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ABSTRACT

The physician administering digitalis makes use of the full richness of
the clinical setting to form his/her impressions and decide on a therapeutic
program. The weakness of existing programs which formulate digitalis dosage
regimens lies in their inability to use all of the clinical data available -~
both quantitative and qualitative. This report describes the construction of
a computer system which formulates digitalis dosage regimens and uhich adjusts
this regimen by interpreting the patient’s response to the original dosage
regimen. . v :
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1. Introduction

"The use of the Foxglove (digitalis) is getting abroad, and it is better
the world should derive some instruction, houever imperfect, from my
experience, than that the lives of men should be hazarded by its
unguarded exhibition, or that a wedicine of so much efficacy should be
condemned and rejected as dangerous and unmansgeable.” - - - William
Withering, 1785
The purpose of this research uas to construct a computer program that can
advise physicians regarding the administration of digitalis in a qualitative
as well as quantitative fashion. These efforte hﬁvc,gieldud,a computer
system, named ANNA, wuhich gives such advice. In addition, many of the
considerations involved in the use of digitalis have been elucidated.

I will begin with a brief overview of uhat digitalis is and hou it is

used.
1.1 Digitalis - an Overvien

“The Foxglove {digitalias) when given in very large and quickly-repeated
doses, occasions sickness, vomiting, purging, giddiness, confused vision,
objects appearing green or yellows increased secretion of urine, with
frequent motions to part with it, and sometimes inability to retain it;
slowu pulse, even as siow as 35 in a minute, cold sweats, convulsions,
syncope, death." - - - Withering
The term "digitalis" refers to a group of druge kmoun as cardiac
glycosides, among which are digoxin, digitoxin, oubain, cedalanid and
digitalis leaf. The publication of "An Account of the Foxglove" by William
Withering in 1785 marked the first effort to understand the effects of
digitalis and to establish guidelines for its use. Withering noticed the drug

caused increased urine flow and he used it to treat the abnormal accumulation

of fiuid known as dropsy {commonly due to weakening or tailure of the heart).
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In fact, the fncreased urine fiouw is a side effect of the drug's principle
actions} strengthening and stabilizibg of the‘heartbeatr. |
Because of its positive effects on the heart, the drug is quite useful in
the management of gongestive heart failure ag uell‘as~rhgthn»disturbancas and
is commonly prescribed by doctors. In fact, it is estimated that one out of
every five patients admitted to a hoepitai receives digitalis sometime during
his stay {1}, In 1971 it uas fifth on the list of drugs most frequently

prescribed by phusicians through pharmacies in the United States {2}.

1.2 Clinical Use of Bigitalis

;Let the medi?ine therefore be given in the doses, éﬁd at:fhevintervals
mentioned above; let it be continued until it either acts on the kidneys,
the stomach, the pulse, or the bouels; let it be stopped upon the first
appearance of any one of these effects.” - - - Withering

Like many drugs, digitalis can be a poison. When given in proper

. amounts, houever, it can provide the,ihérapautic.effe;fi.ﬁanllqngd aone. The
physician attempts to give enough of the drug to achiavp‘tbeseAtherapeutic
reSuIts buf ﬁot 80 much as to cause toxiéitg. This‘is d}ten quite‘di(ficult
for several reasons: 1) a patient can become toxic before an adequate
therapeutic effect has been achieved; 2) the diftafence petueen therapeutic
and toxic levels is small, so a small increase in the amount of digitalis
administered may precipitate a toxic reaction; 3) there is a great deal of .
overlab betueen therapeutic and toxic manifestations of fhe therapy and thus
it is often difficuit to teli whether or not the patient is really toxic; and
finally, 4) patients exhibit a variety of individual reactions to the drug. A
dosage regimen providing therapeutic results in one.patient may lead to

toxicity in.a second patient.
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In detérmining dosage regimens doctors have traditionally relied upon
"intuition", often with poor results.. Several studies indicate that as many
as 20% of patients receiving the drug demonstrate toxic reactions and that thel
mor tality rate among such toxic patients may be as high as 38X (3}, It id
this danger of overdoss of such a uidely used-drug that has prunﬁted‘psop1e to
seek better ways to achieve tharapuutic‘resuits wivi te preventing toxic B |
effects, |

There is no single indicator that can be used to judge the degree of
toxicity in a batient;‘ Signs of toxicity will often go unnoticed, being
incorrectly interpreted as unrelated to the presence of digitalis or, even
worse, as being therapeutic effects. The follouing are generally cbneidared;to

be indicative of digitalis toxicity:

1. Gastro-intestinal symptoms such as anorexia, nausea or vomiting.

2. The appearance of premature ventricular contractions {PVCs),

resulting from increased automaticity (irritability) of myocardial

tissues caused by high digitalis Veveis. ' '

3. Cardiac rhythms such as paroxyswal juhctional tachycardia (PAT) with

block or-non paroxysmal junctional tachycardia following atrial

fibrillation, o ‘ o

4, Development of heart block

Because each of the above may have some other cause than digitalis, the
physician must exercise a considerable amount of clinical judgment in
eva|uéting the degree of toxicity. For example, many tospitalized patients
are very sick and commonly experience nausea and vomiting: patients with
congestive heart failure may experience premature ventricular contractions due
to stretching of the conduction system of their heart.. Caution should
therefore be exercised when assessing the meaning of possitile signs of

toxici ty.
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Treatmeﬁt of Jdigitalis toxicity uaualfg amounts toﬁa}lnuknc the patient
tﬁ lose the_digitalis in his/her system through normal excretory pathuays.
Th'i‘s‘ina'g nét happen qﬁicklg enough it the patier;t is verg toxic. In such

- cases, the toxip ep'i:s;ode may be fat‘al'u'v;le'sl’s ot'hél‘r ne'ast.ﬂu:"es“ aFe taken

(potaséiuﬁ admin'igitir"ation, anti-arrhythmic dfbgs).

1.2.1 The Pharmacokinetics of Digitalis

The advent of radioactive tracing techniques in the early 1960°s proﬁpted
attenpts‘ to better un&urstqnd the,pharna_c'okineticsxdf;-digita.‘!is {2,4,5). ’>A |
genéfal mode , Vbest summar ized by Doherty (2}, ua.s_stautg pieced together. A
morerdetai|ad‘qéthanatical model of digita—lis_kimtvm cgn be . found in
- Appendix A.

The following model of digexin. kinetice is draun from articles by Doher ty

= {2} and Jq.ll‘iffe {6l

"Digoxin is 75% - 85% absorbed when taken orally and is excreted largely
unchanged in the urine, Total digexin: losses from the body are

_ proportional to the total amount of digoxin present- the greater the
amount of drug that js in the body, the more that js lost or excreted per

- day. Because of this, single doses of digoxin disappear from the body in
@ logarithmic fashion, The average-measured half-life of digoxin ranges
from 1.6 days for patients with normal renal function to about 4.4 days
in patients with no renal functiony,. Digoxin is mpinly absarbed by the
tissues with approximately 7% being recycled in the liver by absorbtion

- from the digestive tract folloued by.excretign.in the bile back into the
digestive tract where it may be reabsorbed,etc. This recycling is not
thought to affect the overall half-life of the drug.in patients with
normal iiver function. About 3% of the drug is excreted in the stool.”

These figures represent average values. 'Pat‘izcntq-‘-dcwrate,a uide range of
individual responses to the drug and care must be exercised in recognizing and

dealing with these variations,
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1.2.2 Reg imen Formulation

fow

The drug ‘may be admmstered in a vamefg of uaya (oral tablets. oral
elixir, mtravenous) utth oral tablets being the nost conmonlg ueed.
Tgplcallg the drug regimen consnsts of a oadm; dose glven to produce an :
initial effect folloued by regular (snaller) dosoo of a hxed size thCh are

refered to as maintenance doses. The namtenance dou cs taken each day and

serves to replace digitalis lost (vua the kldneus. the bouel and through
‘metabolic reutes) to keep the total body stores at a constant tevel. The goal
of the physician is to keep this levet Mgh -enough to provide tharapcutivé
resul ts but not so high as to.result in foxicity: - This mey also be

accompli ished uithout the use of aloading doee by keeping the patlmtr'pn a
fixed maintenance dose and allowing enough time for him to reach equnl'vbﬂun
“(usual Iy about six days uith digoxin - see-Appendix W)

In order to formulate a proper maintenance »dou»thc“bhgciciaw uiag do-one |
of tuo things. The fur-st (and untnl recentlu wore cmon) is amplu to guess
at a proper dosage based on past mﬂeﬂce and M to closslg mtch the
patient’'s condition, If he/she becmo tox’ic. than m mmtmm‘e doso
should be reduced - asmmg._of courae, tmt tha pathnt recoven from the
_toxuc eplsode. The second wmethod is to #smgn & d&Hg uaintenance dose
- exactly equal to the amount of ‘the drug !bst eaeh dw. as ‘the defm%tion of

maintenance _dose»uould- inply. In thus imr atudu etate is ach:evad

1.2.3 Factors Affecting Regimen Formutation

"Independent of the degree of the disease, or of the strength or age of
the patient, | have had occasion to remark, thet there are certain
constitutions favourable, and others unfavourable to the success of the
Digitalis." - - - Withering
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Patients rece.ving digitalis may have a number of cemplicating
‘conditions, each of which must be taken into.account when formulating a
regimen. These conditions can be grouped into three categoriss: absorption

‘abnormalities, metapolic factors and excretion abnormaljtiss.
Absorption Abnormelities

. Abnormal absgrpiiod‘can be difficult to detect before @d@iniatering

‘digitalis, bqt_]ittle;or no response to digitalis.therapy may be attributed to

reduced absorptiop of the drug (assuming it is given crallyl, .In such éaa#a.
more digitalis should be given or it should be given intravenously 17},
Intravenous doses should be less than oral doges, since the 1V route
ciqggmvents the ma!apsprptidn,. Caution should be exgpcjagd;Hhén ayninistering
.Iarger oral doses, houever, since reversion of the ?b?°¢8}j°",ab"ér'a'lt9.w

would expose the patient to unusually high digjtalis levels,
Metabolic Factors

» Thqfe‘are;é number of faqiors which affect ghegqctabolipp énd“effeét'of
-:digixalis jnqludingvhgpo- and hgperthgroidiqm, hgpo-bgnd hyperkalemia
(potassfum imbalance).Uhgperéalcemia {excess calcium), and 9¢§$?i" coqdi{ions
of the heart itself (acute infarction).
HYPO- and HYPERTHYROIDISN

| In stddies done with hypo- and hyper thyroid patients, it was ‘found that
"regardless of the route of administratidh.:hgberthgfdid‘bafients exhibi ted
louer serum jevéls of digoxin and the ngothgroﬁafﬁéiiaﬁts higher levels than

‘the_ndrmal group (81", The conclusion reached is that hgbothgroid patients

SITTT. TR e
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should receive smalier doses of digoxin while hgpérthgro}d pétienfé sh&uld
receive larger doses in order to achieve"therapeutic results.
HYPO- and HYPERKALEMIA

Low potassitm levels can increase the overal! irritability of the heart,
making it more sensitive to the toxic effects of digitalis. The physician
must be careful to watch pofatsiuﬂ‘fevg1u;'a%f¥ﬁag way fluctuate as a result
of various conditions (respiration rate, pH changes, inéraésed fluid voluha,.
follouwing surgéfy, diuretic therapy, etc.). I+ hﬂpé&htéi?d”fs 5Ficeht. the -
administration of digitalis should be avoided until tfm%f‘-pé'taisiu- mmtémé is
corrected. [f this is not possible, the phmmian mnuld giu mn-r dmu
and watch the patnent s condition cartiuttu.‘ .
HYPERCALCEMIA and’ MYOCARDOPATHY |
. Patients who afe‘huﬁercalcenic“dr'uHOfsuffer from a variety of primary
diseases of the heart muscle known as myocardopathies tand to ﬁe more
sensitive to digitalis, and care should be eﬁer@itjd ic ufﬁlnﬁ:shthcir
‘digitaiis doses‘and‘tq monitor their condit?en.carsfullg,b‘ |
CHYPOXEMIA | |

The physician. should exercise caution when adlinistering digitalis td-
hypoxemic batienteQ” Increased autanlticitg uhducld by dﬁgstalic cau:sl ‘an
increased oxygen dcmand in ngncardial tlssuzs In tho praoaﬂce of hqpoxlni..

this demand may not be able to bc wet.

In addition to the metabolic factors mentioned above, deviations in the
patient’s abiliﬁyyto‘logq the drug,tﬁrqggh the var ious pﬁcrg}ory_pajhuaus

affect the construction of a dosage regimen. [Digoxin is,plininatéd from the
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body primarily bg urinary excretion and recg;ling‘in4the }iygr, gith
subsequent fecal losses (see Section 1.2.4).
In avnorma! patient, 35% of the amount of digoxin pregeng is'lost in thé
urine each dag; 'lt shouid be apparent that renal (kidney) insufficiéncy will
- affect digoxin excretion and thereby lengthen its half—tifaxfrpm 1.6 days in
‘normal patients to as high as 4.4 days in patients with ﬁ& renal function
uhatsocever. (uantitative measures of renal function ag;h:ap creatinine
clearance or blood urea nitrogen (BUN) can be us?d to come}g the amount of
digqxin being lost and a3 proper maintenance ¢o§q’pag,ge;assigped, Thie is
also possible in patients whose renal function is actively qhangingﬂ
~Little is known quantitatively about fhefetfects’of iiver’disease on the
liver’s ability to recycle digoxin. At present, most physicians digregard'tha
éffect of liver or gastro—intestinaj;dgafuﬁction uhen conpUting digoxin
losses. . It is best to administer normal doses but to watch the patient’'s

condition closely.

- .:1.2.4 Digoxin vs Other Digitalis Preparations

1t shbuld'bé noted that the kinetics of digoxin diffdr slightiy frdm'thé

" other digitalis préparations. Specifically, i't has been fdund thét digbxin'é

half-life is about one quarter that of digitoxin (see Appendix A). Digitoxin

is essentially laﬁi‘absorbed when taken orally as oppbsed to 85% absorption of

digoxin. The recycling uhich takes place in the liver is believed to be about
fourfold (approximately 26%) that observed with digoxin, with only 16X being
excreted infthe'ufine daily. Thus liver disturbances play a greater role in

“digitoxin tﬁerapg and renal insufficiency a lesser role.” It is also believed

- that about 8% of the digitoxin in the bo&g'is'nbtabolized into digoxin - - -
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an effect which should be taken into consideration.
1.3 Revieu of Previous Work

Computer programs to advise physicians concerming digitalis dosage
regimens have been éonstructed., Most of the uork in this_ area has beeh done by
Jelliffe and his gssociates {6,9,187 using "conventional™ programsming =~
techniques. His efforts focused primerily on programe which formulate an
initial .guess at a proper drug regimen, but do not have therzapam lity ot ©
adjusting the regimen bassd on ma pétient’ s response. Another approach using |
statistical analysis and feedback (eg, serum digitalis levels) to account for
kin‘dividual reactions to the drug. uas presented by Sheiner et al l‘il)".

| - Jekiffes Work o

Taking advantage of the qudntitaftve‘asbttfsvﬂf*uhat'ié‘kﬂouﬁ‘abouf"
digifalis kinetics, Jelliffe constucted a program which adjusts dosage
regimens of digitalis to the patient’s ueight, renal function. route of
administration and present computed (or measured) cuﬁcdhtr»étions-‘d# digitalis.
The program is intended for use " i'n patients with noru_‘oa‘l’ ’fhgroi,d‘ and hepatic
(liver) function and normal electrolyte balance {potassium, qu:ium.' etc.) who
are not receiving drugs that alter the absorption or metabolism of digitalis
glycosides and wha have no gross c1inigal evidence of g§sxgaintpstina{ | |
malabsorption {181." |

The main strongpoint of Jelliffe's approach is that it works - his
programs can compute ini-tial digitalis dosage. regimens. He 'asocrlts that .tha
"use of this program for the past tuo years has réducad advefse,reactipns’tq'
glucoside therapy from 31% to 12% {9}.," |

In spite of the improvements offered by Jell|iffe's approach, it
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hdvertheless suffers from tuo major weaknesses. First, it doespn’t take into
account all of the factars affecting digitalis pharnaooki,neticé. For this
reason it is ineffective when such conditions are present. Secohd. it
provides onw an mntaal approximation to a propsr dosage.regimen, Ieavmg it
to the doctor to monitor the patient’s response.and.to adjust the dosage
regimen accordingly.
Sheinec's Work
' Shein_er emplogs_ statistical methodology to "provide the basis for a
clinically useful computer.program to suﬁgeat optimal dosage regimens for a
number of drugs for individua];patiqntg_lllt.f.,Aﬁtcr,the patient is put on a
" dosage regimen, the blood level of digitalie is detarmined. This level is
;rtheb used to improve the “pharmacokinetic ppragﬁicrp”;fer the éatient and a
neu dosage regiﬁen is computed. The feedback loop is then fen‘,t_.req again until
the patient’'s condition stabilizes. .
This abproach is attractive because it provides.a frameyork in uhich
feedback information can be used effectively. .Each patient is accurately
. modeled by his indiyidual pharmacokinstic paralbxora. Changes in the
patient’s clinical condition can be represented bup;haggjagmxhese parameters.
Sheiner’'s program performs better than the one proposed by Jelliffe, but
it fails in two respects.  First, its goal is represented as a desired blood
level of the drug.. In practice it may be difficult to specify what the proper
blood .level for a particular patient is, espaciallu«if‘he/ahe is sensitive to
digitali.'a"for some reason (potassium depletion, hgpoihgrjoid.“etc.). One is
_real_lu’ interested .in the overal | gj_g_a_c._g of the dose administered more than the
change in absolute blood level. _In this respect, Sheiner’s approach r_ests_
, upon. the weak assumption that a given biood level will praduce some knoun

affact.
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Since the inner uorkings of Sheiner’s progrem involve a gredt deal of
complex statistical “machimery”, it -may be guite difficult for -the user to. |
understand hou the ‘program reaches conclusions. Thie Way lead to skepticium
on the part of the user concerning the mrwmi‘:g angwers and a ac'érre‘mndim

decrease in its clinical effectiveness.
1.4 Capabilities of an lmproved Digitalis Advisor.

In a study done by Car! Peck -et al (3} comparing computer-assisted
therapy to that of unaided physician judgment, ‘the computer-aided group only
slightly outperformed the unaided physicians, Despite tﬂs -advances of the |
Jelliffe and Sheiner programs it is beceming increasingly clear that thny‘ are
lacking in- some respects. o .

The physician administering digitalis mekes use of the full richmese of
the clinical setting to form his impressions and decide on @ therapeutic
program, The weakness of existing programs |ies in their inability to use
all of the clinical data avaitlable - both quantitative and qualiti ta-‘t_riva/. The
goal of this research was to construct a computer program which could begin to
cope with the full complexity of a clinical setting, formulating its v | |
recommendations in the same way a cardinldg‘ist woutd.

The first sfep in realizing this goal was the formulation of a more
complete model of digitalis administration than that used by Jelliffe and
Sheiner. Although a great deal is known about the pharmacokinetics of
digitalis, little work had been done identifying uhat components of the
clinical setting are the important ones and how they are used by physicians in
the formulation of digitalis dosage regimens, For exampte, most physicians

realize that low potassium increases digitalis sensitivity but generafly find
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'_:{ivdifficult to specify Erecisq[gughep'anq’hoq_this,pigcp of information is
used.

_‘The initiql research activitg was ;hq‘fcrmulqtiqn_glﬁg\pettar_modal of.
digitalis administration, spgcifying‘uhyi‘infqraatioq;ja,pggéssaruvand‘houiit
is used (see Chapter 31, ngk uas thgpepggun,oqigyprogrpq‘thgh would be able
to make use of thiﬁ.nodel. A list of necessary conofituentsgof an effective
"Digitalis Advisor was formulated: -

1. Compufation facilities to deal with that information which is

adequately described in quantitative terms (renal function, daily losses,
etc.).

- 2. "Model-tailoring" facilities. By asking various guestions about a

~ patient, the system should be able to tailor make a patient-specific
mode! and use this model to formulate recommendations for the patient.
The system must know what guestions are relevant. It must integrate
incoming information into patient-specific model, realizing the worth and
significance of this new information. [n addition, it must have be able
to change the patient-specific model when necessary and knou when this
model is no longer accurate. ' v

3. Explanation capabilities. In order to test the appropriateness of the
conclusions reached by the system, particularly when dealing in an area
such as digitalis administration, it is important to be able to look at
the reasonirg behind decisions. i '

4. Extensibility. By using this program, inaccurate and inadequate
portions of the mode! will be identified and corrected. I[f the system is
to be able to incorporate this updated model, it is essential that the
initial design configuration be one which allous the system to be
extended and changed in an orderly uay. This applies to data base
maintenance as uell as future programming tasks.

A computer system uith rudimentary capabilities in each'of the above
areas that produces recommendatione for digitalis dosage regimens uas
constructed, using an improved model of digitalis administration. In the next
- chapter, discussions of sample sessions with the current version of the system
are presented. Chapter 3 contains a detailed description of the model of

digiialis administration used by the system to produce the behavior

By dqhonstéated in Chapter 2. In Chapter 4 the structure of the computer system
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that uses this model will be discussed. Chapter 5 is devoted to a discussion
of further refinements which will enhance the worth of this computer system.
Readers interested in the technical details of houw the system operates
shouid consult Appendix C. For those readers more interested in the medical
arguments, Chapters 1 through 3 and a brief survey of Chapter 4 and Chapter 5

are recommended.
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2. Sgstem Demonstration

In the preceding chapter, a rough idea of the capabilities necessary ina
Digitalis Advisor system uas formulated. In this chapter, some sample
sessions With the system are presented along with some commentary as to why

the system is acting in this manner.
2.1 The Initial Session

Figure 2.1 contains a listing of a sample session with ANNA (the user’'s
responses are under|ined). ‘In the follouing_paragrapha.ithe reasons for
askfng each question Will be considered and the use made of the user's
responses Will be discussed. The mechanisﬁa under lying the generation of

these questions will be treated in Chapter 4.

Questions 1 through 3

In Questions 1 through 3, the patient’s name is requested as wuell as
his/her identification number, which is assumed to be unique.‘Patient records
are stored on disk and are ‘indexed by the patient identificatipn number (this
could be a social security number or a hospital identification number)., After
receiving this information, the system checks its files for a patient record

With the specified identification number. In this case, no such patient is

- found and the system correctiy assumes that a neuw case is to be presented.

Questions & through 7




i1}

121

13t ..

14}

{54

61

{71

18 ..

An Initial Session

..HINN, WHAT IS THE PATIEWT'S LAST NANE?

(ENTER VALUE): HONET

...PLERSE TELL ME, WHAT I8 TME PRTIENT'S FIRST NRME?

(ENTER VALUE): CLAUDE

.LET HE ASK YOU, PLEASE ENTER PATIENT IDENTIFICATION MUMBER

(ENTER VALUE): 386589127

. .CONSULTING RECORDS - PLEﬂSE STAND BY...

<MELL., .NO RECORD ¥OR CLRAUDE MOMET
CﬂN BE FOUND, SO lT I8 RSSMO THAT Tﬂlﬁ 18 R NEM PRTIEUT

TELL NE, HOM OLD IS THE runcﬂn
(ENTER VALUE) « 3
...PLERSE TELL ME, WMAT 19 THE PATIENT’S WETCHT (N POGWDS)?
(ENTER VALUE): 166
...LET’S SEE, WHAT IS THE PRTIENT’S SEX?

1 FENALE
2 MALE

x> g

.- TELL ME, IS THE PATIENT CURRENTLY RECEIVING DIGIFALIS?

1 YES
2 N

==zz> _2_
HRRAN, UHAT IS THE UNDERLYING RHYTHN?

SINUS RHYTHNM

PAT

ATRIAL FIBRILLATION
ATRIAL FLUTTER
NODAL RHYTHM
VENTRICULAR RHYTHN

DU W N -

.LET HE RSK YOU, WHRT IS THE CURRENT VENYRICULAR RRTE?

(ENTER VALUE): 152

Page 28




{18t ,..LET’S SEE, IS THE PATIENT HAVING PVCS?

1 YES
2 NO

nuud> g
1111 .. HANN, FOR WHAT ARE YOU DIGITALIZING THIS PATIENT?
L CHF '
2 ARRYTHNIA
3 PROPHYLRCTIC
EXED _l__2_

{121 ..,LET NE RSK YOU, OOES THE PRTIENT HAVE ORTHOPNER?

1 YES
2 NO

zRE> _2_ )
1131 .Q.L‘Ef ME ASK YOU, DOES THE PATIENT HAVE IDYSPDIOEG ON EXERTION?

1 YES
2 N0

sas> 1

1141 ... LET HE RSK YOU, ON CLIMBING STAIRS, RFTER WOU PANY STRIRS OOES DYSPNER OCCURi" |

3 STEPS

& STEPS

1 FLIGHT

2 FLIGHTS

3 FLIGHTS

& OR MORE FLIGHTS
UNKNOWN

NN, WN -

mEED> ?_
1151 ...LET’S SEE, DOES THE PATIENT HAVE PAROXYSNAL NOCTURNAL DYSPNER (PKD)?

1 YES
2 NO
<

nBED> g .
1181 .. .PLERSE TELL WE, DOES THE PATIENT HAVE ANKLE EDENA?

.1 YES
2 NO

zux> }_
{171 ...LET ME ASK YOU, HOW BRD IS THE ANKLE EDEMA?

)

i+

2+

3+

(%3
UNKNOUWN

DA P DN -
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1181 ...LET’S SEE, WHAT IS YOUR ESTIMRTE OF TME JGULER VENGUS PRESSURE
NEASURED IN CM ABOVE THE RIGHT ATRIUN (HELGNT ABONE STERWAL ANGLE
OF LOUIS PLUS 6 CM? :

NORMAL (3 7O 18 CN)

MODERATE ELEVATION (18 TO 15 CM)
NARKED ELEVATION (15 TO 28 Cm)
VERY HIGH (>28 (W)

UNKNOUN

YW N

zu=> 3

1181 ... HNNN, DOES THE PATIENT HAVE AN S3-CALLOP?

1 YES
2 N
3 UNKNOWN

sEE> L

128} ...LET ME RSK YOU, WHAT IS YOUR ESTINRTE OF THE LOUDNESS OF TME 83
GALLOP? S v o ,

FRINT
SOFT
LouD
UNKNOUN

~ WA -

ERRD> i

1211 ...LET NE ASK YOU, DOES CHEST X-RAY INUICRTE CARDIONESALY ?

1 YEs
2 N0
3 UNKNOUN

=== 2

221 .. .HNMM, HOULD YOU PLERSE ENTER ANY SICNS OF PULNONPRY VENOUS
CONGESTION?

REDISTRIBUTION

KERLEY B LINES

INTERSTITIAL EOEMA . :
ALVEOLAR EDEMA. - ’ 4
FRANK PULNONARY EOEMA o

N> W N e

BE=>

1231 ...PLERSE TELL NME, AT 15 THE PRATIENT'S SERUM X?
(ENTER VALUE): 4.8

1241 ... HAMN, IS THE PRTIENT RECEIVING ANY DIURETICS?

1 YES ‘ C N
2 N

zRE> g
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1251 ...HMMM, DO YOU SUTPECT THE PATIENT 1S HYPOXEMIC?

1 YES
2 NO

zz8)> L
1261 ...LET NE ASK YOU, WHAT IS THE PATIENT'S PO2?
(ENTER VRLUE’XI 66

1271 ...LET ME ASK YOU, DOES THE PATIENT HAVE R CRRDIONYOPATHY OR AN
RCUTE nI?

1 YES
2 NO

=sR> Z
1281 ...HNMN, IS THE PATIENY CLINICALLY WYXEDEWIC?

1 YES '
2 NO
3 UNKNOUWN

mRR> g'
129} ... TELL NME, HOW FAST DO YOU WISH TO DIGITALIZE THE PATIENT?

INSTANTANEOUS RATE
RAPID RATE '
MODERATE RATE
SLOW RATE

NO PREFERENCE

e WN -

REE> _2_

{38! ..,LET ME ASK YOU, IS THE PATIENT’S URINE OUTPUT GREATER THAN 400C
PER DAY? .

1 YES

2 NO

3 UNKNOUWN
sax> £

1311 ... TELL ME, WHAT IS THE CONDITION OF RENAL FUNCTION?

1 STABLE
2 UNSTRBLE

ses> | »

1320 ...HNAN, WHAT 1S THE PATIENT’S CREATININE CLERRANCE? (IN ML/NIN)
(ENTER VALUE): UNKNOWN

1331 ...LET'S SEE, WHAT IS THE PATIENT’S SERUN CRERTININE? (IN MG X)
(ENTER VALUE): 32

++.32 1S NOT A LEGAL VALUE FOR SERUN-CREATININE



.+ .PLERSE ENTER ANOTHER
(ENTER VALUE): 3.2
1361 ...HNMN, WHAT ROUTE WOULD YOU LIKE TO USE?
1 ORAL
2
3 NO PREFERENCE

ze=> |}

.+.SINCE THE PATIENT’S RATE 1S GREATER THAM. 148, PLERSE CONSIOER MMETWER
THE IV ROUTE WOWLD BE PREPERABLE. ' '
{34at .. .PLERSE TELL ME, WWAT ROUTE UOWLD YOU LIKE TO USE?
1 ORAL
2 v .
3 NO PREFERENCE

=ax> l

1351 ...00 YOU WISH TO SEE THE THERAPY RECONNENGRTIONS NOL?

. PLERSE TRY TO CORRECT THE PRTIENT’S HYPOXEMIR RS
QUICKLY RS POSSIBLE.

PRESCRIPTION FOR: CLAUDE NONET , (74 11 ®
- WEIGHT: 166 LBS.

AGE: 36

1. LORDING PROGRAMN:

... IN ORDER TO RCHIEVE R DESIRRBLE BOOY STORES OF
8.448 NG FOR THIS PRTIENT,
<« 1T IS ADVISRBLE TO ADNIMISTER THE FOLLOWING:

DOSE 1: .25 MG REPORT PATIENT RESPONSE BEFORE

AONINTSTERING - NEXT BUSE (IN 2 19 4 MOURS

OR IF CHANGE OCCURS).
DOSE 2: .25 NG

Page 24
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I1. MAINTENANCE PROGRR™:
DAILY MAINTENANCE DOSE = 8.099 NG PER DAY

RENAL FUNCTION = 38%

1361 ...DO YOU WANT TO SAVE THIS DRTA?
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These questions continue to gather background information about the
patient. MWeight is an important consideration uhen deciding on an initial
digitalis dosage regimen. Many patients are already takjng<digifélis or have
_ taken it in the pasf. In such situafiani, it is necessary to formulate a
projection of hou much digitalis the patient has "on board” based on the

previous dosage regimen followed and on the patient’s renal function.

Questions 8 and 9

Questions 8 and 9 establish the current type and rate of the cardiac
rhythm; information which is essential in subsequent evaluations of the extent
of toxic feaction and of the degres of therapeutic response. This iﬁforuation
is also used Qhen making decisions concerning the rate of digitalizatiod and .
the route of administration. ’qu example, the patient dqnaidered here is said
to be in atrial fibrillation with a ventricular response of 152, It iav
~ therefore best to digitalize him/her quickly in order to get the rate doun to
a more reasonable level. Furthermore, the system uould‘suggést digitalization
to be intravenous (1Y) with digoxin as the preparition of choice (see
Guestioné 35 and 35a below). The type of rhythm also serves in part as an

indicator of what signe of toxicity should be expected to develop.
Question 18

The appearance of premature ventricular contractions (PYCs) in a patient
receiving digitalis is often an early indicator of toxicity. Houever, this is
not necessarily the case if PYCs were present before the patient was

digitalized. Question 18 is asked in order to reduce any doubt later as to
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whether the PVCs are being caused by too much digitalis of if they are related-

to factors present before digitalis therapy was instituted. .
Question. 11l

Thé §g§tem expects the physician to,havqmaVgﬁqqifig:;gggsghfor giving
digifalis t6 a‘pafieﬁt. Thé.bnlg_lqgitinagq rgagons\;ogg}dérqdAare‘cqngqstiva
heart failurg, arrhythmia, prophylactic use or some qﬁgpjgétiggﬂqf,fhe thfea.

| ‘fhe réagon for digitalization is avstténg‘péﬁgrginaggégf what type of
fherapeutic.rsprQae should be sought, ”pr ggaqpig, since this patient is
being digjtalizgd‘fqr,both congestive hoant_fg{]yrgw?nd_tqndgg>aﬁrhgjﬁqia
.“atrjal‘fibrillatiqn). the suatﬁn_uijl c°°3id§';§ﬂ§!4ﬂ5f1°2,i";th° ventricular
Eata with # corresponding decreass in the symptoms and signs of congeggivc

_heart failure to bg the priparg(thorapQut§g gpqia:Q i}

‘  ggestjons.12 thr@ygh‘zz_r L

Oh@-of"thevreaaoﬂs for.digitalizing this patiant,iq}cqnggstivq,ﬁeart‘
fqilure.‘ﬁo the’sgsten asks questions about the nanifeatéifonﬁ-of ihé‘féilpre.
Thig information will be used later to d"?'-iﬂf,ﬂhigﬂffiP' ngt.the_patient is
sign of congestive heart failure, ggging?jqr awgg!prﬁﬁg?qgtigatq‘uhgn
appropriatg. o »

An a|terpativ§ method for the °h3’59t°'i§?t199a9f,fﬂlﬁuﬁ?.HQ”'d be to
note which symptoms and signs Qerg present éndgiater apk‘jffgggg(héq‘improyed ‘
or not, It uas felt, houever, that some objactive assessment of the severity

of relevant symptoms and signs at the time of thelgfgpgg@raqgg would be better
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than asking_the'phgsician to "think back” and to decide if the mdﬁifestafian;j:

"of failure had improved.

Question 23 and 24

In formulating an estimate of how much digitalis to give a patient, it is
essential to consider possible increased santitivitu céused by hgpokalenié
(lou potassium). Moreover, it is often the case tﬁat dfgitalis'is divanfto
patients aiso receiving diuretics. This is particulariy true Wi th elderly
patiehts in congestiQe_heart failure. Chronic diﬁrétic therahg caﬁ-resultAin
a potassium deficiency and recently initiated diuretic therapy or acute
administration of diuretics can lead to unsxpected (and 6a6§erous’) ﬁot’aaai’un
shifts. | o |
| Question 23 detemines the patient's serum potassium level uhich is used
as an indicator of the patient’'s total potassium. Once this value has been

obtained, the system asks about concurrent diuretic fﬁiréby {ﬁuéitibﬁ'fﬂ)}'

Questions 25 through 28

Hypoxemia, myxedeﬁa (hypothyroidism), cardiomyopathies, myocardial
infarction and/or myocarditis may lead to increésid*dYQifaliubsensitivitg. A
reduction in the digitalis dosage estimate is made for each of the above
conditions'suspected of being present. This reduction reflects the "better
safe than sorry" maxim which has been built into the system. Hheréas
underdigitalization of the patient can be gimply corrected by 5duinisfering
mOre'digitalis. overdigitalization unnecessarily exposes the patient to the

dangers of a toxic episode.
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Since it was indicated that the patient might be hypoxemic (Question 25),
ANNA requests the patiéntfs arterial oxygen concentration (p02) in order to
better estimate how much to adjust the dosage rggjm;n in the face of possible

hgpoxemia.
Quéstion'ZS’

Ddring the initial,estiﬁation phase, the system needs to detefminevhou
fast to-édministér the drug as weli as hou much to give. ln-genefél it is
best to digitalize the batient as sfoulg as possible, allowing more time to
detect and correct toxic responses. This goal must, however, be weighed
against the urgency qf therapeutic intervention.

In this instance, it is advisable to digitalize the patient relatively
qqicklg in order to get his/her heart rate down. The user may indicate his
choice fof the rate of digitalization; but thi sgafem will object if it is
felt to be too fast or too slow for fhe particular situation at hand. For
example, the sgstém always raises an objection when "instantaneoua rate" is
spe¢ified; since this is cﬁnsiderad this fo'be allouable only in those cases
where the need foF digitalis is most pressing, such as emergency cases in

which extremely rapid rate control is desired,

Questions 38 through 33.

Although it is not necessary to know a patient’'s excretion losses in
order to choose a loading dose (assuming digitalis is'to be administered
rapidly}, this information is essential in computing an appropriate

maintenance schedule. This set of questions is designed to determine the best
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available measure of renal function.

Once it has been determined that the patient has sowe (non-zero) renal
function (Question 38) and that it is stable (Quastion 31), the system asks
for a creatinine clearance (Question 32), considering this the most accurate
indicator of renal function. This value is, however, not available, so the
system requests the next best measure, serum crestinine (Gueét-‘m_n 33}. Errvor
checking is performed to make certain the values being entered are reasonable.
An objection ‘is voiced to the impossibiy high vaiue of 32 for serum crtat.sinind
and the user is asked to enter another value. N

The system also uses the ansuers: to this series of guestions siien
determining hou to cnmtu renal function (see Section 16.4). " For example, if
renal function uas said to be unstable, the system uould select a least
squares projection as the best technique for computing r;m&l' tunction. In
this instance, it seiects renal function equatioms whitch use of the avai fable

. serum creatinine value.

Questions 34 and 34a

The system noreally leaves the choice of routs of administration to the
user, but objects in this case because of the high rate. Indication that the
drug is to be administered orally (Question 34a) _causes the system's objection

to be overridden.
Question 3%

ANNA asks if the user wishes to see its therapy recommendations, having.

all the information it needs to formulate an initial ‘therapy program for this
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patient; First, it is suggested that the hypoxemia (as indicated by the lou

- P02 value) be corrected, if poasibiﬁ-— Foliouing‘é brief summary of the state
of the patient, the system indicates a total bpdg‘atore proquiion‘qg 9.448 mg
of digoxin, THi§ figure represents an initial estinate.of 8.625 mg, adjusted
for sensitivities and body weight, ”A.makntenlﬁce*do'efof<GLIB mg per day is
indfcafed. given the current renal function of about BBia:ISihce this patient |
uas being digitalized for an_arrhgthmia; fl fe§u6§f;‘¥ha§ fhe first loading
dbse indicated be given and any changes be reported bg?&éé‘giying more. This

| step-by-step digitalization promotes a carefu) uatcﬁ‘ot“thg@patigntfs early
responses to digitalization and will hefﬁvavaidh;o;ﬁééhooikné"uthe p‘éﬁdr
digitalis level. The feedback process starts u}thftha”jjggi q°sg‘§jvsn, not

after the patient is fully loaded.
Question 36

- The final'duestion asks if this patient record is to be fijedrquég for
‘future-beferehce. As an update is to be performed on this patient in the next

section, "yes" is entered.
2.2 An Update‘SessiOn

In the previous section, a;hypqthati;gLipgtiantqugp;pfhgonged to the
‘agstem and some initial tﬁerapg,suggeationﬁ uere.g§nerat§d. The follouing is
a discuasion of the user-system dialogue sond'four“houys later (see Figure
2.2). assuming the program’s advice had not been carried out and the paiient

uas given 8.5 mg digoxin by mistake.
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Figuf'ﬂz.z
An Update Session
...HUMH, WHAT IS THE PATIENT’S LAST NANE?

(ENTER VARLUEY: - “nowEY

LPLERSE TELL ME, WMAT IS THE PRTIENT’S FIRST NANE?

(ENTER VALUE):  CLAUDE

131 ..

-LET ME ASK YOU, PLEASE ENTER PATIENT IDENTIFICATION NUMBER

(ENTER VALUE): 306589127

...CONSULTING RECORDS - PLEASE STAND BY...

.

.AH YES OF COURSE! RCCORDING T0 THE RECORDS, THIS PATIENT Hag

ALREADY BEEN PRESENTED. PLEASE INDICATE IMEMR M FOLLOKHING
DESCRIBES THE PRTIENT YOU :MAVE 1N MINOy

PATIENT’S NANE IS CLAUBE MONET. AND WAS PRESENTED ON TVESORY

SEPTEMBER 24, 1874 TO BE DIGITALIZED FOR CHF AMD mmmn

..SEX: NALE

..AGE: 38

..HEIGHT: 165

{4} ..

.18 THIS THE ONE?

1 YES
2 NO

sE=> ‘1_

.. .LORDING PRTIENT RECORD

{5) ...HMMH, HAS THE RECOMMENDED DOSE AOMINISTERED?
1 VYES.
2 NO MORE WRS GIVEN
3 NO LESS WAS GIVEN
=.==) _2_
161 ...PLEASE TELL ME, WHAT IS THE PATIENT’S MEIGHT (IN POUNDS)?

17 ..

(ENTER VALUE): 166
.LET*S SEE, WHAT IS THE PATIENT’S SERUN K?

(ENTER VALUE): 4.1




i
I
i
5

18t ...TELL NE, DO YOU SUSPECT THE PATIENT IS HYPOXEMIC?

L YES
2 N

1
91 ...HNMY, WHAT IS THE PATIENT'S PO2?

(ENTER ): 78
1161 ...LET ME ASK YOU, HAS THE PATIENT’S RHYTHN BECONE REGULAR?

1 YES
2 NO

=ex> 2_ )
1111 ...LET'S SEE, WHAT IS THE CURRENT VENTRICULAR RATE?
(ENTER VALUE): 92

... THERE SEEMS TO BE A SIGNIFICNT OECREASE IN THE VALUE OF
VENTRICULAR RRTE-

112} ...SHOULD THIS BE RSSUMED SIGNIFICANT?

1 YES
2 NO

_RE>. L

1131 ...HNWN, WOULD YOU PLEASE ENTER ANY OF THE FOLLONING WHICH HAVE
RPPEARED? : :

1 NAUSER
2 VOMITING
3 ANOREXIA
4 VISURL DISTURBANCES (YELLOW OR GREEN TINGED VISION)

sax>

. 1141 ., ,LET ME RASK YOU, IS THE PATIENT HAVING PVCS?

1 YES
2 N

=wa> 1

115} ...ARE THESE REALLY PVCS OR ARE THEY RBBE“NTLY
CONDUCTED SUPRAVENTRICULAR BERTS (RSHMAN BEATS)?

1 ASHMAN BEATS
2 REALLY PVCS

=mE> 2

€16) ...LET NE RASK YOU, HOW MANY PVCS ARE OCCURING?
1 8-5 PER MINUTE

© 2 5-15 PER MINMUTE
3 NMORE THAN 15 PER MINUTE

. e g-
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f17 ... LET ME ASK YOU, WHAT TYPE OF PVCS RRE THEY?

1 UNIFOCAL
2 RULTIFOCAL
3 UNKNOWN

==z g-
{18t ...LET’S SEE, ARE THERE SALVOS?
1 YES

2 NO
3 UNKNCHUN

Page 34
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Questions 1 through 3

As m the m;tlal session,. these questmns eatabl@ph the identity of. the
_patuent via name and hospltal nuuber. Upon recejpt of -this information, the
sgstam proceeds to examine its records for knowledge of this patient, This
time a pa‘tient record is found (the one which uas st,ofgq_ at . the conc{u,nion of

the last session).

Question 4

A brief description of the patient is displeyed and the user is asked. for
verification that this is thapnt iant to necomworcdasumme description
. fits the patient, "yes" is entered, The system then. ieads the .patient’s

record from its files, notifying the user it is ready to proceed.
O_ueg‘ tion 5

“In order to '_int\g'vrp.rcyt the natient'_,s.‘r,pgm‘pﬁg, iq.th.‘biniti‘aylk regimen, it
is ne’ceésary ‘to knoﬁ if the, suggested,rigimn had been followed, . 1n. this case
it is indicated that more digitalis was given than the program had suggested
at the conclus'on of the initial session. The admlngatpgtpon?of more
digitalis than regomnended may be interpreted later as d po.uiblol cause for a

toxic_,rgaétion (see Section 2.3,

“ '.ngst.i ons 6 through 8
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These questions explore the possibility of shifts in weight, serum
potassium (hgpokatumia») and p02 (hypoxewial, as discuesed in previ?ouu
sections. Here it is irﬁiﬁﬂw w wmw ‘wr suspected as mmg

hypoxemic, with & pﬂ? va*!%cﬁ 78 -

Questions 18" through: 12

It was originally stated this patient uas to be digitalized both for
congestive heart failure and for an srrhythwie. (strigh tibrillation), | m
_system regards controlling the patient’s srringtiwis as its first prior'it:g.'.
Wi th managewent of Wie FBI1ure 8% ity wiTINEtE gosl.. Necordingly, ivt""&iﬁc
about’ the developwent of s regulie rhythie Wieitiol 18) et seks: about the
. patient’s current e preere Mwﬂ% Aftmough mmm Vs not
yet regular, there is & reductioh in-rate fow 16D iwwm 9 of Flgure
2.1) to 92. The system notices this change and aske the user about its
significance as refated to the digitalis therapy (Question 12). Thie is
- impor tant because the reduction in rate could have been caused by sows

condltion other ‘than digi T rbtaden

i BURH Sh SDEteMENE OF 8 fever. He
indicate: that the' decrewbe in tile coue 1544 be’ Lonbtdernd signiTicent.

Quest ions 13 t’rwotm_ig

ln these questions the system i looking. foﬁ’mﬁa‘t‘v signe of ‘touic?it@
such as nausea,. vomtmg. arorexia, viswal disturbances or the m&mt orfv
PVCs. The patient is not exparicmh‘lg nma, mﬂm&*cwm Mm..
“but PVCs are indeed beginning to sppesr. Since th-l's patient was in atriel
fibrillation, it is possibie thﬂt the P¥Co are lemiﬂgjaﬁarnmt.lg- conducted
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supraventricular beats (Ashman Beats). In order to avoid this error, the

system asks for,yerificathn,thgtjthe aberrant beats. are PVCs (Question 15).
Having received this verification, the system attempts to further characterize'
these PVCs with queries concerning the apoqqt}ggggsgjgn\QSL.ﬁtgpqL(Ques;ion

17) and uhether or not the PVCs are appearing in.salvos {Question 18).
2.3 Recommendations - Assessment of Patient Condiition”

-The system now has the information necgaaaru;i;;eyangfe the current
status of the patient and to formuiate the nexf step,jn tha therapy program.
A summarization of its conclusions regarding chanyisvin»thﬁ‘pitiont fol lowed
by specific recommendations appéars in Figure 2.3. “Tt regards the decrease in
ventricular rate as a sign of”incréaééditﬁefaped?iéjb%feétngd‘cbhsidefs the
patient to be properly digitalized, since the rate :ha;pfaf!éﬁ beioy 100
(therapeutic endpoint reached). This level cannot, however, be tolerated due
to the presence of a toxic rgactioh'(toxic:;népaéaiquaﬁhgd). uhich ﬁég'have
been caused bgvthevincfgased a@QUUt_Qfﬁditha1i9f’§3iﬁi§f§f?9 (see Question
5). Specificallg.‘it suggests that steps be taken to correct the hypoxemia,

since this may have played a large part in precipitating the toxic episode.

In addition, digitalis administration should be, stopped until ‘the signs of

toxicity subside. This is essential, since the patient is already toxic and
more digitalis would exposé him/her unnecessarily to further dangers of
toxicity.

The system nouw has an "upper bound” on hou much'digitalis this patient

will toterate (this may however be influenced by the existence of hypoxemia or

other factors). After the toxic reaction subsides, the sgstém"uill work the

‘patient up siouly to just beiow this level., The final request of the system



Fowre 2.3
Premtatom 0 dcomasnddtions

..SUMMARY OF  CLRAUDE MONET :
INDICATIONS OF AN ENDADINT OF THERMPEUTIC-EFFECT P

MUEWMMM“‘ . Car e

. INDICATIONS OF AN INCREASE OF THERAPEUTIC-EFFECT ARE:

css

PN

Wﬂfm’ﬁm

. INDICATHNS OF W SADROINT OF TOXSCITY.PRDBASILITY BRE:
VALUE TYPE #¥CS uﬂmcu

. INDICATIONS OF M INGRERSE OF YOKECITV.AMOBRBICTTY 882
CHANGE “TYPE PUCS MIRSE

| CHANGE, MNAT PUCS INCREREE |

.-POSSIBLE CAUSES FOR MM CAENSE OF PRUICITVPORIRILITY ME
VALUE VALUE P02 LOW
700 WUCH DIG AONINISTERED

U
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is for the user to rbtain a serum digoxin level on the patient, if possible.
This wil! be used in the next update, uhen the system will once again evaluate

the patient’s response.



Page 48
3. A Modet of Bigitel ie-Adwinistrations

Nifhering"s original. advice concerning the -;usaf'o-f;digi.télis uas to give
the drug until the desired: effect:uas-moticed: (usualiy diuresis) or until the-
patient got sick.  At: th»i:a‘po:imﬁ either-the:patientruouid die or he/she uouid
get better. Until recently, physicians:still ussd:Withering's coarse.
algorithm: uhen.-digitaiizingvthmi'ﬂ‘pétimts-.: : Thia‘ms-.,-hokav&n,f changed: in-
recent years. EKG's now aid in the aearly.recognition of toxicity..

Rad‘i pactive trac irng':'-tecm%nuesﬂ have-permitted-a more: sxhoustive examination of
the pharmacokinetics of digitalise 'm'm~?»45“;ént‘0: the: d&uﬂopmt of a
mathematical modet of digitalis. k«imﬁcs{ Some:sonkers: have. constructed:

. computer: programs:that:usse:this mathematical -modeld: to- formu iate digitatis

dosage regimens: {see-Section 1.4). Thermodei usedsis simpie and is used: m
one step:: compute‘ thew.._aWiatm dumm'zmmgm‘»it. . In this section,

a closer look 'wil!l be:taken:at:- the:nature ef the:probism-and @ more robust:

method: for: the formulation of»di'qimus_.dom.xmzim:uilzl be pressnied, .

3.1 Digitalization -~ a Hodel

"The central. task of a natural science is to:make: the wonder ful
commonpiaces to shou that:complexity; correctiy viewsd, is only a mask:
for simplicitys to find pattern-hidden in apparent: chaos."

The Sciences-of the:Artiticial  by-Herbert A. Simon

Jel{iffe's programe made.use-of.a quantitative-modet that is based on the
mathematical relationships be&mmmi»&M*tdomw renai function, ueight,
etc. (see Appendix A).: This modet: is implemented: in the form of a procedure -
that accepts: various.paremeters (remal -fumction; ueight, etc) and yielde the
appropriate mainteﬁam dose (see Figure 3.1). Different patients .a'.-.a mtad

by changing these input parameters, but the (internal) procedural. model
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o o {(maintenance dose)
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remains unal tered.

Studies have indiéatad that. there is a limit tethe effect Fvengss of
Jelliffe'g programs (see Section 1.4). It uas f§|§ that this limit arose from
the inadequacy of thao modeling facilities used by :these programs. Instead of
using a single paﬂent modet, MWMMC the ability to "tailor-
make" a model for each patient it considers, basing its reco_unend-ations on
this patient specific modei. |

Construction of a computer program with such improved nodelin_g
capabilities 'requrires 11' a ¢lear uncrh,r’staqd\iung’ qi‘ uhatmthe /mggsqgr:gw 1 o
constifuenfs of alpavticgfnt sp;cif'ic no;cl ;re; él ‘hou a patient 'spé'cific nodel
can be produced and 3) how it can be used to produce therapeutic suggestions
and recommendations. To de this, what is knoun w:dini»ta,lj-a ‘,iadljn.istr'ationb

must be methddicatlu,strmtwéy. With the assistance of tuwe cardiologists,

Ur, Stephen Pauker .ang.Br. Harvey Zacren, a iu
process of digitalis administration uas developed.

Use of this medel involves a ‘tuo ufhp praceai. as &cpictc:d i"‘r;“F'ibﬁiarc 3.23

1. Construction.of a Patient Specific Mode! and Generation of the Initial
Guess. A patient specific made| PSI) is formulated based on a general
model and on the answers to verioup:duestions concerning the current
clinical setting.. This-mdy involve lpoking at a number of parameters,
such as renal “fgnction, age, usight, senditivities dnd the reason for
digitalization.  _Once thw PSM has been-obtained, it T8 Used "to formulate
an "educated guess" at the propertewe! of digitalis for the patient.

2. The feedback loop, The second step te the refinewent of the P in a
feedback loop. Once the initial dose has besn.geministered, the
patient’s response is interpreted uith respect to the praviousiy
constructed PSM. Comparison of the demonstrated response to the
expected response may result in a change in the PSM. For example, if no
effect at all is aesn, the M-Tmmmm include. the
possibility of malabsorption, Once the PSM has been updated, it is used
to formulate the next step in therapy. ' '

In the following sections PSM construction and use of the PSM in the

feedback loop wWill be discussed.
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3.2 Constructing the PSM and Generation of the Initial Guess

The‘PSN cuntéins tuo types of information. Ffust. the valueé of c!inical
variables such as weight, creatinine cleafanéé. aée, éex, etc; for the
individual patient under consideration ane-rgcgr@ggﬁprqsgﬁvaLugs are used
input to a Regimen Formulation Procedure similar to that of Jelliffe when

~computing an initial digitalis.dose regimen. Second, the PSM cqntains
-assartions describing the type.of therapeutic and toxic symptoms and signs to
.be expected in the patient. .These arg used. in the feedback loop to
characterize the degree of therapautic effect and of toxic.reaction

' demonstrated in responsg to therapy (see Section:3.3.1).

Construction of thé:Psnganolves.a.sobiesfat sybtaska, .each having
specific |nformat|on requnrements and |nformatoon outputs. Moreover, these
 subtasks must be executed in a partlcular sequence if their |nformat:on
requirements are to be met. Thos sequence can be deduced bg matchung
informaiion |nputs and outputs of each subtask. lt turns out that very few

iegitimate sequences exist®. The folloulng sequence is the one used by ANNA:

1. Characterizatfon of Cardiac Rhythm
| | It is offen uéeful to examine changes in the cardiac rhythm
when infefpretfng fhe patient’'s rqapunue tbltge drug. fn addition,
the type of rhythm affects the reasun_fofAdigitalization. For
example..u patient in sinus rhythm sﬁpuid nat.be dggitalized unless

he/she is in failure or is being digitalized prophylactically. This

*This bears a stromj analogy to much of the merk dene in computer recognition of.visual scenes.
Early attampts experienced limited success, primarity becsuse of "oversimptlification” of the domain.
o Later work which made use of the rich assortment o! clues in a visual, scene. weh as shadowus and cracks
produced much beatter resuits. :
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is connontg«dona»te prevent poseible: failure or to control
ventrccular rate ohoujd certaan aenhg&huian.enorgo undcr varlous o

stresses, such as ourgorg,

2. Characterization of Purpose

“The physician should speeify uhy the patient is being
digitalized. Without a clear ided'of uhat is to be gained by
-diéitaf%:&tibn. it'will be diPficult to- determine whether or not Tt
has been: gained. Furthﬂ%ﬂﬂni.}thieﬁdacksﬁﬂﬁ?d!tiﬁﬁihes thlfn?ticl

dosage estimate: (I0E) which ba/Ndjuskad by subséquent subtasks as
descr ibed. bekow. The 1B usad byt dyisten: for 931 Ture, arrythmias
'“~and»prophgic¢t#e uacJ?akifsﬁsﬁﬁﬁv: ' |

3. Characternzat'on of poss»ble thaboluc Effccts

LS

The “educated guoes should take anto account any netcbol|c ]
factors that mcght |ncraase ocA;ocroase d&gltalaa senoativ;tg in a
patnent (see Sectton 1 2. 3). For aach condltlon cauolng.incroas!d
senSItIV|tg. an approprnatc ad;ustnont ahould be nad- accordlng to

the follouing:

Sansitivit
p02 (66 - 8@)

(5@ - 75) 2/3

(< 58) ' : /2

~ Hypothyroid - 2/3
" Hypokalemia SR e 203
Cardiomyopathies 2/3

Decreases in sensitivity are of less concern, since they may be
corrected. in the fesdback loap.

Ay R

4. Decision Concerning Rate of Digitali;gtion

The physician should consider the patient’s overall clinical
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status ai.d the effect which 'is desired in determining the rate at
which to digitalize the patient, Once this decjsion has been made,
the appropriate dosages can be computed. using the dssir_ed rate and

the IDE obtained from. (2) and (3).

5. Characterization of Renal Function

It is not necessary to characterize renal.function for the
purposes of Ioad}ng the patient (if loading is done rapidly), but it
is essentigl to know renal function when computing a maintenance
dose, since urinary excretion furuautheiﬁrimarg losses of digoxin
from the body (this is not pecessarily true With digitoxin,..see
Section 1.2.4), For patients with stahle renal function, this

Vvinformétion can be gathered nou and.ueed later in computing daily

losses.

6. Decision Concerning Route

The choice of route is primarily a function of the rate of

digitalizatibn and of élinical convenience, [f fhe pafient is to be
digitalized répidlg. intravenous administration is appropriate.

This also true of patients unable to take dibifalis orally (eg,

comatose patients).

7. Decision Concerning Preparation

In.general, digoxin is the preparation of choice for several
reasons. First, its quick,onsetfand,qhoft halt life allow closer
control over its effect. Second.:uoreepharuacological ressarch has
been done with this preparation and its kinetics are better

understood than those of the other digitalis preparations.
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This completes the tasks: necessary fér- corbtruction of the-PSH. The
system has formutated: the: [DE- tsubtawks: 2-amd- 3}; has: Ma‘ihﬁ vatues. for
weight and rensl fusctionm amd: s row strie- to- getwrate e iitial dose regimen
by using these values as input to the RegimemFormulation Procedure ment ioned
earlier. .The next step to consider is the feedback |oop.

3.3 The Feedback Loop

Once digital ;s, has been adwinistered; the patient’s mponse to it is
evaluated and the next step in the therapy prograw: ie formulated, based on
this assessment. The feedback loow consiste of tuo subrtesks:
characterization of therapeutic and towic respese she: formulation (and

execution) of therapeutic sctionm.
3.3.1 Characterization of Therapeutic and Towic Response

As the amount of dlgltalls in the bodg is mcreaud a correapondmg
increase in both therapeutuc and tmuc mi futatmm m sesn, each of uwhich
can be vieued as mcreumg at a d:ffount ratc, hopofullg uith therapeutic
gain increasing faster than toxic response. In the feedback lqop. changes in
the patient’s clinical state are interpreted in |igﬁ§ of the information
contained in the PSM and each is considered ah indépentent characterization of
the degree of therapeutic gain and degree of tonic reaction. Before |
discussing this process in more: datfarH.w-.t descriptive frameuwork for the
expression of these characterizations will be presented.

A Descriptive Framework

A strai ghtforuard method for describing the degree of therapeutic or
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toxic response would be to assign the patient a rating,qnigong,continuum. say
from zero to 18@8. A patient could then be described. as:being 43% "toxic" or
22% "therapeutic”, The formulation of ouchaanwpxact;psqpsenent.,hoquer.‘uould
prove to be difficult. Furtheﬁmore, such a fine characterization is not
really necessary. |

A more attractive method would be tdiﬁéﬁe thieiaiigbém%ni discrete,
~ using terms such as "none”, "some" 6Fa“fﬁilgﬁ tbraaacfié;ﬁt;; location of the
" patient on it. In this way a patient might be dés;?{‘éé&"’és.béing"""nd
therapeutic but gomentoxic"-ﬁk "fuilg fﬁgrébéufiémzifh'eoh; ibxiéitg.“ This
approéch has the advantage that oh!g tﬂrée poséiﬁi]fi}e; ﬁust be”considered
instead of the hundred poss|ble characteruzatlons of the prevnous scheme.
This reductuon makes it conslderablg easier to decodo uhlch categorg is
‘appropriatei The drauback of this type of descrlptiob‘is that it has a lou
"resblﬁtioh". but more fesdlution is not ﬁéédéd. since this assessment will be
re-evaluated the next'i}me thrqugh the faed&é&k !bopiiiyi':' | |

The following discussion details fge'coﬁétrhétiga'Shd:apbearancé of the
portion of'thé PSH containing aésértfdhsAthég‘déscE%bé tﬁemtgpe df_therapeutic
and toxic sgmptoma and slgns expected ln the patleat.

| Characterization of Tharspeutic Gein

The‘origihal réason for digitalizationlpg;eggingg the criteria contained
in the PSM for the npa;ureneﬁt of .therapeutic response. The possible reasons

are:

1. Qigitalization for Arrhythmia -
1f the reason for digitalization was atfial;tibrillaticn. a decrease
in ventricular rate would be considered as a sign of increased

therapeutic effect. The extent of this increased therapeutic response .
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teg, "none®, "some® or “fully") is dependsnt on the size of the decrsase
in rate as uet! as the wagnitude of the current rate. Fer mh. if the
rate falls under 108, the patient is considéred to be "fuily"

therapeutic.

2. Qigitalization for Congestive Heart Failure

1f the patient was digitalized for congutive'm;art failur,e."t_he'
therapeutic response can be m’su_red by changes in relevant ksg’wtomg such
as orthopnea, dyspnea, parowsuai nocturnal dyspnea (pnd), eté. and signs
such as ankle edgma, neck vein distmim.. th._ Each qf' the sgmptohs and
signs is assigned a severity scale. For exanplé. ankle e_dema is
expressed as l+, 2+, 3+. etc. l’f the extent of edema changes froﬁs 3+ to
1+, a net change of (plus) two units results. Similar conp:qtat'ions. can
be carried out for the other aymptoms of failum..w Ue can then define
"fully therapeutic" as a change of Y units or nor,e-.“"m therapeuticf' as
a net change bgtuaefo X and Y units and "npm" therapeutic as a net change
of less -than X units, vhere X and Y are fixed ihreshold values. |
Adjustment of the threshotd valugs uill make theksgstem’ ‘nore or less

demanding when judging the therapeutic response of patients in failure.

3. Arrhythmia and Failure

In case’s where digitalis is given to remedy both an arrhythmia and
failure, one should deal uith the arrhythmia first in the manner
described above. Digitalis treatment of the rhythm disturbance generally
resul ts ih the improvement qf failure, since it is often a manifestation

of the arrhythmia.

4. Prophylactic Use
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Patients baing digitalized prophylacticaliy are generaliy given
smaller amounts of digitalis and hence are less likely to experience
digitalis toxicity. Becaua§ of this, characterizations of therapeutic
gain and toxic response are generally not relevant. It is nevertheless
important to watch for possible signs of toxicity, as described above.

Characterization of Toxicity
~ The characterization of toxicity is Iarqelg independent of the reason for
digitalization. There are a number of conditions which, if present,
immediately result in a classification of "fully" toxic. ‘These include:

1. PVCs; appearance of multifocal PVCs, PYCs in salvos or PYCs in excess

of 15 per minute. ' B o '

2. Development of paroxysmal atrial‘tachucardia (PAT) with block.

3. Development of second or third degree heart block .

In addition to above conditions, there are a number of developments
suggestive of toxicity. The presence of each cohfhibﬁtés a certian amount to
a "score”, the value of which is used in.défermining the extent of tOxicftg
(simitar to judging therapeutic gain for digitalization of failure). These

include:

1. Nausea, vomiting, anorexia, certian visual disturbances
2. Small increases in the amount of PVCs oécdriﬁg ber minute

3. Excessive slowing (ventricular rate dropping below 68 beats per
minute). ' ‘ ’

3.3.2 Formulation of Therapeutic Action

. Once the evaluation of the patient response has been carried out, it is'a

relatively simple matter to decide on the next step in the therapy program.
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Since the descriptive: frameuork permits three possibilities for both
therapeutic effect and for toxic effect, only nine descriptive states are
possible.  Each descriptive state has a wel!l defined course of action

" associated with it. The states and course of action for each ares

1. Fully therapeutic - no toxic
The patient has achieved the fhéﬁapédiic goal and shous no signs of
to#icitg. Place patient on maintenarice dose uﬁichffikés:the digitalis
load at this level. Digitalization is completed uniess patient's

condition changes.

2. Fulfg_therapeutic - some toxic .

The patient has met the therapsutic goal but is experiencing some
toxicity. Correct anu_sen;ftiyigies‘uhicﬁuggg;bgﬁcgﬁging increaﬁed
sensitivity. Hold digitalis un;-u_fcpg_i;miggg;gﬁm subside and
increase glourgfto just beiow that level. Treat toxic manifestations if
necessary (administration of potaqsigé orq§qg1-ggrhgthq3§,thengag),.

Obtain a serum digoxin level if possible.

3. Fully therapeutic —;fullg toxic
- The patient has met the therapeutic goal but is experiencing

* dangerous level of toxicity. Perform same actions as in (2) .above.

4. Some therapeutic - no toxic
The patient is shouing some therapeutic response to the drug but not
enough; no toxic reaction as yet. }ﬁcreggcpgbg amount of digitalis -

slightlg.l

5. Some therapeutic ~ gome toxic

The patient is shouwing some therapeutic resonse to the drug but not
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- enough; some toxicity is beginning to appear. Perform same actions as in

' (2) above.

6. Some therapeutic - fully toxic
fhe'patient is :houing someAtharapeutig reaonse_to‘thg‘drug but not
-enough; qkperiehcing dangerous level of toxicity.f Curreﬁt any
sensitiyifies, per form sayg‘agtionsvas in (2) above; Think about using

another fgpe of treatment.

N

7. No therapeutic - no toxic
The‘patiént_iS‘not responding to treatpent."ﬂaké aurebdrug is being
taken and investigate the possibilitu‘of ﬁalabsofption. Obtain a serum
digoxin [eVel; Correct any conditions which are decreasing sensitivity.
Administer more digitalis, exercising caution due to increased digitalis

lqéd.

8. No therapeutic - some toxic
The patient shous no therpeutic response but some toxic effect is
evidenced. Per?orm-sama actions as in (2) above. Think about using

another type of treatment.

8. Nb therapeutic - fully toxié.

The patient is showing dangerous level of tokicitg and no
therapéutic response. Hold digftalis'ah& 6orrec(fs§n§itivities i f
pbesent. 1f no sensitivities present, diécoﬁtinue usg’of Qigitalis.
The feedback loop is continued until one of the “hé[tind‘stétes” is

encountered (eg, states 1, 6 and 9 abovel, at which time digifalization is
completed and the patient can be continued on the current maintenance

schedule.
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4. The Mechanisms of ANNA

4.1 An Overvieu

In the previous chapter if'uae shoun that an ordering of the subtasks
involved in digitalis administration exists., The :gﬁtéi‘ﬁ“internéi
representation of this ordering is the Th-rapg Tran||ticn NETuork (TTNET)
appear:ng in Flgure 4.1, The TTNET consists of @ number 6f nodes Iinked by
afcs. For ‘the purposes of the present discuaolono one can thtnk nf aach nods
as a procedure. although this is omplencnted somnuhat diffcrentlg in the
actual_sgstem,(sea Appendix C). Each of thase.proccdutcs“mﬂu be linked to
sub-procedures bg fhree types of |inks: ,nonfsglactive_(soggd arcg).‘sqni-

‘seléctive {not shoun in.Figure 4wll,apd’§3i9ct§vg (dotteglarcsl. When a node
in the TTNET completes its execution (called a Nstuork Procedure Exacution or
NPE), one or more of the subprocedures |inked to‘it are executed depending on
the type of |linkage. Selective IinkagcskiMptg'fhat é%floitfone of the

 subprocedures may Se selectéd'and'eﬁecﬁiid; whereds non-selective | inkages
result in the serial (top to bottom) execution of fﬁe:auhﬁbde procedures.

Semi-selective linkages result in the execution of one or mé&é of'thé”tubnodeq‘

and are coﬁsidered later in Section 4.5. B |
For example, upon ;omplet}on of execution Qféthg;prqgedure cerresﬁonding
to the node RATE-OFfﬂlGITAL]ZAT(DN. at most one of the subnodes, |

INSTANTANEDUS—RATE, RAPID-RATE.hﬂOOERATEfRATEfqr:SLQQfBATE.uill be chosen and

executed (see Seétion 4, 4Afor a discuﬁsiah of the uuchanisn for naking~this-

choice). On the other hand, execution of the node BEGIN~THERAPY eventuallu ,

results in the (sernal) execution of the subnodeg:
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- CARDIAC-RHY THi{ ———

——PURPOSE -

~—METABOLISM ———

- - BEGIN-THERAPY—1—RATE-OF -
DIGITALIZATION ——

—RENAL -FUNCT ION———

INITIALIZEwwmemg~ USER~DESIRE —— —ROUTE -

—PREPARATION ——

— FEEDBACK >

—PSM

-~ REPORT-CHANGE —

—— EVALUATION-
FRAMEWORK ——

Fiqure 4.1 The TINET (continued on next page)
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Figure 4.1'(continued) '
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CARDIAC-RHYTHM

PURPOSE

METABOLISH

RATE- DF-D[GITALIZATIDN

RENAL-FUNCTION :

ROUTE

. PREPARATION

FEEDBACK
The sgstem begins uith execution of the node. lNlTIALlZE Exchtion of
’ thns node results in the executuon of a number of other nodes. as descrlbed

.above. The effeot_of these executions is to produce thegsgstem behavior

'v_dgmonstrafod'in_Chapter 2. The rest of-thfs‘chapter ui{ilbe devoted to a more
detailed discussion of the prooesses which oceur during the execution of nodes
of the TINET. Before presenting such a discuosioh, it is apbfopriate to make

some camments concerning the representation used:bg the system.
2 4.2 Répoésenté{ion

ANNA'uses a set of LISP programs-oollectivolg knoﬁn ao GOBBLE that uero‘
developed by members of the Cllnlcal Decision’ Haktng Group at Project MAC.
GUBBLE facilitates the representatnon of medncal knouledge in a declarative
tashion and allous pattern matching. “In order not to burden the reader. a
full discussion of thus facnlltg is presented alseuhere (see Appendlx B) and a
.atulozed english version, appearing in utalucs. u|I| be used |nstead of the

actual GOBBLE assertlons.
-4.3‘ Data.Collection

The collection of data about a patient is a formidéblo task in itself,

particularly when the program is to deal with busg physicians who have little
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time or patience for unnecessary questions or quclt"l'm phrased in unfamiliar
terms. A great deal of time was apent dwetoﬁng a queshon asking wodule

that would know uhat facts were nuded, 115 ov thcy should be asked and

what logical dependencies exist betusen facti. Fﬁr mupls. when confrontcd
u|th é patient demnstratmg a lou wun potmmn level itis advnsabl.e to
ask about concurrent dnuratuc tharapu, unce tha exutmce of auch may accwnt
for the Iou potasstum level. 1f dcurltsc thcrapg n bemg aduimstcred. e
further mqun-les as to the tupn of thorapu (acute, chromc. apuaodoc) and tho ..
exustence of potasswu supplemt use shwld ‘be made. Tho question askmg
>module has the abslutg ‘to accapt such logmal mciu and to use thu
when determmmg uhat quutiom md to ke nkcd. . ' o -
In order to maintain a conuiatcnt data base, lt is umtial to detlct
erroheous user replies. After a more detailed discuss',.ion‘ of.the question

_ asking module, the problem of data verification will be do;nﬂderc.d’.
em' ndi "Mﬂ i ‘

In the course . of a NPE, a requeat nag bc iuuod to tha quntion askmg
module to gather data about some facet of thc paticnt's clmical atato.- :This '
is mplemented bQ aseoc;atmg a procedura! frag-ant caHed a Quutlon
Dlrectmg Subroutlne (ODS) ulth each of the nodes of thc TTNET. ,

The system is equipped mth about f:ftu MS'a ui';tch urve to guude ite
information collection. Each of these QD5's is a slmle procedure fragnnt
such as those exhibited above. These represented pre-compiied "depth first"
procédureé for data collection; such as thaeo imparted to uedbiéal ofﬁdont; ”
Iearmng to perform phuucal examnatlona. Thcg are not to bo confuatd uith |

'a,

the overal| control structure of thc sustu that invoku than. '
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A simple QDS w Jid be:
| (ASK (VALUE KEIGHT))
which would result in‘a questfon similar to Quasttcnﬂ5<of Figure 2;1; The
ansuer is cﬁecked by loger level routines far<validitg‘and'oﬂtbred into fhe
data base. (see Vaiidity Checking belou).

In 6rder to reflect logical depsndencie‘o-batueen»-;fae«ts.fmora. complex
QDS's involving conditionals can be composed. For exanpla;”tho fdllouing aps
wouid ask about the existence of 6rthopnean requesting further information,
only if the user indicates that orthopnea is present:

(ASK (STATUS ORTHOPNEA))

(IF  (STATUS ORTHOPNEA PRESENT)
(ASK (AMOUNT ORTHOPNEA)))

A further extension of this mechanism is to allou QDS's to call for the

execution of other QDS’s. For example, the QOS for CﬁNGESTIVE-HEART-FAILURE
might look Iike: | |
(ASK ORTHOPNEA TR
DYSPNEA :
PND
ANKLE/ EDEMA
. NECK-YEIN-ELEVATION
S3-GALLOP
- CARDIOMEGALY . C
- PULMONARY -VENOUS-HYPERTENS1 ON)
Interbreting this QDS would result in the generation of calls to the gquestion
asking module to interpret the QDS's for orthopnea, dypsnea, pnd, etc.
Because of the modularity and simplicity of the QDS's, it would be
feasible to construct a special interpreter to‘explain‘uhat each one does. In

this way, the péogram could explain uhat information it is trying to gather as

" well as hou it thinks it should go about doing so. Furthermore, this

simplicity makes them easy to change. The data collection behavior_of-the
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program may be'adjusted in a simple and straightforuard uanner’.
| Validity Shesking

Hu'ltilpie;cheice format for question responees was chosen in order to
simplify the 't&#k'of error checking, since the-alternatives displayed are
considered to be the only legitimate responses. Some of the quﬁstiun'.
however, ask for values: {eg, »uuiqh.t.:.-’zwm potagssium,: mi’rdcdﬁr“ratc, etc.),
A response to this type of question is checked by compsring it to the range of
admissible vavl-ueé-apeciﬂeu:,in»tbe;w&tm’e»dieﬂomrg. If 'thc_»-.va!ue en:forcd
by the user falls outside this range, _an error messdge is printed and the
sgstem accepts another value from the user. . | |

" The sgatem also checks tuo or more . related fac&s for validity. For
example. the veriflcatlon module uould complaln about a uelght change from'IGS
pounds to 330 pounds in one dag, even though both of theee values lie ulthm
the admnss:ble range of uesghts. S|nllar checke are perforned to detact
unlikely changes in serum potassium leve!s. ventrlcular rate. etc.

The above strategy works well uhan‘CbnsiﬁOﬁ?ﬂg respenses to individual
facts or to simply related groups of facts (“sgntﬁpiic error checking®), bﬁt
some higher level error checking is needed {“sinaétic error check?ng“){ For
example, if the user Specifies slou digjtslizafion for a patiént in atrial
fibrillation, the system should interpret this as a senaﬁtic érror, indicating'
thata“rapid rate"’uould be more’appropriate. Senanttc error checknng of thne
type is lmplemented via a special mechanlan called daenons. uhuch ulll be

dlscussed at length in Sectton 4 5.

“an interesting @itension of the -question asking bodute’ ueutd be Snother sub<moduls which would
accept some higher level description (eg, Englilh or otheruise) lnd gtmau tor ndﬂq) 003’
automahcallg <
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RIS Subnode,S_gIeL ‘on

Until now, little has been said concerning hgu‘thpfgata.betnaxqoilected
are used by the system, In.this section, ons Hay.in which. the system uses the
data'itchllects is prasentgdat,supqadq sglgctipn.

As mentioned earlier, the last thing dom m an NPE of a node containing
selective links to a number of subnodes is the :u!.a_ct,jmﬁéf; ona {or none) of
those subnodes tq be executed. Thie is done in the follouing manner. The
supervisar iéauesﬂq.ggqueaf {q;a patﬁgfn‘;th@fhgggpgﬁlgfjfﬁﬁi216'choosg the
“best"ksubnoda_tq be executed next. . The Pt cgrrna; aut this,. actuvntg in two

phases. First, it retrieves pattern asoertuons asoocutad uith all subnodes

I'uhich are (selectively) linked to the node finiiﬁinq ekcéufion. On the basis
of a comparison of these pattern assertions and the cont&%ti o’f" fthe déta" base,
each subnode is classified as bgiﬁg either qua"lﬁlfwd oi:; unqual ified for
‘selection (see beloii).. Sscond, tﬁlvéfﬁﬂﬂ?cﬁodvedi”"’t'he “best® ‘subnode fron‘_an.ong
the qualified subnodes from the first phase. In this manner, at most one of

" the subnodes will be seleqted, .Thg ﬁqlﬁqgingﬂngpuqsigﬂwindjcaﬁg what thes§

pattern assertions look |ike and contain an gxampie af PH operation,

Each node of the TINET has associated with it a geries of pattern
- assertions composed of a pattern tgp§ iPﬁEﬁgﬁUlgffE:;PRECLUUES.-SU?FftlENT);
and the pattern itself. The rules for interpreting these pyia:“t'tcyq-n assertions

are the follouwing:

‘1. A PREREQUISITE pattern assertion must be aatimed in order for- the
match to be successful (see 3 belou)., .

2. A PRECLUDES auertion uhlch is found to be true inval idates the
match.
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3. A SUFFICIENT assertion which: is found to be frue immediately resulfs

in a successful match, even: if the pattern contains unprovable

PREREQUISITE assertions or valid PRECLUDES assertions.

A succee};ful match results in the c-imj*f;iﬁc“aﬁm"of the subnode as

~qualified and it will be»comxidem/iw'fhe«:«sccmd-phﬁh:of»*se'teé:'t't‘on. -

Otherwise it is noted as being unquakified: for sbt@cfﬁbn.‘ For éiample.]fhe

: subnoderSLOU«RAFE:of»fﬁe-node RﬂﬁsioFJDlGfTAblZﬁTl@ﬂﬁﬁai tua pattern

assertions associated with it: ‘ : | |
*Selectiom of SLOW-RATE is precluded if the: reason for

digitalization is an errhytm 118 mmy edema 1S present, or
if the user specifies some other rate of Ytgitalization.”

"Spectficatfon by the user that stow digftaiization is desired is
sufficient to qual iy &BQ-MIE.

For exanple. the Pt uou#d fmd SLQM’ZME to be.a . sumsaiul match if the :
data base contamed:
"The user prefers to. ﬁgttﬂm the patiant. .shmly. _
If this asse_r-tu‘qn was not found, the match would ;g?t;.:,'ilv ,tbvﬁg: successful. if noge

of the following is true:

"The patient is being:digitalized for an arrhythmia®
*Pulmonary edema 1s"}ircm£=“-

"The user's mrm for tboﬂw oF dnitalizat'lon is other than
slow rate.”

Hence the pattern associatsd uith. SLOW-RATE can: be paraphrased in the
following manner: B

"SLOW-RATE is to be considered a viable candidate for the RATE-OF-

ODIGITALIZATION unless the patient is being digitalized for rapid atrial

~fibrillation, or there is-puimonary edema present, or the user has
specified some other rate.” .

Phase |i - Selection of Best Subnode
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After the PNl. bas established which aubnodas are quallfaed, it issues a
réquest to a speélal submndulefto-choose the best among them. In order to do

this, the re|at1ve merlts of the quallfned subnodes must be uelghed Al though

some heurnstocs could be used to accomplnsh th;s. a rather simple method -has

proven effective. The relative selection submodule has access to f:xed

priority listg-for each group of subnodes. For example, the priority list for

the subnodes |inked to RATE-OF-DIGITALIZATION is: |
(SLOW-RATE MODERATE-RATE RAPID-RATE INSTANTANEDUS—RATE)

¢ NODERATE—RATE and RAPID-RATE were the qualified subnodes from Phase I, the

relative selection submodule would choose the former, based on the ordering

specified .in the priority list.- This particular priority.list reflects the

general maximz "digitalize patients as slouly as possible", since SLOW-RATE

has priority oyer.ﬂﬂDERATE-RATE, etc.
4.5 Daemons.
The daemon mechanism performs(highar,Igye},seQahfic error checking. A

daemon node is (optiona)lg) associated with each node of the TINET, being

treated exactly as any other node.’uith one difference; . it is executed

immediately after the node to uhich it is attatched leg, before any other
subnggg selections or executions), Tﬁis is‘ipdicatqd in ngure 4.2'bg the wavy
line conpetting tb@-qaemon node,_RATE~DAEﬂONS,‘to.thg node RATE-OF-
DIGITALIZATION.

Since daemon nodes are essentially treated like,anu.diher node, it is -

possible to have a daemon node'liﬁked to a‘anbef,bf:daéﬁﬁh'sdbhodes. Such

linkages are denoted as being gemi-selective, appearing in Figure 4.2 as
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- --RAPID-RATE

RATE-OF -DEGI TAL LZAT [ON—— ,
-~ - INSTANTAMEQUS ~RATE

. F=—INSTANTANEOUS - TOO-DRASTIC
RATE-DAENONS —— . OM-PATE-WITH-ATRIAL-F1B

Figure 4.2 Daemons and Semi-selective Linkeges -

double |ines. Semi-_-seiective | inkages are ﬂa’ﬂar; to ieiéc’t'i.va |inkages,
houever instead of pérforming the second phase of the seiection process, the
PI™ causes all qualifisd subnodes to be executed, in the order in uhich they
were examined. Each of the subnodes contains 8 message to ho_di.sp!aged’uhich s
informs the‘user uhat typs of objection the system has to the in&.eqiﬁg
response. | | v -

The session appeéring in Figure Z.i «con“tainls a‘nfme‘upla of dasmon
operation. The system notices that the route preferred by the umu» "oral"
vin sbite of the fact that the patient’s rate '«‘}"" qui te high. 'Tho‘d“ﬁ'o'n
subnode which recognizes this qrrér is WL-—’N’I’MTCK-—RME'IM contain'.‘ the
pattern assertions: | S SRR

"The user prefers oral adwinistration and the ventricular rate. is
currently greater than 140."
In practice, this al lows construction of déemon subnodes with pat’tarns

which detect semantic inconsistencies in the incoming data. As should be
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- apparent from Chapter 1, many "medical common sense* checkse need to be made to

insure the quality and consistency of the data contained.in the data base.
4,6 Bookkeeping

Hhat is done durung a NPE othar than iﬂformation gathering and validity
checkmg7 Clearlg somethung else must go on |f tha sgatem is to formulate
useful recommendations and/or conclusuona._

One useful side effect of a NPE, particul;rlg Qhén forﬁulating'thé
initial regumen, is to assngn values to lnternal varlables. These‘valueé are
later referenced by the computation routtnes. For exanple. executlon of the
node NO-RENAL-FUNCTION will resuit in‘the follouung assignment being made.

"Set the value of rcna? functfon to zero”
Subsequent requests ‘to the computatuon modu|e for the value of renal function
will result in a value of zero belng returned. e |

It is possubie to specufg the va|ue of an. lnternal varlabla as balng
constant (age or ueoght), varnable (ma|ntenance doae) or procedural (nn the
face of changlng rena| functlon. a least squares procedure is executed in
order to obtain a pro;ected value). The example above indicates how constants
-are assigned. A sllghtlg more complex sttuatlon in uhuch varnable value
assugnments are made is dnscussed belou. | A .

1f the patient’'s renal function was not zero, a nodzkother than NO-RENAL—
FUNCTION would have been chosen and executed. Assume that STABLE—RENAL-
FUNCTION had been chosen instead, This time:a measure of rénal,functlon is
-ngeded’along uith @ method for computing the~patient’slrenal»fuhction given
this measure. To do this, RENAL-FUNCTION-MEASURE is executed and asks -

questions about the various types of renal function measures available such as
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creatinine clearance, serum creatinine, etc. If a serum-creatinine value is
available, the node SERUM-CREATININE will be chosen and executed immediately
after RENAL-FUNCTION-MEASURE finishes and will carry out the.assignnentss
"Set the value of serum creitininc to <some value>"
and

“Set the value of renal function to 0.9 times tbc vatue of . wufght
divided by 154.0 times the value of serum creat1n1ne'

Whereas the ftrat assugnment has the effect of bcndlng the varinble '
SERUM-CREATININE to some constant value; the second aselgnnent binds RENAL4
FUNCTION to an ex ggesston. whose evaluation uull return the approprlate value.
Such expresstons may contain aruthnet'c operatore (eg. suns. dtfferencea.
exponentials, etc.) and variables uhichvhave bean_assignad some value (either
constant, variable or procedural). When the computation nqdhléfraceivas a
request for the value of RENAL-FUNCTION, it dotcruinnn that its value can be
obtained from the values for SERUN-CREAT!NINE and WEIGHT, each of uhicn is
obtained by a recursive call to the conputatnon nodulo. Eventuallg. the
evaluation is completed and the approprlate value returned.'

Consider now the case in which renal functlon is found to be unstable. A
similar series of node exacutions will be carried out. Tha sgstem will
realize that anvestimation of rénal function wuill nafe to be made, and will
ask the user unich measure i9 availabfe. Depending on the reply, either
ESTIMATE- CREATININE CLEARANCE or ESTIﬂATE-SERUN-CREATINlNE Will be executed.
Assumlng that serum creatinine values are to be used, executton of ESTIHATE-

SERUH—CREATININE will carrg out the foliouing assugnnents:

"Set the value of serum crcatinfnq'ko the procedurs APPROXIMATE-RF"
and

“Set the value of renal function to 0.9 times the value of weight
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divided by 154.0 times the value of serum creatinine”
where APPROXIHATE—RF is a procedure for performing some sort of projection,
given past serum creatinine values., In the last case, a similar series of
assignments was made, the difference being that SERUM-CREATININE now has a
value of procedufal type. MWhen the computation module receives a request for
the value of RENAL-FUNCTION, it will evaluate the defining equation for renal
function., As before, this evaluation requires recursive calls to obtain
values for SERUM-CREATININE and WEIGHT. This time, the procedure APPROXIMATE-
RF will be executed in order to arrive at a.value for SERUM-CREATININE and
WEIGHT remains a constant. Finally, RENAL FUNCTION is computed by

substituting these values into its defining expression and evaluating it.
4,7 Evaluation of Patient Status

One of fhe_most important activities of the system is the construction of
the PSM (see Section 3.2) and the assessment of the current status of the
patient during the feedback loop using the PSM. In this sectibn the follouing
topics will be considered: 1) construétion of the PSM, 2} its role in
evaluating the patient response and 3) the formulation of advice and‘

recommendations. -
4.7.1 Building the PSH
The PSM is constructed during the execution of the node FEEDBACK,

occuring upon completion of the question asking activities during the during

the initial session (see the TINET in Figure 4.1). The PSM is built by fjtting

together appropriate pieces of a number of patient prototypes in its data
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base. The effact of the execution ot the node, FEEDBACK, is to select one of
tﬁe subnodes: ‘

ATRIAL—F!B-PROTOTYPE
ATRTAL-FLUTTER-PROTOTYPE
PAT-PROTOTYPE
- CHF-PROTOTYPE
The selectibn process is primariiy depsndent on' the reason for digitalization
recorded in the data base. For example;, sssotiated with the sub-node ATRIAL-
FIB-PROTOTYPE is the pattern assertion: |
"A prerequisite for ATRIAL-FIB-PROTOTYPE is thct the type of arrluthnia
is atrial FibriTlation and that the patiest 1s deing digitalized for an
arrhythmia'
Linked to each of these patient prototype nodes (via a non-selective link) is
the node STANDARD-PROTOTYPE. Hence two patient prototype nodes may be
executed: STANDARD-PROTOTYPE and one of the nodes |inked to FEEDBACK .
Each patient prototype node contains tuo types of- information: prototype
clauses and fe!eyant daemons.

Exeéuti_on of a patient prototype causes each of iﬁfé‘prot'otgpe c!‘a&us
associated with that prototype to be examined. A prototype clause consists of
a pattern, a 00S (optional) and an interf'pret,atmnr clause. The mterpretation
clause in turn consists of an interpretation patte‘rn»m_d a ounarization
statement. V

The protofgpe clause is processed in the following fashion. If a
successful match of its pattern and the deta base results, the O0S and the
interpretation clause are inserted into the PSM (interpretation clauses are
discussed later in Section 4.7.2). For example, one of the prototype clauses

of the CHF-PROTOTYPE is:
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*"IF orthopnea 1s present, ask about changes in orthopnea and interpret
any improvements in the patient's orthopnea as a sfgn of increasing
therapeutic gain.” ‘
Breaking this prototype clause apart, &ha;pat;prn,is; “Orthopnea is present”
and the 00S involves asking questions about . the existence and severity of
orthopnea. The interpretation pattern is "If the orthopnea is Jé;s severe
than it was earlier” and. the summarization.statement is "A.sign of an increase
in therapeutic gain is the reduction of the patient’s orthopnea." Similarly, a
protofgpe clause appaaring,in‘the patientrpﬁatotuper,AIBIALTFIQ—PRUTOTYPE iss
"Always ask about ventricular rate changes; 1f the rate:is below 100,
interpret this as having reached the therapeutic goal.”
In this case the pattern is aluays true, the GDS wjlt és& about ventricular
rate changes. The interpretation pattern is "If the ventricular rate is less
than 100" andvthe‘suumariiatign.statqaont.iaw'A therapeutic goal has been

.reached.”

Relevent Daemons

The second type of information contained in the patieﬁt‘prototgpe‘is a

‘list of relevant daemons. These daemons é}e similar to fﬁoﬁé'in the patient
brototgbe nodes, the difference being that the daeméﬁs’COnfaiﬁ‘prototgpe
clauses which apply to signs.of toxicity asiopbosed to sfghs of therapeut?é
gain. This distinétion Feflécts a subtlé differeﬁbéhin the Qég therapeutic
gain and.toxié resbonae are judged. Hhefea§ ihe agateﬁ will actively search
for expected signs of therapeutic gain, toxic symptoms are interpreted only
when the system is told of their'appéarahééi(iﬁis'isvnot altogether true at
’present. sinée the sgétem steers the information gatherihg prOcéss - see
Section 5.1}. | |

When the system has finished examinihg the prdtotupevéiauseé contained in
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the patient prototype, it executes uhatever danom are'.spec‘iﬁ'ed as being
reievant within that patient prototype. For example, the STANDARD-PROTOTYPE
specifies the relevant dsemons, EXCESSIVE-SLOMING, VENTRICULAR-IARITABILITY
aﬁd NON-CARDIAC-SIGNS, each of which interprets sowe general sign of toxicity
(see Section 1.2}. On the other hand, the patient prototype ATRIAL-FIB-
PROTOTYPE |ists NON-PAROXYSMAL-JUNCTIONAL-TACH as a relevant daemon, .

reflecting the fact that the development of non parowysmal junctional

tachycardia in a pétie‘nt uith atrial tibrillation should be interpreted as a

sign of toxiti{g,
4.7.2 The Role of the PSN in .Asmsing Patient Response

When the user instructs the system that he/she uiaﬁes to discuss a
previously presented patient, the node REPORT-CHANGE is execufed. This node
is linked (via non-selective |inkages) to tuo nodes: PSH and EVALUAT]ON-

'FRAMEWORK. Execution of the former results in the formation of ‘an assesement
of the patientfs response to treatment ég describedvbglou.

The system uses the previously constructéd‘PSﬂ to aseesé fhe‘ patient’s
response .to therapy in two steps. First, it passes the Q0S’ s contained in the
PSM to the question asking wodule in order t§ assemble the néceseéry
information. The Questions appearing in Figuré 2.2 uéré gengrated in this
fashion. Second, it matches each of the inter.pretaﬂt'qpn patterns against thg
data base (note that the QDS's'have just finished adding‘neu information to
the data base). For each af>these patterns uwhich is successful ly matched, the
corresponding summarization statement is inserted info the data bése. This
summary represents the system’s assessment of the patient'alcurrent response

to therapy.
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4.7.3 Formulation of Advice and Recammendations

Follouing the execution of the nade, PSM, the node,EYALUATION-FRAMEWORK
uill be executed. This node is connected (yia selective links) to a series of
subnodés, each'corresponding to one of the nine possible descriptive states
mentioned in Chapter 3. The patterns associated Hith these states refer to the
various summaruzat|on statements inserted into the data base durlng execution
of the PSN node. For example, the pattern assertion of the subnode
THERAPEUTIC-ENDPUINT (eg, descriptive state 1 of Section 3.3.2) is:

*A prerequ1s1te for THERAPEUTIC—ENDPU!NT is that a therapeutic goal has
been reached,”

Execution of the node corresponding to particular descriptive states has
tuo effects. Firs{. it results in the system's recommendations being
displaged as described in Section 3.3.2. Second, it may cause changes to be
made in the PSM. For example, if descriptive state 6 (sqme therapeutic -
fully toxic) uas selected, the system uould-sugdést that the user obtain a
serum digoxin or (digitoxin) level. A QDS which asks abouf the results of
this test is added to the Iisf of QDS's contained iﬁ the PSM and approprfate
interpretive clauses.are ingerted into the PSM, During the next update
session, the sgsiem will a§k for a serum digoxin (d%gitoxin) level and use it

in assessing the patient response,
4.8 Summary

The discussioh so far has centered around a description of the probleps
involved in digitalis administration and the manner in which the current

version of ANNA functions in dealing With these problems. The system uas
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built so that it would be relatively simple to extend. The next chapter
contains a discussion of what extensions are advisable in the next version of

the system and some thoughts on hou these extensions might be implemented.
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- Refining the Refinements

The process of develaping a Qigitalis Tngrapg;AQViqpr_is‘qqt unlike the
method of administering digitalis described in the'preyious chapters. Each is
 best achieved by construcfing an “ihitﬁal gggss” and improving this starting«
effort based on‘its performance. In the same way that Jelliffe's‘earlg
~efforts gave rise to this research, it is to be expected that‘further versions
. of ANNA uill be constructed, based on preyienpes‘uith,tﬁg exfsting system.
Initial work uith ANNA has pointed to'a number of areas uhqre refinements’are
needed. The remainder of this chapter‘ujl]}pq*devqtad_gq_a ponsfdaration:of

- these refinements.
5.1 The Interface

The worth of a Digitalia Therapy. Advisor depends on fhg quality of the
‘conclusions énd recommendations it formulates and on the efficiency and éase
of communication between the program and the‘usef. _Thig is particularly true.
uwhen the user communi ty consists Iargelg‘ﬁf individuals having little or no
prgvious exposure to computers (eg, doctors or nurses). The interface should
provide a ﬁeans fbr fluid-and efficiént communication betueen the user and the
system, 1) allouing the user to transfer what hé(ghe gnous about a patient to
the system and 2) allouwing the system, in turn, to preéent ifs recommendations
to the user. This coﬁmunication shouid be aa_fconfortablé" as possible for
the user in order to assure effective interaction and coﬁmunication with the
system,

| The nature of the interface.ia heavily dependent on the form of the

*internal. machinery” of the systenm. For this reason, work on the inter face,

1
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was delayed until the construction of this "machinery™ uas completed. The
current interface is described in detail in Chapter 4. In this section

improvemeﬁts to the existing interface wicll’ be discussed.
5.1.1 Accepting Information From the User -

fhe current interface 6peraioa in *active” mods ihen obtaining
information from the user. The essential festure of this approach is that fﬁe ’
user is unéble _td take cdh’»truln of the dialogue, Dut wust anier a series of
questions gener,étéd by the system. This wethod has tho advantages. First, it
is easy to impiement, since the program can be provided with a ‘simple
flouchart uwhich directs the inforsation gathering procedures, Second, after
asking all of the guestions specified in ~therfl,-ou'cha‘t.. tmwﬂﬂl Ie
guaranteed to have all of the information it nhodt‘s;.‘ Here this not the case,
the flouchart can be updated to mc:m‘*ﬁv:oum'mmd questions. |

Although this method gathers the Bpprapriate data, it 'may net be
altogether comfortable from the user's standpoint, siice it pla'céa constraints
on what the user may tell the program about a patient as well as when he may
tell it. Typically, the user wishes to present sdke’ initial set of facts to
the program, such as "this is a 53 year oldb uéuh to be digitatized for atrial
fibrillation with a low serum potassium and & creat ﬁi’?ﬁa«‘élaﬁr‘&nca of 128 mi
per minute" and it may be frustrating for ‘him/her to wait untH the system
gets around to asking for thus information.

A better method would be to allow the user to eﬁter_ an initial
description of  the patient after uhich the system would run. through a
flouchart (such as that mentioned earfier) in order to "fill in the blanks."

Thns approach is more difficult to mplenent than the prevvous one, since lt
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'requires\the develqpment of a language for expressing the ?nitial'patient
description and techniques for translating this description ithwthe system’s
internal representation. UOespite these difficulties, the development of such
an interface would be feasible for several reasons:
1. Recent developments in natural language processing {12} make
construction of crude English parsers pgsﬁip}eiuithig,a‘rélatiyelg short
time. A parser could be built that would tranglate an ?nitial patient
description expressed in English (or some subset thereof) into the
system’s internal representatibn. When  the parser had éompleted_this
task, the normai‘questidn asking machinery would be c§lled upon to gather
~additional information.
2. The statements of interest to the gustehﬁgne l{mifqd in number, each
"~ corresponding to an entry in the digtionary. BQ coqsqiting.fhe
dictionary, the transiation routine can datgrmine»qhét facts are relevant
and what in particular about. those facts is of intenest.‘For example, the
ldictionarg contains an entry for PVCs, spebifujng_that the type, number
and existence of salvos are all important prqpertiee of PVCs. If the
inttial patieﬁt description contains a mentipn of PVC#, the system would
recognize the importance of this and enter the appropriate assertions
into the data base. C(onversely, if the u;er.inqjqated that the patient
"has brown hair and four fingers on each hand", the system would consider
this information unimportant, since there are no dictionary entries about

_hair, fingers or hands..

5.1.2 Presentatidn of Recommendations
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Concurrent 'with the development of an interface as ﬂ!!cffbéd abbvef-ft is
necvess*varg to construct an additional interface wodute ‘capablé of present hjg
recoﬁmmdations to the user in a neat, toncive amd logica! mamnner. Thit_
module must "know" such things 8s how to format recowmendations on diapray'f
screens.  Furthermore, it must determine uhich portions of the
recommendations need be displayed in varicus situations, For example, if a
patient was being digital ized for atrial f»i&ilslfat'ien. it is advisable to
display the first dose to be given followsd by a requsst to “report back"
before administering subsequent doses (see Section 2.2). On the other hand; ‘
for patients being digitalized prophglactically, & n‘h\‘te&mca dose is usually
of primary interest. | 4

Extensions to this basic 5ﬁtlr?353.00ﬂfd;bd“ﬂﬂ60g For example, simple
uarning messages might be suppressed uhen conversing i th-a b'car’diolog’i st but
would be displayed to a medical student. Eath user could have a "personal ized
initialization file® which would satomaticatiy- spccdg inﬂwiduﬂ profcrencaa

(eg, "aluays use digoxin and aluaul adwinister irtravenousiy®).
5.2 Medical Critical Mass

1f the system produces an fnaccunterM’tion. is it because the
system’s reasoning was faulty or because it did not knou enough to arrive at
the proper conclusion? This question is of primery Importence and one which is

difficult to answer. Such considerations can be divided into tuo catégories:

1. Does the program consider enough of the available data?

2. s the model used by the program of suffu::iont power and scope to
formulate accurate recommendations?

§.2.1 Hou Much Information is Enough?
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. Nhgn»determining what data to gather from the user,lone_runé the risk
burdening the usér'uith an excess of questions. 'UnFtbbethéF handf’if the
sgstem doesn t have suff:cuent |nfarmat|on. it ulll have dnffucultg
formulating useful»and acgqrate recommendations. ln the construction of ANNA
a compromise was made betueen the number of questJonslasked and the
_information.requinpmgnts of thg}sgstem. The pgrrgnt vgrgion of the program
reflects the miniﬁum amount of questioning necessary to'a}lgu the production

~of useful recommendations. The current.version of the system is considered to
be about 88% complete in terms of the adequacy of itse informat}oﬁ gathering
activities., Rigourous testing of the sgsten iﬁ a clinical environment will
expose any major "gaps" in its information requirements, Appropriate

._adeStments can be made to correct these deficiencies.
. 5.2.2 Pouer and Scope of the llodel

The limitations seen in Jelliffe's programe gggeéprjmarilu‘dqg‘tq’the

‘insufficient scope and pouer of the mathematicé@<NQ§ql_he used. At this point,
it is difficulf aésess the ability of»ANNAhtorprgguce'aéburate-and useful

rgcommendations in a representative saﬁple pf plinipgl settings. The most
critical area to be evaluatéd is the perforﬁaggngf.pqtlentvgpecific models.
Questions which need to bé evaluated by rigqqrqys clinical feating are:

1. Do they model the patient accuratelg enough or should more

information be contained in them?

2. Hou careful should the sgsteu be when deterntnlng if a PSH is stnll
valid?

‘3. Hom many possible PSMs are there? 1f there aﬁé'ﬁot many (say less
than 100@), should the system select one "off the shelf" .instead of
constructing them for each _patient presented?
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4. Are there patients for whom the system will be unable to construct a
PSM? 1f so, does this indicate a fundamental inadequacy of this
approach? ' : ' ‘
Initial experiences indicate the notion of PSMs and their current use by the
system to interpret changes in the patient’s condition are effective. Future
adjustments in this area will focus primarily on extending the range and
content 6f the PSMs rather than any fundamenta! readjustments in the uay they
are built or used. It is hoped that the strategies ewpioyed by ANNA willi

constitute a significant improvement over those previously available.
5.3 Error Recovery

Unreliable or inadequate data are an unuelicome but ever preae'n‘t prob tem
in real world 'cl-inical situations. The following are problems which need to be
addressed i;l this area: 1) how can the systém go about detecting erroneous
information, 2) what strategies can be employed to correct any decisions based
on the erroneous data and 3) what are the appropriate assumptions in
.situatiohs where the available data is insdequate?

Detection of Erronsous ifformation

‘The system currentiy has the abiiity to run both syntactic (via the
dictionary) and semantic checks {via the daemon wmechanism) on incoming data.
An initial attack on the recognition of m’-rbhcwuiin’formtionb would be to
extend both of these facilities, particularlg_the daemon uechénisn. This
would involve a ﬁ\in'imum of uwork, dus to the ease of adding neu daemons to the
system. Most of the effort would involve identifying those areas where checks
for erroneous information shouid be made. Thsse inéludai_

1. Impossible items. The system should check for enormous weight
changes, changes in sex, large shifts in age, etc.
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2. Improbable items, A 128 pound 3-year-old, renal function of more
than 188% of normal, unusuaily large maintenance doses are all to be
considered improbable. i .

3. Suspicious items. Suspicious items are .things such as an increase in

the ventricular rate follouwing digitaiis administration, large shifts in

potassium, arterial oxygen, etc. . .

A simpler method for the detection of erronsous information is direct
notification by the user that a pre#iguslg entered .item is not valid. The
difficuity with this method'is deciding uhat to do to correct the error.

Correcting Decisiona Based on Erronsous Data -

Since the system assumes all incoming data to.be reliable, there are no
facilities to recover from the input of invalid,daté. It would be possible,
however, to implement an error recovery facility in the follaning manner.
Each fact is associated With a severity class, qith'esagntial facté such as
the reason for digitalization considered the most severe.. The lowest severity
qlasé would include non-essential facts {such as the sex of the patient)..
When a datum is identified as being erroneous, the system looks up its
Qeveritg class.. The erroneous fact may move to a different severity class
based on the fallowing:

1. Difference between the erroneous item and the actual item. Thus an

~error in weight of two pounds would be put into a lower severity class
than normal (eg, record the true value but don’t process the error
further).

2. The point at Wwhich the erroneous information uas entered. If the

information was Just entered, no error recovery may be necessary (note

this may also be true if the information .is.0ld and has. already been .

replaced by subsequent values).

Error handlers of varying abilities are invoked, debend?ng on the severity

" class of the error made. At the highest level, the system would correct for

the error by completely reworking everything it did since the fact was

entered. Louer level error handlers would employ tracing facilities which
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can connect sach fact to the places where it had been uud. Ammg theu
situations do not affect further dec1stona. the decision can bc *re-run”
This is particulariy true of errort occurtng o onfcr!ntion usod by the
computation routines wuhen gomratmg the mmﬁ gusss. In such cases, the
value may be corrected and the cunputatiadﬁéifridd out again.

What should the system do if the-user is unable to respond to one of its
questions? Clearly the system Wust haveé soms provision for making reasonable
assumptions when it cannot have alt the data it.m. "fh'e-iabHHtj to do this
requires knouing uh_____ﬁ:_w_ it is valid to make asmtims.ad well as what
assumptions to make. The former reprasents a major difficulty in developing
assumption-making capabilities, since it is requires a firm definition of the
minimal set of facts noc::aﬁrg'tn'naki Neaningful sssumptions. Despite this
obstacle, it uould be possibie to equip the system uith the ability to wake
reasonable assumptions in certain areas where data may commoniy not be:
available, such as estimation of renal function, values of serum potassium,
etc. | Once again, the system would iﬁvoko ieounption iaﬁfﬁgjﬁbutineélof
varying abilities, depending on the barﬁicular data under’congidgration. For

vexample. it might sgtt'& for a classi N‘cat‘!mt of 'fiou‘. "l“udium"v‘ or ""h'%gh"' if

no serum potassium value is available. H the user could not specify the type
of cardiac rhythm, tiouever,  the sus'hm“gabuld try to get as much information as -
possible (eg, asking about the potient'i‘EKGl b;%oﬁt n;kiﬁﬁ tﬂ#&?yeduptiono. :

since knowing the qaédiac rhythm is quite important.

5.4 Temporal References
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Yaluable information can be obtained by the correct . interpretation of the

sequence of events and the timi

the current representational sch

time references. This is in lar

between events. A significant inadequacy of
me is the way in uhich:the‘system handles

je part dus to the fact that time references

were introduced after the representation had already étabilized (see Appendix

B).

At the present fime. the sy

compare sequences of events to k

only two events. In order to enh

temporal references, several imp

representational scheme must be
rebresentation of time expressi
specialist capable of utilizing
detecting "trénds" (eg, the ser
the past week) and establishing

the significance of changes in
5.5 Explanation

In Chapter 1, explanation 1

"

component of a Digitalis Advisor

tem reiies‘primﬁrilu on its abilitg to

noHn patterns, uith the seq@ence comprised of
nce the ability of the system to make use of
rovements are necessary. vFirst, a
implenentedjubj;h'alloua convenient

8. Second, the‘agstgm;needs a time

these time expressions. This would include

m digoxin level has been rising slightly over
the affect of tine“infervalg when interpreting-

eight,ventricular rate, serum potassium, etc.

acilities were indicated to be an essential

program. Although such facilities are as yet

“unimplemented, ANNA has been de

igned in such a way as to promote such an

activity. In order to generate explanations, the system must do a considerable

amount of "bookkeeping" which r
correspanding decrease in effic|
different. levelis of explanation

scheme:

sulte in an increase in program size and a
ency. ln order to circumvent this problem, .

can be implemented according to the following.
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1. No fExplanat'runs »Pmib«le tgreatest efficisncy)

2. Informations! Ouestions - Mr%ewng ‘simple facts from the data base,
such as the date of the initial seuum. the patwnt s age, etc.

3. Procedural Questions - gueries concerning decisjons made by the

program. This includes such ‘things as “why s that question asked?”,

"how was the maintenance dowe computed?” or "why was the 1V route

suggested?”. : ‘ o

4, Projectional Questions - reguests r'egardmg the use made of some fact.

Possible questions are “uhat ie the patient’s ueight used for?" or uhat

is the effect of my answering 'no’ to ‘this guestion?

There is little practical expsrience to drau on regarding the construction of
programs capable of generating suth explansitions. Although it could be done
using the current‘rupremtit ional scheme employed bgm. ‘preliminary
efforts indicate that a considersdie time investwerit iould be necessary in
order to complete this tﬁk. in addition, 1t is not clear what tgﬁiu?
explanétions Will be desirable from the uﬁr"o'boiﬁ%t’ of view. The most’
advisable route is the developwent of ‘r,aamm.»'g cxﬁlihat“i‘un’capabliﬁt'iﬁ in
all areas mentioned above followed by clinical testimg.

Given the development of ‘some specialized expianation facilities, the
system could perform as a pouerful tesching tool. The prograwm could explain
each step in its reasoning process to a medical student, allowing him/her to
learn how to administer digitalis by mouing fomilior uiﬂq‘ the internal wodel

used by the program.
5.6 Efficiency Considerations and Compilation

“l once was invited to a party and was totd the Uddrm was number 64.
"How am | to remember that number?’ | asked. ‘'Simple, remember it as
being four cubed.’ That evening | went to nusber 27 by wmietaxke.”

The above incident under{ines the cbservation that people often find it

easjer to remember procedures for doing things rather than the actuail things
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generated by the procedures. In the construction of ANNA, a similar problem
uas encountered: how much of the system shoutd be uritten as a procedure and
hou much sh0uld be representéd in a strictly dectarative fashion? The latter
Has emphasized‘in this work, primarily bgcause.it;lqb?drtivexplénalioh |
generation. The banefits a;éociated uith recofdwkeepibg and explanation
generation must, houwever, be baianced against the resultant decrease in
program efficiency (see Section5.5}. The optfmal situation would be to have
both pfocedural and declarative representations afailabie and to be able to
suitch from one to the other;'depehdingubn‘ygat&{upy; of things the user uants
done. The following discussion presenfsﬁa qofkéble meanaAbf doing thig.

In order to promote efficient interaction»uith thg,égstam. it is
important that the system’s rgsponée time be,kéﬁt to a iinimum. Currently,
most of the sgstem's,actéyifigs are carried out dnﬁetffhﬁfdirection of
specialized interpreters ("interpretive execution“f. One way to‘achieve a
significant gain in program efficiency would be writing the system as a pure

broqedure {“procedqral execution") - éﬂ uﬂdprtaging uhich;ﬁpuld inyolve a
| bonsiderableiamOUnt of effort. Fur thermore, makinﬁ-chan@es in this procedure
~would be difficult. A more attractive alternative for generation of é
procedural versiqn of the system is the Qonstruction of a compiler which uduld
take,as input the network nodes With their associated patterns and actions and
pfoduce as output a procedure whose execution carries out the appropriate
actions. = For example, consider the nodés for renal function depicted in
Figure 5. Looking at their pattern assertions, it cén:be seen ihat only two
facts are being considgrgd: the status and‘condition_of renal function.
Furthermdre, the actions to be carried out in each of the subnodes involves
either some simple action (eg, set the value of some internaf variabie) or

results in the activation of another series of node executions. From this



Figure 5
Nodes for Renal Function
(NODE-1S RENAL-FUNCTION
(SUBNODES

~ARE RENAL~-FUNCTION
(NO-RENAL-FUNCT!DN STABL% -RENAL-FUNCTION

NG-RENAL-FUNCTION) ) )

Rena! Function Sub Nodes:

(NODE-IS STABLE-RENAL-FUNCTION
(PREREQUISITE STABLE-RENAL-FUNCTION
(AND (CONDITION RENAL-FUNCTION STABLE)
(STATUS RENAL-FUNCT!(N Pﬁ%NT)))
(ACTION STABLE-RENAL-FHC 18N -
(ACTIVATE RENAL~FUNCTION-MEASURE) H

(NODE-IS CHANGI NG-RENAL -FUNCTION
(PREREQU!SITE CHANGING*RENAL-FUNCTION
(COMD T 1ON- RENAL-FINCTION: LNSTABLE)
(STATUB RENAL-FUNCTION PRESENT)))

(ACTIDN cgegrxg\l, &m”%ﬁm mwrg.mn

(NODE-1S NO-RENAL-FUNCTION '
(PREREQUISITE NO-RENAL-FUNCTION
~FUNCTION ABSENT))

R
(ACTION NO-RENAL-FUN%TIS:JU\LSET-VALUE RENAL-FLNCTIDN e. 8))) ,
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information alone, it would be possible to (?qtbmatica}}g) generate a
procedural versionycf thése nodes which might look Iike:tﬁa follouing LISP
procedure:
(DEFINE RENKL-FUNCTION NIL ‘ ’ Kk '
(COND ((IF (STATUS RENAL-FUNCTIDN ABSENT))
(SET-VALUE "RENAL-FUNCTION 2.8)) "
{(IF (STATUS RENAL-FUNCTION PRESENT))
(COND ((IF “(CONDITiON RENAL-FUNCTION UNSTABLE))
(SET-VALUE RENAL-FUNCTION
'APPROXIMATE-RF))
((IF (CONDITION RENAL-FUNCTION STABLE))
(RENAL—FUNETIBN-H&ASURE)))))) ‘
The procedure RENAL-FUNCTION-MEASURE, called inside this procedure could be
generated in a similar fashion.
An improvement to the above would be the qbqstru;tidn of an optimizing
¢dm9iler capable of using "medical gommon sense" rulés'to‘bptimfze‘these
' procédubes. For example, knowing that thé’sfatusyofﬁrehgl function must be
either present or absent and that”the cqﬁdifion of rénal function is either
stable or unstable allous a more efficient procedure to be generated:
(DEFINE RENAL-FUNCTION NIL
(CDND ({IF (STATUS RENAL-FUNCTION ABSENT))
~ (SET-VALUE RENAL-FUNCTION 8.8))°
((1F (CONDITION RENAL—FUNCT!DN UNSTABLE)) :
(SET-VALUE RENAL-FUNCTION =
APPROXIMATE-RF))
(RENAL-FUNCTION-HEASURE)))
The addition of control structures to supervise suitching between

procedural execution and interpretive execution would result inva truly

versatile and efficient system,

5.7 Implementation Difficulties
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The preceding sections have touched on a number of important
considerations to be included in subsequent versions of ANNA. There i;iyéﬁ
number of problems which, although of |esser theoretical interast,”ire
nonetheiess important to consider. Anong these are fq#tnegenﬁ of internal
representatnon, storing and rctrltval ne%hods for, uowkkng Hith patient records
.and logistical prableuh as tnrnanal lﬁﬂﬂiﬂﬂb ﬂefntnal apaess. boohkaap:ng
procedures (eg, maintaln'ng a n:sor# af sass:aﬁe u'th the ayatan) and

instruction of the user conmunaty dn use nf th. quttn.

5.8 Conclusion

"He felt a rush of pity at the mingled s:ght and remsnberance. and,
recalling the relief his mother had found frou 8 simple. preparation of
foxglove, hs promised Sally Dates to bring het something that wouid eease
her. ..the fact of her having found relief form drinking Silas Harner’s
stuff became 3 matter of general discourse.  Uhen Dactor Kimble gave
physic, it was patura! that jt shgqu ‘have._an tffggt: ‘but when a8 ueaver,
who came from nobody kneu uhera. workaed H a bottle of broun
waters, the occult charactpr of the, grgcgao uas svident,”

from $ilas Marner by George Eliot

One must eventual!g come to grips with what is perhaps the central

question involved in any regéb#;hai of what value is it2 The construction of
ANNA did not bring forfh'éhg signf?fcanf nqy téchﬁclggjcél devices. | vieu
this research as a pioneering attempf'fb-qUin conputecxpéograms uhich can

per form complex problem solving, tasks jn,; jal real worid dowains. In

fact, the most reassuring result of this work is that such domains (at least
the domain of.digifalis administratibh) are in. fact pupggp#iglgatoﬁdotgilpdv
and rigorous analysis. Such analysis, fn my opinion, repressnt the first step
toward the development of computer programs prbfi¢ient.at.aojving probiems in
complex real world domains. 1| believe that a better understanding of the

general problem solving mechanisms used by peaple will follow from these vieus



Page 85

of specific complex domains.

Pragﬁaticallg speaking, it is difficult to assﬁss the effectlsgotems such
as ANNA will have on the practice of ngdjcine} Certainiy it would be exciting
if this system turned out to be better at digitalis administration than
unaided pﬁgsician judgement. | feel, however, that this is a long way off.
The real value of this work is, inmy npinion.ithe effect it could have on the
medical education system. Hopefully, the vieu of digitalis the}apu presented
herein is more bradise and easier to assimilate than that currentlg,availab!e.
Medical students allowed to "play” uitﬁ the program would begin to understand
the algorithm which it uses. It would be a shart step for them to later
use this same algorithm with their oun patients. The net effect would be that

they wouid be better doctors and better teachers.
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* Appenats-A-

A tMathematical Model-of Digitalis Kinetics

.

I. Half Life

[t is knoun that digitalis is lost from the-body through excretory

~pathuays in an amount proportional to the amount present. This relationship

can be phraséd in the following manner:

n. = n, e T  ' _ o :v 111
where n - = amount left after time t
ng = -amount present -at-time-t .
A = excretvoﬂ conttant
T LA 485 t '

The half life, t 1o of the-drug-is by definition equal to tho time it takes

for half of the drug to disappear:

1
—-ng =, & At
2
log (20  8.69315 - |
or t;, = =-——m-mm- . mmem——— ' 121

Il. Excretion Constants
Experimentally measured half |ifes for digoxin average around 1.6 days,
which yietlds an excretion consfant“of-ﬂ;iaazldau4; The excretion constant, A,

is proportional to the rate at which the drug is lost from the body. Since -

digitalis is lost by renal and non-renal (fecal) routes, A can be computed in

/
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the follouwing manner:

A= Aenat * Anon-renal

{3}
Experimental»gvidence indicafes that in patiqnts with no renal function (A _ .
= @), the half life of digoxin increases to sbout 4,1 days. In this case,
digoxin is being Iostvexc]uaivelu through non-renal routes, Anon-renat €3N b€

calcuiéted’bsihg ehuaiion {3t

. -
Anon—ronal

......... - 8.169 day?! 4
4.1 L ol , " iy

Cbmbining“equatjéns 31 and 44, a value of . 2642 day™} is obtained for Arenal
~{assuming normal renal function). |
Thds the excretion of digitélis can be‘ledell!dﬁbg thase tuo paral!terh;

A and A is constant for all

renal ‘non-renat”’

It is generally assuméd that A _ .,

patients, but A is a function of the patient’s renal function. Similar

calculations can be done for other prsparatione.
I11. Remal Function

If a patient with no renal function is said to have:benal‘function -0
and a patient with normal renal function has renal function = 1, renél-
function can be expressed as a number between zero amd one. This is done by
~ using various clinical mé;sures avaffﬁgfe'féﬁfﬁe;bhgaiéiaﬁ such as creatinine

clearance or serum creatinine values in the follouwing manner:



: creatinine ciearance
renal-function = - -— :
125.0

. 8.98 x- ueight .
o - o o e o i . - o - {8’ )
serum creatinine x: 1548

Page 38

If renal function is changing, it is: neceasary . to.approximate. a value by

extrapolation of previous vatues.

IV. Maintenance Dose vs Body Stores: '

‘The daily maintenance- dose, M;. is by definition-equal to. the amount of

the drug lost in a. period of one day. This cam bmexpresssd as: the difference

between n, and -n-uhen t = 1 day:
H?"-vné, - n

=y (1 -e™)

A7)

Thus if a patient is given an imitial dose, beody stmws‘i, at time. t = @, and a

constant daily maintenance dose, M, (eg, taken at time = 1,2,3,...), the peak

body stores at time t = i is:

peak peak
body stores = body-stores. e+ M {8)
. . N . '-x - .

{
and the minimum body stores ie given bys.
misvitom: o ‘wininan:

body-stores = (body-stores +M) e (9
i B P} ‘ '
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Appendix B
GOBBLE Syntax and Use.

ANNA uses a data base facility written in LISP called GOBBLE. Facts may
be entered into the data base as non-circular list structures (see below) and
may be associated with a particular context when added, - In this way, the data
base consists of a number of independent contexts, each containing a series of
~ GOBBLE assertions. This is quite similar to the data base features of PLANNER
. and CONNIVER {13, 14}, with the following differences:

1. GOBBLE contexts are independent of each other, uniike the notion of
context trees in CONNIVER, ) - R

2. GOBBLE lacks the pattern directed procedure (method) execution
present in CONNIVER and PLANNER.

A hore detailed'discussian can be found eiseuhere {15}. For now, 1 will
briefly revien the syntax used by ANNA and present a feu exambles indicating .
how patient data'are transformed into internal representation.

GOBBLE assertions are generally expresésd as a list.of three eleménts of

jthe,form: |

{<function> <argument> <value>)
uhere <function> fs some atomic function, <argument> is some argument of that
function, and <value> is <function>(<argumeﬁt>). 'A|tﬁough <function> must be
atomic, it is acceptabie for <argument> or <value> to be GOBBLE assertions, in
a recdrsive ﬁanher.

The following would be legitimate GOBBLE representations of the fact "The
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patient Qeighs 185 pounds.”

AVALUE WEIGHT 185.8) or -HIEYOMT PATIENT 165.8)
Note that "weight" can serve -either as a <function> or as Sn <argument> to the
“function “value". -In order to waintain tonsistency, the system has a
dictionary which unm:i'.‘guou'alg specifies legal functions, ’lseqa_ﬂ arguments for
each function and legal values for the arguments of functions. For exawple,
the system uould ob feé‘i' 10 -each of the “follouing: |

(UETGHT FREEDON 165.8) - "FREBEGM® lo'not & vailid srguwent of
"WEIGHT" : | | o

(VALUE UEIGHT 13808.8) - illegal value for "MEIGHT"

Houever, the aé_sert ion (‘VAL(E UEIGHT 185.9) mwbnfo\md acmt,ab'llg-.:

Remember that <argument> and <value> 09.?1-'(’ also be non-atomic G&BLE.
assertions. Thus the statement: S

{TIHE-OF (VALUE WEIGHT 185.8) DAY-1)

would be accepted by the system, providing "TWE-CF" was a legal function,
etc. In fact, this is hou’ temporal knowledge i r’ebs:"esented'.bg the system.

Using this format, the dictionary was compiied specifying all legal
functions, arguments and values which are useful. For example, eaéh of the

following is specified as a legal assertion:

(TYPE ARRHYTHMIA ATRIAL-FIBRILLATION)
(VALUE VENTRICULAR-RATE 124)
(STATUS RENAL-FUNCTION PRESENT)
(CONDI TION RENAL-FUNCTION STABLE).

By using the declarative representation described above, the knouledge of
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the system is always explicitly represented by the assertions contained in the
‘data base. This has two distinct advantagés over prdcedural {flouchart) data
acquisitibn. where current knouledge is implicitlg'represented by the current
location in the procedure. First, one. gan generate a réasonablg description
of what is known about the patient simply by displaginé the assertions
currentig in the data base. This is vergwdifficulf‘usjng prdcedures,rsince an
explanation would require examination of what the procedure had been doing
since execution started. Second, at each point uhere neu information is

- gathered, the system has ready access tg the entire bhody of knouwledge
gathered. so far, This enhances the ability of the prqgramlto;deal with
'unegpeﬁted responses or to advise é confused user uhat‘tespohses mfght be
appraopriate, Once again, such activities would heﬂguite diffigult uﬁile in

the middle of a procedure execution.
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Imptomenrtation Detwite

W

1. Primitive Concepts amd Operations

In Appendix B, the data representstion sechonises of GUBBLE were
presented and the notion of COBME contets introduced. In f8tt, the nodes of
‘the TTNET described in Chapter & eich carrespontd to & GUBELE comtext, hiving @
unique name and containing mmam.Enmnm Tre type of assertions
in a given comtext mm on et type of node it cepresents (see batow) but
generally include such things as pattern sesertions, O0Ss snd #n aseertion
indicating the type of node the contest represents. “Nare are aven Tegal
‘node types: descriptor, candidete, action, dasmon, Vévisionm, suggestion, and
resume. The data base is initialized uith the appropriate nodes (eg, GUBBLE
contexts) and one special context, FACTS which is initially empty. This:
context is used to storé incoming assertions (see Section 4.35 '

The system consists of a data base centéininq the contexts, »a.ggd__o_
interpreter for each type of node, a list of hodc:s to be executed (called the

PROCESS-LIST) and a supervisor procedurs to control the execution of nodes.

The fundamental activity of the system is the execution of nodes. The
supervisor procedure performs this in the fﬁllouing manner: the node’ type of
the first node on the PROCESS-LIST is determined. Thi's node is then passed to
the node interpreter for that type of node. Upon conpletioﬁ of cxecu'tion.‘ thei

supervisor deletes the processed node from the PROCESS-LIST and repeats the
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_pracess until the list is empty.

" I1. Activation

Activation af‘a node is accomplished bg‘adding-the némé of tHe node to
the PROCESS-LIST. It is put into the |ist immediately after the current node
(since nodes can only be activated while inside”d%hér“ﬁodeai. In this way a.
network cofrgéponding to the TINET is constructed. Notice, however, that the
nodes are "tied together" via various assertions contained in the nodes.
‘Since.these assertions are stored declaratively, the system bas the potential
to dynamically change the TTNET by altering thesé assertions’ (the current

version of the system does not make use of this fatllity).
I11.  The Node Interpreters

. There are eight node interpreters; gach-of uhf¢ﬁ>}9fén "expert" at
ca&rging out-the execution of a specific qlass"pf nod@g.f Thqg are |listed

~belouw along with a brief synopsis of their action:

1. DESCRIPTOR - This interprétervis responsible for the execution of
nodesﬁcontaining selective linkages to subriodes, I'ts primary activity is
the selection of one of these subnodes, as described in Section 4.4. It
is assumed that nodes of type descriptor"Coﬁtafﬁ'én #ss§rtion of the‘
form:

(CANDIDATES-ARE . <name of descriptor node> <list of subnodes>)
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Since this assertion is stored ina declarative "f'a'shion,. it is possible
to alter the <list of subnodes> poftipn to add or remove potential

candidates from considesration.

2. CANDIDATE - This interpreter locks for an assertion of the form:
(ACTION %nane.,,of node> <action ,toAbo'v.‘cmjrﬁod ou._t>)‘
and executes it. Usually the <action to be cu?riqdvoubk i’r_wotvu setting

the value of some internal variaple or the activatibn_of'anbthgr node.

3. ACTION - This interpreter supervises the ewxecution of user or sgitu
defined LISP procedures, such as those which display ‘r;ecwdati:om to
the user, etc. For example, a node which Watei a displéu of a
patient sumiafu looks | ikes
(NODE-I1S PATIENT-SUMMARY

(NQDE-TYPE RATIENT-SUMMARY ACTION)

(PRINT-PATIENT-SUMMARY))
Execution of this node will result in evaiustion. of ‘the LISP function,

PRI NT—PATIENT-SLWARY

4. DAEMON - This interpreter oversees the execution of nodes
correspongding.to daesmon nodes, lts vfmctions are quit-é similar to that
of the DESCRIPTOR. mtarpretsr. with tbe axcaptwn that aH qualaf;ed

candidate sub-nodes are activated (see Section 4.4).
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B. REVISfON - Subnodes of nodes of type DAEMON are of fgpe REVISION or
SUGGEST!UN (with some exceptions). The REVISION interpreter is
reébonsible for the reconsidération of some fact received from the user
which is felt by the system to be in error (note that such facts are
identified by the pattefn matching activities of the DAEMON interpreter -
see Section 4.5). This interpreter proceeds by notifying the user of the
problem and, if heceSsarg. deietes the erroneous fact from the data base

and inserts the correct one.

B.'SUGGESTION - The other type of sub-node of DAEMON nddes'is the
.SUGGESTION node. The interpreter for this node displays a‘suggestion
contained in the node for the user. SUGGESTION nodes are responsiblie for
-messages suggesting the use of potassium'supplementg'and correction of

various disorders (hypokalemia, hypoxemia, etc.)

7. RESUME - During the course of a pattern matching activity, the system
may create a new context of type RESUME which contains informatfon about
the match (eg, uhat facts were used, which ones were not found, the
patterns used, etc.). Alfhough the RESUME interpreter is as yet
unimplemented, it is intended that its execution would result in the
generation of an explanation for a choice made on the basis of some

pattern matching activity.
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Bookkeeping:

The supervisor keeps track of node activetions, recording the "porent”
and "children” for each node which is snecuted, ‘Fhit »igfmtim is yaluabh'
when performing backup. Watim‘w gemerating si@ianetions. The system also
associates each incoming fact with the nede which ues bcing exgcuted when it
uas entered into the. data base, In additiom, ccch node Mta.»i_ng I“li.t. of
facts uhich uas gathered during its esscution. In this uay it is possible to

tel| uhat facts were entered while in some particular mods or, conversely,

PRI SR

what node was active when a particular fact was entered. .

. Candidate Directory

When the descr iptor interpreter chcﬁ_sn “and aéﬂvatn a oulmoda. an

assertion of the form:

(SUBNDDE-FOR <descr iptor> <subnode>)

is put into a special context calied mssnm-mmmv ) These statements
can be used |ike any other fact in pattem,asggr‘t:i?gq.l For iua;gpla._a pattern
assertion which is true only if digitalis is wn§ acgin;ggf.rga orglrl,u'ucuid _‘
look |ikes _ ‘ -

(PREREQUISITE <aowe node> (SUBNODE-FOR ROUTE ORAL))
In addition to referencing this information in pattern sssertions, it is often
convenient to print out the subnode directory so that the user can see

decisions have been made by the proqru." '



