumty to volumeer for the Ncw Pathway There
were 70 volumeers from among the 165 students, and of thess, 24 were selected- by the New Pathway faculty.

7For example, the anatomy, histology, biochemistry, and physiology of the cardiovascular system are studied
as a single block rather than being divided among sections of four different courses.
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L. Attitues:
a. Attitudes toward patients and colleagues.
b. Attitudes towml society atlatge.
C Amtudes to!wdhamill.
d Mmudes towardmsseﬁ
a. Amm&mwmm
b. Obtaining, retrieving and storing informstion.
e wmmmmsmwmmmmf"’* o
d. Communicating effccively with patients, fomiles, s cole
e mmmmmmm ’
{. Problem solving.

&nmm

.....

‘‘‘‘‘‘

*c.AnmdeMoftbepmcipksofpmmolthmm

strategies:.
‘d.Auundersta thwwmmmﬂm
lﬂohgiaﬁmmdkhe.

e. An understanding of the complex texture of knowledge and the importanee
of detail.

Table 1-1: The New Pathway: Foundanmsofjl,.lqunal’mfmd@mm :
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1 Vocabulary Buikding
3. Bibliographic Reference Files
4. Access to Data Bases
5. Simulation of Biological Phenomeas
6. Clinical Problem Soliag Applicatons
T Computer-Based Medical Reco!dl
8. Computer-Based Test Bink Questions .
9. Personl Reference Files.

Table 1:2: Proposed Software Modules or the New Pathway

The development is being carried out by teams: composed of mesmbers of the New Pathway

- faculty, members of. the. mstrucmnal technology and:prageamniing . staff, ‘post-doctoral
fellows, and medical students xakmg elective rotations. in -educationat technology. It is
envisioned that the programs will be develapedrwm md nn&‘iedom several years
of studentuse. , L ; i :

14. Intelligent Physiologic Modeling.

‘The hypothesis which motivated this project is that cemin clements of amﬁcnal
intelligence and knowledge based systertis technology right be ﬁmtﬁxlly apphed in_the
construction of Module 5, Simulation of Biological Phenomena, with additional relevance to
several other categories listed in Table 1-2, Speciﬁmjly, nuz gogl was to to bunld an inelligent
Physiologic modeling system for use in this module. _”nns system was to be P,lptelh,gent by
virtue of domain specific knowledge which was encoded into models of different aspects of
‘human physiology. Its value as a pedagogic tool was to be a consequence of its ability to
describe the nature of physiologic entities, to explain the selationships: betavm them, and to
ascribe causality to their i interactions, in additio %0 nurrieriéal and §f alitative simul;
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their dynamic behavior. The system was intended to provide support for several distinct
physiologic models which would necessarily overlap in content. This approach corresponds
to clinical physiologic reasoning and to the way in which physiology is currently taught to
medical students. It does not represent a unified description of all bodily functions.

This project has consisted of the design, implementation, and preliminary evaluation
of a Knowledge Based Physiologic Modeling System (KBPMS) arising out of the above
desiderata. The project has had a truly symbiotic relationship with the New Pathway of
which it represents but a very small part. KBPMS provided the New Pathway with an
interesting pedagogic tool, based on developments in artificial intelligence research. The
New Pathway, in turn, provided an opportunity for evaluation and refinement of KBPMS
and the computational techniques upon which it is based.



CHAPTER 2
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2. Backgmumd and Related Woxk

The development of KBPMS, has been basﬁd onmm wod; i8.two.major ﬁe&ds of
’ endeavor computer applmuons to edum;mxjw compugez based physiologic modeling.
This cfrapter revrews some of the work in meeeimm describes their mlatiansh:prﬁo this
pmject. '

2.1. Computer Applications to Education

- Computer assistad #idtruction (CAT) has been avaﬁaﬁlé as an educauonal tool for over
ﬁyem%mdmlamadapmﬁmofm” iramifie leammggppmachwherel;ya
' L h progressively more uifﬁcuu subject matter. Multxple

pr press and‘ ih response to his answers,
Ssentation "'"’“:&)wnoraccelerated The

student’s responses aré also availabie for evaiuzﬁo‘«purbosés.

A number of variations on the basic theme of CAI hitve takén plabe in severa! settings.
The PLATO system [11] was the first to moorporate graphws mpabrhtm by usmg a plasma
display and. microfiche projector. “More recemry ‘slide-tape; n&o«ape and videodisk
. interfaces have been developed for the same plitpbse; “Th¥ intreasmg avaﬂability of home
 computers: ha greatly facithated the disserintici orcnir ma&enat directed toward a wide
range of age and intereatgroups. - et o

Much effort has been invested in applying CAI techniques to medical education [12],
but the resulting programs have not been:widbly integrated 48 rdistine parts’ of medical
 curricula.  Some medical educators. feel that, this. lack, of success has beea due to
centralization of such systems around Jarge maj ters. ang. to.inadequate. user
interfaces [13]. They suggmt that the advgnt pf lugh q%&udngm interfaces and low
cost mrcrocomputer bsed systems will mvua,hzg,medieal CAL Yet tradivionad CAI systems,
in medicine a$ well as othex: areas, are hmued in 3.;more fuadamenial way. Theis flowchart
foundations render them mﬂexlble ungble o adequately. adapt to,the. needs of individual
students, Vlewed from the perspectrve of the Neuy Pathwax nogram; they da notencourage
a suffi clently active role for the student in the lwmmg process. (

In response to the deﬁcrencres of tradmonal CAI. seveml Jovesmmrs havea&tempted
to apply artificial mtelhgence technology to the task of producing intelligent tutoring
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systems [14]. Such systems, termed intelligent: CALICM); altbmipt t be immgemm two
different ways. First, they i incorporate oomprehmswe knowlcdge of the domain they are
intended to teach, and" sécond, they wontaifi-a maw bfstuéent behaéxor and modify their
tutelage in resporise to what-the studént mw il dersta i ,‘..’_‘. rstand, To
+ most ICAL cystems have besi appfed i tighly ihitined dokiains such s garme playing
[15] and troubleshooting electronic circuits [16], where they have met with preltminary
success.

GUIDON [17, 18] is an ICAIL pogram dmsaedm;wm the. kaoum -encoded in

" rule based "expert systems. An initial - version. uses the MYCIN. infoctious  disease
'knowledge base [191 and thus represents the mmwmm mm education.

One ofthe important lmonslmmpddunnsm evelopmen

mlawhlchprovtdagoodoogsylw' 1 performance o the-de henkwaadiowse
bysuchapedamglcpmsram.musmade_ ,immmwwm
of restructuring the MYCIN knowledgebmetomakeusuieableforwachms purposw. This
isthe NEOMYCINproject 20 = .. . ., - - ..

KBPMS occup;les a mlddle smuad bctwm radi on; CAJ am;hihe. mere advanced
ICAI systcms. It has deep kqowledgp of its dnlm‘n. MMMWM model the
student’s behavior or Ievel of -compyehension.; It s intendad, #e- prawide: a- flexible
educatlonal tool based on well established pedagog:c and compuiasianal principles; but does
- not address entirely new research issues in cither field.
Toio T RSN S N AR U LS. s BN TSR CT A S
2.2. Computer BasedPhysnlenghg !
" The carliest computer’ mbde!s of ph “fuacnon were numencal
implemeatations of mathematial re ;‘ ohistips wh '

' ’ave become quxte

NS

.deveiopedmth amodel &Mbﬁﬁkmmw B n,h_;n : G
-equivalent for respitatory phiysilony

“HUMAN {23}, u very large-nimeérici model wﬁkﬁhmdisamm teacﬁmgmd

o {”fh 3

Numeric thSlOlOgIC models are analogous to ‘the spmdshcet programs whlch have

become popufar in'the business wmmunity ‘hmy éflm‘v" , e susage‘rf‘ﬁ:fobse;ve the mponse to
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a given set of perturbations and are amenable to graphic présentation of results. However,
like spreadsheet programs, they- are limited by their deépth of knowledge in the domain
which they are modeling. Specifically, they have no knowledgc of the nature of the entities
whose behavior they describe, or of the causal Moﬁshtps wtwem t}wn. “Thus they are
unable to answer such - pednsoycallyerucial qmquoMng is, of. why
somethn)g happens. -

Another class of oompuwr based physmm mode& ‘has becn ﬂeve!oped by
researchers in medical MM ﬁi at mpt w0 itﬁpmve the
performanee of their consultation: ‘ . 1

unable w cope wntli muﬁtpie p ng 8 inve
conflicting items of p enologic Enowiedge -ph »x : i i@ly
based explanations of theif conclusxons. The encoémg of phmng: kmwledge

computational structures is seen as a potentm mmaofavémmmg these deﬁcnencnes by
permitting Mﬁ‘mw“m% the physiolegic

i o [0 1976, Smith [27} pmed ﬂ’e ﬁm wa emode anatomm and phySmlogxc

research: efforts were’ d:tamed at sdvancmg thﬂ '

and have not Tetumed ﬁrﬁe atea of phyﬁolegy

ABEL [29}], a Qmmﬁcreasonmgsystem whnch msin thedomwn of acid-base
and electrolyte disorders, ehcodes knowledge of physiclsgic causality in semantic network
structures. The lmowiedge is mpmsmted at thfee levds of dwul (tarmed clinical,
intermediate, and pathaphymlog;c) butreasompz is '4 vayé-carpied wtatme most detailed
- level. ABEL can explain its reasonmg in phMOglc“Serms anglm pg(enud s whing
tool, though it hasnotbeeatestﬁdintmsenmmm o :

3The ubiquitous "big four": MYCIN (19}, INTERNIST-1 [24), CASNET [25}, and PIP [26}
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- Severnl investigators ase: currently exploring the ‘encoding:of knowledge 'of various
medical domains. in different types -of: caustl: netwerks. %ﬁsiﬂﬁﬂhﬂrﬂiﬂ![ﬁ} have
combined caysal and.-rule besed: representations im!s . protoiype meditdl explanation
production system. Long [31] has developed a causal physiologic model of cardiovascular
disease for use in diagnostic and therapeutic reasoning about angina and heart failure.
Blum [32] has devised a system for representation of empiricaily derived causal relationships
as a means of extraction of knowledge from a large clinical database. Kunz [33] has studied
the analysis of physiologic models for encoding in knowledge based systems. Widman
[34] has developed a representation method for dynamic causal knowledge in the domain of
cardiovascular physiology. All these efforts have, in turn, relied on more foundational work
on the representation and simulation of causality in physical mechanisms, such as that

- carried out by Rieger and Grinberg [35}, deKleer [36, 37], and others.

A similar, yet distinct, approach to physiologic modeling has developed as a
consequence of recent advances in qualitative process theory [38]. Qualitative simulation
[39] models a physiologic system by propagating constraints imposed by the mathematical
relationships among physiologic variables. The numeric values of these variables need not
be explicitly known, but may be characterized in terms of their direction and rate of change,
as well as their magnitude relative to pertinent landmarks (eg. above or below normal).

Given an initial state and perturbations, qualitative simulation can determine all _

mathematically possible successor states, though some of these may not reflect physically
possible behaviors of the system being modeled.

NEPHROS [40] combines the ideas of causal physiologic representation and
qualitative physiologic simulation. It is a modeling system based on the propagation of
constraints through a series of gray boxes representing functional units of the human body.
The gray boxes may be either discrete entities or further decomposable into structures made
up of other gray boxes, thus implementing a hierarchic representation based on level of
descriptive detail. NEPHROS has a simple model of renal function and is capable of
reasoning about the pathophysiologic entities of congestive heart failure, the syndrome of
inappropriate antidiuretic hormone secretion, and the nephrotic syndrome.

KBPMS occupies an intermediate position in this spectrum of modeling
methodologies, analogous to its stance relative to other computer based education aids, It
incorporates the principles of numeric and qualitative simulation as well as the
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representation of causal relationships at varying levels of detail. It is capable of reasoning
about what something is and why something happens. It emphasizes the application of
these features as educational tools, over their further theoretical enhancement.
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3. Project Overview

This chapter bneﬂy summanzes the dcsagn, mpltmeqmon. gqﬁ;e;valuatmn phases of
the KBPMS pmject. A more detalled description ofmcg: is meg presemedgm W 4
and's. e

3.1. Design
The design phase of this project consisted of the development of an mtelhgent
physiologic modehqgw (IQBM)@W the: following mm

1. Compilation. KBPMS is able to oompllenj madels encoding. differ
‘physiologic knoWwietgé' into internal computational stryctures for use in carrying.
out its fhcticns: THe tedels afe writtt in & unffbfmTratie based language
28], indepandeit of the computationsl dtructures onu Which'they aie mapped.
and independent of the procedural mechanisms. -hy--which: simuhition and
explanation are carried out.

2. Simulation. KBPMS accepts perturbations to a model in any of the foltowing
forms: numerical values of parametecs, quaht,ggv;n; gharacterizations of
parameters, bF fmpafrmetit 6f processes” | W the muﬁing numerical and
qualitative petturiiations:as they WW ithé Hiodel " Poiﬁswlng a
simulation run, KBPMS can explain why-a mmm mmd. ‘ ?

3. Explanation. KBPMS T ablé 1o answer tﬁe fonowmg ;
blanks may be: ﬁuedbyanyénmymnis escribed in amodel:
Whatls ? S S RUSEL Pegsat il
What directly mﬂuenoes ?
What is direstly influenced by _ RS
Does.._._..___.,..mﬂumm_____g T
- What are the mecbamsmsof |

sions, where. the

* ,g e

4. Verification. When compiling a‘itiodel.. KBPMS iperforms Rmited checking o
ensure internal. consistenty.. mmﬁmdﬁsm&m interms
of deta:ls of model structure in Sacnen 42 (ppggzo) :

mThough not necessarily combine,
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3.2 Implementation

The implementation phase of this pro)ect was twofold. lmt;ally. a prototype was

- constructed ift LISP{41} for a mainframe system a the MlT Laboratoq for Computer

Science. The prototype implemented most featiires of the design described above, and was

fully debugged and operational using a simple model of respiratory physiology. It had a

sufficiently powerful user interface to permit extensive testing, but lacked any. g:aphacs or
advanced user support capabilities.

A subsequent implementation wes construgied:dn MUMPS [10] using an HP-150
microcomputer provided by the Harvard New Pathway ] i . final 1mplementatnon 3
poss&sswall the speoiﬁed dtsxgn mpab:lmes in_ f’f’ ion, gu @dvamgd. fnendly,
mterface This mterféce features extensive uge oﬁ-mvmm and is fully
oompauble wub ather olements of the Nmmmm The final
version uses the same respiratory model as the proeotypé. '

33. Evaluation

Ideally, the evaluation objectnve of this pmct xywlq have ba;\ to fully -agsess the
long term effq:cavenmof K,BPMS asan edueamna! fesaurce within thie: context-of the New
. Pathway However,:such conclusive and rigorous- evaluation wi tinrealistically ambitious
for the limited time span of the pmject (approxxmately one ){qx)“lhmfp{c an attempt was
made at some form ortimned but potentxaﬂy reproducible outeome mosasurement, with the
prior realization that the results could be considered "o,

The evaluation phase consisted of a hontemi'k exemise i tespﬁ'atory physiology
which was given to all New Pathway students um tandard edmﬁunal _pgsources (class
notes, textbooks, laboratory materials, etc). In addition, a , randomly selected half of the
students also had access to KBPMS while: performing this homework. A brief evaluation
quiz was subsequeaﬂy givenitoail the students.  ‘The rentaintler ofthe students were then
given access to KBPMS. All students and faculty wére éncouragéd to report their opinions
of KBPMS, its major strengths and weaknesses. All participation in this evaluation
experiment was solicited on an entirely voluntary basis and one third of the 24 students
complied.

Analysis of the quiz scores of the two groups indicated thatthose students who had
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access to KBPMS scored approximately the same as those who had not. The mean scores
were 78% and 76% respectively with a standard deviation of 27%. Due to this very small
difference and the small sample size (n=8), these results are not statistically significant.
Student and faculty evaluation of KBPMS spanned a broad spectrum of opinions. These
ranged from those who thought the program and respiratory model were exceedingly
simplistic to those who felt they were far 100 complex, with a vancty of comments
inbetween and no general consensus.



18

CHAPTER 4



METHODS 19

4. Methods

- This chapter describes the methods, used. in carrying out. the KBRMS projoct. It
 presents definitions of the relevant physiologic, ciagepis, dhe, knawlsdge, representation
cheme which was employed, the algorithms. for, carrying out the | modaling system’s
‘functions, and details of the evaluation sirategy. Thessape. Musirated with examples drawn
from respiratory physiology. i e

4.1. Definitions

The methods described below presuppose a highly simplified view of human

physiology, one which mgy%:bg fully (described in terms of parameters, processes, states and
steps. For this purpose the following definitions apply:

o A parameter is any potentially measurablephys:ologncenmy It may haveany =~
simple or combined units and thus may be an amount, cofncentration, rate, etc,
(eg. tidal volume, respiratory rate).

® A process is a description of the way in which parameters interact. For example,
the process of bulk gas flow destribes the interaction of the parameters:
respiratory rate, tidal volume, dead space; and alveolar veatilation. Increased
respiratory rate increases. alveolar ventilation, inergased dead space decreases
alveolur ventilation, and so forth, - o

* A state is a characterization of the qualitative value of a parameter (increased,
decreased, or normal) or the status (active or impaired) of ‘& process. For
example, hyperventilation is a state characterized by decreased arterial pCO, (a
parameter), and adult respiratory distress syndrome is a state associated with
impaired alveolocapillary diffusion (a process).

* A step of a physiologic simulation is the set of changes of values of parameters
mdmdmmmwmmmmm
would each describe single steps: "Alveolar ventilation (a parameter) is
increased by increased respiratory rate (a_parameter). throug bulk gas flow (@ -

) pl't')ceS"s’)."”;"""CO2 excretion rate (a parameter) is decreased and arterial pCO, (a
parameter) is increased by increased alveolar pCO2 (a parameter) through
alveolocapillary diffusion (a process).”
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4.2. Knowledge Representation e

Figure 4-1 describes the relationship between two parameters metabolic Co,
production riite (CO, pmd)and C'O excretion mte‘(v ) T ﬁ'ns fi gure and all KBPMS
dmgmpammamwp bymmdp” ;ﬁarén prese ;gdbytnangles.

The influence of onc: parameter-on' snottier s shoW using g $50id fines w%th“ arrowheads
- indicating the direction of the influence being rhedfiatés 4 m&f?’& ‘
VCO, through CO, elimination (CO2 elim).

(07 prod e e
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- S paniduaindibivtin
¥ Cirie tloab ut o
L b Rk
Ly Five
L




- METHODS 21

Figure 4-2 shows the same reiauonﬂﬂp ita xreater level bf detatL CO production

+ influences arteriaf pCO; (pmz)“ dﬁ'ough cim%ryxtoﬂntranspon‘( trpn.g) and

 PACO2 inflencss VOO, ; through respitbol-éguation of paC0) (00 regl) in series.

.‘ ceion onf VOO, st of coirse, be consisten iatau levels
 of detail, butFlgure 4-2enoodamne fine grained knowledge than Figure 41,

Figwe 42: A More Batalbi Vic o féﬁz .

T e

(0 prod C02 trans  pal02  pC02 regl . V(02

pmzmﬂwpmudpmumofwmudmmmumahcmmwﬁed it refers to the partial
premureofCO2 dissolved in arterial blood, also designated as arterial pCO. andpaCO Alveolar pCO
(pACOJ) is the partial pressure of CO2 in alveolar gas. Unfortunately, t}m widely aoeepwd usage o%
abbreviations can be somewhat confusing, :




" dashed line.
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Circulatory CO transport and resplra;ory regulation of paCO, are the mechanisms of
CO elimination as shown in Flgure 4-3. These processes may, in turn, have mechamisms
whnch we wish to sxm;larly dwcnbe suggesung a strict taxomomy-such as.slown in Figure
4-10 (page 33). Here as m all other KBPMS diagrams, the taxonomic links.are indicated by -

Figure 4:3: The M%han‘sms 9LC0, Elimination

/N

.7 002 elin ~ _

- ~

€02 trans pC02 regql
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Figure 4-4 is a unified representamn of the. preceding. three figures .and shows

influence as well as taxonomic links, Nme thgt paCtha&mimeanmg in_terms, of the
process of CO ellmmanon and is on!y meamngful at the second taxonomtc level

\fz:

RN T

Figure4-4: A Unified Representation of CO; Elmination’

(02 prod (02 trans pal0e pCOE "?9,1,.,%_ VCO?.
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- The following are some propemes of the repmsentanon strategy 1llustrated above The
examp!ai ai'etaken from ngﬂres*it E N 4-9 and 4-10 (pagé‘f!l to 33).

° Pammeters can be very d;ﬂ'erem thmgs. They are umted only by the property
that they all have a potentially measurable value. For example, respiratory rate
is routinely measurable and clinicaily important while alveolocapillary diffusion
rate is somewhat esoteric and quite difficult to measure, yet both are parameters.

o Processes can be very different things. They are united only by the property that
they describe the interaction of parameters. CO, elimination is a very abstract

concept while bulk gas flow is a very specific physml phenomenon, yet both are
processs.

o Processes at the sgme waxopomic level-nped not Keave the same descriptive level of
abstraction. In Figure 4-10 pulmonary gas transpon, whlch is a physiplogic
process, is at the same taxonomic level as alveolocapillary diffusion, a physical
‘process.” ’I‘ﬁeoﬂyconstmnttmposedbymetaxmmnynsmatapm
children be at a lower or equal descriptive level of abstraction than the parent.
The pertinent descriptive levels are:  pathophysiologic, physiologic,
biochemical, chemical, and physml. The summum genus process is
homeostasis,

o The representation structure is a directed-graph in which cycles are permitied.
This type of structure might- permg great daenpu%mw, though it may also
incur substantial computational cost. At the very least, ¥are must be taken to
avoid endless cycling whila traversing such a graph whigh describes;one or more
feedback loops.The- algorithm which carries out- smuhuon and circumvents
thispmallisdwcnbodmswon‘m , f ! P .

° Informauon at di ﬁbrenl levels of abstmctian must be con.mtent. A necssary.
though not sufficient, condition for consistency is that at any given level of
abstraction (defined by the taxonomic, rather than the descriptive, level of
abstraction of the processes involved) there must exist a path between every two
parametess which are connected. by a..path.at-highes-levels -of -abstraction,
Intumve!y, a more detailed dmnpnon must explakn at lm as much as a more
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Parameters, procésses, and states are not dlscrete entmes, rather they all have an
internal structure which may be described’ usitig’ fames, A parameter frame describing
pCO, is shown in Figure 4-512. The type, names, descriptions, references, units, clinical-
measurability, normal-range, and physiologic-range slots contain. th& mdmd static
information, The assoc:ated—smates, mﬂumirpm afid __' CESSES
are filled from information in the state frames and process mwmhe ﬁme mata ‘model is
compiled. In the the latter two slots, the lists. gfppmm Mby thelr tmmnomnc
level. The default-qualitative-value and default-numerie-valye glo
parameter values, which are then dynamicilly altefed- Girity ion, . The following
qualitative values are permltted nonnal, increased, decmed, funher increased, further
decreased, increased’ towapd nonml. demwd m& normal, and unknown. These are
discussed in Section 4.3 along with theqummmdmmanmulatemm

12F1gum 4-5, 4-6, and 4-7 show both the LISP and MUMPS versions ofﬂnaammdmg frames. In
MUMPS, strings are used as indexes to globals (mumdmnd arrays) and therefore
"tglobal(model, frame slot,index) = value™ ma-mw frihe'conttruct-The Figures show
a formatted version of the MUMPS frames which include two it it in their LISP goumqm These
are icon and glab which are used for the graphics component of the MUM ve&hnplmﬁs

13Unfortunat.c:ly. influence is not a very good choice of words here. Parameters rully only influence other
parameters through processes. The names of these slots seem tounplymatparammalsomﬂuenccpmsses
per se and vice-versa. Strictly speaking, this is not the case.
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Figure 4-5: A Parameter Frame,

(PCO2

(type: (PARAMETER))

(names: ("arterial pCO2" "p02": "palo2”)) SRR SR

(description: (“partial pressure of carbon diexido 1n artorial blood'))
(rofon;ncql/ West . p. 1°) .o~

(units: ("mm Hg")) v

~{elinical -mensurabi1ity: (!BUTllt)) e
(normal-range: (38.0 42. 0)) _

(physiologic-range: (16.0 100.0))
(associated- sgttes (NYPEQCAP”QA\IIL uvaocnruaa))
(1&f!uoncin§“§roe0:s ((2 (CIRCULATO&Y -Co2- TRAISPORT RESPIRATORY COITRO

~PLO2))
(3 (CIRCULATORY FLOH PULHOHARY GAS EXCHAMGE))
_ (4 (ALVEOLOCAPILLARY.-OIVFUSION) YY)’
(proccssos-influoncod ((2 (RESPIRATORY- CONTROL - 0F - P€92)J
© - {3 (CHEMOREFLEXESY)))
(default qualitltivo-vlluc (NORNAL)) -
(default-numeric-value: (40 0)))

PCO2

ASSOCIATED~-STATES:  HYPERCAPNEA
NIL
HYPOCAPNEA
CLINICAL-MEASURABILITY: routine
= DEFAULT-NUMERIC-VALUE: 40
DEFAULT-QUALITATIVE-VALUE: normal
DESCRIPTION: partial pressure of carbon dioxide in arterial blood

GLAB: paco2
ICON: .478
.666666686667
1
4
45
INFLUENCING -PROCESSES: CIRCULATORY-CO2- TRANSPORT ,RESPIRATORY- COHTROL-OF

-PCO2
CIRCULATORY-FLOW, PULMONARY -GAS - EXCHANGE
ALVEOLOCAPILLARY-DIFFUSION

NAMES : arterial pCo2

pC02
paCo2
NORMAL-RANGE: 38
42
PHYSIOLOGIC-RANGE : 15 :
: o 108 : -
PROCESSES-INFLUENCED: azsvtaaaoav~cournot~of~9coz

CHEMOREFLEXES
REFERENCES: West p. 1 ,
TYPE: parameter *

UNITS: mm Hg
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Figure 4-6 shows a process frame describing bulk gas flow. The type, names,
description, references, teleology, and descripiivedevel-of-abstraction slots contain the
corresponding items of static information. The inﬂuencmg-parameters and' p@rametets-
influenced slots'* contain incoming and outgomg influence hnks mspecuvdy The is-a-
mechanism-of and mechanisms slots' cogtairi “upward ‘agd .downward taxonomic links
respectively. (The mechanisms slot of the bulk gas flow frame. contains NIL. because the
mechanisms of bulk gas flow are not dwcnbed in this maﬂhl) The qu;n;i;ative-mls slot,
contains an arithmetic expression- mposedofiqﬂ‘; cingp S, constar
parameter from the parameters-influenced list. The quahtauw-mles det ‘contains an
influencing-parameter, qualitative algebraic. -aperaters, - and mﬂuemu}mmmeters,
respectively. Theopemorsmaybeoncorﬂmfolmiqa. mpagotonically, increasing. (M +) or
monotonically decreasing (M), ' The: serantics of thse: Sperators is discussed in the next
section. The default-status slot mdmtw whether thig 'process s ‘normafly active or
impaired.

14Also misnomers in the same sense as previously indicated.
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Figure 4-6: A Process Fraine
(BULK-GAS-FLOW ‘
(type: (PROCESS) )
(names: ("bulk gas flow")) o
(description: ("flow of gas volumes through the teacheobrochial tree”))
‘(refordaces: “Guyton pp. 464-486" "West’ Pp. ts-lﬁ')
(teleolagy: NIL) S
(doscrfytfvo-lovol*of‘lbstrlttion (PﬂYSICAL))
(associated-states: (COPD))
(infTuancihg-parlaotors (RESPIRATORY- RATE TIDAL VOLUHE _DEAD- SPACE))
(parameters~inf lwenced: (ALVEOLAR-VERTILATION))
(is-a-mechanism-of: (PﬁtﬂOﬂﬁRY 6AS- TRAHSPORT))
{mgchanisme: MIL). .
(taxonomic~level: (5))
(uantitatdive-rules: (({TIMES RESP IRATORY-RATE (DIFFtﬁiﬂCE TIDAL VOLUMt D
[EAD-SPACE)) ALVEOLAR-NENT l{& S
(quatitative-rutes: (( TRATORY-RATE (M+ ALVEOLA thTILATIOﬂ))
, ATEIDAL-NOLUME (Mo AVEOLNE SVENFILATSON) )
(ber-sﬁAc: (M- ALVEOLAR- vrnnunon)) N
(default-status: (ACTIVE))) =

BULK-GAS-FLOW

ASSOCIATED-STATES: COPD

DEFAULT-STATUS : active

DESCRIPTION: flow of gas volumes through the trachecbrochial tree
DESCRIPTIVE-LEVEL-OF -ABSTRACTION:  physical

GLAB: gas flow

ICON: .63128
. 1666666866667
1
3
90
INFLUENCING-PARAMETERS:  RESPIRATORY-RATE
TIDAL-VOLUME
DEAD-SPACE

IS-A-MECHANISN-OF : PULMONARY -GAS - TRANSPORT
MECHANISMS:  NIL
NANES: bulk gas flow
gas flow
PARAMETERS- INFLUENCED:  ALVEOLAR-VENTILATION
QUALITATIVE-~RULES: RESPIRATORY-RATE->M+: ALVEOLAR-VENTILATION
TIDAL -VOLUME - >M+: ALVEOLAR-VENT ILATION
DEAD~SPACE - >M~ : ALVEOLAR-VENT ILAT ION
QUANTITATIVE-RULES: 'ALVEQLAR-VENTILATION® = *RESPIRATORY- ~RATE'*( ' TIDAL-V
OLUME * - * DEAD-SPACE * )
REFERENCES: Guyton pp. 484-486
West pp. 15-19
TAXONOMIC-LEVEL: 6
TELEOLOGY:  NIL
TYPE: process




. METHODS 29

. - Figure 4-7 shows two ‘state frames ‘describing’ Wypércapnea ‘and adult respiratory
distress. syndrome, sespectively. They gre-smalier: mwpammer process: frames and
their structure is self-explanagory. Notethst state fashies alis contiii ad&fﬁpnvﬁevelof |
abstraction, and that they. may only represent the: pertuébation oFmiﬁgk pammeger_ or the
- impairment-of a single process. Al theee typesiof fhames permiit miliple synonyms in the
» nmsbtmdanyofth&*slotsmwbem mmmmm i‘n‘brmatim is
. inappropriate of unavaifable. . . c

Figure 47’ Two State Frames
(HYPERCAPREA ) T i
- {(type: (STAFE)) ‘ ' v ‘
(nlnos ("hypercapnea” 'hyporclrbia' 'hypovontilntion'))

(descriptive-level-of-abstraction: (PHYSIOLOGIC))
(perturbation: (INCREASED pPco2))) . .

HYPERCAPNEA

DESCRIPTIVE-LEVEL-OF~ABSTRACTION: phystologic
NAMES : hypercapnea
hypercarbia
hypoveatilation
PERTURBATION: increased
PCO2
TYPE: state

E

(ARDS
(type: (STATE))
(names: ("ARDS* "adult respiratory distress syndrome” ~“shock lung®))
(descriptive-level-of-abstraction: (PATHOPNYSIOLOGIC))
(perturbation: (IMPAIRED ALVEOLOCAPILLARY- -DIFFUSION)))

ARDS

DESCRIPTIVE-LEVEL-OF-ABSTRACTION: pathophysiologic
NAMES:  ARDS
‘ adult respiratory distress syndrome
shock lung
PERTURBATION: impaired
ALVEOLOCAPILLARY-DIFFUSION
TYPE: state
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- The examples used above are taken from: amodel-of carbowttioxide homeostasis by
the respiratory system. . This model was: prepated - using > Guyton's [48): and  West's
[43] textbooks of physiology, Figure 4-8 itlistrates tre parisaeters and- processes in’ this
- model. The influence links and taxonomic. links are ‘shown'in- Figures 49 and 4-10
respectively. Appendix I lists the complete frametbased repressntiition of this model. The
carban dioxide homeostasis modet is.quite snall (13 parameters] 1} processes, and' 10 states)
and encompasses a correspondingly limited subset of .midically’ trefevait respiratory
physiology. None-the-less, it scems reasonable to assume that a physiologic model encoding
the sort of knowledge that we wish to teach medical stu¢
human physiology (resplratory, cardiovascular, elect;ﬁyt&s, acld-base, neuro, etc,) might be
described by models of this order of magmtude (1e less than 100 pamnietefs and ‘pocesses).
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Figure 48: . A Modet of CO, Homeostasis by the Respiriitory System
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Figure 4-10: The Respiraiqry Magdel Showing Tasonomic Liaks
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4.3. Qualitative Values and Operators

The semantics of the qeatitative-opetators M+ and M- are baséd on the Incremental
Qualitative Algebra- of deiciesr{37-but severat-moctfications NaVe Beed introduced to deal
with the additional qualitative values which are not present in deKleer's ongmat four valued
logic.- The.new values are: further mcreased, further decreased, increased toward normal,
and decreased toward normal; and ﬂmc supplement: normal, increased, decmsed. and

unknewn

The new qualitative values are somewhat imprecise concepts which encode a
combination of a pammeter’s magnityde, direction and rate of change, as weﬁ as its past
history. A parameter which xsmotmal “and encouﬁm an increasing influence becomes
increased. If it then mmmels anclh@r membﬁg influence it becomes furthq increased.
Subsequen& memsmg influences will not .change the value of the furtha increased
parameter. ﬂ‘ an mgrcased or further mrm;ed parameter encounters a decmsm influence
it become&decmsed toward normal, The nouonofhommuc forces peturning a |

physxoioglc system to equnhbnunris lmpljgt in this last trqmtion

F“ igure 4-11 illustrates the eamplete semantics of M-ﬁ and M: For exampje, consider
the prdcess frame describing bulk gas flow shown in F'!ure 4-6 (mge 8. It contams the
- folowing entry in its qualxtauve-ml& slot: =

¥

RESPIRATORT-RRTE )M+ ALVEOLAR- ~VENTILATION

The semantics table for M+ in Figure 4-11 gnvw the resultmg value for alveolar
venulaéon given its initial value (the parameter mﬂuenwd) and given thc value of
resplra!ory rate (the influencing paramet.er). ’




35

METHODS

Figure 4-11:. Semantics of the Qualitative Oparators M+ and M-

#

Influencing Farameter:
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2 - further increased

N - norsal

1+ - increased

4 - decreased

% - increased tovard normal

Y - decreased tovard norsal

? -« unknown
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44. Algorithms

The algorithms required to perform the fout tasks listed under Section 3.1 are
straightforward variations of well known gmph traversal techniques. They seem quite

modest in computational cost; considering tneahﬁvdy unconstramed nature. of the data
structure descnbedabove. -

Compilation can be performed by instantiating frames for each of the entities
described by a model. Tbcpucisewaymwhichmiﬁisdonevaﬁwdependmgonme
implementation. However, as noted in t.he pmmseeaen the use of globals indexed by
strings in MUMPS provides descriptive power emuvalmt to structures and property lists in

LISP. In elther mtplemmuon it would appear that thc cost is linear in both space and
15

Simulation can be per&fmed by breadth-first pmpagaupn of penurbauens among
parameters as follows: - : :

1. Initialize: Set all ‘parameter values to normal and the status of all processes to
active, - ,

2. Obtain, from the, usér, the pem;rbauons to-parameters and tmpaarments of
processes. Mark these accordingly and en&er the pemurwd pan{metels into a
FIFO parameter-queu.

3. Propagute. If there are no parameters in the pammeterqweue then sy‘op the
simulation. Else, for each parameter in the pammeter-queye add all agtive
processes-influenced, at the lowest tékonomic fevel, maﬁmmm If
an impaired process is eneou@tetéd then inform. the user and stop the
snmulauon

ot

4, Hush the pammeterm

5. For each processés-in the processes-queve, rfﬂremmhasnonnull |
quantitative-rules and its influencing-parameters all have non-null numeric
values, then proceed numencally Ebe  proceed qualmuvely

6. Flush the process-queue. Go to propagute.

15 In the following dlscussnon all mmaus of computauonal cost are wnth respect to the number of entities
described by a model, hence the number of nodes in the graph representing it.
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1. To proceed numerically: -Evaluate. each quantitative nule:apd assign the resulting
value to the parameter-influenced. If the value is outside the phiysiologié fange
then inform the user and stop the simulation, Else add the pammetzr-
influenced to the parameter-queue. Return.

8.To proceed qualitatively: Evaluate. each; qualitative nule (by - -applying - the
semantigs of the specified qutaave*m}m«sgmm resulting value to
the parameter mﬂuenoe¢ If this value is not <unknowndthenadd the
parameter-influenced to the parameter-queue. Return,

This breadth ﬁrst propagauon of pemubamns mrxh& h? momuul in the worst
case, but, at any given taxonomic level, there. mmma,mé kimited-hranching -factor
(often 1), and hence only a handful of paths to be followed. Perturbauq\qs are propagated as
numeric ‘values so long as they, and quanutﬁ!ive—rufés ta tg]ﬁtc thea, are. avmlable. When
these are not available, propagation is continued on a quahtanve basis. A trace is kept of the
simulation, and, questions of why something happened ave ansiverod” by bidicating the
influencing-process, and its mﬂuencmg-parametem whlch mmd a parameter to change
value, slong with the comresponding quaititative rufé" p,-gc, Eor gxaqple: “In
step n, alveolar pCO, (the parameter-influenced) was increased by increased FICO, (the
influencing-parameter) through lower airways gas mixing (the mﬂuencmg-pmcess) "

Regardmg explanaugn the m;)ﬁm 95 Pﬂlm pmm and states is
computationally stra:ghtforward and can be accomplished by filling thé folfowing sorts of
templates:

lA What is <parameter>?

<parameter> isa phyuolomc parameter, ebe @escrbﬁona memnd {n unitsd,
Its normal values are <lower limit) to <upper limit>, and its physiologic range is

<lower limit> to <uppes limit>. -1t is <clinicair-measuabitity> 16 mesure i most’
clinical settings. Increased <parameter) is called <increased state>. Normal
<parameter> is called <normal state, Decmsgd rarameer, is.called <(decreased
stated. Formoremhnnationﬁee(‘referenca) R "

it

2. What is (pmcas)?

<process> is a <descriptive-level-of-abstraction> process, the <description>. It is
a mechanism of <is-a-mechanism-of>, and serves to <teleology>. It mediates the
influence of <influencing-parameters> on <parameters-influenced: ‘Increasing
<parameter> [mcreases, decmses] (paramter) and vice-versa. - The
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mechanisms of - (pmcws) are <mechammns> For moﬁe inﬁmnation see
<{references>, . :

3. What is (state)?

{state> is a <deseriptive-level-of-abstraction) state characterized by mncmsed,

normal.decmsed}(mxem)ahmnd(pm}. Fbrmare"
see <references),

Explanation of static relatncmshnps16 requires an algorithm to find a path formed by
-~ influence links between two nodes in the directed grap“h repméntmg a model Thxs requires
O(n?) time using the foHomngn\arkhxgalgoﬂmm ;

1. Initialize: Mark the two nod&s betwe;n wtnch amth isto bp sought, each wnh
‘ rtsownname.?ushtheeetwonodsontostackzl Creatememptystack,B

2. Itemt«r~ lfstaekAuemty then stop, thereisnopahbetweenmet\%noda.

'3, For each node i in stack A (mﬂuencmg node), examme each nodg to whlch st,has\ ;
an mcommg or ou!going inﬂuence link (mﬂuenced node). :

TSI E)

a. If the influenced node is not marked then mark it with a list of names
 created: by concatenating its name to the mirk of the mﬂuencmg node.
- Push the influenced node ontostack B - e

b. If the influenced node is marked and if the first name in the mark llsts of
the influenced and influencing nodes are not equal, then a'ffath has been
found. The path is described by the concatenation of the mark list of the
mﬂmcmg nodcandamemveml ofme Mw'tﬁo ihﬂuencednode

5. lt}tetchangesmksAaadB. FlushstackB Goto me.

This prooedure may be carded out one taxonom:c level at a time in order to provide
increasingly detailed or increasingly abstract explanatnons. The limited integrity checkmg
referred to in Section 3.1 also requires verification that a path exists; at-a given taxonomic
level, between two nodes. It too can be performed using this same marking algorithm.

16ﬁmswering the questions listed in Sedion 3.1 (What is diiecﬂy influenced by, etc.).
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4.3. Evaluation. Techniques

The preliminary evaluation of KBPMS' was carried out by the author in collaboration
with the director of the “Matter and Energy” segment of the New Pathway curriculum. The
performance of the final version of KBPMS and the contents of the respiratory model
described in Section 4.2 were submitted for review, and subsequently approved by him.
The author prepared a syllabus of educational objectives, a homework exercise, and an
evaluation quiz in respiratory physiology which were also reviewed and modified by the
curriculum director. These are shown in Appendix IV. ‘The quiz contained 8 questions
which were equally divided into two different types. Type I questions (1, 3, 5, and 7) were
worded 5o as to be very similar to the qQuestions which might be asked of the KBPMS
program. Type II questions (2, 4, 6, and 8) were worded to avoid any such similarity.

In January 1986, during the regularly scheduled pulmonary physiology segment of the
New Pathway curriculum, the students were given the homework assignment. A randomly
selected half of the group was also given a diskette containing the KBPMS program and the
respiratory model along with instructions on how to install and use these on their HP-150
microcomputers, These students were asked to use KBPMS as an educational resource,
along with their textbooks, class notes, and laboratory material, in completmg the
homework assignment. The students were not requested to hand in the homework and it

- was never reviewed or graded. All the students were fully aware of the experiment in

progress and their co-operation was solicited on an entirely voluntary basis. They were
carefully informed that the results of the experiment would in no way influence their own
evaluation in the physiology course.

Ten days after distributing the homework assignments (o all students, and the
diskettes to half of them, everyone was given the evaluation quiz and asked to do it at home
without referring to any educational resources (closed-book, clmd -computer). Their
collaboration was, once again, to be wholly voluntary. Fo%bwmg the quiz, the remaining
half of the class was given KBPMS diskettes. On several different occasions, all the students
were encouraged to submit their evaluation of the program’s pedagogic value,

One month after the quizzes were handed out to the 24 students, 8 of them had been
completed and returned. Of these, 5 came from the experimental group (those students with
access to KBPMS while doing the homework) and 3 came from the control group (those




40 CHAPTER 4

students who were given KBPMS only after the homework and quiz). In the same one
month period, 9 students submitted their evaluations of KBPMS.
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5. Results

This chapter presents the results of the KBPMS project, . {t describes the prototype
and final implementations of the mtemgem physsolomc modelmg system as well as the
. macomeoftheevﬂumwpem e 7

H PP
© I i

S.L. mfmm Inwplementatior

' The prototype of the mtellggnt ph ) '7'; u;odpm m;em Was. constmcwd in
: MACLISP [44] and runs on a [DEC-1080 mw;,megm,ym Laboratery. for Computer
~ Science. The prototype nnplements all of the specified design features except for impaired
physiologic processes. It has been fully debugged and tested using the model of respiratory
physiology discussed in Section 4.2. . Whes nunping, that modek the:protetype: provides
under two second tumaromd time for. bosh. sim ation and explanation: Timing stadies
mdmtz that,the mapntyof omputationa mMymbvmmimmﬁand
‘output fonnamng, rather thaa by xbe reasoning . coMPORSHNs.of the progrm?’,
Approxlmately one mon;h of fu!l time progy ,GEH0rt: was required o construct and
| debug the prototype.

o "5 2. The Fmal Implgmeatatbn

The finat version 6f KBPMS was mtmcted’fh }"DetaTree PC/MUMPS/Z 1 (DT
- MUMPS){45] and nins on the New Paﬂmy’fﬂﬁsu‘ nicfocomputers, It 1mplements all

~ of the speified design fatures (inck fed iocesses), has boen fully debugged,
tested, andwas uséd by the"New Pathway stiidéhd ‘with thé reapiratory model shown in

mf?

‘Appeadix I:'When rinnitig:thiit iiodél. KBPMS piovi $15 10 30 :aqcond tumaround hme
for simulation and 3 to § second turnaround for exp!maﬁm 'hm ng stidies indicate that
much of this overhead is attributable to graphics-related computation and, like the
prototype, reasoning components of the program incur relatively modest computational
cost!8, Approxlmatcly three months of full time programming effort were required to
complete the final version. Appendix II lists the instructions for using the final version of
KBPMS and Appendix I1I shows an interactive session which illustrates both its reasoning

171t should be noted that MACLISP has extremely primitive string manipulation capabilities.

- DT-MUMPS mnning on the Hr-muwmmw Wﬂc ﬂtﬁcﬁmx. 'nwse are
principally responsible for the long graphics mmpumm @
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and graphics capabilities!”,

33. Evaluation Results

As menmned prevmusly, all 24 New Pathyq m -were -asked to do- the
evaluation quiz on a voluntary basis and 8 of them returned the completed quiz to their
instructor. Of the 8 quizzes, S came from the experimental. group ¢KBPMS ageess) and 3
came from the control group (no program access). Tabb 5-1 summarizes the quiz scores for
the two groups: Thé raw Mtpmemd in Appendth Type Iqwtnonsarethose which
were worded to resémble: KBPMS Ty*pe“ﬂ questions *are those whxch were worded to be

:dtssnmlarmit. o

: The results shown in Table 5-1 inditaté’ that the experimental gmup soored very
slightly higher than the control group overafl. ﬂﬁs "ﬁ&dsfor’f‘ype H qusuons
- considered alone, but is reversed for Type | qasﬁms Jered lone mese results are
not statistically significaitt bécause:of the very small differe iaﬁdsample size. Ciearly, no
- inferences as 1o the pedagogic-valile of KBPMS may be'drawn o ’t!_i%{dg&:’.'

As indicated previously, there was a wide variety of reactions to KBPMS among the 9
students who submitted their evaluations of it. Some* Rl Shat’it Was an unecessarily
; 'elaborate ‘way to teach very simple concepts. Others siated:that the material covered was far
100 advanced, or might be sultablﬁ only as a final xevmu aid rather-than. o prispary jearning
resource. There were several comments. that oecupied an, intermediate, posision-in this
spectrum of opinions. Appendix VI shows some of the studeqs sammenss:-which. were
' reprwentatxve of each extreme, as welt as thc mldq& W -There. - was. no uniform

consensus among the studems gpgmons. o ‘ .

19Un£onumt§y. several. important featuses such as the: uuolt!ie touch nndﬁw scneen for interactive
graphics are not amenable to presentation in thispristed medium.
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(all scores are %)

Question Type
1 I
2 11
3 I
4 II
6 I
8 11
7 I
8 II

- A1l Type I Questions

A1l Type II Questions

“A11 Questions

Experimental
(
mean s.d.
76 24
66 42
76 18
90 10
80 27
74 37
90 7
72 23
80 20
76 30
78 25

Control
ey
mean s.d.

93 12

43 40

87 29

97 8

77 25

100 o0

93 6

40 35

83 21

10 37

78 30

Table 5-1: Summary of Quiz Scom

- an an - -

84
91

60

81

73

17

25

31

30

20
32

27
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6. Dlscussion

Thlschapterbegmby describing some ofd&stmsmsmdmknesesofme
methods used in constructing KBPMS and  their ¢ffects,on the progeam. This is:followed by
a discussion ofﬂwouwomenfdnevahm experiment mﬁacbns:dcmbonufwble
directiors for futyre work sugsested by Qﬁsm Ihachmmhm bw dswsnng
some of the nm"wchnmmmicam oFﬂnswmk. o Y

6.1. The Strengths of KBPMS

The principal advantage of the representational system employed by KBPMS is that
the taxonomy based on processes’ levels of abstraction allows for explicit control of the
depth at which reasoning for simulation and explanation takes place. This potential has
been fruitfully exploited in the explanation section of KBPMS. This is illustrated by Figure
6-1 which shows a question being answered at several different levels of ‘qitgﬂm However, .
the potential power of the knowledge representation has not been fuily exploited in ﬂus
: regard by the simulation section. KBPMS, fike some of its predecessors (eg. NEPHROS
[40]), performs simulation by the propaswon.of pemnrbatm at only the most detalied

taxonomic level.

The major advantage of the s:mulam,@lgomhm used in KBPMS. & its abnllty to
combine numeric and Quahtanvc values. As shown by the simulation in Figure 6-2, nummc
values are used wheavever they-are available and appropriate, with qualitative values being
used oﬂlm “This approach is consommmtltm clinical and teaching practice whpn

only incomplete numeric data is available; as in nba renl-world situations.

Another strength of KBPMS is its repmemaﬁon of physiologic entities as having
meaningful internal structure. The examination of shyis internal structure is the basis of the
-program’s explanation capabilities. The need for sound explanations based on physnolosxc
principles-has-been one of the dﬂwng‘fowiﬁm MIAT resedrcly; 48 discassed Tl Séction
2.2. Certainly the importance of explanations cannot be overlooked in a teaching setting.

The simulation and explanation algorithms described in Section 4.4 have been quite

2o.'m interesting related point is whether the strategy of generatmg such explanauons in a top-down manner
(most abstract explanation first), as done by KBPMS, is indeed pedagogically preferable to the inverse strategy.




. excretios rate.1s directhy infludnced by EFtartabptos’

46 ' CHAPTER 6

L0

Figure 6-1: A Question Being Answered at Several Different Levels of Detail
Q:  What directly infloesces CO2 ekcret¥on rate (VCOZ) 1 a4

© At 'This question may be snswered at four different levels of detail. At the
~ most abstract ievel, CQ2 sxcreation rate 3 dicectly intlisaced by ‘metedbeitc
C0Z production rate through CO2 eliminatica. At aﬂwrgw(d,:,tg,jilaﬁ lavel, CO2 .
through™ respiratory
control of pCO2. At an even more Aetailed level, CO2 mmctetioninate ts.
directly influenced by respiratory rate and tidal volume through pulmonary gas
exchange. At an even more detailed level, CO2 excretion rate is directly
influenced by alveolar pCO2 and glveolocapillary £Q2. diffusign rate through
alveolocapillary diffusion. BN A BT :
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Figure 6-2: A Simulation Showing Mixed Numetic and Qualitative Capabilitim 'M ’

- - T e Ciiiaaed EPLAT AN T de it
In step 1, dead space=250 ml “(increased), ro§p1ratory rate=20 breaths per min
(increased) [ie. hyperpnea] and tidal volumes350.m} {decPeased) ds specified
‘by the user, ' L T
In step 2, bulk gas’ f¥ew medtatés 'the following infivence: VA=RR*(VT-vD), -
Since respiratory rate=20 breaths per min (increased), tidal .voluma=350 mi
(decreased) and dead space=250 m} (increased), therefore alveolar
ventilations2000 m1 per min (decreased) [ie. alveolar hypoventilation].
In step 3, alveolar pC02 1s increased by decraasss slveodar ventilation (2000
- m1-per min) through towsr airway gas mixing. = . '
In step 4, CO2 Axgration. rate: is ecriasséd ‘amd ur ter 181 pCOY 15 increased [te.
hypercapnea] by increased alveolar pCO2 through alveqlog, pillary diffusion.
‘In step 5, respiratory rate #s fubther tncronssd [10." dugmentéd hyperpnea] and
tidal volume is incraased toward normal by ipcrassad srtaeial pLo2 through the
medullary chemoreflex. o I , N o
In step 6, alveolsr veatilation is incressed toward Hovmid ‘[te. diminished
alveolar hypoventilation] by increased ros,g_girn;or;‘, rate and: increased tidal -
- vatume through Gulk: gas ¥tow. S R T
In step 7, alveolar pCO2 is decreased toward normal by increased slveelar
ventilation through lower airway gas mixing.
In step 8, CO2 excretion rate is increased toward normal and arterial pCO2 is
decreased towsrd normal. [io.,‘q_i_g»i‘njsbqg_,_m.rfgamp]%gy dagreased alveslar
'pCOZ- through atveoiocagfilary diffuston. ' o i
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efficient in practice. The reasoning features of both the- preliminary and final versions of
KBPMS have incurred -only minor, computational oasts relative to far more ‘mundane
features of the programs, such as stnng maqtpulamn and graphics respectively. This would
tend to confirm themmmon that: KBPMS Is suitable fior modeting severaf'oveﬂappmg
aspects of human physiology, eachofwhnchmngbtbﬁmmmeorderofmagnmde asthe
present msmmmw model.

An advanme which is closely related 1o efficiency is. the simple overall structure of
the modeling system. - This has permitted its xmpimm&m usitfg standard programming
technology (ie: an xmperaﬁve pmcedural, pmsramaung lanaua;e, without specific list
processing capabilities) following -its initiat” development and_refinement in a LISP
enyjronment. This i is an impertant coamdoranon in mof the: resource and compaubihty
constraints imposed by the mncrocomputer semng in whlehwdn presram was (o be
ultimately used,

Other advamaga of the intélligent modeung symm mclude its abthty to
accommodate synonyms and its friendly user interface which mcorporates interactive
graphics. Together, these features greatly enhance the flexibility which seems particularly
suited- to-a learning environment. " The synonyms are al“so appropnate to the task of
s.Yocabulary building which was proposed as one of the soﬁwm modulﬁ for the New
§Pathway (Table1-2, page 6). :

6.2. The Weaknessos oIKBPMS

The mest fundamental timitation of KB}’MS is its. gross simphﬁmtnon of real
phys:ology This simplification is mamfest m several d:ffenent way& Most important is that
the conceptual framework of parameters, processes, _states, and. steps is suhstantlaﬂy
insufficient to capture the full richness of this domain, Thus KBPMS has no exphcit
description of rate limited processes, quantity thresholds, paratiel mechanisms, intéraction
of primary and secondary influences, and many other i 1mportant physvolog:c concepts. The
program also lacks a coherent notion of such processes as_diffusion, bulk flow, and
electromotive i lon transport, which are a more fundamental aspect of physiology than the
body-system-specxﬁc models which it manipulatm. Processes are unrealistically restricted to
the binary status of active or impaired, and cannot represent the typically partial or altered
functionality associated with most pathological conditions.
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Simplification. is:also a liability in both' the: quantiative and quafitative s:mulatnon

meghods employed by: KBRMS. - Numerical opetations are permitted on only the static

_ values of parameters,: and the program therefore iacks 'the:fifl desctip
. differential equation. mode : Qualitative reasoning’is Wmﬁe wpﬁmion of two
-+ aperators relating sight possible values. - Pard¥érmdre; the definttis
the distinctions betwoen the magttitude; direction of-élatige: rate of chianige, and ‘the past

1§ of these values blur

history of a parameter. Temporal relationships beyond simple ordering are entirely
ignored.

States are also greatly simplified and allow for the description of only a single
perturbed parameter or a single impaired process. In reality, a pathological state such as
adult respiratory distress syndrome is associated with a large number of such perturbations
and impairments.

The limitation of carrying out simulation at only the most detailed taxonomic level
was referred to in the previous section. A consequence of this is the program’s
inappropriate response to the impairment of processes which are at a more abstract level.
For example, if the process of CO, elimination shown in Figure 4-4 (page 23) was impaired
but the other processes shown in the Figure were active, simulation would proceed
unaffected by the impairment. A possible remedy would be to propagate all impairments
through to the leaves of their taxonomic ‘trees. However, in this example, as in most
situations, this would merely cause simulation to stop altogcther as all pertinent processes
would be impaired.

Another weakness of the process taxonomy is that it is not really strict. A low level
process such as diffusion is a common mechanism of several more abstract ones. The desire
to maintain a strict taxonomy‘ necessitates the somewhat contrived definition of tissue
capillary CO2 diffusion, alveolocapillary diffusion, and lower airways gas mixing as distinct
entities (processes). Clearly, each of these is fundamentally the same physical phenomenon,
but that knowledge is not encoded in either KBPMS or the respiratory model.

A specific weakness of the present respiratory model, which is not an inherent
limitation of KBPMS, is the lack of separate descriptions of the arterial, capillary, and
venous portions of the systemic and pulmonary hematogenous circulations. The current
respiratory model implicitly assumes that CO2 is exchanged between the alveoli and the
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systemic arteries. This simplifying assumption leads s specific:inactuvacies i simulation,
For example, if one starts a simulation by increasing métabislic GO, produttion raté; as in
Figure 63, then the pogram shows that skveolar:pC0; (pAQO,) - dectesiséd i e 6.
Each mferencc made -from siep 1.to-step 6 is-comsit: bt Shdaesult iswiot. The model is
~_incomplete and neglects 40 . consider this increased . p%thw"wns; ‘hence in

pulmonary arteries and.. m@ﬂm which mmmwam w& m
pACO :



DISCUSSION 51

S SN

Figure 63: An Incorrect Simulation

In stap 1, metabolic COZ production r;to is 1ncrglsod A8 spncifild by the
Suser,

In step 2, capillary. pcoz is increased by increased metebolic CO2- production

rate through tissue-capillary coz diffysion,

+ In step 3, arterisl pCO2 is. tntreased. [te. hyporcnpnct] ‘by fncreased capillary

pCO02 through circulatory flow.

- In. step 4, respiratory rate is incresssed [ie. hyporpnoa] and tidal volumc is

increased by increased arterial pC02 Lhrough. the:medyl 1dry: chomaréfiex.

In step §, alveolar ventilation is 1ncrgasod [le. levcgur hyperveatilation])

by increased respiratory rate and incressed tidal VoYime through bulk gas
flow.

In step 6, alveoYar pcoz 1s decroasod by 1ncroasod alvooiar vontilat1on

through lower airwsy gas mixing.... -~ AN ’

In step 7, CO2 excretion rate is 1ncrqastd and ar;origJ nCOZ is decreased

- toward normal [ie. diminished hyporcapﬁtt] by dtcfoasoﬂ‘alveoiar pcoz through

a]veolocapillary diffusion. TV IO E Y LD

In'step 8, respiratory rate is’ docrcasod toucrd normcl [10. diminishod

hyperpnea] and tidal volume is decreased toward normé¥iby decreased arterial

pCO2 through the medullary chemoreflex.

In step 9, alveolar ventilation is decreased toward normal [ie. diminished

~alveolar hyperventilation]. by. desreased. respiratory vate aﬁé decrdused tidal

volume through bulk gas flow,

In step 10, alveolar pC02 i3 fncreased toward wormal: by Bucrctsod aTvcolar

ventilation through lower airunx gas mixing, » Ce
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6.3. The Evaluation Experiment

Many of the above strengths and weaknesses of KBP'MS were suspected at the start of -
this project: Less-well understood, and therefore of greater interest, were their potential
ramifications for the program’s utlity as aleAming resource. Unfortishaléty, even relative to
the modestobjemmouthnedm Section. 3.3, awawiuauan W must be considered
unsuccessful. The meager data which. were oollected mnot W any substantive
conclusians regarding the program’ s pedagogxc value The- mostobvfons reason for this lack
of success'was the small number of New Pathway students whommplwd with the request
for voluntary pamclpatmn in the homework _exercise and  quiz. - This somewhat
uncharacteristic lack of enthusiasm was, in tumn, the eoﬂseQueﬁee of several distmct tausu.
One cause was a severe cmwdm&of the. smdgm sc.heqluless just. when: this. expcnment was
underway. Even given that medlcal students are chlpnically overb}.lr@ened. they were much
busier than usyal at this fime,

A second reason for the students’ ummwwas the lack ofadvance
notice given to all concemed. regarding. KBPMS - and: the: ewalm expetimem. The
program and evaluation instruments were’ first submittéd to the curriculum director six
weceks before the start of the respiratory physiology course. In retrospect. a Jead- time.in
excess of six moaths would_ have been far more. appropriate. - ~This would have allowed

“KBPMS and the evaluation experiment to be percofa’fe“ﬂmgh and be modfﬁed by variots
curriculum and departmental committees, thus bewmmg,a.fuuy m&egmteclpart ofithe New
Pathway. Instead, both- KBPMS and the evaluation exptmnent were regarded by the faculgy
as last minute?}, ud hoe, add‘ons. They were presented to the mdcnts as such and in view
of the students’ already hmtic schedule, their ulnmate msponse seems aitosether

appropriate,

Another disincentive to widespread use of KBPMS by tm New Pathway students was
an operating system bug which initially-prevented some of lhem,fmm loading the program
onto their mlcrocomputezs. However, the most important: reasons for the poor studem
response were likely. related 10 the previously indicated weaknesses oi KBPMS itself. to ns
slow response umes on the HP 150 and to the overly simplistic gature of the respiratory
model. Because of these and because KBPMS had not. been fully integrated into thelr

A, fact, the program was distributed to-the swdents just ‘& they completed their study of pulmonary
physiology and moved on to the renal segment of the course,
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curriculum, many s&udems &id not regard. it .as sufficiently relevamt 30 their immediate
learning ngeds to merit. even the modest:invastrment: of time and effort {pethaps half an
 hour) required 10 bepome well.acquainted withiits-use. Fyrthenmore, » detailed laboratory-
type exercise which. might have. "led-the: studsats through™: thé: program’s capabilities was
not pronded Overall, insufficient attention was paid to the pedagogic and student
interface issues relating to KBPMS. The failure of this expluasion esperimant reinfiroes the
importance of these issues and suggests (hat they merit inmmd consnderauqn in future
work ofﬂmtype. S

e

In addition to the small studént response, there w _a number of senous l‘mltatlons
in the design of the evaluation expeﬁn'iént’ which L \f@ have dlmmmed the vahdlty of
its results. Even if all 24 Meats*hsdmmmm i mﬁ&sﬁﬂ Hiave been ‘a small
sample-sige, arid-an urifealisticaly arge m&eaee sl wéi{%fgr ave fmen,reqmred for
statistieal significance®®. Inaddition, with such smal e ” she, sandom diyision of
students might not have resulted in an ‘equmble dstﬁbuhon of talent among the two
groups. Since both the hontework and quis: mm?ﬁmm’c&hﬂlﬁm

it is difficult to know ow' many- sﬁfﬂemiremfy ﬂﬁ;} ,qf,bw !se it o hgw many
studentsreaﬂycomplcted mequucbwdbooﬁmdum Sl e

. Yet another limitation of this beleaguered evalugtion awensptilay in the nature of the
* outcome. being:measared. The goiy of the New Mwny M&'&e‘ Smﬁm 6f“agtxtuda.
skills; and knowledge which might é4uiip phy icians for m ming progess, | The role
of information technology in the New Pathway is to pmvm resources to facilitate such
lifelong learning and to initiate: mtmoume MWW%&AWM to evaluate
such an effost by edsring the sudents” i ftestiraory 1 4da

piradictary to ;ggfm of he entire
enterprise. An alternative outlook on evaluation might have been be to consider the
modeling system a5 a small pary of & large edusationaliexperiniest: whbsé gidbal résufts will
notheknwnkrmy?eauwé@ea me ﬂw?ﬁﬁ&&ﬁ«fmi 3 e
if studert and: acily fesporise ing e

Jif i BRI -
d 'u.t"! R A S R P ST 31 ¢ SR pepd e -’
T o
H TN TR Tl ot ¢

221‘he homework assignment shown in Appendix IV was much too general for this purpose.

23Assummg standard deviations of 20%, a dlﬂ'erenee of 11% in mean scores would have been required for
p<0.1, and a difference of 20% would have been required for p<0.01, using a one tailed t-test.
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. use.and development, then: such modeling will have been: *&emonstmted to be a useful

1 educational aid, and vice-versa.: However, this ddtter cutiosk doés fiot Suggest an effective

- means of assessing prelimvinary progress: toward: the-uitimdie education goat: - Evidently, the
- meaningful evaluation of. ﬂnwtypwfmeunm d vetymbmhhﬂ dxalknga

64, Dwections forszreka

Viewed from a somewhat more opumlsuc perspecnve, the outcome. of the evaluanon
experiment supports the assertion that KBPMS is at least potentxally exploxtable as a
leammg resource and, along with the precedmg discussic fo the program’s strengths and

weaknesses, suggests the followmg d1recnons for fu;we wo:t. .
Blhancemm of the respiratory. modet: to-inchide separate ducnptions of the
arterial, venous, and capillary parts of the sxmmmam :

It also’ seems’ wonhwhﬂe o add A dﬁcnplm ' pO, regulation- and some
pertinemapemdf base‘ ;

. Repennon ofamockﬁed emmapmmwiwamﬁmew better

student interface materials, and closer colial 0 with multiple members of
the New" Pathway faculty. Evaluahon of KBPMS m a d,xﬁ'erent educauona!
setting would also be of inferest. -

. .- ® Development of aa: authoring module to facdttate the construction of models of
other aspects of physiology. and the- construction -of several. suck models..
Card!ovascular rcnal, and endocnne physgglogy ali seem well suited . for this

‘ purpose , ,

, oEnhamemea& ofstwmmmmwml representation and -
reasoning capabilities. ’Eh;,we of a diffegential equation modal for numerical
simifation and a QSTM nke [39] algorithm for. qual;;anvg simulation might be
good ﬁrsﬁs:eps m ﬁis e

_ ‘oThere IS. ofwurse. a pemnailyeaomms amount - of work ‘whtich might be
done toaavanoedw fcgnaasofwabuuymmdmmm model, and
simulate physical events in accordance with the ¢ we traditionally
ascribe to them; Tﬂtfmatety “ttis might' lead to tﬁe &velopment of more
powerful techniques upon which one might build a more mtelhgent physiologlc
modeling system.
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6.5. Nen-Technical Implications-of this Projeet

This project has attempted to apply oompu techn;quw and rnsourcw to the
goal of advariciig thedical education withi the framework of the Haryard New Pathway.
Although this' work hés been both prehmmary and iumted in, scdpe it seems worthwhile to
consider sorne potential nmpli“canms of the course whx:h we hgve begtm to Qhal‘l. The

philosophy and obia‘tiva of the Ncw Pathway were d;sqntggd in Chapter 1 Mlght .

KBPMS" (or its subeés!ors) xmpmgc on thts phl' 5 vhy orit)li;ge ob;ectxves beyond the
immediate’ technical domain of the work ttselﬂ It ww{d ppea {that mtelhgem physmbglc
modeling has several ‘such broader implications and thath'at‘lust the following two are

dlrectlypemnenttothlsthws. S e s

One non-technical xmphmtnon of thts projest relates 0. the: New Paﬂmay s objective
ofteachms Wmﬂa*ﬂhmmmﬁymngmsga
medical education resource we are attempiing to, mmm knowledge of physiologic
mechanisms, but also the attitude: that these mecharfisiis 408°% fandainertally tmportant
aspect of medicine. This attitude is certainly concordant wnh the reductionist tradmons of
modem biomedical scienice™ but, ai-recognizélt by the developers of the New Pathway
[8] and by the authors of the GPEP Repoﬂm l‘émﬁngﬁfcﬁ nwchamiéms is but one aspect
of general ‘mmdical edudation. -For ‘exaiple’! effective | prevcnﬂm ‘intetvention, and
~ rehabilitation for respirsiory disease dépehdé nbt“'ch?y on’ ﬁe sort of mechamstnc
understanding of pulmonaty:physiology which the présént KBPMS mod‘d might foster, but
also on insight into the epidemiologic, sociologic, and behawouﬁl‘aspeﬁts of such thmgs as
cigarette smoking, occupational exposure to particulate toxms, and alrbome environmental

pollutants. Of coursé' the' teaching ofr&blr&ry ‘physicigy xwﬁﬂl or wnthout the aid of

KBPMS; in no way-precfudes consideration ofeﬁi&eidioﬁﬁc socrolognc or behavtouml
-aspects of medicine; #id these subjects have é4ch Bén gﬁeﬁ a pléce in the New Pathway as
well as in many tradional inedical cufriciila, Nonét "-lea, it seems prudent to recognize
that this project has emphasized and reinforced but a single narrow aspect of medical
education and has entirely ignored many other, equally important, aspects of this diverse

process.

2% In fact, the current primacy of the mechanistic, reductionist, and rationalist viewpoint in medicine has been
challenged from several different quarters [46, 47, 48, 49, 50, 51, 52}, but a detailed consideration of this debate is
beyond the scope of the present discussion.
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Another non-technical implication of this: work conterns .the appropriateness of
computational metaphors for physmbgm (hvmg) entities, The p: Reters, |
and steps described in Sechon 4larea s:mple example of 5“0{15“ qptapho; apd oae whose
limitations are madnly apparent. The schemauc of HUMANJ;}] sl;pwn in Figute 2-1 (page
11) reépresents a more eIabomte example of such a metay ha .How much further might
metaphors of this sort be extended? Guyton’s "rmbook' of Medical Physiology [42), one of
the references upon whtoﬁ the rcspiratory model uwd m thxs ',% was. bqsad, -suggests
that compiutational metaphors of' human life are applugablc mthout hmn, In this current

‘ mtemauonal standard mednca! text. Guyton mtmdm hls mwers to thelr topic as follows:

"Human Physiology. In human physiology we attempt to-éxpliin‘the cliemical resctions that
oocurmthecdls,meuxnsmmonofnewennpmsuﬁmnmpmofﬂlebodytomher
oontracuon ofthemusdes,reproducuon. andemxﬂ;nennmw% i

we are alive, is almost beyond. pur control. for, huaget makes:
refuge. Scmmmofcddmakempmvndewamﬂuudoﬁggrfgm% mmandv

- reproduct. Thus (he Naman being is actually ail sinoinsion. m&ewﬁf:’mmum
. and mmmwmsma%mmofm" *2)

| Thus the humau bemg is. acmany aa automtenﬂ Not oniys is this statement
preposterous but the very need to refute it supposts; Weizenbaum’s concept.of the prevalent
"madness of our times." [$3] (p.227) Because of its: application: of agificial. inteHigence
“ltechniques to human physxo!ogxc simulation, the wogk.of this project:might be.comstrued to
somehow support, such absard notians, It is therefore impertant :to-both recognize and
clearly state that it dm not

, The above are mgmﬁcant melmtlons wluqh extend w,ell hswod the mhmeal aspects
Ofthls project and it would be reckless to losesngbtpfthgscmm&ssuﬁ a8 we become

| engrossed with the detaxls of oqrjask. /As responsible professianals,. is: behooves. us to
" oonsnder not only how, but also why.and, at what oos,t we might Wmm our work.
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1. Summary and Conclusmns

The pmmdwcnbed in thxs theﬂs ba;mngm,pf ihe dasm mpiemcntam and
preliminary evaluation of an mteungent physiplogic modeling system: for: use as 8 medical
 education resource. This knowledge based physiologic medeliog syater (KBPMS) has been
developed within the context of the New Pathway, an experimental curriculum at Harvard
Medical School. The.ceatral goal of. the New Pathwasy is:to eqhi future physicians with a
- set of attitudes, skills, and knowledge whiah, will peepasethent for.lifclong, professional
 leaming as a prepoquisite 0. competeat praction, The roleof information technology in the
New Patgmay;s 10, provide resources to. facilitpte sugh ﬁm hm and ‘to inftiate and

’encouras,cstudpntsmdmwu& SR ,

: 'I'he develogrqmt of KBPMS is. based on W werk m‘wplmﬂm of computers
‘ toeducanon mdmmm:bmmmmmmmka
closely relawd 1o umu;gent computer assisted instruction, tatoning, and coaching systems.
in"the latter field it draws on aspects of numemal . #eodeling, causal : reasoning, - and
qualitative simulation.

B KBPMS is desxgned to carry out oompnlamq. mhmcwlﬂmm. and venﬁcauon
_of models d&cnbmg various aspects.of physiology,, These :models :descibe physielegic

" entities and events in 3 s:mphsuc conceptual context, madg; up of. pacameters, processes,

states, and steps Thc enmus making up a:model ase.taxonemicaily stauctured by their level
of descnptxve detanl. The models are represented in a unifosm freme- based language and

variations of simple graph traversal algorithms are used to carry out the functions of
KBPMS.

KBPMS was originally implemented as a prototype in LISP on a large mainframe and
subsequently in MUMPS on the New Pathway's HP-150 microcomputers. The final version
augments the prototype’s capabilities with a friendly user interface incorporating interactive
graphics. Both versions have a small model of carbon dioxide homeostasis by the
respiratory system.

An evaluation experiment was undertaken to assess the pedagogic utility of KBPMS,
A quiz in respiratory physiology was given to all New Pathway students after a randomly
selected half of them had completed a homework exercise using the program, while the
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other half of the group used standard educational gesources, Poor: student éompliance with
this voluntary experiment and numerous mcthodolog:c dlfﬁculttes preciude substantive
conclusions besed on the dati-collécted, Though anecdotil videsics , diong with student and
facu!tymnenlx, suggest that KBMSmht havepomtna] asﬁ l'&ming resource. that
- potential remains wawm

'ﬂle major streugﬂu of KBPMS inicludé the explicit reﬁiaenfation ofproms&’ levels
. of descriptive detail; combined numeric ditdquatieative simulatiori ‘capabiiities, explanatory
powers, and a simple overall structure: Ti¢' priticipal weak *ofKBPMS is gross and
occasionally misleading simpiification of real’ phy oMy "This project Supedté that ample
work remains to be done in enhancing both KBPMS:uii'ife Tespitatory “thodel, in
constructing models of other areas of physiology, in pursuing a more sophlstmted
e@mmmmmmmmmmwmh mtimsystzmsofmiqtype
might be built. This work:stso has sighificant’ ons ‘refating tc
nature and purpose Mwmmwﬁ ammc pprdfriitencs
memphmsapplndtoﬁmgmﬁu. T e

In conclusion, the results of this project indicate that an intelligent physiologic
modeting system can be constructéd asing: the ﬁnﬁtad maurcs ofa mlcmoomputer This
- System may be of potential pedngogic valtie in 4 mediiaFedication sétting But it ne:
evaluated in both a careful and me sarine-
-enhaticing many- aspeets of the m*.md%
g hfdonspmfmmm R

Mudf “Work 1 remams o' be done in
":ﬂxiﬁ mm the evélving oontext of
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AppendixI
The Respiratory Model

The following is the frame based representation of a model of carbon dioxide
homeostasis by the respiratory system. This model was prepared using the textbooks of
Guyton [42] and West [43]. A formatted copy of the final MUMPS version is shown,

ALVEOLAR-HYPERVENTILATION

DESCRIPTIVE-LEVEL-OF-ABSTRACTION: phyl'o‘og1c‘
NAMES: alveolar hyparventiletion R
PERTURBATION: increased

ALVEOLAR-VENTILATION
TYPE: state

ALVEOLAR-HYPOVENTILATION

R L o R Yy p——

DESCRIPTIVE~LEVEL-OF-ABSTRACTION: physfologic
NAMES : alveolar hypoventilation
PERTURBATION: decreased
ALVEOLAR-VENTILATION
TYPE: state

ALVEOLAR-PCO2

ASSOCIATED-STATES: NIL

NIL

NIL v
CLINICAL-MEASURABILITY: possidle but unusual
DEFAULT-NUMERIC-VALUE: 40
DEFAULT-QUALITATIVE-VALUE:  normal —
DESCRIPTION: partial pressure of cabon dioxide in alveolar gis .

GLAB:  pACO2

ICONK: .96878
.333333333333
1
4
46

INFLUENCING -PROCESSES : PULMONARY-GAS-TRANSPORT
LOWER-AIRWAY-GAS-MIXING
NANES : alveolar pCO2
pACO2
NORMAL -RANGE : 38
' 42
PHYSIOLOGIC -RANGE : 16
100
PROCESSES-INFLUENCED:  ALVEOLOCAPILLARY-DIFFUSION
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REFERENCES: Guyton pp. 495-496
West pp. 16-17

TYPE: parameter

UNITS: mm Hg

ALVIOLAN-VEITILATIOH

--------------------

ASSOCIATED-STATES:  ALVEOLAR-HYPERVENTILATION
NIL .
ALVEOLAR-HYPOVENTILATION gt e
CLINICAL-MEASURABILITY: possible but unusual oo
DEFAULT-NUMERIC-VALUE: 4200
DEFAULT-QUALITATIVE-VALUE: normal .
DESCRIPTION: rate at which new air enters thﬂ tlv.elii

GLAB: VA

ICON: .7
0
1
4
45

INFLUENCING-PROCESSES: BULK-GAS-FLOW
NAMES : alveolar veantilation

VA
NORMAL-RANGE: 3000
7000
PHYSIOLOGIC -RANGE : 1000
10000

PROCESSES-INFLUENCED: LOWER-AIRWAY-GAS-MIXING
REFERENCES: Guyton pp. 484-486
West pp. 15-17
) TYPE: parameter
- UNITS: ml per min

ALVEOLOCAPILLARY-CO2-DIFFUSION-RATE

e - - D e - e -

ASSOCIATED-STATES: NIL
NIL
NIL
CLINICAL-MEASURABILITY: possible but unusual.
DEFAULT-NUMERIC-VALUE:  NIL
DEFAULT-QUALITATIVE-VALUE: normal
DESCRIPTION: rate at which carbon dioxide difuses accross zhv llwooloca
' pillary basement membrane

GLAB: DCo2
ICON: 1
.5 e ‘ o
1 . W
4 N
45 o

INFLUENCING-PROCESSES:  NIL

NAMES : alveolocapillary C02 diffusion rate
DCO2

NORMAL -RANGE : NIL

PHYSIOLOGIC-RANGE:  NIL
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DEFAULT-STATUS:  active = L
DESCRIPTION: flow of gas volumes through ‘ths tragheahrochial tree
DESCRIPTIVE-LEVEL-OF -ABSTRACTION: physical R,
GLAB: gas flow

ICON: .63128

.166666666667
1
3
20
INFLUENCING-PARAMETERS:  RESPIRATORY-RATE
: TIDAL -VOLUME
DEAD-SPACE

IS-A-MECHANISM-OF : PULMONMARY-GAS-TRANSPORT
MECHANISMS:  NIL
NAMES: -~ Bubk gasiftew > o
gas flow o A
PARAMETERS - INFLUENCED : ALVEOLAR-VENTTLATION =
QUALITATIVE-RULES: RESPIRATORY-RATE—>H+:ALV!OLAR-VEIT!LATIOI -
TIDAL-VOLUME->M+: ALVEOLAR-VENTILAT 10N
DEAD-SPACE - >M- : ALVEOLAR-VENT ILATION -
QUANTITATIVE-RULES: 'ALVEOLAQ-VEIT!L&!!OH'S‘RESPtlATOIY-IATE"('IIDAL-V
OLUME ' - *DEAD-SPACE ') .
REFERENCES:  Guyton pp. 484-488 »
West pp. l§f1g

[

TAXOMOMIC-LEVEL: "~ §
TELEOLOGY:  NIL
TYPE: process

CAPILLARY-PCO2

ASSOCIATED-STATES:  NIL
NIL
: NIL
CLINICAL-MEASURABILITY: possible but unusual
DEFAULT-NUMERIC-VALUE ; NIL
DEFAULT-QUALITATIVE-VALUE:  normal
DESCRIPTION: partial pressure of carbon dioxide in the systemic capilla

P IV I

ry blood
GLAB: cap pCO2
ICON: .2125
.8
1
‘ PR
45 '

INFLUENCING -PROCESSES : TISSUE-CAPILLARY-CO2-DIFFUSION. ... .
NAMES: capillary pCO2 S hse T R T

' systemic capillary pCO2

cap pCo2 s
NORMAL -RANGE : NIL o
PHYSIOLOGIC-RANGE : NIL
PROCESSES~INFLUENCED: CIRCULATORY-FLOW
REFERENCES: Guyton pp. 608-507
West pp. 72-74

TYPE:  parameter
UNITS:  mm Hg
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CIRCULATORY-FLOW

ASSOCIATED-STATES:
DEFAULT~STATUS:

- APPENDIX I

NIL
active

DESCRIPTION:  bulk flow of blood through the circu]ntoxy?aystcn
osscnmm‘tMcw-mmfm pmicu ,

GLAB: circ flow
ICON: . 3876

.5

1

3

80

INFLUENCING-PARAMETERS:  CAPILLARY-PCO2

IS-A-MECHANISM-OF :

MECHANISMS : NIL

NANES : circulato
circ flow

CIRCULATORY-CO2-TRANSPORT

ry flow e h Maf : a

PARAMETERS- INFLUENCED:  PCO2

QUALITATIVE-RULES:

QUANTITATIVE-RULES:

REFERENCES: Guyt
West
TAXONOMIC-LEVEE:

CAPILLARY-PCO2->M+:PCO2
NIL

on pp. 504-618
p. . 07 83

3 ;p i

TELEOLOGY: transport metadolic substrates and byproductsethsoughon; tho

body
TYPE: process

CO2-ELIMINATION

ASSOCIATED-STATES:
DEFAULT-STATUS:

active

DESCRIPTION: removal of the carbon dioxide, a universal -otabolic bypro

duct, from the body IR S P
DESCRIPTIVE-LEVEL-0OF -ABSTRACTION: physiologic PO Ry
GLAB: COZ olin ) BRI
ICON:: - . 476 T

.833333333333
1
3
90

IHFLUEICIIG-PARAHE
IS-A-MECHANISM-OF :

TERS:  METABOLIC-CO2-PRODUCTION-RATE
HOMEQSTASIS

MECHAMISMS: CIRCULATORY-COZ-TRANSPORT

RESP
NAMES : CO2 elimi
; C02 elim

IRATOQY-CQUIIQL-OF rcoz " E s
nation T o S

PARAMETERS- INFLUENCED:  COZ-EXCRETION-RATE

QUALITATIVE-RULES:

QUANTITATIVE-RULES:

REFERENCES:  NIL
TAXONOMIC-LEVEL:
TELEOLOGY:  NIL
TYPE: process

METABOLIC-CO2-PRODUCTION- ans macoz exﬁnﬁnu RATE
NIL
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CO2-EXCRETION-RATE

ASSOCIATED-STATES:  NIL

NIL :
NIL =
CLINICAL-MEASURABILITY: possible but unusual ' et
DEFAULT-NUMERIC~VALUE : NIL

DEFAULT-QUALITATIVE-VALUE: normal . . #»
DESCRIPTION:  volume of CO2 exhaled per unit tﬁ-. o
GLAB:  VCO2 G B
ICON: 1 o
666666666687
1 -
4 o
45

INFLUENCING ~-PROCESSES : CO2-ELIMINATION
RESPIRATORY~-CONTROL-OF -PCO2
PULMONARY~GAS-EXCHANGE
ALVEOLOCAPILLARY-DIFFUSION

NAMES : C02 excretion rate

vCoz

NORMAL-RANGE: NIL

PHYSIOLOGIC-RANGE:  NIL

PROCESSES- INFLUENCED: NIL

REFERENCES:  West p. 16

TYPE: parameter.

UNITS: 1 per min

corp

DESCRIPTIVE-LEVEL-0F-ABSTRACTION: pathophys felogic
NAMES:  COPD
chronic obstructive pulmonary disease
PERTURBATION: impaired
BULK-GAS-FLOW
TYPE: state

DEAD-SPACE

ASSOCIATED-STATES:  NIL

NIL

NIL
CLINICAL-MEASURABILITY: _ possible but uausual
DEFAULT-NUMERIC-VALUE: 160 )
DEFAULT-QUALITATIVE-VALUE : nomeel ; AR E c
DESCRIPTION: volume of tidal gas which does not roach gaadvkchiuyﬁﬁg ar

eas of the lung o= ce

GLAB: v
ICON: .3876
0
1
4
45
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INFLUENCING-PROCESSES:  NIL
NAMES: dead space
physiologic dead space
vD
NORMAL -RANGE : 100
200
PHYSIOLOGIC-RANGE: 50
1000 B
PROCESSES-INFLUENCED:  BULK-GAS-FLOW : o
REFERENCES: Guyton pp. 484-408 R )
West pp. 16-19
TYPE: parameter
UNITS: ml

ASSOCIATED-STATES:  NIL
NIL
NIL :

CLINICAL-MEASURABILITY: possible but unusual
DEFAULT-NUMERIC-VALUE : .04
DEFAULT-QUALITATIVE-VALUE: normal
DESCRIPTION: fraction of inspired gas volume which s CO2
GLAB:  FICO2
ICON: .96878

0

1

4

46
INFLUENCING-PROCESSES:  NIL
NAMES: FICO2

fractionional inspired CO2
NORMAL -RANGE : .04

.04

PHYSIOLOGIC-RANGE:  MIL
PROCESSES-INFLUENCED:  LOWER-AIRWAY-GAS-MIXING
REFERENCES:  Guyton 493-494
TYPE: parameter
UNITS: %

HOMEOSTASIS

DEFAULT-STATUS: active )
DESCRIPTION:  regulation of the iaternal esviromment by a 1iving organis
n e n B B
DESCRIPTIVE-LEVEL-QF - ABSTRACTIOH: physioYogic~
GLAB:  homeostasis S cooE
ICON: .475
1
1
3
90
INFLUENCING-PARAMETERS : NIL
IS-A-MECHANISM-OF : survival
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MECHAMISMS:  CO2-ELIMINATION
NAMES : homeostasis
PARAMETERS - INFLUENCED:  NIL
QUALITATIVE-RULES:  MIL.
QUANTITATIVE-RULES: #iL
REFEREMCES:  NIL
TAXONOMIC-LEVEL: ¢

TELEOLOGY: maintain those conditions vhich lrc conp&tiblo with Tife
TYPE:  sumumgenus

HYPERCAPNEA

-t -

DESCRIPTIVE-LEVEL-OF-ABSTRACTION: physiologic
NAMES : hypercapnea
hypercardis
hypoventilation ,
PERTURBATION: increased : S
PCO2
TYPE: state

HYPERMETAROLISM

DESCRIPTIVE-LEVEL-OF -ABSTRACTION: paznophyssologic
NAMES : hypermetabolism ;. . Vi
PERTURBATION: increased

METABOLIC-CO2-PRODUCTION-RATE
TYPE:  state

HYPERPNEA

- -

DESCRIPTIVE-LEVEL-OF-ABSTRACTION: physiologie. -

NAMES : hyporpnes

PERTURBATION: iacreased _— L
Rts&mmv-nff . E . ERT 4

TYPE: state C . ;

HYPOCAPNEA

DESCRIPTIVE-LEVEL-OF-ABSTRACTION: physiologic
NAMES : hypocapnea
hypocarbia
hyparventilation
PERTURBATION: decreased
PCO2
TYPE: state
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HYPOMETABOL ISM

--------------

DESCRIPTIVE-LEVEL-OF -ABSTRACTION: pathophysiologic
NAMES:  hypometabol ism <
PERTURBATION: decreased
METABOLIC-CO2-PRODUCTION-RATE )
TYPE:  state o AR .

HYPOPNEA

DESCRIPTIVE -LEVEL-OF - -ABSTRACTION:  physfologic =
NAMES:  hypopnea e TheAdn
PERTURBATION: decreased R
RESPIRATORY-RATE : DA
TYPE:  state L

LOWER-ATRWAY-GAS-MIXING

s -

ASSOCIATED-STATES:  NIL
DEFAULT-STATUS:  active
DESCRIPTION: mixing of 1ntrlpu1nonary gas in the }ons{ trachsobronchial

tree
DESCRIPTIVE-LEVEL-OF- ABSTRACTIOH physical .
GLAB: gas mixing o
ICON:  .8628
. .166666666667
Sl 1

3

90
INFLUENCING-PARAMETERS:  ALVEOLAR-VENTILATION

F1C02

IS-A-MECHANISM-OF:  PULMONARY-GAS-TRANSPORT
MECHANISNS:  NIL
NAMES:  Tower airway gas mixing

gas mixing o ,
PARAMETERS- INFLUENCED:  ALVEOLAR-PCO2 o
QUALITATIVE-RULES:  ALVEOLAR-VENTILATION->M- AEVEOLAR {902

FICO2->M+; ALVEOLAR-PCO2

QUANTITATIVE-RULES:  NIL
REFERENCES:  Guyton pp. 495-406
TAXONOMIC-LEVEL: §
TELEOLOGY:  NIL
TYPE: process

METABOLIC-CO02-PRODUCT ION-RATE

e - - - - -

ASSOCIATED-STATES:  NIL
NIL
NIL
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PCO2

CLINICAL-MEASURABILITY: possible but unusual
DEFAULT-NUMERIC-VALUE:  NIL
DEFAULT-QUALITATIVE-VALUE ; normal

DESCRIPTION: rate at which carbon dioxide is produc“ by tiuuo motabol

ism
GLAB: (02 prod -
ICOM: 0
660086868807
1
4

45
INFLUENCING-PROCESSES:  NIL
NAMES:  metabolic CO2 production rate
CO2 prod L
NORMAL -RANGE:  NIL RS
PHYSIOLOGIC-RANGE:  NIL = '
PROCESSES-INFLUENCED:  CO2~ELIMINATION SRR
CIRCULATORY- cozam
TISSUE- cnnum-mmm
REFERENCES:  Guyton pp. 610-511
TYPE: parameter
UNITS: mg per hr per sq cm body surface éres

ASSOCIATED-STATES:  HYPERCAPNEA
NIL
HYPOCAPNEA

'CLINICAL-MEASURABILITY:  routine

DEFAULT-NUMERIC-VALUE: 40

- DEFAULT-QUALITATIVE-VALUE: normal

DESCRIPTION: partial pressure of carbon dioxide in arteridl blood

GLAB: paCo2

ICON: 475
.666668858887
| . .
4
45

INFLUENCING -PROCESSES : CIRCULATOQY COZ TRAUSPORT RESPIIATW'COITML-OF i ,

~PCO2
CIRCULATORY-FLON, mmv-ct\s-tm
ALVEOLOCAPILLARY-DIFFUSION

NAMES : arterial pC02

pCoO2
paCo2
NORMAL-RANGE: 38
42
PHYSIOLOGIC-RANGE: 15
100 RN
PROCESSES- INFLUENCED:  RESPIRATORY- COITlOL-Ol nco:
CHENOREFLEXES

REFERENCES: West p.
TYPE: parameter
UNITS: mm Hg

75
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PULMONARY -GAS-EXCHANGE

e A

ASSQCIATED-STATES:  MIL
DEFAULT-STATUS: active
DESCRIPTION: - exchange of gasses between the body and its eaviromment by
the lungs

DESCRIPTIVE-LEVEL-OF-ABSTRACTION: physiologic
GLAB: gas exch
ICON: .71878

.5

1

3

90
INFLUENCING-PARAMETERS:  RESPIRATORY-RATE

TIDAL ~VOLUME

IS-A-MECHANISM-OF : RESPIRATORY- CON?IO&*OF-Ftﬂl
MECHANISMS : PULMONARY-GAS~-ZRANSPORT : ’

ALVEOLOCAPILLARY-DIFFUSION
NAMES:  pulmonary gas exchange
gas exch
PARAMETERS-INFLUENCED: CO2- excatrxon-anre
PCO2

QUALITATIVE-RULES: RESPIRATORY-RATE->N-:PCO2,M+:CO2-EXCRETION-RATE
TIDAL ~VOLUME - >M- : PCO2 , M+ : CO2-EXCRETION-RATE

QUANTITATIVE-RULES: NIL

REFERENCES: NIL

TAXONOMIC-LEVEL: 3

TELEOLOGY: NIL

TYPE:  process

PULMONARY-GAS-TRANSPORT

ASSOCIATED-STATES:  NIL

DEFAULT-STATUS: active ¢

DESCRIPTION:  transport of tidal gas between the extorna] onvlronnont an
d the alveolii

DESCRIPTIVE-LEVEL-OF-ABSTRACTION: physiologic

GLAB:  gas trans : o

ICON:  .71876
.333333333333
1
3
90
INFLUENCING-PARAMETERS:  RESPIRATORY-RATE

TIDAL-VOLUME
IS-A-MECHANISM-OF:  PULMONARY-GAS-EXCHANGE
MECHANISMS:  BULK-GAS-FLOW
LOWER-AIRWAY~GAS-MIXING
NAMES : pulmonary gas transport
pulmonary ventilation F
gas trans
PARAMETERS-INFLUENCED:  ALVEOLAR-PCO2
QUALITATIVE-RULES:  RESPIRATORY-RATE->M-:ALVEOLAR-PCO2
TIDAL -VOLUME ->M- : ALVEOLAR-PC02
QUANTITATIVE-RULES: NIL
REFERENCES : Guyton pp. 476-490
West pp. 11-20
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TAXONOMIC-LEVEL: 4
TELEOLOGY: NIL
TYPE: process

ASSOCIATED-STATES:  NIL
DEFAULT-STATUS:  active
DESCRIPTION: regulation of arterial pC02 by the respiratory system
DESCRIPTIVE-LEVEL-OF-ABSTRACTION: physiologic A .
GLAB:  pC0O2 regl
"~ ICOM: .71876
.6066666086807
1
3
90
INFLUENCING-PARAMETERS: = pCOR. . . -
IS-A-MECHANISM-OF:  CO2-ELIMINATION
MECHANISMS:  CHEMOREFLEXES
PULMONARY -GAS - EXCHANGE
NAMES : respiratory coatrol of pC02
‘ respiratory pC02 regulation
pCO2 regl 3 N
PARAMETERS- INFLUENCED:  CO2-EXCRETION~WATE =
PCoO2 ’
QUALITATIVE-RULES: PCO2->M+:CO2-EXCRETION-RATE M- PCO2 ..
QUANTITATIVE-RULES: NIL S
REFERENCES:  Guyton pp. 516-527 L
: West pp. 113-127 B
TAXONOMIC-LEVEL: 2
TELEOLOGY: maintain paC02 at & sonstant lovel
TYPE:  process . T

RESPIRATORY-RATE

----------------

ASSOCIATED-STATES:  HYPERPNEA
NIL o
HYPOPNEA %
CLINICAL-MEASURABILITY: routine
DEFAULT-NUMERIC-VALUE: 12

DEFAULT-QUALITATIVE-VALUE:  normal , s .

DESCRIPTION: rate of breathing T

GLAB: . R .. - ., Y

ICON: .3878 o
.333333333333 R R
1 A& Tk ax»’v
R (
46

INFLUENCING-PROCESSES:  CHEMOREFLEXES
NAMES : respiratory rate

RR
NORMAL-RANGE: 10 . B
PHYSIOLOGIC-RANGE: &
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60
PROCESSES-INFLUENCED:  PULMONARY-GAS-EXCHANGE
PULMONARY-GAS- TRANSPORT
BULK-GAS~FLOW
REFERENCES:  MIL
TYPE: parameter
UNITS: breaths per min

TIDAL-VOLUME

------------

ASSOCIATED-STATES:  NIL
NIL
NIL
CLINICAL-MEASURABILITY: possible but unusual
DEFAULT-NUMERIC-VALUE : 500
DEFAULT-QUALITATIVE-VALUE:  nermal
DESCRIPTION: volume of gas expirexd in a aint%o brotﬁﬂ

GLA8: vr HESLY- SRS
ICON: .3876

.166668666887 TRy

1 PR h

4 RN

45
INFLUENCING-PROCESSES: CHEMOREFLEXES = 5 -
NAMES : tidal volume

vT .
NORMAL -RANGE : 400
PHYSIOLOGIC- -RANGE : 50 ] ) i

3500

PROCESSES-INFLUENCED: PULMONARY ~GAS - EXCNANSE : :
: PULMONARY-GAS - TRANSPORY
BULX~-GAS-FLOW
REFERENCES: Guyton pp. 480-482
West pp. 12-14
TYPE: parameter
UNITS: ml

TISSUE-CAPILLARY-CO2-DIFFUSION

- - -

ASSOCIATED-STATES:  NIL
DEFAULT-STATUS: active

APPENDIX I

DESCRIPTION: passive diffusion of carbon dioxido fro- -.taboliziny tiss

ues to capillary blood
DESCRIPTIVE-LEVEL-OF-ABSTRACTION: chemical
GLAB: t-c CO2 difrr
ICON: .06876
.5 =
1 faa “z_'?{/;v; .
3 . .
80
INFLUENCING-PARAMETERS:  METABOLIC-CO2-PRODUCTION-RATE
IS-A-MECHANISM-OF:  CIRCULATORY-CO2-TRANSPORT
MECHANISMS : NIL
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NAMES : tissue-capillary C02 diffusion

t-c¢ €02 diff
PARAMETERS-INFLUENCED: CAPILLARY-PCO2
QUALITATIVE-RULES: METABOLIC-C02-PRODUCTION-RATE->M+:CAPILLARY-PCO2
QUANTITATIVE-RULES: NIL
REFERENCES: Guyton pp. 497-500

West pp. 21-30

TAXONOMIC-LEVEL: 3
TELEOLOGY: NIL
TYPE: process

79
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exact numeric value is not known . (eg. body:temperature is increased).
Similarly, KBPMS will display numeric values whenever possible, and

qualitative values otherwise.

II. General Program Features

KBPMS 1s designed to run 1in several different hardware environments ‘ _
and some of the following information may vary depending on the particular
implementation. However, most of the gcnera])prinp}plqg should apply.

The vidoo.displgyuis(dividadadutostur\roqdew%hﬁi KBPNS. These are:
a title line, a franog@grnph1cs:-1ndou;ganﬂunfrlmia'tixtﬁw%nﬂaﬁ; and
a command. line (softkeys on the:HP-160): The’ user and’ the program interact
by manipulating the ceatents of .the: display windows “udig’ the alphanumeric
keyboard, the.functies keys, and:pointing medhandsms ('molike, a" B
touch-sensitive display, the alphanumerticicursaé, or soMe combination

The ‘graphics window may be manipulatad by the commshads’ in the Graphics
Options menu. The text window may be manipulated (scratiéd) by the commands
displayed along with the text. For.convenidnce, ¥N¢ ‘Pous dfrectional arrows
(up. down, left, cight) and the <Next);:CRrev>; and C(Tog)" 16 o'clock arrow)
keys may. also be used to augment the functiow Keys svd o ting mechanisms.
Thus thay. may be of sssistance in:scrolling the text ‘window, moving a hot-

Spot. ce . B . F : - e j . g
directing the alphanumeric cursor to point to a ‘symbol, or Yo request the
next step in a simulation. However, they are not required for KBPMS to
operate properly aad uay‘not~btﬁ§ﬁcson;~ﬁn'somolfayTﬁiii¥};Tbus.‘ ‘

When prompted to select a physioclogic entity, the user may type
its name or a common abbreviation, request a 1ist to ‘chot%e from (by pressing
“the space bar), or podint.te 4. symbol: displayed in the graphics window.
The <f8> functien key may be:used: to. exit from most Segiehts of the
program at any time, whether or-nat the. tommand 11ne 13 currently displayed.
. . prg LB 4l : ’

KBPMS_éau"beﬁquitp stow in performing some of’ its fusictions. Please bo
patient and wait for a response rather. than conciuding that the program has

hung and re-booting.yeur compiuter. -

III. Spqgjfi#,gxogbam Segmadts and Commands

---> Main Mepu <---

- Simulation: Allows the user to carry out an "experiment” by specifying
& set of perturbations and observing the physfotogic
responss to' them. o R s

- Explanation: Allows the user te ask any of*the foltowing questions,
; where the blanks may be filled by nﬂyfint1ty‘ﬂe;cr1bgd’py
the current model: -~ . - SR S
. What is 7 EREE
. ‘What directly influences = 7
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. What is dicectly-influenced by ?
. Does influence ______7

. What are the mechanisms of

?

- Show Entities: Lists all the entities which are described by the current
- mpdel. and their common sbhrewviations. The accompanying

- dlagram {llusirates tie: parsmeters end processes. Note
Lhat this command cap bs:garticuiurty slow.

Logging Of?: ’\Torminltisxioggfnd:

- Logging On: Initiates logging of all textual program output to a file,
printer, or other device. ,

Graphics Options: Allows the user to magnify, shrink, scroll, and print the
, urrently.displayed: diagram. This:4s particularly usefyl

oc complex-diagrams which may bo.defficalt-to read in

_the.ordinary graphics.vwindew. = =~ . . DR

- Help: o “Dtgqi(ya‘thi;ﬁinqun;§¥on; nM~M :
- Exit:  Leawgs K8AMS.

GEr b

---> Simuiation <---

KBPMS first resets all physiologic parameters to their normal values
and all p@}giq}gq&g,pgoqgggo&,to;gg;ﬁuhgpamu33adx%#tlnivrompts’thv‘us'r_.‘”
to specify an entity to parturh, Jhe. estd toopap &n asdacted ss” descridbesl
above (11. General Program Features).. If:the sedectediontity. i¢° & process,
then the user is asked to choose ons of two possible: statuses: sctive or
impaired. If the selected eatity is.s ppeameinr.thon the usesr 18 asked to' i
choose a"qualitative value (normal, increased,.or decreasad) or a numerical
value for the paramoter. The user may continue entering additional
perturbations, or. sltecing.praviously eskered-ones: unti) he or she:

decides to start the sigylation. . gt

There 1s a subéiiﬁ%iéi{&iiéf while. 4he.pragras peepires the simalation.
Afterwards, the user may review the simulation resglte-with: the following
commandsg: T } s

- Next Step: Displays the next step of the simulation.

- Prev Step: Displays the previous stqp of the simulattow.

- Why?: .. .+ Explaing why the. current- aimuiatfon step took place.

- Close~up Off: 'I;; i|rm1q;;§s;ﬁJ;iiﬁug;ﬁndbifej;fj;wwdr’éef o 1 i‘i”>

- Close-up On: " Tnitiates close-up: meds.. fa:whichi only those entities
directly involved in the; currest gimalation step are:
displayed in the graphics window.

- srapthS‘Qbijopgé‘;SQﬁo as in main memy,. ' |
- Summary: A."Qi;blg&if;,grqégisli;i@déioxt summary.of the eatfre

" “simulation run. and then returasito.the mafs mend. -
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-~ Main Menu: Returns to the maia wénu,

---> Explanation <---

B

KBPMS -asks the user to sslect one of the avaitable Questions and entities
to 111 in the blank(s) in the setected question.” The shlection of questions
and entities is performed as descrived sbove {IT. Gensral Program Features).
The answer to the question may consist of text lnﬂlor]d}lgrnno,gggqha;rg 
displayed after a short delay, R B

IV. How to get started

- The definitions 1isted adowe (I. Introduction) are very important.
Please review them befors yeu start ut!ngslsvls;dn*goﬁg;vay to acquaint
yourself with both the modeling system and: a:part¥édlir model is to look
at the entities described by the model (<Lo ing On>, lag to printer,
(Show Entities>; then be prepared teé-wait, €hfs fudcEfon is very ’
slow). The summary diagram will seem hopelessly complex and 11legible at
first. Print a copy (<Graphics Optionsd, <Pr ”§§Hiﬁff§f and set it aside for
future reference. It will help things fall iate place as you explore
different parts of the model. Go back to the main meau and turn logqing
off for now. You can turn 1t back on at any time 4f you decide that
you want to keep a record of your session. e o ,

Examine the 1ist of sntities: Request expTanatfons of ojie! paramater,

one process, and one state that yoi aie sires il far ziﬁ Try oach
of the.possible questions tv see what sort: bt Wawe'ts KBPUS can provide.
How take a ook at some. eatitiws- wkich'are neW to' yoir. 1 é?f rely .- .
- axclysivaly own: the ancnurcﬁprovﬂdtiﬁbyéthofprigriiﬁ_ﬁjﬁyﬁ;§§t§ygqgs;od
“references.on hand and use theml: . . ot o R

Now try the .simulation foltur.,.Sideify>a~siﬁg§o?pgéfnghgtiqg.‘og; .
an increase in one parameter. Examine each step of thd Simlilation and
ask "Why?" for each step. Try close-up mode. Carefully examine the susmary
using the Graphics Optioms. If the :siwilation aiéi?;=fa*i§ ;fﬁtltiighmign,
which yau .are unfamiliar, go back to explanatisi séde ‘4id " #quire about =
them, : o

V. Exhortations e Lo Cy R

Remembar that KBPMS is fntended ‘as & means 51 sxploration and
experimentation. Please try to use it beyond the strict confines of your .-
assignment. If you are unsure of Wow: somsthing Workd.” or whether 1t '
works properly, play with it -- see what happens. Hpn;py’r "uappggs",
it 15. hoped: that you: will 1eara’ soneth ing aboirt & ‘AWM’ program and

X i

the partisular area: of physivlegy jou' ure” studying. **° "

Students, faculty, and staff -- be sure to report your evalustion of .
KBPMS!1! This feedback is very important fro EVERYONE #fto NEE- oclis 16n
to use the program and will be the basis for future modifications.

Please report.both pesitive and negative aspecti, “Now Tong you
used the program, amd whet:spectfic-changes you wbutd Fike to see.
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Please send these comments to Robert Kunstaetter via electronic mail
using HP-DeskManager. I can also be reached over ARPANET (RKUGMIT-MC) or
at the following postal address:

Robert Kunstaetter

Massachusetts Institute of Technology
Laboratory for Computer Sciencs

545 Technology Square, Rm. 373
Cambridge, MA 02139

Have fun!
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Appendix III .
A Sampbhtmcﬁen

The following is a sample inweraction with mu&uhigﬂle mﬁratory mode! shown
in Appendix L. All text and diagrams shown were Wb;&e pmsnm.

The following entities are known to this nodol'

Paramaters:
alveolar pCO2
--> (a.k.a.: pACO2)
alveolar ventilation
-=> (a.k.a.: VA)
alveolocapillcry €02 diffusion rate
--> (a.k.a.: DCO2) . L . S vt o
capillary pcoz AR ‘ S
=-> (a.k.a.: systemic capillary pC02)
-=> (a.k.a.: cap pC02) .
C02 excretion rate '
--> (a.k.a.: VC02)
dead space
==> (a.k.a.: physiologic dead space)
-=> (a.k.a.: VD)
FICO2
--> (a.k.a.: fractionional inspired co2)
metabolic CO2 product1on rate
--> (a.k.a.: C02 prod)
arterial pCOZ
--> (a.k.a.: pC02)
-=> (a.k.a.: paC02)
respiratory rato B T
-=> (a.k.a.: RR) ’
tiaﬂwium . . e
== fa.k.4.: V) S e Lo 3 S

Processes:
alveolocapillary diffusion
-=> (a.k.a.: a-c diff)
bulk gas flow
==> (a.k.a.: gas flow)
the modulIary chemoreflex
--> (a.k.a.: chemoreflex)
-=> (a.k.a.: chemoref)
circulatory COZ transport
--> (a.k.a.: C02 trans)
circulatory flow ]
--> (a.k.a.: circ flow) e
C02 elimination
==> (a.k.a.: CO2 olim)
lower airway gas mixing
--> (a.k.a.: gas mixing)
pulmonary gas oxchango
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--> (a.k.a.: gas exch)
pulmonary gas transport e ,
==> (a.k.a.: pulmensty ventilation) -~ .- *©
--> (a.k.a.: gas trans)
respiratory control of pCO2
,tf>:?*fksl¢i-R#&E&ﬁliaf!“iQOQ~ﬂicﬂ¥0*3¢W? SR
=-> (a.k.a.: pCOZ regl) o J
tissue-captllary €02 diffusion
==> (a.k.a.: t-c CO2 difr)

alveolar hyperventilation
alveolar hypoventilation
ARDS

--> (a.k.a.: adult respiratory distress syndroms)

--> (a.k.a.: shock lung) , ‘ .
COPD : SR -
=-> (a.k.a.: chronic obstructive puimonary disease)
hypercapnea

--> (a.k.a.: hypercarbis) ‘ ’ e T

-=> (a.k.a.: hypoventilation) B K
hypermetabolism .
hyperpnea
hypocapnea

--> (a.k.a.: hypocarbia)

-=> (a.k.a.: hyperventilation)
hypometabolism
hypopnea

TED

- Q¢ What is arterial pCO2?

A: Arterial pC02 (pC02, paC02) is a physiologic pargns;pgl‘tgo”pgrtial
pressure of carbon dioxide in arterial blood measured in mem Hg..Its normal
range 1s 38 to 42. Its physiologic range is 15 to 100. It.is routine to
measure in most clinical settings. Increased arterial pCB2 is called
hypercapnea. Decreased arterial pC02 is called hypocapnea. For more
information see West p. 1.
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Q:  What directly influences arterial pCO2 (pCO2, paco2) ?

A:  This question may be answerdd at thrée diffarent Tevals of. detail. At the
most abstract level, arverial pCO2 'ts directly 'i;h;f,‘fjgggi’c@'qug; metebolic €02
production rate through circulatory 02 ‘transpdrt BAd arterial pCO2 through.
respiratory contrul of pCoR. At ¥ wore detaFrad Tevel, arterdial plp2 fs .-
directly influenced by capiliary pCO2 through circufatory flow and respiratory
rate and tidal volume through pulmonary gas exchange. At an even more detailed
Tevel, arterial pCoO2 is directly influenced by alveolar pC02 and
alveolocapiliary CO2 diffusion rate through alveclocapillary diffusion.

.
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Q: What is directly influenced by arterial pC02 (pCO2; paCoz) ?

A:  This question may be answarad at two .diffenent levels of datatl. At the
most abstract level, artqﬁn pmz uiuctlryg influences CO2 excration rate and
arter ial pCOZ tmugﬂs res {'muar,y tonteol of. pGOZ.: At: A Mmory detatled leval,

n

arterfal pt02 dirbEtTy 1 Tusncas rnpirnnﬂo,utr ud& ﬂaﬂ mm uroﬁw
the MQduﬂiry chmr!flu o ‘ fusy gl
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Q:  What are the mechanisms of arterial pC02?

A: ATthough this may be a reascnable question in a more general setting, it
does not really make sense in the limited context of this model. Arterial pC02
(pCO2, paC02) is a physiologic parameter (an entity with a potentially
masurable value) and does not have any mechanisms as such. In this modeling
system only processes (defined as descriptions of the interaction between
parameters) are said to have mechanisms. For example, one might ask about the
mechanisms of tissue-capillary CO2 diffusion, which is a process. However,
asking about the mechanisms of something like tidal volume (another parameter)
or hyperpnea (a state) would not be meaningful.

Q: What are the mechanisms of pulmonary gas exchange?

A:  The mechanisms of pulmonary gas exchange (gas exch) are puimonary gas
transport and alveolocapillary diffusion. s

i

@ o @ wm wn Em em e e W wr  en wm m W Y

gas exch amc diff

gas trans
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Q: Does arterial pC02 influongphrespip;tory rate? .. .

A:  Yes, arterial pC02 influ

chemoreflex.

APPENDIX III

ences respiratory rate through the medullary

RR

paC0?

chenoref.
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Q: Does arterial pC02 1hfiﬁonco mctibéiic Cdzfprddueiion ratof

A:  No, arterial pC02 does got.influsace .metabalie :C02 praduction rate.

S EeNLE

Q: Does arterial pC02 influence alveolar ventilation?

A: Not directly, however arterial pCO2 influsnces respiratory rate through
the medullary chemoreflex and respiratory rate influences alveolar ventilation
through bulk gas flow. .

RR
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Q: Does tidal volume 1nfluonce respiratory rato?

A:  Not directly, howovcr tidal volume influences artgrial pPCQ2 through

pulmonary .gas exchange and srterial pCO2 tntTiénces ‘respiratory rate throudh
the medullary chemoreflex.

¥i
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Q: Does dead space influence raspiratory rate?

A: - Not dirpctly, however .dead space -inf luences alveglar ventilation through
bulk gas flow, alveplar ventilation influences: alveolar PC02 through Tower
airway gas mixing, alveolar pC02: Anfluwaces arteria} pUOZ ‘through =
alveglocapiliary, diffusion end arterial pCOZ tnflifencey reipiratory rate
through. the nedullery chemorefiex. : comh o o

chemoref . a-c diF?\§T

RR

.9as mixing

v0
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Q: What is bulk gas flow?

A:  Bulk gas flow (gas flow) is a physical progess, ‘the ftow of gas volumes
through the tracheobroghial tree. It is a mechantsm of putWonary gas ™
transport. It mediates. the influence of respirstory rete, ¢4ifaY votume and
dead space on alysolar ventilation. Increasing respiratory rate increases
alveolar ventilation. Incressing tidal volume twcreases Wivedldr ventilation.
Increasing dead space decreases alveolar ventilatfon. The following
mathematical relationships apply: VAsRR*(VT-VD). Impaired bulk gas flow may be
found in association with COPD. For more information see Guyton pp. 484-438
and West pp. 15-19, .

RR \\  gids trans

N .
> .

” /sas f

T )




A SAMPLE INTERACTION

Q: What is ARDS?

A: ARDS (adult respiratory distress syndrome, shock Tung) 1is a
pathophysiologic state characterized by impaired alveolocapillary diffusion.

Q: What is hypocapnea?

A: Hypocapnea (hypocarbia, hyperventilation) is a physiologic state
characterized by decreased arterial pC02.

97
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- APPENDIX III
-=-- Start of Simulation ---
In step 1, dead space is increased as specified by the user.
40 N
AN
enoref ac dif?\< 0Coe
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A SAMPLE INTERACTION %

In step 2, alveoldr ventilation is decreased [he.

A lmlm hjpmnti lation] by
increased dead space through bulk gas flow.

B S T TR

KosEphes
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In step 3, alveolar pC02 is 1ncroasod by decrouod alveour vont.ﬂation
through Tower airwsy gas mixfnq ' S .
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Jn step 4, CO2 excretion rate is decressed and arteriel plO2 is increased [1e.
hypercapnea] by increased alvaplar pCO2 throuph' siveolocapillary: dittusion:’
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.In step 5, respiratory rate is incressed [ie. hyperpnea] and tfdal volume 13
increased by increased arterial p€02 threugh' The medullary chemordtlex.

_QL

1

1
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In atep. 8, alveolar ventilation is incressed toward normal [ie. diminished

alveolar hypoventilation] by increased respicatory rate and increased tidal
volume through bulk gas flow.
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In step 7, alveolar pCO2 is decreased toward normal by 1ncrnsod althtr
vontﬂation ta‘rough Tower airway gas mixing. :
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In step 8, C02 excretion rate is increased toward normal and artertal pCO2 1s

decreased toward normal [{e. diminished hypercapnea} by decreased alveolar
pCO2 through alveolocapilTary diffusion. - 7 : :
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APPENDIX Il

In step 9, respiratory rate is decreased toward normal [1e. diminished .
hyperpnea] and tidal volume is decreased towdrd normal by decreasad arterial

pCO2 through the medullary chemoreflex.
--- End of Simulation --- ‘

gas mixi
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In step 2, alveo

lar pCO2 ‘ts incredsed by incraasad FICO2 through lower ai rway
gas mixing. ' S PPN P - by ’
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In step 3, CO2 excretion rate is decregsed and arterial pL02 1is increased [fe.

hypercapnea] by increased alveolar pC0Z through alveolocapiliary diffusion.




A SAMPLE INTERACTION S

Ordinarily, respiratory rate would be incredsed [te. hyporpnug and tjdll
volume; weuld be increased by inceedsdd¥ arteériid peoR’ through the" @odunir
chemoreflex. But in step 4, the meduliary” cﬁﬂcrofhx*‘is 1 ﬂrod and cannot
mediate the influsnce of increased artertat pCo2: thefefolrs rdsp‘n'atof‘y rato
is unknown and tidal volume 1is unknon.

=== End of Simulation =»- T
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--- Summary Start of Simulaties.~---

Step . 1: _FICD2 is incressed and .the mndulllry cb.movofi!x is 1mpa1rnd

Step 2: Alveolar pco2 is increased. :
‘Step 3: 02 _excretion nate is. decreassd lad art.r1n% pcez is 1ner¢csod [te.
‘hypevcapnoa]

Step 4: Respiratory rate is unknown and tidal volnnn 10 unknoun

--=- End of Simulation --- o
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ndix IV
Evaluatina Ints fmm

The followmg are the educational objectives, homework assignment, and quiz which
were distributed to the New Pathway students, ficulty, and'staff as p; of,(he preliminary
evaluation of KBPMS.

Educational Objectives

The goal of the Respiratory Physiology Vi.1 model 15 to
provide a medium for exploration of selected aspects of carbon dioxide
homeostasis by the respiratory system. After using this model to carry
out an appropriate homework assigment, within the framework of a
comprehensive human physiology course, students should be able to:

1) Understand, define, and appropriately use the following terms:

alveolar pCo (pACO )
alveolar vont1lation (VA)
alveolocapillary Co, diffusion rate (oco,)
capillary pCO2

CO, excretion rate (vCo,)
doad space (VD)

fractional inspired co, (FICO )
metabolic CO, production rato
arterial pco {pacCo
respiratory rato (ﬁi)

tidal volume (VT)
alveolocapillary diffusion
bulk gas flow

circulatory CO transport
circulatory flow

the medullary chemoreflex
Tower airway gas mixiag
Pulmonary gas exchange
pulmonary gas transport
pulmonary ventilation
respiratory control of pCO
tissue-capillary CO, diffusion
alveolar hyporvontiiation
alveolar hypoventilation
hypercapnes

hypercarbia

hyperventilation

hyperpnea

hypocapnea

hypocarbia

hypoventilation

hypopnea

2) Understand the input/output relationship of metabolic CO2 production
and respiratory CO2 excretion.
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3) Understand the feedback loop which governs respiratory control of
COz. the role of the variaous physiologic parameters and processes
which comprise this loop, and the central importance of paCO2 and
medullary chemoreflexes.

4) Understand some potential sources of dysfunction in respiratory
€0, homeostasis and the clinical situations with which they may
be associated.
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The Homework Assignment

From: Dr. Martia Kushmerick
To: New Pathway Students
Date: January 10, 1088

Robert Kunstastter. M.D., working with Octe Burnett and the
Lab of Computer Scieace st M.I.¥. has prepared: i Yearatig ‘module
about carben dioxide-homeostasisifor the HPpiish: Ny beliet s
that this is a very good example of the use of a computer &% g
learning  tool. I ask you therefore to participate
enthusiastically.. in the follewing ptes. .. Althé ‘wé-are ‘quite
convinced that the peogram. is useful, ‘wé vews: -Ednffrm “this
intuition, and ttndinmté'bcﬁhcr'in‘facﬁﬁtnts3ﬁﬂ6§#i|?ffiutq(ul;to
¥ou. First you will work oa 8 homework exerc Pid. s cr Uil Yilow. '
Later (on Tuesday or Wednesday, J!ﬂ.‘W40si%mi8f¢tﬂﬁri*i111 §i' 3

take-home "quiz™.

In order to find out to what extent the computer program 1s
convenient and useful, and to what extent 1t actually aids
Tearning, I want you all to perform a special study assigament to
explore certain aspects of carbon dioxide homeostasis. The
problems to work on are obviously a subset of the work you are
doing in respect to the case of Mr. Allen, and closely relats to
the respiratory laboratory. Thus consider oach of the following
questions. Realizing the pressure of work, I am not asking you
to write wup anything for this assignment, but please give it
careful consideration none-the-less. In addition, please keep a
record of the amount of time you devoted to various rescurces
(textbooks, 1ab material, computer program, journals, etc.) in
doing this exercise and hand this in to me.

Please éonsider the following six questions:

1) How does the respiratory system respond to changing amounts
of carbon dioxide in the body?

2) What physiologic pathways mediate this response?

3) Ir €O, homeostasis is viewed as a feedback toop, what are
the sensors, effectors, mediators, and setpoints of this
feadback system?

4) How might the pathniys of CO, homeostasis be disrupted so
as to impair this physiologic response?

5) What will happen to respiration 1f you rebreathe from
closed bag? Consider a bag that initially contains 10 L
of room air. Consider the changes in its volume and the
partial pressures of CO2 and 02,

6) Why does ventilation increase during exercise, and
what effect will this have on alveolar gas tensions?

Now, regarding the evaluation of the computer program as a
Tearning tool. Only haif of you (Groups A & B) will be given the
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computer program at this time. I ask this group to wuse 1t
extensively as an important learning resource along  with" your
texts and laboratory materials. I ask both groups to
thoughtfully go through the above homework exerciss.: = On Tuesday
or Wednesday everyone will be given a take-home "quia® which: {s
intended to evaluate the your overall understandiag . of " CO, -
homeosatsis. This "quiz" should be done c¢losed-book and shou!%
take no ore than 1.5.hours of your time. « It @131 ia #0° “way
influence your overall evaluation in-this course: -Followtng ‘the -
"quiz", the other half of -the :class will:-have - access “té. the
computer progras. : : L :

If you have any questions comcerning the use of the computer
program, please coatact Robert Kunstastter via NP:Desk or call
him at home. .. . Yqur evaluatioa of .the progesm 43 ‘cru¢fal to
our continuing effert 0. provide ;learn ing.reseurces of -this type.
Everyone should subait an -assesment :of the prageem's - strengths,
weaknesses, and suggestions for specific changes to Dr.
Kunstaetter via HP-Desk.

APPENDIX IV
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The Quiz

Please work alone and without notes, books or use of the
computer. Complete your work within 1 and a half hours, i.e.
about 10 minutes per question. Please answer each of the
following questions 1in one or two paragraphs:

1) What 1s dead space?

2) How do tidal volume, respiratory rate, dead space. and alveolar
ventilation interact?

3) What directly influences alveolar pco,?

4) Arterial PCO, plays a central role in carbon dioxide homeostasis
by the respiratory system. Explain.

5) Does dead space influence respiratory rate? Explaina.

6) What would be the conssquence of 3mpnirod medullary
chemorefiexes in an otherwise healthy individual?

7) Describe the physiologic events which would take place 1if
a healthy person was to breathe air which had a higher than
normal concentration of Co,.

8) A patient in the Intensive Care Unit is intubated, paralysed, and
being artificially ventilated with 30% 02 at a rate of 18 breaths/minute,
with a tidal volume of 750 mls and a dead space of 200 mis.
His last artertal blood gas showed: p02=70, pC0,=30, pH=7.51%, [HC03]=23.
You are concerned about his respiratory llkalosﬁs and borderline
oxygenation. You can control the patient’'s. tidal volume and respiratory
rate by adjusting the settings on his ventilator and you can control
his dead space by adjusting the length of tubing connecting him to the
ventilitor. You coasider increasing his tidal volume to one liter but the
respiratory therapist on duty reminds you that the patient has severe
emphysema and that the increased pressure might rupture a bleb in his
lung and cause a pneumothorax. What alse might you do to decrease the
alkalosis and increase oxygenation?
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evaluation quiz:

(all scores are X)

Student ---)>

Question Type

1 I
2 II
3 I
4 I1
5 I
L 8 I
7 I
8 I
A1l Type 1

A1l Type II

A1l Questions

Evaluation Raw Data

ThefoﬂowingaretlmscomofmetwogmpsofNewPath

Appendix V

hadndedede sl d A X il T T R TR

50
20
76
100
100
20
90
100

79
60

Experimental
2 3 4
90 80 100

100 20 90
50 78 100
20 80 100

100 50 100

100 100 60
90 80 100
40 60 80
83 74 100
83 65 80
83 8 90

50
100
76
80
80
100
90

80

90

78

Control

ﬁays students on the

100
20
100

90

100
100
90
20

98
68

78

100
20
50

100
80

100
90
80

80
76

78

80
90
60
100
1)
100

100

20

70
78

74
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The following are some of the New Padaway audeats commems regardmg KBPMS.

'rheyzut:unednodcmcepttthIQQ!ﬁ“denug;;,:ﬁ

KUNSTAETTER,ROBERY 7 NP/1 - HPDESK pf;ﬁt

------------ h-bo-------.b--.h---—-- ekl

Message. S SR ’oam’é | h;gaslé( 1710,
Subject: Computor tonchinh o jw - DY .

The CO2 program:tesded uitﬁout a hitch, 6* lbqu; :pgyproquc 11self.
I spent about tws hourd fufinfng ‘the proge d I wasa't.really
satisfied with thé amount I mrnw ?. i pqig: ‘waee gqreat, the .
explanations’ were iliz{ég. tat iﬁc itﬁ& g %3, Leally laft,ug sold.

I first spent tfmo in- ihi-txprqnatians :thtou,”g;&tiuq artpntad to
the terms, ‘and ret#tichs on ‘the Wig ‘didgram. 435Qf@51ghgfggjgarcﬁg

of processes was iriters¥ting. I Usually ‘f:pg to A complex hody
of interrakationshigs meppud out” 11&0 Qﬁjld;, 1 . homeostasis just
isn't complicated enough fur this to be war :i:,;‘ ym E already

understood a major #y oF ‘the nflnwmp ) " 4ou worked; some
other SLwff fntd- tite'mbdel . 11k 02, gtgr ;rus plnmouu
homeostas v, THEW we’d"be' Talking a Gie! ‘i ug e

" The simulat1ons were: féﬁstrhting F1r;g.qyou ccn t oiuugptg‘ynthologg

because 1mpa1r1ag & proceils interrupts tAd % Jey)atien 2. 13’8, in the
path of changes, and it the process’ Jsnt Y t?o Q;tgv of _chapges,
impairing 1t doed: noﬂmg “Second; the' 'thing” qyutgﬁva. et

This provod to be’ ospt&il?ly d1ia¢peini1ng ‘afthe ontbring spogifﬁc ;
altered values. When I tried altering CO2 production values, it
was happy to call both .0000001 and 100000 normal.

In the final analysis, thc program was really beautiful, but I
think I someone could have oxplainod everything 1ttaught me in about
ten minutes.
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KUNSTAETTER,ROBERT / NP/1 - ﬂPBES& ﬂ!&ut.qga

ca

CoRELE

Message. ST Dated: 01/23/88 at 1004,
Subject: rosp prog

BURCAM UARD

Yea, though I hang my hoad 1n sn stil% yi]l latggttfy $0' 4he -
strengths and weakmeXtes ‘of thy' ﬁggg fiaal?y got a chance to
really work through it late last night. If pressed, I will do the
exercise, but in the meantime I'd 1ike to tell tou what I thought

about USING it. First, I didn't find it what you might call ‘user
friendly'. I mean, what is a parameter, ggygzg At tpoksme three: shots

at the program to understand how to get’ 0. inside of it well. .
enough to really exploit it. Second, I doa't think it 13 a usefu)

tool for learning, which Jsp't to say that it won't be great for

review. I prefercell the Pormat 5f the acid/base Prageas. 1s this regard, .
I guess I feel more comfortadble when led tbrough exsrcise on

material which is not vory clear tq me, QQQQ finsllynSigured. |ut -how. to -
use the progruﬂ. rda? 204" thit g ,rc r i log failen S
inside of it. Agatn, uéiinr; ¢ tﬁ % RITIY h&v; :

used all of that tnfo i 1" udsg& } ?x sgggptn&gios.
Also, the tersesess of the Tanguiag 'the oxpf:nnt ons makes this

a8 really heavy exercise, demanding a lat of Juat oo LAguring
T conrdid o Tl |

out how things ire ‘said. n, I con iﬁ/!ﬂﬁ' E
program \vhfsgs “hioiigh* Ttﬂxg:"ﬁmff%d n?' ANts a gan lr
accessible enercisd’ f tna¥ly, I‘yhhld re 'f ad. (1. 1t is Aggaihlq)
that a way be found to maky c 0 a 1qy5” while 1t 11 ,
being studted.' I found myseit nfgi?u

g that gﬁtggyaop\ Y
relationshfp betweén tﬁ#nﬁs “fn froht ?f e b ‘fgv a@; ngrturswao
the works. I also Wished ‘T coutd’ b1 ny, some. ¢ games while .
inside a simulation. I realize that some of ny pr %gloa: might have
_Something to do with my not feeling comfortable. with. pr- upderstending

how to move around’ ins1de of the pro ogram, ng that may.be & design..
problem to cohsider as wel1.’ Ahywp I hope thase By 1egs, ace of some
value to you.-I: apo?og1zi for ot ggiag 1he most scc jsting. 1n
helping out with*the taésting of the program; hope that my comments
here accomplish somothing aloaq the 11n9; qf gbgtvyoyegsa;;ugprQstod
in hearing lboat g . & , :

i
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KUNSTAETTER,ROBERT / NP/1 - HPDESK print.

Message. Dated: 01/23/88 at 2358.
Subject: Respiratory.

I finally get to you on the Respiratory
program. My initial impression was that it
wasn't particularly valusble. I felt that the
model was not teaching me anything that I didn't
already know and that the format was somewhat
forced. Then I finally found the time to take
the exam, and here are my new thoughts,

First of all, I was irritated about having
to spend the time on the exam, but it turned out
to be a wonderfully integrating experience for me.
It forced me to organize what I had learned and
identified what I had not. Interestingly, as I
thought about answering the questions, the simula-:
tion diagram k popping in my head and it helped
me to very clearly plan the flow of iny ideas. I
now realize that the repetition was more valuable
than I had suspected! I was unclear about the
role of peripheral chemoreceptors, howaver, and
am not sure that they were included in the program,

Learning by computer certainly 1s fun and a
pleasant break from the more passive reading. Good
Tuck in future development. It is untikely, however,
that any given program will be equally helpful to all.
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