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In trodu ction
Tech n ica l r epor t s  n or m a lly con cer n  t h e  r es u l t s  of r esea r ch  p r oject , n ot  t h eir  p la n s .
Never theless, we believe it  impor t an t  somet imes t ha t  new ideas, r eflect ed in  a  proposa l t o ca r ry
ou t  a  r esea rch  project , be exposed to t he scru t iny and suggest ions of ou r  colleagues.  Th is serves
both  t o let  t hem t ea ch  u s va lua ble lessons in  cr it icizing ou r  pla ns a nd (we hope) t o swa y t hem
toward ou r  views on  wha t  const it u t es fru it fu l r esea rch  dir ect ions.  Th is r epor t  con t a in s most  of
t he t ext  of a  proposa l we submit t ed in  March , 1994 t o ARPA in  r esponse t o BAA 94-13, for  t he
H ea lt h  In for m a t ion  In fr a st r u ct u r e P r ogr a m .  Th is r epor t  differ s fr om  t h e pr oposa l on ly in  it s
orga n iza t ion  a nd in  omit t ing budget a ry a nd a dmin ist r a t ive det a ils.  To a  la rge ext en t , we ha ve
ret a ined the language typica l of proposa ls, and hope for  the r eader 's pa t ience with  it s t one.

Th e m id-1990's  pr om ise t o u sh er  in  a n  er a  of com pr eh en sive m edica l r ecor d keepin g a n d
the beginn ing of in t elligen t  compu ter -ba sed agen t s t ha t  can  exploit  such  r ecords t o improve t he
qua lit y or  r educe t he cost  of hea lt h  ca r e.  Most  cu r r en t  effor t s t o a ch ieve t hese goa ls cen t er  on
pu t t in g in  pla ce idea s t h a t  h a ve been  pr oposed over  t h e pa st  sever a l deca des, bu t  m a de m or e
fea sible by declin in g cost s of com pu t in g a n d m a de m or e u r gen t  by ou r  societ y's  det er m in a t ion
t o s t u dy t h e ou t com es  of m edica l in t er ven t ion s  a n d  t o r es t r ict  fu n d in g t o on ly t h ose
in t er ven t ion s t h a t  seem  m ost  clea r ly wor t h wh ile.  Su ch  effor t s  t ypica lly cen t er  on  bu ildin g
clin ica l in for m a t ion  syst em s for  h ospit a ls , clin ics, in dividu a l h ea lt h  ca r e pr ovider s, in su r er s ,
a n d gover n m en t  r eviewer s.

Our  proposa l comes from an  a t t empt  t o r eth ink the sou rces of possible leverage in  improving
h ea lt h  ca r e, a n d focu sin g on  t h e r ole of t h e pa t ien t  in  m a in t a in in g h is  or  h er  h ea lt h  a n d
responding to disease.  Thus, we plan  to bu ild syst ems to suppor t  t he hea lth  in forma t ion  needs of
the consumer s of hea lt h  ca r e r a ther  t han  it s provider s.  Th is sh ift  of focus will, we hope, make
possible dr a m a t ic im pr ovem en t s in  h ea lt h  m a in t en a n ce a n d h ea lt h  ca r e deliver y, by m a kin g
usefu l in forma t ion  ava ilable in  a  t imely manner  t o t he pa t ien t .  The sh ift  a lso a llows us t o look
a t  ma ny of t he t echn ica l issues of how to collect , ma in t a in  a nd in t erpr et  comprehensive hea lt h
in for m a t ion  fr om  a  ver y differ en t  viewpoin t , a n d m igh t  t h er efor e speed t h e a dva n ce of m edica l
in for m a t ics .

The r eview of t h is proposa l was favorable, and a lt hough  we have a s of now no a ssu rance of
fu n din g, we a r e ver y m u ch  com m it t ed t o pu r su in g t h e pr oject  a n d explor in g it s  societ a l a n d
t ech n ica l con sequ en ces.

Peter  Szolovit s
May 1994



Guardian Angel—Patient-Centered Health Information Systems 4

P art I
Life t im e  P at ie n t-Ce n te re d  He a lth  In form ation  Sys te m s
Cu r r en t  h ea lt h  in for m a t ion  syst em s a r e bu ilt  for  t h e con ven ien ce of h ea lt h  ca r e pr ovider s a n d
con sequ en t ly yie ld  fr a gm en t ed  pa t ien t  r ecor ds  in  wh ich  m ed ica lly r e leva n t  l ife lon g
in for m a t ion  is  som et im es  in com plet e , in cor r ect , or  in a ccess ible .  We a r e con s t r u ct in g
in forma t ion  syst ems cen tered on  the individua l pa t ien t  in st ead of t he provider , in  wh ich  a  set  of
“gu a r d ia n  a n gel” (GA) soft wa r e a gen t s  in t egr a t es  a ll h ea lt h -r ela t ed  con cer n s , in clu din g
m edica lly-r eleva n t  lega l a n d fin a n cia l in for m a t ion , a bou t  a n  in dividu a l (it s  “su bject ”). Th is
per son a l syst em  will h elp t r a ck , m a n a ge, a n d in t er pr et  t h e su bject ’s h ea lt h  h ist or y, a n d offer
a dvice t o bot h  pa t ien t  a n d pr ovider .  Min im a lly, t h e syst em  will m a in t a in  com pr eh en sive,
cumula t ive, cor r ect , a nd coheren t  medica l r ecords, a ccessible in  a  t imely ma nner  a s t he subject
m oves t h r ou gh  life, wor k  a ss ign m en t s , a n d h ea lt h  ca r e pr ovider s .  E a ch  GA is  a n  a ct ive
process t ha t  per forms severa l impor t an t  funct ions: it  collect s pa t ien t  da t a ; it  checks, in t erpret s,
and expla in s t o t he subject  medica lly-r elevan t  fact s and plans; it  adapt s it s advice ba sed on  the
su bject ’s pr ior  exper ien ces a n d st a t ed pr efer en ces; it  per for m s “sa n it y ch ecks” on  bot h  m edica l
effica cy a n d cost -effect iven ess  of dia gn ost ic con clu sion s  a n d t h er a peu t ic pla n s; it  m on it or s
pr ogr ess; it  in t er fa ces t o soft wa r e a gen t s  of pr ovider s , in su r er s , et c.; a n d it  h elps  edu ca t e,
en cou r a ge, a n d in for m  t h e pa t ien t .  All t h is ser ves t o im pr ove t h e qu a lit y of m edica l decision -
m a kin g, in cr ea se pa t ien t  com plia n ce, a n d m in im ize ia t r ogen ic disea se a n d m edica l er r or s.

Th e  “Gu a rd ia n  An g e l” Co n c e p t
We pr opose a  m a jor  sh ift  of pr im a r y focu s  a wa y fr om  in for m a t ion  syst em s ba sed on  t h e
hospit a l, clin ic a nd medica l pr a ct ice, t o one ba sed on  t he individua l.  Such  a  syst em, wh ich  we
ca ll “Gu a r dia n  An gel” (GA), in t egr a t es over  a  lifet im e a ll h ea lt h -r ela t ed in for m a t ion  a bou t  a n
in dividu a l (it s  “su bject ”), t h u s pr ovidin g, a t  m in im u m , a  com pr eh en sive m edica l r ecor d t h a t  is
oft en  vir t u a lly im possible t o r econ st r u ct  in  a  t im ely m a n n er  a s t h e su bject  m oves t h r ou gh  life
and work a ssignmen t s.  Bu t  GA is t o be not  merely a  pa ssive r eposit ory of in forma t ion , bu t  an
act ive process tha t :

(a ) engages in  da t a  collect ion , somet imes by in t er act ing with  t he subject  and somet imes
by a u t om a t ic t r a ckin g a n d r ecor din g of in st r u m en t s,

(b) mon itor s t he progress of medica l condit ions and the effect s of t herapy with  r espect  t o
expect a t ions, and checks for  side effect s,

(c) in t er p r et s  fa ct s  a n d  m edica lly-r ela t ed  p la n s  a n d  h elps  exp la in  t h em  t o t h e
in d ivid u a l ,

(d ) a llows t h e pa t ien t  t o cu st om ize t h er a py pla n s wit h in  bou n ds est a blish ed by ca r e
provider s, giving the pa t ien t  “owner sh ip” of h is or  her  t herapy,

(e ) per for m s “sa n it y ch eck s” on  t h e a ppr opr ia t en ess  of d ia gn ost ic con clu s ion s  a n d
therapeu t ic plans,

( f ) con ta ins some under st anding of t he subject s’ preferences, r epresen t s t hese in  a  broad
r a n ge of n egot ia t ion s wit h  ot h er  syst em s, in clu din g set t in g t h er a peu t ic gu idelin es
a n d sch edu lin g a ppoin t m en t s , a n d  a lso u ses  t h ese in  s t r u ct u r in g in t er a ct ion s
between  GA and the pa t ien t ,

(g ) in t er fa ces t o in forma t ion  syst ems u sed by ca r e provider s, in su rer s, r esea r cher s, et c.,
t o pr ovide a ccess  t o per son a l m edica l h is t or y in for m a t ion  a s  a u t h or ized by t h e
in dividu a l, a n d

(h ) pr ovides pa t ien t  edu ca t ion  fu n ct ion s, in clu din g a ccess  t o gen er a l a n d specia lized
m edica l en cyclopedia s, a n d expla n a t ion s of dia gn ost ic fin din gs a n d t h er a py pla n s
specific t o t h e in dividu a l,

( i ) im plem en t s  pa t ien t  r em in din g a n d  a ler t in g fu n ct ion s , in clu d in g r em in der s  of
sch edu led t h er a py, m edica t ion s a n d a ppoin t m en t s, in t egr a t in g t h ese wit h  per son a l
sch edu lin g t ools,
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( j ) pr ovides pa t ien t  su ppor t  fu n ct ion s su ch  a s con t a ct s wit h  su ppor t  gr ou ps a n d ot h er
pa t ien t s, quer ies t o pha rma ceu t ica l compa n ies, governmen t  a gencies, et c.

We believe, wit h  m a n y ot h er s , t h a t  a ct ive m on it or in g of a ccu r a t e a n d  com pr eh en s ive
in for m a t ion  a bou t  a n  in dividu a l’s  lifet im e m edica l h ist or y ca n  gr ea t ly im pr ove t h e qu a lit y of
m edica l decis ion  m a kin g for  t h a t  per son , r edu ce er r or s  in  h ea lt h  ca r e, a n d a llow people t o
m a ke bet t er  per son a l decision s a n d com m it m en t s a bou t  t h eir  ca r e.1   Alt h ou gh  exper im en t a l
eviden ce t o su ppor t  t h is  widely-h eld view is  sca n t , r ecen t  r epor t s  in  t h e a r ea s  of dia bet es
[DCCT93, La sk93] a n d h yper t en sion  m a n a gem en t  bot h  st r on gly in dica t e t h e va lu e of a ct ive,
con t in u a l m a n a gem en t .

In  a ddit ion , we believe t h a t  t h er e a r e dr a m a t ic im pr ovem en t s  t o be ga in ed in  bot h  t h e
effect iveness and t he efficiency of hea lt h  ca r e if we can  empower  t he u ser  t o t ake a  much  more
a ct ive r ole in  m on it or in g h is  or  h er  own  h ea lt h  s t a t u s  a n d  ca r e, a n d  t o t a k e gr ea t er
r espon sibilit y for  m a kin g in for m ed a n d gu ided decision s con cer n in g t h a t  ca r e.

P r in cipa l ben efit s  for  doct or s  a n d ot h er  h ea lt h -ca r e pr ovider s in clu de a ccess t o a ccu r a t e,
comprehensive da ta , the oppor tun ity to be a ler t ed to changes in  the pa t ien t ’s hea lth  tha t  a re either
da n ger ou s in  t h em selves or  devia t e fr om  a n  expect ed cou r se of t h er a py, a n d t h e a bilit y t o
communica t e r eliably with  t he pa t ien t .

Alt h ou gh  in  t h e lon g r u n  we en vis ion  GA a s  a  r ou t in e h ea lt h  a ss is t a n t  for  ever yon e,
wh et h er  t h ey a r e ill or  well, in  t h e sh or t  t er m  it  will be ea sier  t o a pply t h e a r ch it ect u r e a s
a da pt ed for  h igh -in t en sit y m edica l in t er ven t ion s, for  specific popu la t ion s of pa t ien t s  wh o a r e
undergoing act ive and complex t her apy.  In  such  cir cumstances, some of t he mon itor ing of t ha t
therapy can  be offloaded to t he pa t ien t , with  t he help of GA, making the pa t ien t , t he "human  in
t h e loop".  F or  exa m ple, pa t ien t s wit h  ch r on ic con dit ion s su ch  a s dia bet es ca n  h elp t o m on it or
a n d a dju s t  t h eir  own  ca r e, a n d  t h e a m bu la t or y pa t ien t  u n der goin g a cu t e ca r e su ch  a s
chemotherapy may be able t o judge cer t a in  a spect s of h is or  her  own  ca re and t une t hem, with
the a id of GA, for  best  r esu lt s.  GA cou ld a lso help make possible t he schedu ling of visit s t o t he
ca re provider  ba sed on  t he pa t ien t ’s a ctua l r esponse t o ca r e r a ther  t ha n  on  a  genera l schedu le.
Most  u ses of GA cou ld ben efit  gr ea t ly fr om  t h e developm en t  a n d deploym en t  of sm a ll, n on -
in va sive sen sor s t h a t  ca n  a u t on om ou sly a n d con t in u a lly m on it or  ch a r a ct er ist ics of t h e pa t ien t
tha t  a r e of vit a l concern .

Arc h ite c tu re  fo r “Gu a rd ia n  An g e ls ”
Th e object ive of cu r r en t  m edica l in for m a t ion  syst em s is t o r ecor d a n d u se on ly lim it ed cla sses
of in for m a t ion  t a ilor ed t o t h e oper a t ion s of specific or ga n iza t ion s.  We pr opose t o develop a
h igh ly flexible in for m a t ion  flow a r ch it ect u r e for  Gu a r dia n  An gels, on e t h a t  per m it s  va r ia t ion
of t h e t im in g, h a r dwa r e a n d fu n ct ion a lit y of com pu t a t ion s a s t h e pa t ien t ’s  sit u a t ion  per m it s .
GAs will r u n  on  a  wide a n d evolvin g r a n ge of h a r dwa r e, in it ia lly per son a l digit a l a ssist a n t s
(P DA’s), per son a l com pu t er s (P C’s) or  wor kst a t ion s, a n d even t u a lly cr edit -ca r d or  dogt a g-sized
por t a ble com pu t er s.  Th ey will em ploy dist r ibu t ed n et wor ked fa cilit ies t o a cqu ir e a n d deliver
in for m a t ion , r eleva n t  soft wa r e m odu les , a n d a ccess  t o specia lized ser vices , a n d t o pr ovide
secu r e a n d  r elia ble ba ck u p .  We will a lso develop  a n  ext en s ible on t ology for  m edica l
k n owled ge  a d equ a t e  t o ca p t u r in g p a t ien t  a n d  p r ovid e r  d a t a ,  u s in g t h e  U MLS
m et a t h esa u r u s[UMLS91] a s a  poin t  of depa r t u r e, a n d a n  in t er ch a n ge la n gu a ge ba sed on  t h is
on t ology a n d on  ARP A effor t s  su ch  a s  KIF  [Gen e92] a n d t h e KQML [Ba a l94] in t er ch a n ge
m ech a n is m s .

1For  example, invest iga tor s have been  able t o demonst r a t e ea r ly det ect ion  of disorder s such
a s  m a ln u t r it ion , t u m or -a ssocia t ed  a cqu ir ed  gr owt h  h or m on e deficien cy, or  in fla m m a t or y
disea se in cr ea ses t h e likelih ood of ea r lier , less cost ly in t er ven t ion  a n d wit h  lesser  lon g t er m
morbidity [Bith92].

Another  group has shown  tha t  t r acking the longitudina l hea lth  st a tu s of ch ildren  a t  r isk  has
been  r ecogn ized a s a n  im por t a n t  t ool in  im pr ovin g t h e h ea lt h  st a t u s of t h ese u n der pr ivileged
ch ildr en  [Will92].
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Gu a rd ia n  An g e l In te ra c t io n s  a n d  In te ro p e ra t io n s
Cu r r en t  pr ovider -or ien t ed m edica l in for m a t ion  syst em s do lit t le t o fa cilit a t e t h e in t elligen t  u se
of h ea lt h  ca r e r esou r ces by pa t ien t s  a n d by ot h er  or ga n iza t ion s.  We a r e design in g t h e GA
a r ch it ect u r e t o fa cilit a t e (wit h in  st r ict  bou n ds of con fiden t ia lit y) a  wide va r iet y of in t er a ct ion s
wit h  ot h er  soft wa r e a gen t s , in clu din g in t er a ct ion s a im ed a t  sch edu lin g m edica l pr ocedu r es,
pollin g by pu blic h ea lt h  a u t h or it ies  t o det ect  or  delin ea t e ep idem ics  or  con t a m in a t ion s ,
fa cilit a t in g dr u g “r eca lls”, p r ovid in g a ccess  t o in for m a t ion  in fr a s t r u ct u r e r esou r ces , a n d
enabling pa t ien t  suppor t  groups.

Ex p e rim e n ta l  Gu a rd ia n  An g e l  Ap p lic a t io n s
We plan  t o apply t he GA concept  t o cr ea t ion  of a  sma ll number  of prototype syst ems for  u se by
na r rowly-defined pa t ien t  popu la t ions who norma lly r equ ir e r ela t ively h igh -in t ensit y ou t -pa t ien t
ca r e.  Wit h  ou r  pa r t n er s , we a r e select in g a m on g t h e followin g m edica l con dit ion s: in su lin -
depen den t  dia bet es, h yper t en sion , a n gin a , ch r on ic a n t icoa gu la t ion , ch r on ic r en a l disea se, a n d
pu lm on a r y disea se (COP D).  Th ese a pplica t ion s will a lso pr ovide u s  a  t es t bed in  wh ich  t o
in vest iga t e bot h  t ech n ica l a spect s  of t h e syst em  a n d t h e effica cy of it s  a pplica t ion  t o t h ese
pa r t icu la r  popu la t ion s of pa t ien t s, a n d will pr ovide a  n a t u r a l locu s of colla bor a t ion  a m on g t h e
pa r t icipa n t s.

Ex a m p le  S c e n a rio
Th e followin g ext en ded scen a r io illu st r a t es ou r  vision  of t h e k in ds of life-lon g pa t ien t -cen t er ed
ca re tha t  t he GA concept  can  fost er .  The scena r io (due to Dr . Kohane) a ssumes a  specific type of
h a r dwa r e a n d com m u n ica t ion  a r ch it ect u r e t h a t  is  ju st  on e of m a n y possibilit ies  we pla n  t o
explore, bu t  it  does suggest  the funct iona lity we seek:

Abby Kaye is a 14 year old  girl who has had  insu lin -dependen t d iabetes m ellitus for the
last five years. T wo years ago she began  to m easure her blood  glucose and  adm in ister in su lin
w ith ou t d irect  paren tal su pervision . S h e h as recen tly been  en rolled  as a participan t in  th e
Guard ian  Angel program .

S h e w ak es th is m orn in g, m easu res h er blood  su gar w h ich  is 180 m g/ d l. T h is is
au tom atically downloaded  in to the PDA wh ich  is connected  to her glucom eter. GA_PDA stores
an  in ternal note to itself to rem ind  Abby ton igh t that her blood  sugar has been  greater than  150
m g/ d l before break fast for 5 ou t of the last 7 days. Perhaps she shou ld  increase her n igh ttim e
d ose of lon g actin g (N PH ) in su lin ? H ow ever, Abby is abou t to give h er m orn in g d ose an d
GA_PDA does not d istract her with  th is in form ation  at th is tim e.

Abby is uncertain  what in su lin  dose to give th is m orn ing as she has a double session
d an ce class at  10:00 an d  sh e rem em bers all too w ell th at  sh e h as h ad  m ild  h ypoglycem ic
sym ptom s towards the end  of even  single session  dance classes. S he draws an  exercise sym bol
spanning 10 to 11:30 on  her daily schedu le on  the GA_PDA in terface and  then  selects the Advise
Dose icon . T he GA_PDA in form s her that she can  either keep the dose unchanged  if she th inks
sh e can  m an age a d ou ble carboh yd rate sn ack  before th e d an ce class or sh e can  red u ce h er
m orn ing dose of insu lin  by two un its of short acting (regu lar) insu lin .

T wo weeks later, Abby’s m orn ing blood  sugars have con tinued  to clim b and  they are in
the m id  200’s. Abby has not m od ified  the GA_PDA defau lt au thorization  to com m unicate w ith
h er paren ts’ d esk -top com pu ter. T h erefore, w h en  accord in g to sch ed u le, th e w eek ly blood
su gars are u pload ed  by th e GA_PDA com pon en t to th e GA_h om e_com pu ter com pon en t th is
w orrisom e t ren d  is  d isp layed  to th e paren ts. T h e GA _h om e_com pu ter m ak es severa l
su ggest ion s as to h ow  to m od ify th e n igh tly N PH . I f th e paren ts d o n ot  feel com fortable
following these suggestions, they are given  several options for com m unications w ith  the health -
care providers includ ing electron ic m ail w ith  attached  m easurem en ts, d irections for paging or
an  em ergen cy ph on e n u m ber.  I f th ey are com fortable w ith  th e su ggestion s, th en  th e recen t
d ata alon g w ith  th e alert  are u pload ed  d u rin g th e rou tin e d aily m od em  con n ection  of GA_
hom e_com puter w ith  the GA_hospital_process runn ing on  the hospital’s in form ation  system .

Five m on th s later: Abby h as ju st  com e back  from  sch ool u pset  becau se on e of h er
frien d s teased  h er abou t becom in g ch u bby. S h e steps on  th e bath room  scale an d  n otes h er
weigh t; she has gained  10 pounds since her last doctor visit 4 m onths ago. S he has already tried
sk ipping her snacks bu t that leaves her feeling awfu l from  hypoglycem ia (and  even  hungrier)
su bsequ en tly. Perh aps, th e GA_PDA can  h elp. S h e taps on  th e d iet  icon  for ad vice. T h e
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GA_PDA is aw are of several u n explain ed  in stan ces of h ypoglycem ia in  th e past m on th . T h e
pattern  of in su lin  d osin g an d  record ed  period s of exercise m ak es it  m ost  lik ely th at  th ese
h ypoglycem ic episod es are d u e to sk ipped  sn ack s. T h e GA_PDA m ak es a n ote to itself to u se
the opportun ity of a query abou t d iet to ask  her at the end  of the in teraction  whether she has
been  m issin g sn ack s an d  to w arn  h er abou t th e d an gers. T h e GA_PDA is also aw are of th e
heigh ts and  weigh ts obtained  at the doctor’s office in  the last two visits (and  downloaded  from
th e IH IS  by th e GA_h ospital_process to th e GA_h om e_com pu ter an d  th en  to th e GA_PDA)
an d  recogn izes th at  Abby h as in d eed  an  in creased  w eigh t  for h eigh t  over th e past  visits.
GA_PDA asks Abby if she wou ld  like to review  her m eals and  snacks for the past days as well
as go over her favorite foods. S he selects from  GA_PDA’s large store of food  types in  qu ick ly
generating th is description .  GA_PDA then  iden tifies the h ighest caloric item s in  her d iet and
proposes several low er calorie su bstitu tion s. T h is in form ation  is also passed  alon g to Abby’s
paren ts via the GA_hom e_com puter along with  an  optional shopping list for the grocery store.

T h e n ext  d ay, GA_PDA ask s Abby if sh e w ou ld  be in terested  in   join in g a grou p of
ch ild ren  w ith  d iabetes to d iscu ss th e problem s an d  d ifficu lt ies of m an agin g d iabetes. T h e
d iscussion  can  tak e place via the GA_PDA or GA_hom e_com pu ter wh ich  provides Abby w ith
an  in terface to her peers over the In ternet. Even tually Abby m eets som e of her In ternet group
friends at a sum m er d iabetes cam p. T he d iscussion  group becom e a way for them  to k eep in
touch  during the rest of the year when  they live in  d ifferen t cities. Abby’s paren ts also use the
GA_h om e_com pu ter to stay in  tou ch  w ith  oth er paren ts of ch ild ren  w ith  d iabetes an d  to
rem ain  abreast of any developm en ts in  research  wh ich  m igh t m ake d iabetes easier to m anage.

T wo m on ths later: Abby’s father realizes that next week  Abby w ill be perform ing w ith
h er en tire d an ce class for a sch ool perform an ce. H ow ever, th is perform an ce occu rs th e sam e
day as a schedu led  visit  w ith  Abby’s endocrinologist. Abby’s father goes to the week ly schedu le
view  of the GA_hom e_com pu ter and  cancels the endocrinologist visit . T he GA_hom e_com pu ter
asks h im  if he wan ts to reschedu le (he does) and  then  negotiates w ith  the hospital schedu ling
system  (via th e GA_h ospital_process) tw o possible appoin tm en ts for Abby in  th e com in g
m on th . A fter on e is selected , th e GA_h ospital_process sen d s appropriate n otification s to th e
hospital-based  care providers.

An oth er m on th  h as passed . A fter speak in g w ith  h er en d ocrin ologist  d u rin g th e last
clin ic visit , Abby was pleased  to hear that her average blood  sugar, ind irectly m easured  from
an  assay of glycosylated  hem oglobin , had  fallen  since the previous visit .  S he resolves to bu ild
upon  th is progress by “tigh ten ing” the con trol of her blood  sugar. However, the GA notes that
th ere h as been  a d ow n w ard  tren d  in  h er pre-lu n ch  an d  pre-d in n er blood  su gars an d  if it
con tinues she w ill becom e dangerously hypoglycem ic. It  suggest that she decrease her m orn ing
in su lin  d ose. On  th eir last  in teraction  on  d iet , th e GA_PDA becam e aw are th at  Abby w as
already ingesting too m any calories, so it  does not suggest any increase in  snacks. Despite th is
suggestion , Abby does not decrease her dose of in su lin .

T h e n ext  d ay, before th e GA_PDA h as a  ch an ce to u pload  th is in form at ion  to
GA_h om e_com pu ter, Abby goes to sch ool. S h e ch eck s h er blood  glu cose early, at  11:00 a.m .
because she is feeling abdom inal cram ps and  weak .  T he glucom eter com m un icates the value
of 22 m g/ d l back  to the GA_PDA.  T he GA_PDA im m ediately m akes a loud  sound  and  d isplays
on  its screen  a request for Abby to d rink  orange ju ice or eat a fru it or candy. When  Abby does
n ot  ack n ow led ge th e a lert  a f ter tw o m in u tes, GA _PDA  sen d s a  w ireless m essage to
GA_h om e_com pu ter. I f th ere is n o respon se, it  also sen d s a m essage to GA_h ospital_process.
Both  GA instances have as their first priority notifying the paren ts and  school care takers. T he
d iabetes nurse practitioner is paged  w ith  a m essage if none of the GA instances have received
any acknowledgm en t from  hum ans.

In  fact, Abby had  not passed  ou t bu t had  found  a candy bar. S he was too m iserable to
w ork  w ith  th e GA_PDA an d  th erefore w as on ly able to ack n ow led ge after 3 m in u tes. T h e
GA_PDA th en  sen d s a reassu rin g n otat ion  to th e oth er GA in stan ces. T h e d iabetes n u rse
practitioner has a telephone conversation  w ith  Abby’s paren ts abou t the need  to m oderate her
target blood  sugar levels.

S ix m on ths later the desk top com pu ter runn ing GA_hom e_com pu ter has a serious d isk
crash . All data is lost w ithou t local backups. After re-in itializing the d isk , the GA software is
re-installed  and  the GA_hom e_com puter au tom atically rebu ilds its data structures after a brief
com m u n icat ion  w ith  GA_h ospital_process (for th e exh au st ive lon g-term  record ) an d  w ith
GA_PDA for the m ost recen t data.
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T wo m on ths later: GA_hom e_com pu ter iden tifies a cyclic rise in  blood  sugars that has
been  occu rrin g w ith  period icity of 30 to 45 d ays. T h e rises last  4 to 7 d ays before resolvin g.
Insu lin  ad justm en ts are typically too late to catch  these trends from  raising the average blood
su gar. T h e GA_h om e_com pu ter ask s w h eth er Abby h as started  to h ave m en stru al period s. If
she has, it  recom m ends increased  vigilance for a rise in  blood  sugar towards the expected  end
of the cycle so that in su lin  dose can  be raised  m ore responsively. It  offers Abby the option  of
having GA_PDA provide early alerts for th is rise.

A fter th e h ospital obtain s paren tal con sen t , Abby’s fu ll clin ical d ata set  is sen t  by
GA_h ospital_process to th e d ata-base w h ere a large prospective m u lt i-cen ter trial is bein g
conducted  for an  an tihypertensive drug to reduce the incidence of renal d isease associated  w ith
d iabetes.  After reviewing the data to see if she m eets criteria, the GA_hospital_process receives
an  invitation  to join  the study wh ich  it passes on  to GA_hom e_com puter. After reviewing a few
lay articles (retrieved  by GA_h om e_com pu ter) an d  a d iscu ssion  w ith  Abby’s en d ocrin ologist ,
Abby’s paren ts decline to enroll her because the drug appears to have been  insu fficien tly tested
with  ch ild ren . Meanwh ile, those adu lt  patien ts who are already enrolled  and  have a GA are
given  an  added  software com ponen t to their GA instances wh ich  allows them  to report adverse
even ts w h ile on  th is test  d ru g. T h ese ad verse even ts are th en  d irectly reported  to th e d ru g
m anufacturer, the FDA and  the patien t’s clin ician  and  clin ical researchers.
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P art II
Obje ctive s
Ou r  wor k  in clu des fou r  m a jor  com pon en t s:  (1) design  of t h e Gu a r dia n  An gel a r ch it ect u r e, (2)
select ion , im plem en t a t ion , a n d in t egr a t ion  of t h e com pon en t s of GA t h a t  a r e t o be u sed in  ou r
exper im en t s a n d t h a t  will for m  r efer en ce im plem en t a t ion s for  fu t u r e u se a n d dissem in a t ion ,
(3) fin a l select ion  of t h e m edica l dom a in s in  wh ich  we will con du ct  ou r  exper im en t s, select ion
of specific s it es , pa t ien t  gr ou ps, a n d goa ls  for  t h e t est s , a n d kn owledge en gin eer in g of t h e
m edica l con t en t  of t h e GA t ools specia lized t o t h e select ed dom a in s, a n d (4) con du ct  of lim it ed
exper imen ta l t est s of t he syst em to a llow us to a ssess the va lidity of ou r  designs.  The fir st  t h ree
of t hese act ivit ies will t ake place concur ren t ly, a lt hough  we descr ibe them sepa ra t ely below.

Arc h i t e c t u re
We a r e defin in g GA in it ia l r efer en ce a r ch it ect u r e by developin g a n  on t ology of t h e en t it ies ,
in t er a ct ion s, a n d in for m a t ion  in volved in  GA a ct ivit ies, a s ela bor a t ed below.

We will com plet e a n d r efin e t h e dom a in  m odel t o descr ibe, u sin g a  t a xon om ic la n gu a ge,
a ll t h e pot en t ia lly sign ifica n t  en t it ies, t h eir  r ela t ion sh ips, a n d t h eir  possible in t er a ct ion s, a s in
the DSSA methodology.

We will iden t ify t h e t ypes of soft wa r e, h a r dwa r e, a n d com m u n ica t ion s syst em s u sed in  t h e
en t it ies with  which  the GA is to in teract .

We will com plet e a n d r efin e t h e fu n ct ion a l m odel t o descr ibe, u sin g a  t a xon om ic la n gu a ge,
t he inpu t s, ou tpu t s, physica l or  men ta l st a t es, a nd opera t ions or  funct ions of t he GA a nd other
en t it ies in  t h e dom a in .  Sim ila r ly, we will iden t ify a n d descr ibe a ll t h e specia liza t ion s of t h ese
opera t ions for  differ en t  specific cla sses of en t it ies in  t he doma in  model.

We will for m u la t e a  lis t  of a ll t h e t ypes of qu est ion s on e m igh t  pose t o t h e gen er a l GA
system, and a ll t he types of quest ions it  migh t  pose to other  en t it ies, according to the type of t he
en t it ies .  We will for m u la t e sim ila r  lis t s  for  t h e a ddit ion a l qu est ion s specific t o t h e m edica l
foci a pplica t ions (dia bet es, hyper t ension , a n t icoa gu la t ion , et c.).

We will pr epa r e or  obt a in  a  t a xon om ic descr ip t ion  of m edica l con cept s  a n d r ela t ion s
r eleva n t  t o t h e foci a pplica t ion s, m a kin g u se wh er e possible of exist in g r esou r ces su ch  a s t h e
UMLS[UMLS91], and GALEN[GALE93] syst ems.

Re fe re n c e  Im p le m e n ta t io n
We a r e iden t ifyin g t h e r epr esen t a t ion  m et h odology a n d t a xon om ic la n gu a ge for  u se in  t h e GA
prototype, and implemen t  methods for  t r ansla t ing between  the chosen  r epresen ta t ion  syst em and
KIF  or  other  r epresen ta t ion  st anda rds.

We will iden t ify com m er cia l pla t for m s a n d a pplica t ion s for  t h e va r iou s r ou t in e pa r t s of t h e
pr ot ot ype, i.e., com m u n ica t ion , da t a ba se, sch edu lin g soft wa r e, et c., m a kin g u se wh er e possible
of syst ems a lr eady exploit ed by the other  en t it ies in  t he GA’s environmen t .

We will iden t ify in it ia l h a r dwa r e pla t for m s for  bot h  a  m obile GA (t h e GA_P DA of t h e
extended scena r io) and a  fixed GA (the GA_home_compu ter  of t he scena r io).

We will iden t ify in it ia l da t a ba se syst em s for  u se in  m a k in g t h e syst em  per sis t en t  a n d
r elia ble, su ch  a s  t h e TH OR syst em [Lisk90] for  s t a ble r eposit or ies  u n der  developm en t  by
Ba r ba r a  Liskov a t  MIT.

We will iden t ify t h e in it ia l clin ica l in for m a t ion  syst em s wit h  wh ich  t h e pr ot ot ype GA will
in t er a ct .

We will develop  a n  in it ia l ba ck u p s t r a t egy a n d im plem en t a t ion  t o a ssu r e con t in u ed
in t egr it y of GA’s da t a .

We will bu ild pr ot ot ypes of t h e va r iou s com pon en t s of GA, in clu din g pr ot ot ypes of t h e u ser
in ter faces presen ted to both  the pa t ien t  and hea lth  ca re providers.

We will in t egra t e the componen t s of GA to a ssu re tha t  it  funct ions a s a  coheren t  whole.
We expect  t ha t  many pa r t s of componen t  implemen ta t ion , adapta t ion  and in t egra t ion  will be

recu r ren t  st eps, a s we lea rn  from exper ience with  ea r lier  it er a t ions.  Therefore, we plan  to bu ild
fu lly-in t egr a t ed, com plet e syst em s a s ea r ly a s pr a ct ica ble, t o give u s a dequ a t e t im e t o per for m
sever a l it er a t ion s.
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Ex p e rim e n ta l  D o m a in s
We will ma ke a  fina l select ion  of t he specific two medica l condit ions for  wh ich  we will t est  t he
GA approach .  Along with  t hese choices, we will a lso need to iden t ify t he pa r t icu la r  in st it u t ions
a n d in dividu a l ca r e pr ovider s wh o will cooper a t e wit h  u s in  t h e pla n n ed exper im en t s a n d t h e
pa r t icu la r  group of pa t ien t s who we in t end t o u se a s exper imen ta l subject s.  These choices will
a lso con st r a in  u s  t o u se a n d su ppor t  t h e da t a ba se a n d da t a  collect ion  t ools  a t  t h e t a r get
in st it u t ion s.

We will iden t ify protocol-ba sed studies of ca r e for  select ed medica l foci [F iel92].  With  t hese
in  h a n d, we will en code t h ese pr ot ocols in  for m a l pr ocedu r es for  u se by t h e GA, a n d u se t h ese
procedures to gu ide the developmen t  of t he knowledge base for  select ed medica l foci.

We will delim it , for  ea ch  of t h e t wo m edica l dom a in s, t h e exa ct  bou n ds of wh a t  we pla n  t o
implemen t  a nd t est .  Th is will involve det ermin ing a ll of t he in forma t ion  t ha t  will be a cqu ir ed
a n d st or ed a bou t  ea ch  pa t ien t  a n d t h e set  of pa t ien t  ch a r a ct er ist ics  t h a t  t h e GA will t r y t o
in flu en ce .

We will select , implemen t , and in t egra t e t ools t ha t  will genera t e prototype modu les.  Where
possible, we will a t t em pt  t o m a ke u se of exis t in g syst em s for  a u t om a t ic specia liza t ion  of
procedu res t o a va ila ble knowledge, such  a s t he syst em developed for  a u toma ted const ruct ion  of
specia lized sch edu lin g a lgor it h m s developed by Dou g Sm it h  a t  Kest r el In st it u t e for  ARP A
[Smit92].

Usin g t h ese t ools , we will im plem en t  pr ot ot ype GA pa t ien t  m a n a gem en t  syst em s for  t wo
select ed m edica l foci.  Th ese pr ot ot ype syst em s will pr ovide t h e ba sic per s is t en t  per son a l
m edica l h ist or y, t h er a py m a n a gem en t , expla n a t ion , sch edu lin g, a n d a ler t in g fu n ct ion s.

We will iden t ify a n d get  r igh t s t o u se dom a in -specific m a t er ia l for  pa t ien t  edu ca t ion  a n d
design  a n d develop con n ect ion s bet ween  t h e gen er a l m a t er ia l a n d pa t ien t -specific in for m a t ion .

We will in t egr a t e t h e im plem en t a t ion  of t h ese pr ot ot ypes wit h  on e or  m or e in st it u t ion a l
in forma t ion  syst ems to demonst r a t e t he fea sibilit y of pa t ien t -cen t er ed medica l r ecords.

Ex p e rim e n ta l Te s t in g
We in t en d t o det er m in e exper im en t a lly wh et h er  t h e idea s  we pr opose ca n  be su ccessfu lly
r educed to pr act ice and whether , when  used, t hey lead t o t he improvemen t s in  hea lt h  ca r e t ha t
we a n t icipa t e.  Beca u se of t h e sever e et h ica l a n d lega l r espon sibilit y t h a t  we u n der t a ke in  t h e
con du ct  of exper im en t s on  h u m a n  su bject s, we will wor k  ca r efu lly wit h  ou r  colla bor a t or s a n d
wit h  t h e In s t it u t ion a l Review Boa r ds  of ou r  own  a n d cooper a t in g in s t it u t ion s  t o defin e
exper im en t a l pr ot ocols  t h a t  will be ba sed on  pr oper ly in for m ed con sen t  of a ll pa r t icipa n t
su bject s  a n d t h a t  will a ssu r e sa fet y du r in g t h e exper im en t s .  E xper im en t a t ion  on  h u m a n
su bject s wit h  a  n ewly-developed set  of idea s a n d t ech n iqu es is  a lwa ys a  slow pr ocess if don e
ca r efu lly; t h er efor e, we expect  t o a ch ieve on ly lim it ed exper im en t a l t est s  of Gu a r dia n  An gel
du r in g t h e t h r ee-yea r  explor a t ion  a n d developm en t  pr oject  pr oposed h er e.  If t h e st u dies we
propose here a re successfu l, t hen  we will plan  more elabora t e t r ia ls subsequen t ly.

We will fir st  t r y ou t  GA in  ou r  select ed m edica l dom a in s by sim u la t in g pa t ien t  u se, wit h
exper im en t er s  a ct in g a s  su r r oga t e pa t ien t s .  We will u se r ea lis t ic scen a r ios  collect ed fr om
actua l pa t ien t  exper ience.

We will t hen  t ry ou t  GA prototypes with  actua l volun teer  pa t ien t s, bu t  on ly under  supervised
set t in gs.  Th is will be du r in g visit s t o t h e doct or ’s office a n d in  t h e pr esen ce of exper im en t er s,
and will be in t ended to t est  t he usability of the system, not  it s effect iveness.

If t h ese ea r ly st u dies a r e en cou r a gin g a n d we h a ve a ssu r ed t h e sa fet y of su bject s, we will
conduct  some lim it ed t r ia ls (see below).

We plan  to eva lua te the exper imen t s, and to use their  r esu lt s to:
(1) Con t inue evolu t ion  of t he knowledge base for  t he select ed applica t ions.
(2) Revise t he a r ch it ectu re and implemen ta t ion  based on  t r ia l r esu lt s
If t he lim it ed t r ia ls con t inue t o be posit ive, t hen  we will plan  a  more subst an t ia l eva lua t ion

based on  the an t icipa ted capabilit ies of t he syst em and it s possible extensions.
We will a lso pla n  a n d con du ct  t ech n ology t r a n sfer  a ct ivit ies t o a ssu r e dissem in a t ion  of t h e

a r ch it ect u r e a n d im plem en t a t ion .
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Te c h n ic a l  Ra t io n a le
Cu r r en t  h ea lt h  in for m a t ion  syst em s a r e bu ilt  for  t h e con ven ien ce of h ea lt h  ca r e pr ovider s a n d
focus on  order ly r ecord keeping for  a n  individua l hea lt h  ca r e set t ing.  Th is or ien t a t ion  lea ds t o
t wo cla sses  of sever e pr oblem s, wh ich  we pla n  t o a ddr ess  t h r ou gh  t h e pr oposed r esea r ch :
a lien a t ion  of t h e pa t ien t  fr om  pa r t icipa t ion  in  decis ion -m a k in g con cer n in g h is  or  h er  own
h ea lt h  ca r e, a n d in a bilit y of h ea lt h  r ecor ds t o in t egr a t e in for m a t ion  over  t h e lifet im e of t h e
pa t ien t .  F u r t h er m or e, m a n y in t er es t in g oppor t u n it ies  a r e m issed t h a t  wou ld  a pply n ew
t ech n ologies t o im pr ove decision  m a kin g a n d t o r edu ce t h e in ciden ce of er r or s in  ca r r yin g ou t
t h e decision s m a de.

Roots  o f th e  P roble m s
a .  He a lth  in form ation  for  pa t ie n ts .

Although  medica l ca re is obviously given  to t he pa t ien t , exist s for  t he benefit  of t he pa t ien t , and
must  (lega lly and eth ica lly) u lt ima tely be under  t he con t rol of t he pa t ien t , most  pa t ien t s do not
h a ve a  t h or ou gh  u n der s t a n din g of t h eir  h ea lt h  s t a t u s , do n ot  a ppr ecia t e t h eir  a lt er n a t ive
dia gn ost ic or  t h er a peu t ic opt ion s, a n d do n ot  fu lly u n der st a n d m ost  of t h e decision s t a ken  in
their  beha lf by doctor s, nu r ses and other  hea lth  ca re pract it ioner s.  Even  medica l doctor s, when
t h ey h a ve t h em selves  becom e pa t ien t s , h a ve com pla in ed of t h e a n on ym ou s t r ea t m en t  t h ey
r eceive.  P a t ien t s  wit h ou t  m edica l t r a in in g expr ess t h eir  disillu sion m en t  by exh ibit in g “poor
com plia n ce,” a n d by a voidin g clin ics u n t il t h ey h a ve obviou s m a jor  sym pt om s su ch  a s pa in  or
visible a lt er a t ion s of a n a t om y or  ph ysiology.  Th e com m on  pr a ct ice a m on g ger ia t r ic pa t ien t s of
sh a r in g ea ch  ot h er ’s  pr escr ipt ion s, t h e popu la r it y of “a lt er n a t ive m edicin e” a n d it s  u n pr oven
in t er ven t ion s, a n d a n ger  a t  h ea lt h  ca r e pr ovider s a n d r esea r ch er s m a y a ll be seen  (a t  lea st  in
pa r t ) a s a  lack of under st anding and a  lack of t ru st  by pa t ien t s in  t heir  provider s.

Tr a dit ion a lly, r espon sibilit y fell on  t h e doct or ’s  sh ou lder s  t o expla in  t o t h e pa t ien t  t h e
m ea n in g of sym pt om s a n d t est s, t h e possible fu r t h er  dia gn ost ic a n d t h er a peu t ic in t er ven t ion s
bein g con s ider ed , t h e k n own  a n d t h e u n k n owa ble in  r ea ch in g decis ion s , a n d  t h e lik ely
ou t comes of cu r r en t  pla ns.  As medica l pr a ct ice ha s become more ca pa ble a nd more complex, it
ha s become more a nd more difficu lt  t o expla in  a ll t h is t o t he a vera ge pa t ien t .  In  a ddit ion , t he
r a pidly in cr ea sin g pa ce of m edica l ca r e m ea n s t h a t  t h er e is  n o leisu r e t im e for  t h e doct or  t o
provide lengthy explana t ions and t o make su re t ha t  t he pa t ien t  a ctua lly under st ands.  In st ead,
pa t ien t s a r e provided brochures and videotapes (for  t he more common  a ilmen t s) t ha t  descr ibe in
som e gen er ic wa y t h e disea se t h ey h a ve been  dia gn osed a s h a vin g or  t h e t r ea t m en t  t h a t  h a s
been  select ed for  them.  In  the absence of such  specia lly-prepa red pa t ien t  educa t ion  ma ter ia l, t he
pa t ien t  can  a t  best  t u rn  on ly to package in ser t s in  t heir  medica t ion  or  t o genera l t ext s on  hea lth
ca r e, r a n gin g fr om  t h e Mer ck  Ma n u a l t o t h e la t es t  New Age wr it in gs .  Bu t  t h ese s t a t ic
in for m a t ion  sou r ces  (even  if a ccu r a t e) do n ot  h elp  t o u n der s t a n d ju s t  wh y t h is  d ia gn osis
expla in s t h e pa r t icu la r  con st ella t ion  of sym pt om s wor r yin g t h is  pa r t icu la r  pa t ien t , or  wh a t
effect  t he t herapy will have on  the specific plans or  concerns of t h is individua l.  No wonder  t ha t
pa t ien t s t u rn  t o fr iends and neighbor s for  in t erpret a t ion  and advice.

We believe t h a t  h ea lt h  in for m a t ion  syst em s sh ou ld be design ed a n d bu ilt  specifica lly t o
m eet  t h e n eeds of t h eir  su bject s , t h e pa t ien t s .  Th er efor e, su ppor t  for  h elpin g t h e pa t ien t
u n der st a n d a n d pa r t icipa t e in  a ll a spect s  of m edica l decis ion  m a k in g a n d it s  con sequ en ces
becomes not  merely a  desir able per iphera l issue in  syst em design  bu t  a  clea r , cen t r a l focus.

b.  Li fe -lo n g  in fo rm a t io n .
A m edica l collea gu e on ce obser ved t h a t  ever y h ospit a l in  t h e cou n t r y is  a bsolu t ely con vin ced
tha t  it s own  specific procedu res for  collect ing and keeping medica l r ecords a r e un ique, and t ha t
n o “r ea dy-t o-wea r ” syst em  cou ld possibly su it  it .  Th e h ist or y of dissem in a t ion  of com pu t er ized
m edica l in for m a t ion  syst em s a m ply r ein for ces  t h is  view.  Th er e is  s t ill on ly a  h a n dfu l of
com pr eh en sive h ospit a l in for m a t ion  sys t em s—on es  t h a t  a r e con cer n ed m or e wit h  clin ica l
r ecor ds t h a n  a dm in ist r a t ive a n d fin a n cia l on es—in st a lled a t  civilia n  h ospit a ls .  E ven  t h ou gh
som e of t h ese syst em s h a ve been  in  ser vice for  m a n y yea r s a n d a r e well-pr oven  wit h in  t h eir
h om e in st it u t ion  [McDo90, P r yo83], a t t em pt s t o pr opa ga t e t h em  t o ot h er  h ospit a ls  h a ve been
gen er a lly u n su ccessfu l.  F or  exa m ple, t wo com m er cia l ven dor s h a ve been  pr om ot in g a dopt ion
of  t he HELP syst em [Warn72] from LDS Hospit a l in  Utah  for  nea r ly a  decade, bu t  (a s of 1993)
fewer  t h a n  a  dozen  ot h er  h ospit a ls  h a ve a dopt ed it .  E ven  la r ge a dm in is t r a t ively-or ien t ed
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sys t em s  su ch  a s  t h ose sold  by IBM for  t wo deca des  t yp ica lly u n der wen t  su ch  m a jor
customiza t ions du r ing in st a lla t ion  t ha t  t he r esu lt ing syst ems sha red lit t le in  common .  At  lea st
h osp it a l-wide in for m a t ion  sys t em s  h a ve p r ovided  com m on  fa cilit ies  a cr oss  t h eir  s in gle
in st it u t ion .  At  m ost  in st it u t ion s, even  t h a t  level of in t egr a t ion  h a s n ot  been  a ch ieved.  Th er e,
in for m a t ion  kn own  t o on e depa r t m en t a l syst em  is sim ply u n a va ila ble t o ot h er s, a n d it  is  on ly
t h r ou gh  t h e t r a dit ion a l pa per  r ecor d t h a t  on e ca n  in t egr a t e a  coh er en t  view of a  pa t ien t ’s
con dit ion .

Wh en  a  pa t ien t  m oves or  ot h er wise ch a n ges doct or s or  h ospit a ls, ch a n ces a r e t h a t  m a n y of
h is or  her  medica l r ecords become effect ively lost .  The new pr imary ca r e provider  can  r e-lea rn
the h igh ligh t s from t aking a  ca r efu l h istory, bu t  much  of t he det a il of pr evious ca re will be lost
a n d m u ch  t h a t  is  r et a in ed will be a t  lea st  su bt ly in com plet e or  er r on eou s.  In  t h e except ion a l
ca se wh er e a  pa st  t est  r esu lt  ca n  lea d t o a  clea r  solu t ion  of a  n ew pr oblem , old r ecor ds ca n  be
fou n d a n d copies  for wa r ded, bu t  t h is  is  a n  except ion a l, n ot  a  r ou t in e pr ocess .  An a lysis  of
cu r r en t  da t a  m u st  t h er efor e su r ely su ffer .  I t  h a s been  kn own  for  over  a  deca de, for  exa m ple,
t ha t  va r ia t ions of la bora tory va lues with in  a  single pa t ien t  a r e more na r rowly dist r ibu t ed t ha n
a r e popu la t ion  dist r ibu t ion s for  t h e sa m e t est  [St a t 76].  Th er efor e, even  sm a ll devia t ion s fr om
past  va lues can  signa l someth ing of possible clin ica l sign ificance, even  t hough  t he absolu t e t est
va lues a re not  yet  abnormal enough  to be notable on  their  own .1

Th e deficien cies of cu r r en t  r ecor d-keepin g syst em s a n d pr oposa ls t o develop n ew n a t ion a l
st a nda rds for  t he ma in t ena nce a nd in t er cha nge of pa t ien t  da t a  a mong provider s, in su rer s, et c.,
a r e well descr ibed in  t h e In st it u t e of Medicin e’s r ecen t  s t u dy, T h e Com pu ter-B ased  Pat ien t
R ecord  [IOM92].  E ven  t h is  m oder n  viewpoin t , h owever , a ssu m es t h a t  t h e pr im a r y locu s of
m edica l da t a  a bou t  a  pa t ien t  is  wit h  t h e h ospit a l, clin ic or  doct or ’s office.  I t  t h en  becom es a
massive problem to in t egra t e a ll t hese da t a  when  they a r e needed.  The st anda rdiza t ion  effor t s
now under  way shou ld a t  lea st  make t ha t  da t a  in t egra t ion  possible, bu t  a s long a s t he locus of
h ea lt h -ca r e in for m a t ion  r em a in s wit h  m u lt iple pr ovider s t h e pr oblem s of ga in in g a ccess t o it
a ll in  a  t im ely m a n n er  a n d pr oper ly in t egr a t in g it  r em a in  la r ge.

We pr opose in s t ea d  t o r e-focu s  h ea lt h -ca r e in for m a t ion  sys t em s  on  t h e in d ividu a l.
Logica lly, l ife-lon g m ed ica l in for m a t ion  will  be  collect ed  a n d  m a in t a in ed  wit h in  a n
in dividu a l’s per son a l syst em , t h u s a ssu r in g t h e com plet en ess a n d con t in u a l a va ila bilit y of h is
or  her  r ecords whenever  t hey a r e needed.  The pa t ien t -specific componen t s of hea lt h  r ecords in
possession  of h ea lt h -ca r e pr ovider s a r e t h en  viewed a s secon da r y, for  t h e con ven ien ce of t h e
pr ovider .  Th e pr im a r y in for m a t ion  ca n  a lwa ys be a ccessed dir ect ly fr om  t h e in dividu a l’s
syst em .  In  a ddit ion , a ct ive pr ocesses  wit h in  t h e syst em  ca n  a u gm en t  t h e r ecor d-keepin g
funct ion  to provide a  pro-act ive componen t  tha t  r epresen t s the pa t ien t ’s in terest s.

D o m a in  Mo d e lin g
Most  of t h e ca pa bilit ies  we seek  t o pr ovide t h r ou gh  GA a r e n ovel.  Alt h ou gh  ot h er s  h a ve
cer t a in ly t h ou gh t  of t h e  poss ibilit y of per son a l m ed ica l a dvisor  p r ogr a m s , m ea n s  of
communica t ing between  an  a t -home device and a  hospit a l suppor t  syst em, and many other  pa r t s
of t he GA vision , very few such  componen t s have actua lly been  bu ilt , and t hey have never  been
in t egr a t ed in t o t h e sor t  of syst em  we wish  t o bu ild .  E xper ien ce su ggest s , t h er efor e, t h a t
flexibilit y will h a ve t o be a  key vir t u e of ou r  wor k , beca u se ou r  u n der st a n din g of pr ecise
r equ ir em en t s will evolve gr ea t ly, t ech n ology t o su ppor t  ou r  goa ls  will im pr ove dr a m a t ica lly,
a nd we will cer t a in ly ma ke ou r  sha r e of poor  choices in  design  a nd implemen ta t ion .

We sh a r e t h e m et h odology of t h e Dom a in -Specific Syst em s Ar ch it ect u r e (DSSA) com m u n it y
[H u ff94] in  r ecogn izin g t h e im por t a n ce of m odelin g exp licit ly t h e dom a in ’s  pot en t ia lly
s ign ifica n t  en t it ies  a n d t h eir  poss ible in t er a ct ion s .  Th e r esu lt in g on t ology will pr ovide a
t er m in ology wit h in  wh ich  t h e GA r efer en ce a r ch it ect u r e(s) ca n  be defin ed, a n d will give a  set
of sh a r ed con cept s  for  r esea r ch er s  t o u se in  s t u dyin g, descr ibin g, a n d n egot ia t in g specific
r equ ir em en t s .

Bu ildin g a  su it a ble dom a in  m odel is , of cou r se, on e of t h e ea r ly s t eps of t h e r esea r ch .
Never theless, we can  sket ch  a t  lea st  a  rough  ou t line of some of t he concept s t ha t  a r e cer t a in  t o
play an  impor t an t  role in  t he on tology:

1Ou r  r ecen t  wor k  on  iden t ifyin g gr owt h  a bn or m a lit ies in  ch ildr en  dem on st r a t es t h e sa m e
poin t . [Ha im93]
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People
– Pa t ien t
– P r im a r y P r ovider
– Ot h er  P r ovider s
– Con su lt a n t s
– P a r en t s or  Gu a r dia n s
– F a m ily (spou se, ch ildr en , …)
– Com m a n der /su per visor  a n d   

su bor din a t es

In st it u t ions
– C l in ic
– H ospit a l
– Pat ient  Suppor t  Group
– In for m a t ion  Ser vice P r ovider
– In su r er
– Gover n m en t
– E m ployer /m ilit a r y u n it

Set t ings
– H om e
– Outpa t ien t  visit
– Hospit a l st ay
– Tr a vel a wa y fr om  h om e
– Ba t t lefield

E t iologic E n t it ies
– Disea se-ca u s in g or ga n ism s
– E n vir on m en t a l fa ct or s
– Acciden t s
– Deliber a t e h a r m
– Idiopa th ic causes

P r ocesses
– Life
– Na tu ra l cou r se of disea se
– Diagnost ic and labora tory t est s
– Norma l t her apeu t ic a ct ivit y
– Rou t in e fu n ct ion in g of a n  

in st it u t ion
– Mon it or in g
– Computa t ion

Procedures (descr ipt ions t ha t , when
per for m ed, evolve pr ocesses)
– Inst it u t iona l St anda rd Opera t ing 

P r ocedu r es
– Computer  programs

Rela t ion s
– Ca u sa l
– T a xon om ic
– Geogr a ph ic
– Lega l
– F a m i l i a l
– Or ga n iza t ion a l
– F in a n cia l

Da ta  Sources
– People (observa t ions, r epor t s)
– In st r u m en t s
– La bor a t or ies
– Da tabases
– Libr a r ies
– Wor ld-Wide Web

Arc h i t e c t u re
Th e lon g-t er m  developm en t  of GA will r equ ir e a  h igh ly flexible, open  a r ch it ect u r e t h a t  will
suppor t  expansion  of t he concept  and evolu t ion  of it s implemen ta t ion .  Yet  a ft er  GA is in  actua l
u se, such  changes must  not  ever  r equ ir e a  “r eset .”  We cannot , of cou r se, hope t o solve t he fu ll
problem of ma in t a in ing in st a lled ba ses, bu t  we plan  t o exploit , a s expla ined below, t he in sigh t s
of t he DSSA methodology to develop an  open  a rch it ectu re capable of encompassing a  wide r ange
of lon g-t er m  t ech n ologica l developm en t s.

In  a ddit ion , it  is  a bsolu t ely cr it ica l t o ou r  a bilit y t o bu ild t h e syst em  t h a t  vir t u a lly a ll
t ech n ology com pon en t s  of GA be pr ovided by gen er ic, pr efer a bly s t a n da r ds-ba sed fa cilit ies .
Th ese in clu de:

da ta  r epositor ies and ret r ieva l, perhaps based on  the object -or ien ted da ta  model
r elia ble ch eckpoin t in g a n d ba cku p
computer -based pa t ien t  r ecord
secu r it y a nd a u then t ica t ion
n et wor k-ba sed com m u n ica t ion
a ler t in g a n d n ot ifica t ion , in clu din g pa ger s, elect r on ic F AX, a n d em a il
in t er faces to da t a -captu re in st rumen t s
easy-to-use u ser  in t er faces
for m a l expr ession s of gu idelin es, pr a ct ice st a n da r ds, et c.
hyper t ext -ba sed bodies of medica l in forma t ion
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inst ruments

MD

HOSPITAL

INSURER, 
Government  
Agency,…

911

INTERNET

There is no su rer  gua ran t ee of fa ilu r e for  t h is project  t han  to t ake on  the t a sk  of bu ilding, from
scr a t ch , t ech n ology com pon en t s  t h a t  ca n  be a dequ a t ely pr ovided by com m er cia lly a va ila ble
m ea n s.  Th u s, for  exa m ple, on e cou ld ea sily get  side-t r a cked in t o a n  in vest iga t ion  of t h e best
m et h ods for  a ssu r in g t h e in t egr it y of life-lon g r ecor ds wit h in  a  sm a ll por t a ble com pu t er  t h a t
wou ld im plem en t  GA.  On e ca n  im a gin e ca t a st r oph es t h a t  wou ld r esu lt  in  dest r u ct ion  of t h e
device it self, loss  or  t h eft , t em por a r y u n a va ila bilit y, a cciden t a l or  deliber a t e a lt er a t ion , et c.
Alt h ou gh  it  m igh t  be a n  in t er est in g exer cise t o wor k  ou t  specific a r ch it ect u r a l idea s t h a t  will
over com e t h ese pr oblem s, it  is  even  m or e sen sible t o a r ch it ect  a  solu t ion  t h a t  will r ely on
a n t icipa t ed com m er cia l ser vices t h a t  will pr ovide com pa r a ble fa cilit ies for  a  br oa der  com pu t in g
m a r ket .  Th en , specific t ech n ology ch oices ca n  be fr a m ed in  t er m s of en gin eer in g t r a de-offs.

To con t in u e ou r  exa m ple of lon g-t er m  in t egr it y, on e cou ld  ch oose a n  in fr equ en t  (sa y
m on t h ly) ba cku p t a pe for  people wit h  n o ser iou s cu r r en t  con dit ion s.  At  t h e ot h er  ext r em e, a
dir ect  cellu la r  ca ll t o a  syst em providing gua ra n t ees of da t a  in t egr it y ma y be wor thwh ile when
sign ifica n t  even t s  occu r  in  a  pa t ien t  bein g m on it or ed for  poss ibly life-t h r ea t en in g even t s .
F ru it fu l synergies ma y a lso a r ise in  such  a n  a r ch it ectu r e.  For  exa mple, a  hospit a l ma y choose
t o go in t o t h e com m er cia l bu sin ess of pr ovidin g da t a  in t egr it y for  it s  pa t ien t ’s GA syst em s; in
t h a t  ca se, com m u n ica t ion  cost s ca n  be r edu ced a n d r elia bilit y in cr ea sed if t h e sa m e t eleph on e
ca ll can  be used both  to r epor t  t ime-cr it ica l da ta  (pa r t  of the da ta  r epository and the a ler t ing and
n ot ifica t ion  fu n ct ion s) a n d t o a ssu r e t h a t  it  is  ba ck ed u p in  ca se t h e GA device m igh t
ma lfunct ion  (pa r t  of t he backup funct ion ).

Som e of t h ese fa cilit ies a r e a lr ea dy bein g pr ovided com m er cia lly. Ot h er s a r e t h e focu s of
a ct ive cu r r en t  a n d pr oposed r esea r ch  on  t h e Na t ion a l In for m a t ion  In fr a st r u ct u r e.  A few will
r equ ire a t  lea st  prototype developmen t  by th is project , if not  otherwise provided. There is enough
work to do on  in t egra t ing these facilit ies and using them to t ry ou t  t he GA concept  t ha t  we must
be very ca refu l not  to t ake on  more than  wha t  is absolu tely essen t ia l here.

Th e figu r e below sh ows a  sch em a t ic sket ch  of a  por t ion  of t h e over a ll GA dom a in  a n d t h e
cor r espon din g pa t h wa ys for  com m u n ica t ion .

At  t h e cen t er  is  t h e in dividu a l, h oldin g wh a t  we h a ve ca lled t h e GA_P DA in  t h e scen a r io,
a bove.  Th e pa t ien t  is  pot en t ia lly in  dir ect  com m u n ica t ion  wit h  a  set  of in st r u m en t s t h a t  h elp
ga t h er  in for m a t ion  a bou t  h im  or  h er .  F or  t h e d ia bet es  exa m ple, t h ese cou ld  in clu de a
glu com et er  a n d a  sca le wit h  a  com pu t er  in t er fa ce for m in g pa r t  of a  m edica l BodyNet  [Sch i94];
bu t  ot h er  va r ia t ion s  m igh t  in clu de com m u n ica t ion  wit h  exer cis e  m a ch in es , or  wit h
t em per a t u r e, r espir a t ion , a n d ca r dia c sen sor s  for  in fa n t s  a t  r isk  of cr ib dea t h  (SIDS). We
a ssu m e t h a t  t h e h om e, in  t h e for m  of a  h om e com pu t er  or  a ccess t o som e n et wor ked pr ovider ,
pr ovides m or e per m a n en t  r ecor d keepin g a n d a ccess t o ot h er  ser vices a n d in st it u t ion s.  Ot h er
connect ions link t he pa t ien t  with  h is or  her  doctor ’s office, t o provide a  pa thway for  in forma t ion
t h a t  r equ ir es u r gen t  a t t en t ion , t o civic em er gen cy ser vices, a n d t o wide-a r ea  n et wor k  ser vice
such  a s t he In t ernet  for  in forma t ion  and suppor t  services.
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This diagram is h igh ly schema t ic a s it  omit s t he probable and possible connect ions between
a ll t he other  people, in st it u t ions, a nd da t a  sou rces en t er ing in to t he doma in .  In  pr inciple, a ny
of t h ese en t it ies a n d t h eir  a ssocia t ed GA pr ocesses (if a n y) m a y com m u n ica t e wit h  a n y ot h er ,
bu t  we expect  t he communica t ion  to be dir ect  in  on ly a  few impor t an t  ca ses t ha t  may change a s
the t echnology evolves.

S p e c ia l  F u n c t io n a l i t i e s
The DSSA concept  [Huff94] is most  ea sily a pplica ble t o doma ins with  exist ing lim it ed syst ems,
a n d pr ovides  a  m et h odology for  m odu la r izin g a n d gen er a lizin g t h ese syst em s t o fa cilit a t e
fu tu re r euse of componen t s in  const ruct ing new or  va r ian t  applica t ions in  t he same doma in .  In
t h e GA dom a in , h owever , t h er e is  n o exist in g syst em  fr om  wh ich  t o gen er a lize, so we m u st
begin  by design in g a  specific syst em . Never t h eless , t h e con cer n s of t h e DSSA m et h odology
provide a n  impor t a n t  gu ide in  t h is t a sk , a s t he GA concept  involves a n  a r r a y of specia liza t ions
a n d va r ia t ion s of im m edia t e in t er est .

I t  seem s u n likely t h a t  a n y sin gle GA device or  over a ll fu n ct ion a lit y will be a ppr opr ia t e for
ever y per son , a t  lea s t  for  qu it e a  lon g t im e. Th e differ en t  ph ysica l a n d m edica l n eeds  of
d iffer en t  people ca ll for  ver y d iffer en t  specific fu n ct ion a lit ies .  Th e scen a r io of ju ven ile
dia bet es pr esen t ed a bove ca lls  for  fu n ct ion a lit ies  a n d a  sen sor  (glu com et er ) n ot  n ecessa r y in
t h e GA_P DA of t h e a ver a ge per son .  Wh ile t ech n ologica l pr ogr ess  m a y even t u a lly per m it
r ea liza t ion  of t h ese ca pa bilit ies in  ever y GA a t  n egligible cost , in  t h e sh or t  r u n  we ca n  expect
t h e GA pr ovided t o a  dia bet ic t o pr ovide fu n ct ion a lit ies ext en din g or  r efin in g t h ose pr esen t  in
t h e gen er ic GA.  Sim ila r  va r ia t ion s of specia l sk ills  ca n  be expect ed for  GAs a ppr opr ia t e for
ot h er  specia l su bject s, su ch  a s h yper t en sives, st r oke vict im s, a n d ot h er s.  Mor e gen er a lly, we
for esee va r ia t ion s  of GA fu n ct ion a lit y a cr oss  a ges  a s  well.  F or  exa m ple, a t t a ch in g t h e
GA_P DA in  t h e scen a r io a bove t o a n  in fa n t  wou ld n ot  be desir a ble or  fea sible, bu t  even  in  t h e
shor t  run  we expect  a  very limit ed GA to be desir able for  in fan t s. Th is migh t  consist  of a  pu rely
pa ssive per son a l r ecor d of a ller gies, m edica l con dit ion s, et c., for  u se by em er gen cy per son n el;
in deed, on e ca n  im a gin e r epla cin g t h e s t a n da r d deliver y-r oom  iden t ifyin g br a celet  wit h  a
m or e per m a n en t  br a celet  con t a in in g t h e in it ia l per son a l m edica l in for m a t ion .  As t ech n ology
permit s, t h is m in ima l funct iona lit y migh t  be expanded t o include t empera tu r e, r espir a t ion , and
ca rdiac sensor s t o a ler t  pa r en t s t o in fan t  dist r ess and t he r isk  of impending cr ib dea th .  At  t he
ot h er  en d of life, t h e gen er ic GA_P DA wou ld a lso n ot  be a ppr opr ia t e t o people su ffer in g fr om
Alzh eim er ’s  d isea se or  for  com a t ose pa t ien t s , a n d specia lized  des ign s  m igh t  pr ovide t h e
a ppr opr ia t e fu n ct ion s for  t h em .  F or  exa m ple, t h e GA of a n  Alzh eim er ’s pa t ien t  m igh t  m on it or
t h e in t a ke of m edica t ion s a n d pr ovide a ddr ess a n d con t a ct  in for m a t ion  t o byst a n der s  if t h e
pa t ien t  becomes lost .

In  view of t h is wide r ange of possible funct iona lit ies, we plan  t o focus ou r  design  on  the GA
pr ocesses  a ppr opr ia t e t o t h e gen er ic a du lt  a n d t o t h e specia l m edica l a pplica t ion s select ed
(dia bet es, h yper t en sion , a n t icoa gu la t ion , et c.).  Design in g for  t h is sm a ll va r ia t ion  a n d keepin g
t h e wider  possible va r ia t ion  in  m in d will h elp iden t ify t h e ba sic fu n ct ion a l m odu les a n d t h eir
possible r efin em en t s a n d a lt er n a t ives. In  som e ca ses, t h e r efin ed ver sion s will be gen er a t ed
a u toma t ica lly from the gener ic ver sions a nd t he specifics of t he r equ ir emen t s for  t he va r ia t ion ;
in  other  ca ses, t he a lt erna t ive ver sions will have to be const ruct ed manua lly a s with  t he gener ic
ver s ion s .

Ge n e ric  F u n c t io n a l  Mo d u le s
E xa m in in g t h e lis t  of GA fu n ct ion a lit ies  pr esen t ed a bove, we obser ve t h e followin g gen er ic
funct ions of t he GA.

• Recor din g a n d r epr esen t in g in for m a t ion
• Mon it or in g pr ocesses
• An a lyzin g even t s a n d r esu lt s
• In t er pr et in g a n d expla in in g pla n s a n d r efer en ces
• Ada pt in g a n d cu st om izin g pla n s a n d pr efer en ces
• Ch eck in g pla n s
• Com m u n ica t in g, t r a n sla t in g, pr ovidin g, a n d r et r ievin g in for m a t ion
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Coordina t ing funct iona lit y dist r ibu t ed a mong GA processes a t  differ en t  sit es
Educa t ing the subject
Reminding and a ler t ing t he subject  and other s
Suppor t ing and socia lizing the subject
Sch edu lin g

E a ch  of t h ese fu n ct ion s  will be per for m ed by on e or  m or e a r ch it ect u r a l m odu les .  Som e
fu n ct ion s cor r espon d t o a  sin gle isola ble a ct ivit y, a n d will be per for m ed by a  sin gle m odu le in
a  given  GA, with  t he on ly va r ia t ion  being va r ia t ion  across GAs due to t he differ ing needs of t he
su bject s.  F or  exa m ple, t h e ba sic m odu le per for m in g sa n it y ch ecks on  pla n s m igh t  well ser ve
a ll GAs wit h ou t  except ion ; bu t  in  t h e sh or t  r u n , on e ca n  expect  d iffer en t  specia liza t ion s
a ccording t o t he specia l medica l knowledge r equ ir ed for  differ en t  subject s.  Tha t  is, t he gener ic
sa n it y ch ecker  a n a lyzin g t h e pla n s for  a ver a ge su bject s n eed n ot  kn ow t h e det a ils  r eleva n t  t o
ch eck in g p la n s  for  d ia bet ic su bject s .  Su ch  va r ia t ion s  beca u se of d iffer in g specia lized
kn owledge sh ou ld be especia lly a m en a ble t o a u t om a t ic con st r u ct ion  a n d r efin em en t .  Ot h er
fu n ct ion s, h owever , will be per for m ed by a  set  of r ela t ed m odu les specia lized t o t h e t ypes of
in for m a t ion  or  t h e en t it ies in volved in  t h e fu n ct ion .  F or  exa m ple, m odu les for  r ecor din g da t a
fr om  bodily sen sor s will be differ en t  a s  a  m a t t er  of en gin eer in g fr om  m odu les for  a ssessin g
a n d r ecor din g t h e pr efer en ces of t h e su bject , for  r epr esen t in g t h ese pr efer en ces t o ot h er  people
and in st it u t ions, and possibly for  r epresen t ing these preferences t o t he schedu ling modu le.

Ha rd w a re  Re a liza t io n s
Seek in g m a xim u m  flexibilit y in  a da pt in g t h e GA a r ch it ect u r e a s  h a r dwa r e t ech n ology

develops  en t a ils  p la cin g n o r es t r ict ion s  on  ju s t  h ow t h e  m em or y, com pu t a t ion , or
com m u n ica t ion  fu n ct ion s of t h e GA dom a in  a r e r ea lized in  h a r dwa r e syst em s.  Th e dia bet es
scen a r io pr esen t ed a bove en vision s a  per son a l GA r esidin g on  som et h in g like a  cu r r en t  P DA,
t h e h om e GA r esidin g on  a  per son a l com pu t er , a n d m a kes n o pa r t icu la r  a ssu m pt ion s on  t h e
residence of t he hospit a l GA process. Bu t  fa st  downloading abilit ies, t he sh r inking physica l size
of com pu t a t ion a l power , a n d im pr ovem en t  in  t h e r esilien ce of m em or y m igh t  obvia t e t h e n eed
for  a  h om e GA a lt oget h er  except  a s a  com m u n ica t ion  t er m in a l, a n d im pr ovem en t s in  cellu la r
t eleph on y a n d wir eless con n ect ion s t o t h e In t er n et  m igh t  obvia t e t h e n eed even  for  t h a t  r ole.
Ou r  in it ia l a r ch it ect u r a l design s will a ccor din gly iden t ify h a r dwa r e r ea liza t ion s t h a t  m a ke
sen se cu r r en t ly a n d in  t h e n ea r  fu t u r e, bu t  t h e dom a in  m odel, fu n ct ion a l a r ch it ect u r e, a n d
modu la r iza t ion  will not  be dependen t  on  the pa r t icu la r  ha rdware choices in  force a t  a  pa r t icu la r
t im e.

In form ation  In fras tru c tu re s  an d  I-95
We a n t icipa t e t h a t  t h e cu r r en t  pu sh  t owa r d u n iver sa l n et wor k  a ccess for  a ll Am er ica n s will
pr ovide va st  n ew oppor t u n it ies  in  h ea lt h  ca r e a s  well a s  in  ot h er  a r ea s  of com m er ce a n d
in du s t r y.  We expect  t h a t  ea r ly exploit er s  of t h is  u n iver sa l a ccess  will bu ild  ver t ica l
a pplica t ion s t h a t  ser ve specific, t a r get ed u ser s  wit h  n a r r ow ser vices.  Soon , h owever , m a n y
u ser s  a n d  pr ovider s  will r ecogn ize t h e gr ea t  a dva n t a ges  of open  sys t em s t h a t  pr om ot e
in t er oper a bilit y a n d t h e in cr em en t a l a ddit ion  of ser vices t o exist in g syst em s.  F or  u ser s, t h is
will lea d t o con ven ien ce of u se a n d con sist en cy of oper a t ion .  F or  pr ovider s, it  m ea n s t h a t  on e
can  concen t r a t e on  doing the best  job a t  providing a  specific new service withou t  having to bu ild
a  complet e applica t ion .

The I-95 a rch it ectu re [Tenn93], in  whose crea t ion  we pa r t icipa t ed, envisions a  layered model
of ser vices .  At  bot t om  a r e t r a d it ion a l n et wor k  ser vices  a n d  con cer n s  su ch  a s  r elia ble
com m u n ica t ion s , a dd r es sa bilit y, a n d  sca la bilit y, p lu s  n ew ser vices  su ch  a s  s ecu r it y,
au then t ica t ion  and bounded-delay da t a  st r eams for  isoch ronous da t a .  At  t he t op a r e applica t ion
level services a nd connect ions t o a  va r iety of u ser  in t er fa ces.  In -between , we for esee a  la yered
set  of ca pa bilit ies  t h a t  pr ovide u n ifor m  su ppor t  for  a  la r ge va r iet y of t r a n sa ct ion s.  Th ese
in clu de elect r on ic m on ey (or , in  gen er a l, wa ys of bein g billed for  t h e u se of n et wor k  ser vices),
m et h ods t o su ppor t  n egot ia t ion  a n d bin din g com m it m en t  in  t r a n sa ct ion s, a n d m ea n s t o h elp
naviga t e essen t ia lly unbounded volumes of da t a  and t ext .

We plan  to capit a lize on  fu tu re developmen t s of t h is set  of a r ch it ectu ra l ideas to suppor t  GA.
Idea lly, GA will con t r ibu t e it s  own  set  of la yer ed ser vices a n d will in  t u r n  r est  on  ser vices
pr ovided in  gr ea t er  gen er a lit y for  m a n y ot h er  k in ds of t r a n sa ct ion s.  F or  exa m ple, we expect
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not  t o have t o develop ou r  own  st anda rds for  encrypt ion  and au then t ica t ion , bu t  on ly t o design
the applica t ion  of those methods [Rive78] to the specific needs of pa t ien t s and provider s in  hea lth
ca r e .

P ro to ty p e  Ap p lic a t io n s
Im plem en t in g t h e wide r a n ge of Gu a r dia n  An gel a pplica t ion s t h a t  we a n t icipa t e even t u a lly
bu ildin g is a  t a sk  t oo la r ge for  a  sin gle r esea r ch  pr oject .  In deed, we in t en d for  t h e r esu lt s of
th is project  t o provide the appropr ia t e a rch it ectu re and examples tha t  will enable other s t o bu ild
the many specific applica t ions.  To help us develop and r efine the GA concept , we need to choose
on e or  t wo specific m edica l a pplica t ion s t h a t  ca n  r epr esen t  t h e la r ger  m edica l pr oblem  a n d for
which  we can  bu ild demonst rable and t estable prototypes.  For  these prototypes, we plan  to choose
m edica l dom a in s in  wh ich  t h e in t en sit y of r equ ir ed ca r e is h igh er  t h a n  n or m a l for  t h e gen er a l
popu la t ion .  Th is is  ju st ified by t h e m edica l im por t a n ce of t h e a pplica t ion s t h em selves a n d by
t h e fa ct  t h a t  we a r e likely t o lea r n  m or e fr om  exper im en t s  in  wh ich  “m u ch  h a ppen s” t h a n
otherwise.

Ou r  in it ia l ch oice of pr ot ot ype a pplica t ion  dom a in s is  in su lin -depen den t  ju ven ile dia bet es
a n d m a n a gem en t  of ch r on ic h yper t en sion .

In s u lin -D e p e n d e n t  J u v e n i le  D ia be te s
Th er e a r e a ppr oxim a t ely  t welve  m illion  pa t ien t s  in  t h is  cou n t r y wit h  dia bet es m ellit u s, of
wh ich  on e m illion  pa t ien t s  h a d ju ven ile on set . Th e cos t  of t h e com plica t ion s  du e t o t h e
m icr ova scu la r  a n d m a cr ova scu la r  disea se of pa t ien t s  wit h  dia bet es m ellit u s is  well over  fou r
billion  dolla r s  [Huse89] .  Th er efor e, a n y im pr ovem en t s  in  effica cy of t r ea t m en t  will h a ve
s ign ifica n t  n a t ion a l im pa ct . Aft er  t h e Dia bet es  Con t r ol a n d Com plica t ion s  Tr ia l (DCCT)
[DCCT93], a  r ecen t  mu lt i-cen t er  t r ia l, it  h a s become clea r er  t ha t  m in imizing t he a vera ge blood
su ga r  of pa t ien t s  will lea d t o m a jor  decr ea ses in  t h e in ciden ce (e.g. 50% decr ea se in  r et in a l
disea se) a n d sever it y of dia bet ic com plica t ion s.  Also, t h e Depa r t m en t  of H ea lt h  & H u m a n
Ser vices  h a s  iden t ified in  H ea lt h y P eople 2000 [PHS91]  sever a l d ia bet es-r ela t ed  n a t ion a l
object ives  in clu d in g r edu cin g t h e in ciden ce of blin dn ess  a n d  en d-s t a ge r en a l d isea se.
H owever , a s  n ot ed in  a n  edit or ia l com m en t a r y on  t h e im plica t ion s of t h e DCCT in  t h e New
E n gla n d J ou r n a l of Medicin e [Lask93]:  “We n ow fa ce  t h e con sider a ble t a sk  of pr ovidin g
pa t ien t s and pract it ioner s with  t he suppor t  t hey need t o make t h is t her apy genera lly ava ilable.
The impor t ance of t he pa t ien t -cen tered t eam in  ach ieving the r esu lt s of t he DCCT suggest s t ha t
policies a ffect ing t he way ca re is organ ized, a ssessed, and pa id for  a r e likely t o be a s impor t an t
a s t hose a ffect ing benefit s, in su rance coverage and access t o ca r e. “

E ven  cu r r en t , n on -in t en sive m a n a gem en t  of pedia t r ic pa t ien t s  wit h  dia bet es  m ellit u s  is
in t ensive and expensive  in  it s u se of hea lt h  ca re r esou rces.  In  addit ion  t o r egu la r  clin ic visit s,
ea ch  dia bet ologist  (n u r se or  ph ysicia n ) will field dozen s of ph on e ca lls per  week fr om  pa t ien t s
or  t h eir  fa m ilies t o h elp a dju st  in su lin  dosa ge (or  or a l h ypoglycem ic a gen t s), diet  or  exer cise.
Despit e t h is in vest m en t  of clin icia n s’ t im e, t h e in t er va l bet ween  ca lls  for  a  pa r t icu la r  pa t ien t
will r a n ge fr om  weeks t o m on t h s, du r in g wh ich  t im e t h e cu r r en t  t h er a py m a y h a ve becom e
pr ogr essively less  well t a ilor ed t o t h e pa t ien t ’s  n eeds.  Su b-opt im a l t h er a pies  will t en d t o
in cr ea se  t h e  lik elih ood  of a cu t e  com plica t ion s  (e .g. k et oa cidos is  a n d  deh ydr a t ion  or
h ypoglycem ia ) a n d  t h e r isk  of developin g pr ogr ess ive ch r on ic com plica t ion s  (beca u se of
su bopt im a l glycem ic con t r ol).  To m eet  t h e r equ ir em en t  for  m or e s t r in gen t  glycem ic con t r ol
(wh ich  h a s been  sh own  lea d t o su bst a n t ia l decr ea ses in   va scu la r  com plica t ion s in  t h e DCCT)
will r equ ir e  gr ea t er  pa t ien t  edu ca t ion , in cr ea sed  clin icia n /pa t ien t  com m u n ica t ion  a n d
heigh t ened r esponsiveness t o cha nges in  physiology  (e.g. du r ing a  ga st roen t er it is) or  lifestyle.

Severa l a t t empts have been  made in  the past  t en  yea r s to provide pa t ien t s with  diabetes with
au toma ted a ssist ance in  t he managemen t  of t heir  blood glucose con t rol [St r a85, Bell88, Buys89,
Ch ya 90, F u ge92].  Th ese syst em s h a ve n ot  h a d a  sign ifica n t  a ccept a n ce beyon d t h eir  in it ia l
t est in g sigh t s or  la st in g im pa ct  u pon  t h e ca r e of m ost  in dividu a ls wit h  dia bet es m ellit u s for  a
va r iet y of r ea son s, in clu din g: in a dequ a t e u ser  in t er fa ces, h ospit a l or ien t ed ca r e, bu r den som e,
un relia ble or  low ba ndwidth  commun ica t ions protocols.  Also, severa l of t hese syst ems su ffer ed
from a  t oo na r row focus on  t he specific clin ica l t a sk  [Fuge92] r a ther  t ha n  t he broa der  ma nda t e
of t h e Gu a r dia n  An gel pr oject .  Non et h eless, we in t en d t o in clu de t h ese com pon en t s of pr ior
syst ems tha t  have proven  to be successfu l such  a s the in su lin  adjustmen t  heu r ist ics.
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Th e object ives of  t h e im plem en t a t ion  of a  Gu a r dia n  An gel syst em  for  Dia bet es Mellit u s
in clu de:

(1) Decr ea sed pa t ien t  r elia n ce on  expen sive t er t ia r y ca r e specia list s for   r ou t in e a dvice
on  h om e m a n a gem en t   of d ia bet es  m ellit u s . At  t h e  s a m e t im e,  t im ely
com m u n ica t ion  of r eleva n t  clin ica l da t a  t o t h e dia bet ologist   (n u r se or  ph ysicia n )
will be in cr ea sed.

(2) Im pr oved  ea r ly in t er ven t ion  t o cor r ect  h a r m fu l blood  glu cose levels , t h er eby
r edu cin g t h e likelih ood  of h ospit a l a dm ission s or  specia list  con su lt a t ion s for  a cu t e
com plica t ion s a n d pot en t ia l ch r on ic com plica t ion s.

(3) Increa sed pa t ien t  au tonomy.
(4) Im pr oved clin ica l da t a  collect ion  t o h elp con du ct  ou t com es r esea r ch  a n d su ggest

improved t her a peu t ic in t erven t ions.
Th e ext en ded scen a r io, a bove, a lso in t r odu ces a ddit ion a l con sider a t ion s t h a t  a r e im por t a n t  in
t h is disea se dom a in .

Ch ro n ic  Hy p e rte n s io n
Hyper t ension  a ffect s 20% of the popu la t ion  of t he Un it ed Sta t es.  The preva lence of hyper t ension
in cr ea ses wit h  a ge, wit h  a  h igh er  pr eva len ce in  m en  u n t il a bou t  a ge 50 a n d t h en  a  h igh er
preva lence in  women  [NIH93].  The na tu r a l h ist ory of t he disea se is t ha t  it  gr a dua lly becomes
m or e sever e.  Over  m a n y yea r s it  gr a du a lly da m a ges t h e blood vessels, t h e h ea r t , t h e k idn eys
a n d ot h er  or ga n s . Th e h ea r t  h yper t r oph ies  a n d even t u a lly fa ils .  Th e in cr ea sed pr essu r e
a cceler a t es  a t h er oscler osis  a n d pr odu ces a lso h em or r h a ges in  en d or ga n s a n d a n eu r ysm s in
la rge and sma ll blood vessels, a ffect s t he r et ina , t he k idneys, t he bra in , and the supply of blood
to the legs. The aor t a  is subject  t o dissect ion  (t ea r ing), producing ruptu re and the cu toff of blood
vessels . Th er e is  a  st r on g, pr edict ive cor r ela t ion  bet ween  t h e level of blood pr essu r e a n d t h e
in ciden ce of cor on a r y h ea r t  disea se, st r oke, h ea r t  fa ilu r e a n d r en a l disea se.

Th e pr esen ce of h yper t en sion  is  u su a lly det er m in ed by a  r egu la r  ph ysica l exa m  or  ot h er
scr een in g, s in ce sym pt om s a r e u n u su a l in  t h e ea r ly s t a ges of t h e disea se.  Th e m a jor it y of
hyper t ension  is  essen t ia l , mean ing tha t  t here is no known cause tha t  can  be t r ea t ed.  However ,
it  is  im por t a n t  t o r u le ou t  possible ca u ses, sin ce secon da r y h yper t en sion  is  t r ea t ed differ en t ly
from pr imary hyper t ension  and because t r ea tmen t  can  be defin it ive (cu ra t ive) for  some of t hese
ca uses.  Since essen t ia l hyper t ension  is progressive a nd incu ra ble, t he disea se u sua lly needs t o
be t r ea t ed for  t he r est  of t he pa t ien t 's life.  For  t he border line hyper t ensive, t he therapy consist s
of d iet , exer cise, a n d m on it or in g.  F or  m ild  h yper t en s ion , dr u gs  su ch  a s  d iu r et ics , bet a -
blocker s, ca lciu m  blocker s, a n d a n giot en sin  con ver t in g en zym e in h ibit or s a r e a ll a ppr opr ia t e,
in  differ en t  subset s of pa t ien t s.  For  more severe hyper t ension  t her e is a  wide r a nge of choices
of sin gle or  m u lt iple dr u g com bin a t ion s.  Th e la r ge a r m a m en t a r iu m  is n eeded beca u se pa t ien t
r espon se va r ies, bot h  in  degr ee of r espon se t o t h er a pies a n d in  pr eva len ce of a n d t oler a n ce t o
side effect s.  It  is common  to t ry severa l differ en t  t herapies in  a  pa t ien t  before finding one t ha t
provides a n  a dequa t e degree of con t rol for  t he hyper t ension  withou t  more side effect s t ha n  t he
pa t ien t  is willing to tolera t e.

One of the r ea l cha llenges is t ha t  most  hyper t ension  therapies have some side effect s and the
pa t ien t  oft en  feels  bet t er  u n t r ea t ed t h a n  t r ea t ed.  Ma n y of t h e com m on  side effect s  of a n t i-
h yper t en sives  a r e fa ir ly n on specific, su ch  a s  h ea da ch es, fa t igu e, dizzin ess , depr ession , a n d
sexua l dysfunct ion , tha t  migh t  not  be a t t r ibu ted to the therapy by the pa t ien t  withou t  appropr ia te
quest ion ing.  Since t her e a r e u sua lly some dra wba cks t o every t her a py, t he decision  t o r eject  a
t her apy can  depend on  t he a t t it ude of t he pa t ien t .  As t he disea se progresses, t he t her apy may
h a ve t o ch a n ge t o m a in t a in  a n  a dequ a t e degr ee of con t r ol.  Th e t h er a py m a y a lso n eed t o be
ch a n ged beca u se of en d-or ga n  da m a ge, ch a n gin g sen sit ivit ies a n d a ller gies.

An ot h er  ch a llen ge of h yper t en sion  m a n a gem en t  is  t r a ck in g t h e blood pr essu r e.  Blood
pr essu r e ca n  va r y con sider a bly a n d is  oft en  h igh er  in  t h e doct or 's  office t h a n  in  a  differ en t
set t in g.  I t  a lso follows a  pa t t er n  over  t h e cou r se of a  da y a n d in cr ea ses wit h  st r ess a n d ot h er
fa ct or s.  Th u s, r egu la r  m on it or in g of t h e blood pr essu r e pr ovides a  m u ch  bet t er  pict u r e of t h e
st a t e of t h e pa t ien t 's  disea se t h a n  t h e pr essu r es r ea d in  t h e ph ysicia n 's office [P ick87].  If t h e
physician -read blood pressu res a re the sole source of da ta , it  t akes mult iple visit s t o est ablish  the
diagnosis of hyper t ension  and fr equen t  visit s t o t r ack the progress of t herapy.  Appropr ia t e t r end
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a n a lysis of h om e blood pr essu r e m ea su r em en t s ca n  pr ovide t h e ph ysicia n  a  bet t er  m ea su r e of
the hyper t ension  and the effect  of t he therapy a s well a s giving the pa t ien t  more t imely feedback
and encouragemen t  t han  wa it ing for  t he visit s t o t he physician .

Th e blood pr essu r e is  n ot  t h e on ly focu s of m a n a gem en t  in  t h e h yper t en sive.  Life st yle
m odifica t ion  is  a  ver y im por t a n t  pa r t  of t h e over a ll t h er a py, in clu din g ch a n gin g diet  (sa lt ,
ca lor ies , a n d ch oles t er ol r edu ct ion ), exer cise, oft en  weigh t  loss , s t r ess  m a n a gem en t , a n d
sm okin g cessa t ion .  Sin ce t h e t h er a pies  a n d ot h er  m a n a gem en t  s t r a t egies  oft en  h a ve m or e
im pa ct  on  t h e pa t ien t 's  da y-t o-da y life t h a n  t h e disea se, keepin g t h e pa t ien t  con vin ced of t h e
im por t a n ce of con t r ol, en cou r a ged, a n d in for m ed is a  m a jor  ch a llen ge in  a ssist in g t h e pa t ien t .
P a r t  of t h e ch a llen ge is  get t in g t h e pa t ien t  t o t a ke own er sh ip of t h e m a n a gem en t  pr ocess ,
som et h in g t h a t  t a kes in st r u ct ion  a n d t h e in volvem en t  of t h e pa t ien t  in  det er m in in g a  pa t ien t -
specific s t r a t egy for  m a n a gin g t h e d isea se.  Th is  ca n  be ver y t im e con su m in g a n d t h e
a ssist a nce of t he GA syst em cou ld benefit  t he pa t ien t  a nd t a ke some of t he educa t iona l bu rden
fr om  t h e ph ysicia n . As t h e GA m on it or s for  ea r ly com plica t ion s (oft en  by a sk in g t h e pa t ien t
a bou t  sign s a n d sym pt om s), it  will r ein for ce t h e im por t a n ce of blood pr essu r e con t r ol. I t  a lso
will show t he pa t ien t  t he success of t her a py a nd life st yle cha nges by showing t heir  impa ct  on
t h e pa t ien t 's  r isk  of com plica t ion s. F or  exa m ple, sever a l of t h e F r a m in gh a m  r isk  equ a t ion s for
pr edict in g t h e developm en t  of cor on a r y a r t er y disea se depen d on  blood pr essu r e a n d m a n y of
t h e a ssocia t ed life s t yle ch a n ges . Th e GA will gr a ph ica lly dem on st r a t e h ow h is /h er  r isk s
cha nge over  t ime. Th is feedba ck of cha nges in  prognosis for  a  t her a py t o pr even t  complica t ions
in  m in im a lly sym pt om a t ic pa t ien t s sh ou ld be ver y effect ive a s it  will sh ow t h em  t h e expect ed
effect  of therapy.

Man ag in g  Hype rte n s ion  Us in g  a  GA
At  differ en t  st a ges in  t h e m a n a gem en t  pr ocess, t h e GA cou ld ser ve differ en t  fu n ct ion s for  t h e
pa t ien t  a n d for  t h e pr ovider s . Wh en  h yper t en sion  is  fir s t  su spect ed or  n ot ed on  a  r ou t in e
exa m in a t ion , t h e ph ys icia n  will loa d  a n d a ct iva t e t h e h yper t en s ion  GA in  t h e pa t ien t 's
com pu t er . In it ia lly, t h e GA cou ld  a ss is t  in  t h e scr een in g a n d d ia gn os is  pr ocess  for  t h e
ph ys icia n .  Th e GA wou ld  collect  a n y a ddit ion a l n eeded  dem ogr a ph ic in for m a t ion  a n d
in for m a t ion  a bou t  t h e r isk  fa ct or s for  m yoca r dia l in fa r ct ion  a n d st r oke. Th is fu n ct ion  m a y be
of pa r t icu la r  im por t a n ce beca u se m oder n  t r en ds in  h ea lt h  ca r e con t in u a lly lim it  t h e t im e
a va ila ble for  pa t ien t -ph ysicia n  con t a ct . H ow com plet e a  h is t or y ca n  be t a ken  in  a n  eleven
m in u t e visit ?  Th e pa t ien t  cou ld a lso get  in for m a t ion  a bou t  h yper t en sion  a n d t h e va r iou s r isk
fa ct or s.  If a  h ea lt h  ca r e pr ovider  (n u r se or  ph ysicia n 's  a ssist a n t ) is  en t er in g blood pr essu r e
m ea su r em en t s in t o t h e office, clin ic or  h ospit a l syst em , t h a t  in for m a t ion  wou ld be t r a n sfer r ed
to the pa t ien t 's GA computer .  If a  hyper t ension  workup is appropr ia t e, t he GA would ga ther  the
rest  of the h istory needed by the physician .  At  th is st age of the in teract ion , the GA cou ld give the
pa t ien t  a  pr eview of t h e im plica t ion s of r isk  fa ct or s t h a t  a r e a ppa r en t  fr om  t h e h ist or y a n d
in it ia l blood pressu re r eadings a long with  other  in forma t ion  tha t  wou ld help the pa t ien t  be more
in for m ed wh en  in t er a ct in g wit h  t h e ph ysicia n .

When  the pa t ien t 's GA t r ansfer s t he da t a  t o t he GA physician 's process, t he da t a  needed t o
begin  t h e dia gn osis will be a va ila ble t o t h e ph ysicia n .  If t h e pa t ien t  a lr ea dy h a s som e of t h e
n ecessa r y scr een in g t es t s , t h ose da t a  will be im m edia t ely a va ila ble a n d som e u n n ecessa r y
duplica t ion  will be avoided.  The GA will a lso be able t o provide da t a  abou t  t r ends in  t est s over
t ime, for  example how the serum crea t in ine may have changed (r eflect ing r ena l disea se, both  a
ca u se a n d a  com plica t ion  of h yper t en sion ).  Th e dia gn ost ic m odu le on  t h e GA ph ysicia n 's
pr ocess  ca n  t h en  pr ovide pa t ien t -specific sou r ce of in for m a t ion  a bou t  t h e d ia gn os is  a n d
managemen t  of hyper t ension .  It  cou ld provide suggest ions for  t herapy or  a  cr it ique of proposed
t h er a py in  t h e con t ext  of ot h er  disea ses (co-m or bidit ies) or  specia l cir cu m st a n ces t h a t  m a y be
a ffect in g t h e pa t ien t  [Mill84]. F or  exa m ple, in  a  pa t ien t  wit h  a  h ist or y of depr ession , a  bet a -
blocker  wou ld be in a ppr opr ia t e.  Th e in for m a t ion  cou ld be pr ovided in  t h e for m  of a  gu idelin e
or  in  r espon se t o qu est ion s , a s  a ppr opr ia t e t o m eet  t h e n eeds of t h e ph ysicia n .  Th e GA
ph ysicia n 's  pr ocess wou ld a lso pr ovide a ccess t o ot h er  in for m a t ion  sou r ces, su ch  a s r efer en ces
t o lit er a t u r e on  secon da r y ca u ses of h yper t en sion , t h e cu r r en t  cost s  for  dr u gs, a va ila bilit y of
cla sses or  t h er a py gr ou ps for  t h e pa t ien t  on  diet , qu it t in g sm okin g, exer cise, or  livin g wit h
h yper t en sion . I t  wou ld a lso pr ovide in for m a t ion  a bou t  t h e pa t ien t 's  r espon se t o dr u gs given
befor e (a bou t  wh ich  t h e cu r r en t  pr ovider  m a y n ot  be a wa r e), a s well a s a ller gies or  h ow ot h er
drugs migh t  in t er act .  Da t a  wou ld a lso be provided t o t he pa t ien t .  For  example, most  common
over  the coun ter  r emedies for  upper  r espira tory in fect ions warn  the pa t ien t  to avoid them withou t
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con su lt in g t h eir  ph ys icia n s . In  t h e ca se, t h e GA cou ld  pr ovide a  select ion  of m in im a lly
pr oblem a t ic dr u gs a n d t h en  m on it or  t h e pa t ien t 's  blood pr essu r e r espon se t o t h ose dr u gs a n d
note the r esu lt s for  fu tu re r eference.

On ce t h e pa t ien t  h a s been  dia gn osed wit h  h yper t en sion  a n d t h e ph ysicia n  h a s det er m in ed
a n  a ppr opr ia t e cou r se of a ct ion , t h e pa t ien t 's  GA will a ss is t  by h elpin g t h e pa t ien t  t a ke
own er sh ip of t h e pla n .  To su ccessfu lly com ba t  h yper t en sion  r equ ir es a  lon g-t er m  com m it m en t
a n d con sist en cy, so t h e pa t ien t  m u st  u n der st a n d t h e sit u a t ion , u n der st a n d t h e im plica t ion s in
m a n a gin g t h e disea se, a n d be com m it t ed t o t h e m a n a gem en t  pla n .  Th e GA will pr ovides a n
effect ive tool to t ake the pa t ien t  th rough  these  st eps.  It  will answer  quest ions abou t  the pa t ien t 's
r isk  of h ea r t  a t t a ck  or  s t r oke or  t h e ot h er  con sequ en ces  of h yper t en sion  a n d fr a m e t h is
in forma t ion  in  a  va r iety of ways tha t  migh t  help the pa t ien t  under st and.  It  will help the pa t ien t
u n der st a n d t h e a ddit ion a l r isk  in cu r r ed fr om  sm okin g, diet , obesit y, st r ess, a n d so for t h .  Th e
GA will a lso h elp t h e pa t ien t  per son a lize t h e m a n a gem en t  pla n  so t h a t  t h e goa ls a r e on es t h e
pa t ien t  is  com m it t ed t o a ch ieve. Th is m a n a gem en t  pla n  will in cor por a t e t h e GA a s a  m on it or
and gu ide by including a  commitmen t  t o consu lt  with  t he GA on  a  r egu la r  schedu le.

On ce t h e pa t ien t  a n d ph ysicia n  h a ve est a blish ed a  m a n a gem en t  pla n , t h e GA will h elp t h e
pa t ien t  follow the plan  and mon itor  t he progress.  For  most  pa t ien t s, who a re able to check their
blood pr essu r e wit h  t h e h om e pr essu r e cu ffs  n ow a va ila ble, t h e GA will t r a ck  t h e pr essu r e
a ga in s t  t h e expect a t ion s  for  t h er a py effect  a n d  u se t h e da t a  t o pr ovide cor r ect ion  a n d
r ein for cem en t  for  t h e pa t ien t .  Th e GA will a lso m on it or  ot h er  a spect s of t h e pla n  in clu din g
dr u g com plia n ce, weigh t , a n d lifest yle ch a n ges. Th e degr ee of m on it or in g of s ide-effect s  a n d
lifestyle cha nges such  a s diet  a nd exercise will depend on  t he needs a nd desir es of t he pa t ien t .
I t  cou ld  va r y fr om  s im ply m a k in g in for m a t ion  a va ila ble t o h a vin g t h e pa t ien t  fill ou t  a
progress r epor t  each  session .  Impor t an t ly, t he GA will be able to a sk abou t  most  of t he poten t ia l
side effect s of t he drugs.  F rom ou r  in t erviews with  hyper t ension  pa t ien t s it  is  clea r  t ha t  some
like to know wha t  t he possible side effect s a r e wh ile other s wou ld prefer  having them mon itored
in  case they happen . Indeed, t here a re prelimina ry da ta  tha t  suggest ing to a  pa t ien t  t ha t  cer t a in
side effect s m igh t  occu r , e.g., in som n ia  or  er ect ile dysfu n ct ion  on  bet a -blocker s, will m a r kedly
in cr ea se t h e fr equ en cy of t h ose side effect s. Th e GA will a ccom m oda t e in dividu a l pr efer en ces
for  in forma t ion  compa red t o mon itor ing.  The GA will help t he pa t ien t  evolve t he pla n  t o meet
ch a n gin g n eeds, su ch  a s r evisin g a n  exer cise pr ogr a m  t o a ccom m oda t e a  ch a n ge in  sch edu le.
By occa sion a lly lin kin g t h e GA t o t h e ph ysicia n 's GA m odu le via  m odem , t h e GA will sch edu le
follow-u p wit h  t h e ph ysicia n . Sin ce t h e GA h a s t h e m on it or in g da t a , it  ca n  det er m in e t h e
u rgency of t he visit .  Indeed, if expect a t ions have been  met  and t here a r e no indica t ions of side
effect s, it  may be appropr ia t e just  to add the da ta  to the physician 's da ta  base and delay the visit ,
un less of cou r se it  is t ime for  some r egu la r ly schedu led la bora tory t est  (e.g., a  pot a ssium or  a n
ech oca r diogr a m  t o m on it or  ch a n ges in  left  ven t r icu la r  m a ss) or  u n less  som e ot h er  pr oblem
requ ir ing the physicians  a t t en t ion  has developed.

The GA will act  a s a  r esource to answer  the pa t ien t 's quest ions a s they a r ise.  The GA would
a ss is t  in  t h is  pr ocess  by keepin g t r a ck  of wh a t  in for m a t ion  t h e pa t ien t  h a s  seen  a n d by
su gges t in g r ela t ed  in for m a t ion , in for m a t ion  con s is t en t  wit h  t h e pa t ien t s  in t er es t s  a n d
kn owledge.  Ma n y kin ds of in for m a t ion  a bou t  t h e disea se, t h e t h er a pies, lifest yle ch a n ges, a n d
so for t h  will be a va ila ble wit h  a  s im ple h yper t ext  in t er fa ce.  Th e GA will be a ble t o a ccess
fu n ct ion a lit y on  ot h er  com pu t er s  t o su pplem en t  t h a t  a va ila ble loca lly.  F or  exa m ple, if t h e
pa t ien t  has agreed to a  cer t a in  kind of diet , t r anspa ren t  access th rough  modem to another  server
m a y pr ovide a  lis t  of r est a u r a n t s  a n d dish es t h a t  wou ld m eet  t h ose r equ ir em en t s wh en  t h e
pa t ien t  wan t s to go ou t  for  a  mea l.  Such  network access will a lso a llow the pa t ien t  to pa r t icipa te
in  su ppor t  gr ou ps or  m a ilin g lis t s  t o exch a n ge views, keep in for m ed, a n d be en cou r a ged by
people in  s im ila r  s it u a t ion s.  Oft en  t h e best  wa y t o s t a y on  t r a ck  in  m a n a gin g a  lifest yle
ch a n ge is  t o in t er a ct  wit h  som eon e else figh t in g a  sim ila r  ba t t le a n d be a ccou n t a ble t o ea ch
ot h er .  Access t o n et wor k  m a ilin g list s  or  in for m a t ion  ser ver s will a lso m a ke a va ila ble t im ely
responses to a r t icles tha t  appea r  in  the press or  t elevision  abou t  some aspect  of hyper tension .

Ch ro n ic  An t ic o a g u la t io n
Ant icoa gu la n t s a r e drugs wh ich  lim it  t he a bilit y of blood t o clot  a nd a r e u sed common ly in  t he
t r ea t m en t  of ca r diova scu la r  d isor der s  a n d t h er a pies  t h a t  su bject  t h e pa t ien t  t o a  r isk  of
t h r om boem bolism .  Cla ss ic in d ica t ion s  h a ve been  pr ior  em bolic s t r ok e, t h e in ser t ion  of
pr ost h et ic h ea r t  va lves, t h e pr esen ce of a cu t e a n d r ecu r r en t  ven ou s t h r om bosis (ph lebit is) a n d



Guardian Angel—Patient-Centered Health Information Systems 21

pu lm on a r y em boli, t h e pr esen ce of ca r diom yopa t h y (disea se of t h e h ea r t  m u scle) wh ich  lim it s
t he st r ength  of ca rdiac con t r act ion , and t he pr esence of cer t a in  ca rdiac a r rhythmias, e.g., a t r ia l
fibr illa t ion . Recen t  s t u d ies  h a ve u n der scor ed  t h e n eed  for  a n t icoa gu la t ion  a n d  ca r efu l
m on it or in g of t h e pa t ien t 's  r espon se t o t h ese dr u gs (a s t ypica lly m ea su r ed by t h e pr ot h r om bin
t im e, a  m ea su r e of h ow lon g it  t a kes t h e blood t o clot  u n der  con t r olled cir cu m st a n ces in  t h e
la bor a t or y). P a t ien t s   r espon ses t o t h ese dr u gs (m ost  com m on ly wa r fa r in ) a r e qu it e va r ia ble
fr om  pa t ien t  t o pa t ien t  a n d fr om  m om en t  t o m om en t  in  a  given  pa t ien t . Recen t  im pr ovem en t s
a n d cor r ect ion s in  la bor a t or y scien ce h a ve m in im ized som e of t h e n on -biologica l va r ia t ion , bu t
the sit ua t ion  is su fficien t  unst able t ha t  labora tory studies of a  pa t ien t 's r esponse a  measu red a t
lea st  m on t h ly a n d oft en  fa r  m or e oft en . If a n t icoa gu la t ion  is in a dequ a t e, t h e pa t ien t  is  a t  r isk
for  t h rombo-emboli; if it  is excessive, t he pa t ien t  is a t  r isk  for  hemor rhage. The toxic-therapeu t ic
r a t io is qu it e low and va r iable.

Alm ost  ir r espect ive of t h e pu r pose of t h e a n t icoa gu la n t  t h er a py, t h e m a n a gem en t  is  t h e
sa m e. A t h er a peu t ic goa l (a  t a r get  r a n ge of t h e la bor a t or y va lu e, t h e INR (in t er n a t ion a l
norma lized r a t io) is est ablished a s well a s act ion  levels ou t side t ha t  r ange, with  act ions such  a s
r epea t in g t h e s t u dy, ch a n gin g t h e dose, given  a n  a n t idot e or  a n ot h er  a n t icoa gu la n t  (e.g.,
h epa r in  a s a  su pplem en t ), a n d h ospit a lizin g t h e pa t ien t . Beca u se of t h e fr equ en cy of pr oblem s
a n d ch a n ges in  t h er a py, it  is  cr it ica l t h a t  t h e pa t ien t  be a  pa r t n er  in  t h e t h er a peu t ic pr ocess,
u n der st a n d t h e im plica t ion s of la bor a t or y va lu es, a n d u n der st a n d t h e sign s a n d sym pt om s of
t h e com plica t ion s of excessive or  in a dequ a t e t h er a py.  A ver y la r ge set  of ot h er  dr u gs a lso
in t er a ct  wit h  a n t icoa gu la n t s, ca u sin g t h e r isk  of bleedin g or  of t h r om boem bolism  t o in cr ea se,
som et im es wit h ou t  ch a n gin g t h e pr ot h r om bin  t im e. Th e pa t ien t  m u st  be edu ca t ed a bou t  t h ese
effect s , beca u se a n  in t er cu r r en t  ph ys icia n  t r ea t in g a n  a cu t e pr oblem  m a y in a dver t en t ly
prescr ibe a  drug t ha t  in t er fer es with  sa fe a nd a dequa t e a n t icoa gu la t ion . The pa t ien t  must  a lso
be t augh t  abou t  a  wide va r iety of over  t he coun ter  drugs t ha t  can  cause bleeding or  inadequa t e
a n t icoa gu la t ion .

 Given  t h e fr equ en cy of pr oblem s wit h  a n t icoa gu la n t  t h er a py a n d t h e im por t a n ce of t h is
lifesaving t herapy tha t  is oft en  con t inued lifelong, we believe t ha t  a  GA for  an t icoagu la t ion  will
be an  impor t an t  benefit . It  shou ld make th is t herapy sa fer  and more effect ive, wh ile keeping the
pa t ien t  involved and r esponsible. There a re even  por t able in st rumen t s (one made by Dupon t , t he
pr im a r y m a n u fa ct u r er  of wa r fa r in  (Cou m a din )) wit h  t h e pa t ien t  ca n  pu r ch a se t o m ea su r e t h e
proth rombin  t ime a t  home a t  abou t  one dolla r  per  t est . The ou tpu t  is digit a l and shou ld be able to
be dir ect ly  in t er faced to t he pa t ien t 's GA. The fr equency of t est ing and changes in  t herapy and
the need t o mon itor  for  side effect s a nd drug in t er a ct ions ma ke t h is doma in  a  pr ime ca ndida t e
for  GA soft wa r e a gen t s. Th e fr equ en cy of ch a n ges in  t h er a py (especia lly wh en  t h er a py is fir st
st a r t ed or  when  it  must  be t empora r ily discon t inued, e.g., for  su rgery or  even  visit ing a  den t ist )
m ea n s t h a t  we sh ou ld be a ble t o do su bst a n t ia l t est in g of t h is a pplica t ion  in  a  r ela t ively sh or t
t ime. Th is doma in  is a lso in t er est ing because t he GA will not  be focused on  a  single disea se bu t
r a ther  on  the effect s an  t he managemen t  of a  common  therapeu t ic agen t . It  may be prototypica l
of a  la r ge set  of soft wa r e a gen t s t h a t  m igh t  be  pr escr ibed  for  a  pa t ien t  (loa ded in t o h is/h er
com pu t er ) wh en  a  dr u g is  pr escr ibed, t o t ea ch  t h e pa t ien t  a bou t  t h e dr u g a n d it s  u se a n d
n ecessa r y pr eca u t ion s.

We sha ll develop and an t icoagu lan t  GA wh ich  will mon itor  t he effect s of t he drug, t r ying t o
keep the pa t ien t 's r esponse (INR) with in  the prescr ibed t a rget  r ange. It  will educa te t he pa t ien t ,
h elp t h e pa t ien t  u n der st a n d h ow dr u g dose sh ou ld ch a n ge wit h  la bor a t or y r espon se, wa t ch  for
com plica t ion  a n d t r y t o pr even t  or  a t  lea st  com pen sa t e for  dr u g in t er a ct ion s. Beca u se t h e
pr ot im e m igh t  be m or e fr equ en t ly a n d closely m on it or ed a t  h om e t h a n  ca n  n ow be don e by
visit in g a  la bor a t or y a n d get t in g a  blood sa m ple obt a in ed by ven ipu n ct u r e, con t r ol sh ou ld be
t igh ter  and sa fer . When  schedu led in t er cu r r en t  even t s a r e planned (e.g., a  visit  t o t he den t ist  or
a  sigm oidoscopy), t h e GA will h elp t h e pa t ien t  a n d t h e ph ysicia n  m in im ize t h e win dow du r in g
wh ich  t he pa t ien t  is r ela t ively unprot ect ed from th rombo-embolic even t s. The GA will keep t he
ph ys icia n  in for m ed  a bou t  t h e pa t ien t 's  r espon se, p r ogr ess , a n d  com plica t ion s , a n d  it s
r ecom m en da t ion s   t o t h e pa t ien t  will (ca n ) be m on it or ed or  a dju s t ed  by t h e pr escr ibin g
ph ys icia n s . Som e bu sy ph ys icia n s  even  n ow delega t e  a n t icoa gu la t ion  m a n a gem en t  t o
a ssist an t s or  nu r ses, so t h is pa t t ern  of ca r e is a lr eady pa r t ia lly commonplace.
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Oth e r D o m a in s
Th e dom a in s descr ibed a bove a r e on ly t h r ee of a  n u m ber  of m edica l pr oblem s t h a t  cou ld be
fr u it fu lly a t t a cked by pr ot ot ype GA im plem en t a t ion s.  We h a ve m en t ion ed a n gin a , ch r on ic
r en a l disea se, a n d pu lm on a r y disea se (COP D) a s ot h er  possibilit ies.  If t im e per m it s, we m a y
u n der t a k e a ddit ion a l pr ot ot ype im plem en t a t ion s  in  t h ese dom a in s , t o fu r t h er  s t u dy t h e
adapt abilit y of t he GA concept , t he GA refer ence a r ch it ectu r e we will bu ild, and t he r eusabilit y
of componen t s bu ilt  for  t he in it ia l t he doma ins. In  select ing t he t h r ee doma ins we have t r ied t o
select  pr oblem s a n d expose differ en t  oppor t u n it ies  for  GA fu n ct ion s, e.g., m a n a gin g dr u gs,
m on it or in g ph ys iology, edu ca t in g pa t ien t s , wa t ch in g for  ea r ly com plica t ion s , look in g for
in t er act ions with  other  disea ses or  drugs.

Angina , for  example, is a  doma in  in  wh ich  a  GA has t he poten t ia l t o r educe the incidence of
m yoca r dia l in fa r ct ion  a n d dea t h .  Sin ce t h e m a jor it y of pa t ien t s  exper ien cin g a  m yoca r dia l
in fa r ct ion  descr ibe a  ch a n ge in  t h eir  a n gin a l pa t t er n  wit h in  a  cou ple m on t h s  pr ior , t h e
det ect ion  of su ch  ch a n ges in  a  m or e r elia ble wa y t h a n  r elyin g on  pa t ien t  obser va t ion  a n d
con cer n , offer s  t h e oppor t u n it y t o in t er ven e in  m a n y ca ses t h a t  wou ld ot h er wise pr oceed t o
in fa r ct ion .

Im p le m e n t a t i o n
Des ign in g ou r  in it ia l im p lem en t a t ion  s t r a t egy is  on e of t h e  t a sk s  in  ou r  r esea r ch .
Never t h eless, we ca n  ou t lin e som e of t h e a ppr oa ch es we pla n  t o pu r su e in  im plem en t in g t h e
capabilit ies we propose t o bu ild.  We focus fir st  on  in it ia l ha rdware pla t forms, and t hen  on  t he
soft wa r e en vir on m en t .

We a s su m e t h a t , in  t h e  sh or t  t er m , ligh t weigh t  devices  wit h  r e la t ively lim it ed
com pu t a t ion a l power  will be u sed r ou t in ely by pa t ien t s in  ou r  exper im en t a l st u dies.  Th is will
m ea n  eit h er  a  “per son a l digit a l a ssist a n t ” cla ss m a ch in e su ch  a s t h e Apple Newt on  or  a  ver y
sm a ll, ligh t weigh t  por t a ble com pu t er  su ch  a s a n  H P  “pa lm t op” or  a  la r ger  m a ch in e su ch  a s a
Du o.  Du r in g t h e t er m  of t h is  pr oject , su ch  m a ch in es  a r e n ot  likely t o h a ve eit h er  t h e
com pu t a t ion a l power  or  t h e s t or a ge ca pa cit y t o h old a ll t h e m a t er ia l t h a t  GA will r equ ir e.
Therefore we posit  t he presence of a  home compu ter  (a  PC-cla ss mach ine or  workst a t ion ) with  a
la r ge disk  dr ive, CD-ROM, keyboa r d, a n d la r ge color  video displa y.  Com m u n ica t ion  pa t h s
bet ween  t h e P DA, h om e com pu t er , a n d ot h er  a spect s  of t h e n et wor k  will h a ve t o be a lwa ys
a va ila ble, r elia ble, h igh -ba n dwidt h , a n d con ven ien t  t o u se.  F or  close pr oxim it y, in fr a r ed
devices appea r  to be appropr ia t e.  For  more dist an t  connect ions from PDA to other  mach ines, t he
cu r r en t  t echnology of choice is probably cellu la r  t elephone, t hough  th is may change a s sa t ellit e-
ba sed dir ect  com m u n ica t ion  ch a n n els com e on  lin e.  We a ssu m e t h a t , a t  lea st  by t h e t im e we
a r e r ea dy t o con du ct  field t r ia ls, t h e h om e com pu t er  will be a t t a ch ed t o t h e In t er n et  via  h igh -
speed t eleph on e swit ch es or  set -t op ca ble con ver t er  boxes, a n d t h er efor e t h e com m u n ica t ion
fa cilit ies  of t h e In t er n et  will be a va ila ble in  t h e h om e.  Th er efor e, we pla n  t o u se In t er n et
services a s t he ba sis for  commun ica t ion  with  t he doctor ’s office, hospit a ls, in su rer s, t h ird-pa r t y
pa yer s, gover n m en t  or ga n iza t ion s, ot h er  pa t ien t s a n d su ppor t  gr ou ps, et c.  If, con t r a r y t o ou r
expect a t ions, h igh -speed networked connect ivit y t o t he home is not  ava ilable, we wou ld have t o
tu rn  to exist ing a lt erna t ives such  a s h igh -speed modems or  lea sed lines to conduct  ou r  studies.

Ou r  colla bor a t ive t ea m  br in gs  a  ver y va lu a ble su it e of soft wa r e t ools  t o ou r  pr oject .
Gen sym ’s G2 a n d GDA (G2 Dia gn ost ic Assist a n t ) soft wa r e pr ovides a n  excellen t  en vir on m en t
for  pr ot ot ypin g GA com pon en t s a n d for  developin g m on it or in g a n d t r a ck in g m odu les.  I t  h a s
been  u sed in  pr ocess-con t r ol a pplica t ion s t o con st r u ct  r elia ble a gen t s wit h  lon g-t er m  pla n s a n d
a gen da s, a n d sh ou ld a llow u s t o cr ea t e m u lt iple in depen den t  soft wa r e a gen t s t h a t  collect ively
con st it u t e t h e r ea son in g pa r t  of GA for  a  specific in dividu a l.  G2 a n d Gen sym  a lso h a ve
con sider a ble u se a n d exper ien ce in  in t er fa cin g t o a  va r iet y of differ en t  in for m a t ion  syst em s,
and provide t ools t ha t  make cr ea t ion  of da t a  in t er faces r ela t ively simple.  Because we will need
t o in t er fa ce wit h  a  va r iet y of r ecor d-keepin g syst em s in  doct or s’ offices, h ospit a ls  a n d ot h er
in st it u t ion s, t h is  will be a  cr it ica l con t r ibu t ion .  In  a ddit ion , t h e t em por a l a spect s  of t h is
soft wa r e will pr ovide u s  m odels  for  for m s of k n owledge r epr esen t a t ion  we expect  t o be
impor tan t , bu t  which  a re not  yet  fu lly suppor ted in  KIF  [Gene92] and KQML [Baa l94].

IBM’s Applica t ion s Solu t ion s In st it u t e h a s developed, in  t h eir  colla bor a t ion  wit h  Ka iser
Color a do, a  set  of t ools  for  com pilin g wor k flow specifica t ion s  in t o p r ogr a m  code t h a t
implemen t s t hose workflows.  These capabilit ies will be very impor t an t  t o t he componen t s of t he
GA a rch it ectu re tha t  run  a t  in st it u t ions away from the pa t ien t , where the needs and concerns of



Guardian Angel—Patient-Centered Health Information Systems 23

m a n y pa t ien t s  a r e in t er t win ed a n d n eed t o be s im u lt a n eou sly m a n a ged.  IBM is  cu r r en t ly
u sin g t h ese t ools t o develop soft wa r e for  m or e con ven t ion a l H MO oper a t ion s, a n d we pla n  t o
in vest iga t e h ow t h ey a r e a pplica ble t o t h e m a n a gem en t  of t h e fa r  m or e pa t ien t -con t r olled da t a
st r ea m s t h a t  will r esu lt  fr om  u se of GA.  IBM h a s a lso developed a  set  of t ools  t o m a n a ge
t a xon om ies  of m edica l t er m in ology, a n d  is  cu r r en t ly u s in g t h ese t o defin e con t r olled
voca bu la r ies a n d m edica l r ela t ion s for  u se in  t h eir  H MO r ecor d keepin g syst em s.  We believe
t h a t  a  coh er en t  set  of t er m in ology, t h ou gh  n ot  a bsolu t ely essen t ia l, m a kes r ecor d-keepin g a n d
in t erpret a t ion  fa r  ea sier  and more effect ive.  We plan  t o u se t he UMLS as ou r  ba se vocabu la ry,
where it s coverage is su fficien t , and t o u se t he IBM tools and vocabu la r ies a s much  a s possible
to supplemen t  UMLS with  t erminology needed to cover  descr ipt ions of pa t ien t  da ta .

Th e MIT La bor a t or y for  Com pu t er  Scien ce pla n s t o pu r su e a n  a ggr essive r esea r ch  a n d
developm en t  s t r a t egy t o m a ke u se of t h e Wor d-Wide Web (W3) [Ber n 92] a r ch it ect u r e a s  a
founda t ion  for  ou r  planned I-95 ext ensions.  In  concer t  with  t h is, we plan  to u se W3 extensively
a s  a  fou n da t ion  for  a ccess in g gen er a l m edica l in for m a t ion , pa t ien t  su ppor t  gr ou ps , t h e
t ech n ica l lit er a t u r e, a n d pa t ien t -specific r ecor ds.  If su it a bly a u gm en t ed wit h  pr iva cy fea t u r es,
exist in g t ools  t h a t  pr ovide H TML a ccess t o va r iou s for m s of da t a ba ses a n d widely-a va ila ble
fr on t -en d t ools su ch  a s NCSA Mosa ic ca n  t h en  pr ovide h igh -qu a lit y in t er fa ce com pon en t s t h a t
r equ ir e lit t le effor t  on  ou r  pa r t  t o develop, yet  pr ovide excellen t  fu n ct ion a lit y a n d u n ifor m
in t er fa ce con ven t ion s for  ou r  u ser s.

Not  ever y im plem en t a t ion  com pon en t  of GA ca n  be obt a in ed “off t h e sh elf,” of cou r se, a n d
we cer t a in ly expect  t o h a ve t o bu ild va r iou s soft wa r e m odu les a n d code t o t ie t oget h er  a n d
in t egra t e other s.  As we ha ve men t ioned, t hese implemen ta t ion  commitmen t s a r e subject  t o r e-
eva lu a t ion  befor e t h e p r oject  com m en ces  a s  t ech n ologies  ch a n ge.  Th ey a r e, h owever ,
r epresen t a t ive of ou r  commitmen t  t o levera ge a s much  a s possible from ou r  own  previous work
and the ou t st anding work of other s.

One of ou r  in it ia l concerns will be t he form  of t he da t a  model.  In  t he GA environmen t  t he
da t a  needs t o be u sefu l for  t he life of t he pa t ien t  and by modu les yet  t o be conceived.  Thus, we
ca n  n ot  a ssu m e t h a t  beca u se n o cu r r en t  m odu les u se cer t a in  da t a , t h a t  it  will n ot  be n eeded
la t er .  Fu r thermore, t he da t a  comes from mult iple con text s and sou rces, wh ich  may be per t inen t
to it s appropr ia t e u se.  Un like a  hospit a l ba sed syst em, t here is no under lying a ssumpt ion  t ha t
a ll da t a  h a s  been  collect ed or  filt er ed by a ppr opr ia t e clin ica l per son n el.  Th u s, it  will be
n ecessa r y t o st or e con t ext u a l in for m a t ion  a lon g wit h  t h e da t a .  F or  exa m ple, in  t h e dia bet es
exa m ple, wh en  a  glu cose level is  r ecor ded, t h e da t u m  m u st  in clu de t h a t  it  wa s don e by t h e
pa t ien t  a t  home, the type of glucometer , and tha t  it  was r ecorded by direct  connect ion  (a s opposed
t o t yped in ).  Ot h er  in for m a t ion , su ch  a s t h e food a n d exer cise st a t e of t h e pa t ien t , a r e a lso
per t inen t  bu t  wou ld be ava ilable a s da t a  it ems themselves.  The actua l implemen ta t ion  of such  a
da t a  scheme does not  have to be bu rdensome, since con text  in forma t ion  can  be ca r r ied over  set s
of da t a .  Th e s t a r t in g poin t  for  des ign in g t h e da t a  m odel is  t h e dom a in  m odel.  Th e
r ela t ion sh ips a m on g t h e en t it ies in  t h e dom a in  det er m in e t h e cla sses of in for m a t ion  t h a t  m u st
be ava ilable in  the da ta .

Th er e a r e sever a l differ en t  k in ds of da t a  t h a t  n eed t o be a  pa r t  of t h e GA syst em , wit h
differ en t  im plica t ion s for  st or a ge a n d a ccess.  Th e m ost  obviou s t ype is  t h e disea se fin din gs,
such  a s t he glucometer  findings or  exercise logs.  These const it u t e t he basic t r ack of t he disease.
In  con t r a st , t h e GA a lso n eeds t o keep t r a ck  of t h e edu ca t ion a l m a t er ia ls  t h e pa t ien t  h a s
r eviewed in  order  t o offer  new ma ter ia ls when  t he pa t ien t  ha s quest ions and t o have a  genera l
cha ract er iza t ion  of t he pa t ien t ’s disea se under st anding.  The r equ ir emen t s for  da t a  secu r it y a r e
ver y differ en t  for  t h ese t wo k in ds of in for m a t ion .  Th e loss  of t h e r a w disea se da t a  wou ld
represen t  a  loss of pa r t  of the basic pa t ien t  disease r ecord.  The loss of the pa t ien t  educa t ion  t r ace
is lit t le more t han  an  inconven ience.  Thus, t he da t a  model needs t o captu re t he va rying needs
for  r elia bilit y, secu r it y, a n d a ccess for  differ en t  k in ds of da t a .

Com parison  w ith  On go in g  Re se arch
To ou r  kn owledge, t h is  pr oposa l r epr esen t s  a  n ovel depa r t u r e fr om  bot h  ou r  own  a n d ou r
collea gu es’ on goin g wor k  in  t h e developm en t  of m edica l in for m a t ion  syst em s.  Th e h ist or y of
medica l in forma t ics begin s in  t he 1960’s with  t he compu ter iza t ion  of t he collect ion , st or age and
r et r ieva l of clin ica lly-r eleva n t  da t a , in it ia lly focu sin g on  da t a  fr om  t h e clin ica l la bor a t or ies .
Over  t h e pa st  t h r ee deca des, t h is  focu s h a s expa n ded t o m a kin g possible t h e com pr eh en sive
collect ion  a n d m a in t en a n ce of clin ica l da t a  fr om  m a n y ot h er  sou r ces , in clu din g r a diology,
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pa t h ology, ph a r m a cy, ICU m on it or in g equ ipm en t , et c. [Ba ll91].  H ospit a l in for m a t ion  syst em s
bein g in t r odu ced t oda y a r e m ovin g a wa y fr om  t h e m on olit h ic cen t r a lized syst em s of ea r lier
da ys a n d n ow su ppor t  n et wor ked in t er a ct ion  a m on g h et er ogen eou s com pon en t s , wit h  br oa d
con ven t ion s  a n d  p olicies  gover n in g com m u n ica t ion  (e .g., H L7 [H L7] a s  a  n e t wor k
com m u n ica t ion  for m a t ), qu er ies  (e.g., SQL for  a ccess  t o s t or ed da t a ), a n d in t er a ct ion s wit h
ot h er  h ospit a l r espon sibilit ies (e.g., a  policy r equ ir in g t h a t  billin g be per for m ed ba sed on ly on
da t a  r ecor ded in  t h e clin ica l in for m a t ion  syst em ).  Never t h eless , a ll su ch  syst em s a r e s t ill
cen t er ed on  t he ca r e-providing in st it u t ion , not  t he lifet ime exper ience of t he individua l pa t ien t .
Cur ren t  effor t s t o define a  set  of st anda rds for  communica t ing in forma t ion  in  t he pa t ien t  r ecord
(e.g., CP RI) a r e in t en ded t o fa cilit a t e t h e exch a n ge of r eleva n t  pa t ien t  in for m a t ion  a m on g
va r iou s pr ovider s , bu t  in t egr a t ion  of t h is  in for m a t ion  is  s t ill pla n n ed t o be opt ion a l a n d t o
r em a in  t h e r espon sibilit y of t h e cu r r en t  pr ovider .  No pr ovis ion s  a r e m a de for  lon g-t er m
pa t ien t -cen t er ed eva lua t ion  of t hese da t a  or  for  act ive processes t ha t  can  r epresen t  t he pa t ien t ’s
viewpoin t  a n d pr efer en ces in  m edica l decision  m a kin g or  t h a t  ca n  pr ospect ively iden t ify er r or s
as defined by the pa t ien t .

Cu r r en t  effor t s  in  m ed ica l AI  cen t er  on  a  n u m ber  of d iffer en t  t ypes  of t a sk s :
(1) Developm en t  of m odel-ba sed r ea son in g t ech n iqu es a n d syst em s t h a t  ca n  a ccu r a t ely r ea son
a bou t  com plex m edica l dom a in s.  Ou r  gr ou p, for  exa m ple, h a s been  developin g a  pr ogr a m  t o
r ea son  a bou t  dia gn ost ic a n d t h er a py m a n a gem en t  pr oblem s in  ca ses of h ea r t  fa ilu r e, h elpin g
ph ysicia n s t o m a n a ge ver y ill h ea r t  pa t ien t s.  (2) Cr ea t e m et h ods t o lea r n  m edica l kn owledge
fr om  t h e gr owin g volu m e of da t a  a va ila ble in  in for m a t ion  syst em s.  E xa m ples h er e in clu de
st a t ist ica l lea rn ing methods like CART [Brei84] a nd C4.5 [Qu in93] Ba yesia n  network induct ion
methods [Verm90], ca se-based r eason ing [Koto88, J ang93], and va r ious approaches to knowledge-
ba se debu ggin g.  (3) Develop t ools  t h a t  m a ke t h e con st r u ct ion  a n d deploym en t  of r ela t ively
con ven t ion a l (well-u n der st ood) syst em s ea sy a n d in expen sive.  See, for  exa m ple, t h e h ier a r ch y
of t ools  em bodied in  t h e P r ot ege pr oject  of Mu sen , et  al. [Mu se89]  (4) P r ovide in t egr a t ive
fu n ct ion s a cr oss h et er ogen eou s da t a  sou r ces, wit h  sligh t ly in t elligen t  in t er fa ces in  “ph ysicia n
wor kst a t ion ” pr oject s  [Koh a 90] .  (5) St a n da r dize m et h ods of expr ession  of clin ica l da t a  (e.g.,
CP RI), m edica l t er m in ology (e.g., UMLS) a n d isola t ed ch u n ks of in t er pr et ive exper t ise (e.g.,
Ar den  Syn t a x MLM’s [H r ip90]).  (6) Codify a n d h elp t o im plem en t  gu idelin e-ba sed ca r e for
r ou t in e pr oblem s, ba sed on  flowch a r t s  a n d poss ibly som e except ion  m ech a n ism s [F iel92].
Although  each  of t hese approaches is r elevan t  t o a spect s of ou r  proposa l here, none is addressed
a t  ou r  specific t a sk  a n d pla n .  We h ope t o m a ke a  m a jor  con t r ibu t ion  t o m edica l in for m a t ics
with  the ideas sketched here, a s developed th rough  the conduct  of the proposed resea rch .

P e rfo rm a n c e  Ev a lu a t io n
E va lu a t in g a  n ew pa r a digm  for  h ea lt h  ca r e deliver y pr ovides m a n y m et h odologica l ch a llen ges.
Th e eva lu a t ion  of in cr em en t a l ch a n ges in  a  syst em  is r ela t ively st r a igh t for wa r d, beca u se t h er e
is a  clea r  n u ll h ypot h esis—t h e n ew syst em  is n o differ en t  t h a n  t h e old—a n d eit h er  pa r a llel or
cr oss-over  s t u dies  ca n  pr ovide eviden ce a bou t  t h is  h ypot h esis .  P r oblem s n or m a lly r evolve
a r ou n d fin din g su it a ble ou t com e m ea su r es (e.g., a r e im pr ovem en t s in  m ea su r es of t h e pr ocess
of hea lth  ca re su fficien t , or  must  we show u lt ima te benefit  in  t erms of r educed pa t ien t  mor t a lit y
and morbidity), and design ing studies with  su fficien t  power  to r eject  t he nu ll hypothesis withou t
in or din a t e expen se.

In  ou r  ca se, eva lua t ion  is made more complica t ed by the fact  t ha t  both  ou r  own  ideas on  how
t o bu ild GA a n d t h e m or e t r a dit ion a l a ppr oa ch es t o pr ovidin g m edica l in for m a t ics will evolve
du r in g t h e cou r se of t h e pr oject .  Beca u se of t h is  expect ed evolu t ion , it  m a kes less sen se t o
per for m  a  s in gle fin a l eva lu a t ion  of t h e t ot a l sys t em  t h a n  t o com bin e sm a ll, in cr em en t a l
eva lu a t ion  st eps wit h  con t in u ed r esea r ch  a n d developm en t .  Ma n y of t h e qu est ion s we will be
asking a re not  of t he form “does method x  per form t a sk t  bet t er  t han  method y?”, bu t  more “how
ca n  we a ccom plish  t  a t  a ll?”  Th e fir s t  s t eps in  eva lu a t ion  a r e, t h er efor e, less  a  m a t t er  of
em pir ica l a n a lysis of t h e per for m a n ce of exist in g syst em s t h a n  pa r t  of t h e en gin eer in g design
effor t .  We expect  m u ch  of t h e fir s t  t wo yea r s  of ou r  pr oject  t o be devot ed t o r esea r ch  a n d
developmen t  t oward the GA goa ls, and therefore to involve most ly “how can  we…” quest ions.

Th e t h ir d yea r  of t h e pr oject  will focu s on  t h e per for m a n ce eva lu a t ion  of t h e GA.  Th e
object ive of t h e eva lu a t ion  is  t o pr ove t h e via bilit y of t h e idea  of pa t ien t -cen t er ed h ea lt h
in for m a t ion  syst em s.  F u r t h er m or e, we will u se t h is eva lu a t ion  t o pr epa r e t h e GA syst em  for
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a ppr opr ia t e clin ica l t r ia ls .  In  a ddit ion  t o eva lu a t in g t h e per for m a n ce of GA in  specific
a pplica t ion  a r ea s, we a r e a lso in t er est ed in  ju dgin g t h e su ccess of it s  a r ch it ect u r a l design  in
m a kin g possible t h e cr ea t ion  of n ew GA a pplica t ion s in  n ew set t in gs.  We do n ot  expect  t o be
able t o ca r ry ou t  con t rolled t r ia ls of t h is a spect  of t he syst em du r ing a  t h r ee yea r  study, bu t  we
a re design ing a ll st ages of ou r  eva lua t ion  to provide feedback on  th is quest ion  when  possible.

Th er e a r e fou r  levels a t  wh ich  a  syst em  su ch  a s t h is  n eeds t o be eva lu a t ed, fr om  syst em
funct iona lity to pa t ien t  ou tcome.  The following a re the hypotheses tha t  need to be t est ed a t  each
of t hese levels:

1. Th e syst em  su ccessfu lly im plem en t s  t h e per for m a n ce ch a r a ct er is t ics  we h a ve set
ou t .  Th a t  is , it  is  a ble t o collect  a n d m a in t a in  t h e a ppr opr ia t e da t a , com m u n ica t e
with  t he other  processes, ha ndle t he expect ed t a sks for  t he pa t ien t  a nd other  u ser s,
and handle the va r ious possible fa ilu re modes of t he dist r ibu ted syst em.

2. Th e syst em  gives good a dvice.
3. The system is judged to be usefu l by the user s.
4. The syst em improves pa t ien t  ou t come or  compliance.

Beca u se ea ch  of t h ese levels  of eva lu a t ion  r est s  on  t h e pr eviou s level a n d we a r e t est in g a
complet ely new pa ra digm in  medica l a ssist a nce, most  of ou r  effor t  will, of necessit y, be focused
on  t h e lower  levels  of eva lu a t ion .  H owever , we will do som e eva lu a t ion  a t  ea ch  level.  Th e
object ive of t h is  eva lu a t ion  is  t o det er m in e wh et h er  t h e syst em  m er it s  t h e expen se a n d t im e
r equ ir ed  for  a  fu ll clin ica l t r ia l.  Th is  is  a  for m a t ive eva lu a t ion , so we will m a k e
im pr ovem en t s t o t h e pr ogr a m  a s we u n cover  lim it a t ion s.  Th e followin g pa r a gr a ph s discu ss
wha t  we will do to eva lua te the program a t  each  of these levels.

To ju d ge  wh et h er  t h e  s ys t em  s u cces s fu lly im p lem en t s  t h e  d es ir ed  p er for m a n ce
cha ract er ist ics, we will design  a  ser ies of scena r ios t ha t  t est  t he behavior  of t he syst em for  a ll of
t h e desir ed fu n ct ion a lit y in  t h e t wo m edica l dom a in s.  Th e scen a r ios will in clu de exa m ples of
a ll of t h e desir ed k in ds of com m u n ica t ion  t h e syst em  will h a ve t o h a n dle.  In  a ddit ion , t h ey
will in clu de t h e r a n ge of likely fa ilu r es in  t h ese com m u n ica t ion s.  F or  exa m ple, we will t est
wh et h er  t h e syst em  does a ppr opr ia t e a lt er n a t ive n ot ifica t ion  in  ca se of em er gen cies wh en  t h e
pr im a r y dest in a t ion  is  u n a va ila ble.  Beca u se t h e u lt im a t e in t en t ion  is  t o h a ve a  syst em  t h a t
a ssist s pa t ien t s for  t h eir  lifet im e, we will t est  t h a t  t h e syst em  st a t e is  r elia bly m a in t a in ed by
t est in g t h a t  t h e syst em  is a ble t o r ecover  fr om  t h e fa ilu r e of a n y sin gle com pon en t .  We will
include scena r ios t ha t  involve the addit ion  of new modu les t o t he syst em to t est  it s ext ensibilit y.
Wh en  it  is  clea r  t h a t  t h e desir ed fu n ct ion a lit y is  well in  h a n d, we will com m en ce wit h  t h e
secon d level of eva lu a t ion .  F or  bot h  of t h e m edica l dom a in s, we n eed t o t es t  t h e dom a in
kn owledge of t h e GA.  F or  t h is  we will u se a  com bin a t ion  of design ed scen a r ios a n d, la t er ,
ca ses const ruct ed from da ta  ga thered from pa t ien t  u se of t he GA.  We will u se a  set  of scena r ios
tha t  cover s a s wide a  spect rum of decision  sit ua t ions a s possible t o give the doma in  knowledge a
t h or ou gh  t est .  We will collect  t h e a n a lysis, a ct ion s, a n d a dvice of t h e syst em  a t  ea ch  decision
poin t  in  t h e scen a r ios.  Th ese decision s will be given  t o dom a in  exper t s t o ju dge.  Th e exper t s
will be a sked t o judge each  decision  a s good, a ccept able, or  wrong.  The decisions judged wrong
will be r eviewed to determine the basis for  the judgment  and the appropr ia te way to dea l with  the
problem.  Once t he program has ach ieved a  level of doma in  per formance in  wh ich  t he mist akes
a re in fr equen t , t he syst em will be advanced to the th ird level of eva lua t ion .

The object  of t he th ird level of eva lua t ion  is t o det ermine whether  t he syst em is perceived by
t h e pa t ien t  a n d ph ysicia n  t o be u sefu l.  Th is  is  a  n ecessa r y h u r dle for  t h e syst em  t o clea r
because the system depends on  acceptance, especia lly by the pa t ien t , for  it  t o be used and to serve
it s funct ion .  To conduct  t h is eva lua t ion  we will select  a  sma ll number  of pa t ien t s (proba bly 5)
wh o h a ve ea ch  t a r get  d isea se a n d equ ip  ea ch  wit h  t h e sys t em  for  t h r ee m on t h s , u n der
supervision  of a  physician  who will have the cor r esponding pa r t  of t he syst em for  t he physician .
F or  t h e h yper t en sion  dom a in  it  m a y be n ecessa r y t o give t h e GA t o t h e pa t ien t  for  a  lon ger
per iod of t im e, per h a ps u p t o six m on t h s, beca u se in t er a ct ion s wit h  t h e syst em  will be less
fr equ en t  t h a n  wit h  dia bet es.  We will en list  pa t ien t s  a t  differ en t  s t a ges of t h eir  disea ses in
or der  t o get  a  bet t er  idea  of t h e st r en gt h s a n d wea kn esses of t h e syst em .  Th e syst em  will be
inst rumen ted to collect  comment s from the pa t ien t  and physician , a s well a s t he complet e r ecord
of the use of the syst em.  We will design  th is t est  t o min imize the poten t ia l r isk  to the pa t ien t  in
colla bor a t ion  wit h  ou r  In st it u t ion a l Review Boa r d (IRB).  F or  exa m ple, a ll a dvice given  t o t h e
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pa t ien t  will a lso be given  t o t he physician .  Any advice t ha t  involves a  change in  t herapy (such
a s a  r espon se t o side-effect s) will r equ ir e t h e pr ior  a ppr ova l of t h e ph ysicia n .  Th ese sa fet y
fea t u r es will h a ve t o be ba la n ced a ga in st  t h e r espon siven ess of t h e syst em .  Aft er  t h e fir s t
session  of u se, a t  a n  in t er m edia t e poin t , a n d a t  t h e en d of t h e st u dy per iod, we will a sk  t h e
pa t ien t  a nd physicia n  t o fill ou t  quest ionna ir es a bou t  t he st r ength s a nd wea knesses of t he GA.
Th is field t r ia l will a lso be a  veh icle for  t est ing whether  t he per forma nce cha ra ct er ist ics of t he
syst em hold up in  pract ice.  In  pa r t icu la r , it  will give us a  good t est  of t he r eliabilit y of t he inpu t
da ta  and the willingness of the pa t ien t s to comply with  the GA over  an  extended per iod of t ime.

Usin g t h e da t a  fr om  t h is  field t est  of t h e syst em , we will a n a lyze t h e r ecor d, lookin g for
in st a n ces  in  wh ich  a ct ion s wer e t a ken  a s  a  r esu lt  of t h e in for m a t ion  pr ovided by t h e GA
syst em .  Th ese will be cla ss ified a s  t o wh et h er  t h ey in cr ea sed or  decr ea sed t h e n eed for
ph ysicia n  in t er ven t ion  a n d h a st en ed or  dela yed opt im a l t h er a py.  Th e r esu lt in g ba la n ce sh eet
will be u sed a s a  rough  measu re of t he amoun t  of improvemen t  t ha t  cou ld be expect ed from the
GA syst em  in  ea ch  dom a in .  Th e expect a t ion  is  t h a t  t h is  will pr ovide en ou gh  da t a  t o do t h e
power  a n a lysis  for  a  fu ll clin ica l eva lu a t ion .  Su ch  a n  eva lu a t ion  will be pla n n ed, bu t  it  will
not  be ca r r ied ou t  dur ing the proposed project  per iod.

Co n c lu s i o n
We expect  t o pu blish  r epor t s  t h a t  delin ea t e t h e dom a in  of a ct ive in t elligen t  pa t ien t -cen t er ed
h ea lt h  in for m a t ion  syst em s, a r ch it ect u r a l docu m en t s specifyin g t h e r efer en ce a r ch it ect u r e of
Gu a r dia n  An gel a n d it s  in t er fa ces, a  su ccession  of pr ot ot ype soft wa r e im plem en t a t ion s of GA
a n d it s  a pplica t ion s, a n d r esea r ch  r epor t s  descr ibin g t h e a bove a n d eva lu a t ion s con du ct ed t o
a ssess t h e va lidit y of ou r  a ssu m pt ion s a n d (u lt im a t ely) t h e effica cy of t h e u n der lyin g con cept s.
We expect  t h e exa m ple a pplica t ion s t o m ea su r a bly im pr ove m edica l ca r e, a n d we will a lso
m a ke t h ose a pplica t ion s a va ila ble t o in t er est ed a dopt er s.  Beca u se we pla n  t o m a ke a va ila ble
bot h  a  r efer en ce a r ch it ect u r e a n d a  set  of r efer en ce im plem en t a t ion s, pot en t ia l a dopt er s ca n
choose whether  to bu ild new implemen ta t ions based on  the a rch it ectu re or  t o adopt  ou r  r eference
implemen ta t ions.  To t he ext en t  possible, we wou ld like t o make t he r efer ence implemen ta t ions
ava ilable to other s a t  lit t le or  no cost , bu t  because they a re likely to include componen t s tha t  a r e
com m er cia lly developed, t h is m a y n ot  be possible.  We ca n  gu a r a n t ee for -fee a va ila bilit y of t h e
r efer en ce im plem en t a t ion .

S c h e d u le
We propose a  t h r ee-yea r  project , incorpora t ing the following t a sks:

Yea r  on e:

Defin e GA in it ia l r efer en ce a r ch it ect u r e
Select  in it ia l im plem en t a t ion  st r a t egy: specific m edica l, in st it u t ion a l a n d h a r dwa r e
en vir on m en t s .
Iden t ify protocol-based studies of ca r e for  select ed medica l foci.
Begin  developmen t  of knowledge ba se for  select ed medica l foci.
Begin  select ion  or  implemen ta t ion  of t ools t ha t  will genera t e prototype

Year  two:

Complete implemen ta t ion  of au thor ing suppor t  syst em
Implemen t  prototype GA pa t ien t  managemen t  syst ems for  two select ed medica l foci.
In t egr a t e im plem en t a t ion  wit h  in st it u t ion a l in for m a t ion  syst em (s)
Simula t e u se with  exper imen ter s act ing a s su r roga te pa t ien t s
P la n  eva lua t ion  ba sed on  a n t icipa t ed ca pa bilit ies
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Year  th ree:

Con t inue evolu t ion  of t he knowledge base for  t he select ed applica t ions
Con du ct  lim it ed field t r ia l(s) a n d per for m  t h eir  eva lu a t ion
Revise t he a r ch it ectu re and implemen ta t ion  based on  t r ia l r esu lt s
P la n  a n d  con du ct  t ech n ology t r a n s fer  a ct ivit ies  t o a s su r e  d is sem in a t ion  of
a r ch it ect u r e a n d im plem en t a t ion
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P art III
P roje ct P artn e rs
Th e pr oject  will be don e a s a  colla bor a t ion  a m on g t h e Clin ica l Decision  Ma kin g Gr ou p a t  t h e
MIT La bor a t or y for  Com pu t er  Scien ce a n d r esea r ch er s  a t  t wo Bost on -a r ea  h ospit a ls , t wo
compan ies, a  la rge HMO, and a  pa r t  of t he Veter ans Admin ist r a t ion .

IBM Resea r ch  h a s a gr eed t o colla bor a t e wit h  u s in  ba sic r esea r ch  t owa r ds bu ildin g h ea lt h
ca r e solu t ion s a n d pla n s t o con t r ibu t e t o t h is  pr ogr a m  som e a ppr opr ia t e exist in g a n d u n der
developed softwa re t ools under  fee-wa ived license a greemen t . IBM’s Dr . Ifa y Cha ng, who hea ds
t h e Applica t ion s Solu t ion s In st it u t e (ASI) wit h in  t h e T. J . Wa t son  Resea r ch  La bor a t or y, is
cu r r en t ly lea din g a  ver y la r ge-sca le effor t  t o develop  a  m oder n  clin ic-ba sed  in for m a t ion
syst em  for  t h e Ka iser  Color a do h ea lt h  pla n .  As pa r t  of t h a t  a ct ivit y, ASI h a s developed a
n u m ber  of t ools t h a t  we expect  will be u sefu l for  pr ot ot ypin g a n d t h a t  will pr oba bly ser ve a s
r efer en ce im plem en t a t ion s for  por t ion s of ou r  r efer en ce a r ch it ect u r e.  Th ese in clu de t ools for
a pplica t ion  defin it ion  a n d in for m a t ion  a n d wor kflow m odelin g, for  defin in g a n d m a in t a in in g
a  m edica l lexicon , a n d for  bu ildin g clin icia n ’s wor kst a t ion s fr om  a bst r a ct  specifica t ion s.  As a
com m er cia l com pa n y, it  is  r ea son a ble t o expect  t h a t  IBM will be in t er est ed in  t u r n in g t h ese
t ools (or  t h eir  offspr in g) in t o com m er cia l pr odu ct s.  F or  t h is r esea r ch  pr ogr a m , Dr . Ch a n g h a s
a gr eed t o wor k  wit h  u s t o develop m ech a n ism s t h a t  wou ld a ssu r e pot en t ia l a dopt er s  of ou r
syst em the a bilit y t o license, a t  a  r ea sona ble cost , componen t s of IBM t echnology t ha t  we ha ve
in cor por a t ed in  ou r  r efer en ce im plem en t a t ion s.

Gen sym , In c., is  a  sm a ll soft wa r e com pa n y in  Ca m br idge, t r a cin g it s  r oot s t o ea r lier  MIT
pr oject s  a bou t  15 yea r s  a go, a n d is  t h e m ost  su ccessfu l com m er cia l ven dor  of t ools  for
in t elligen t  process con t rol.  Their  gr aph ica lly-or ien t ed exper t  syst em shell, G2, ha s been  used to
bu ild h u n dr eds of syst em s for  keepin g t r a ck  of evolvin g m a n u fa ct u r in g pr ocesses, a n d t h ey
h a ve bu ilt  va r iou s  t ools  t o a u gm en t  G2 for  d ia gn os t ic r ea son in g a n d  for  in t er fa ce t o
h et er ogen eou s da t a ba ses (t wo exa m ples r eleva n t  t o ou r  pr oposa l).  Lowell H a wkin son , CE O of
Gensym, ha s agreed t o gr an t  t o t h is project  six licenses t o Gensym’s commercia l t ools G2, GDA
and a ssocia t ed suppor t  t ools, and will dedica t e one st a ff member  (if funded via  t h is proposa l) t o
h elp  develop  t h e a r ch it ect u r e a n d  r efer en ce im plem en t a t ion  for  lon g-t er m  GA a gen t s .
Gensym’s product s a r e a va ila ble for  commercia l pu rcha se by a ny in t er est ed u ser .

On e of t h e con cer n s of a ll t h e in volved pa r t ies is  t h e qu est ion  of lia bilit y for  t h e m edica l
kn owledge con t a in ed in  ou r  im plem en t a t ion s, a n d it s  pot en t ia l im pa ct  on  in dividu a l pa t ien t s.
We plan  to ma in ta in  a  st r ict  sepa ra t ion  between  the software tools t ha t  we develop or  adopt  and
the medica l con ten t  t ha t  is encoded with  those tools.  Th is is not  on ly good engineer ing pract ice,
bu t  will a lso a llevia t e concerns abou t  lega l liabilit y on  the pa r t  of t he tool provider s.

Ou r  ot h er  pa r t n er s  in  t h is  pr oject , Tu ft s /New E n gla n d Medica l Cen t er , Th e Ch ildr en ’s
H ospit a l, Th e Bost on  Developm en t  Cen t er  of t h e VA, a n d Ka iser  Color a do h a ve n o pr opr iet a r y
cla ims to any exist ing programs or  t o the software tha t  we develop.  They will have r igh t s t o the
forma liza t ion  of medica l exper t ise con ta ined in  the syst em, to the exten t  of t heir  con t r ibu t ions to
it .

Alt h ou gh  we h a ve n ot  a t  t h is  s t a ge m a de fin a l decis ion s a bou t  t h e exa ct  n a t u r e of t h e
colla bor a t ive r ela t ion sh ip, ever yon e in volved in  t h e pr oject  a gr ees t o t h e followin g pr in ciples:
(1) Th e GA a r ch it ect u r e a n d idea s sh ou ld n ot  be en cu m ber ed by pr opr iet a r y cla im s, except
perhaps t hose a ssigned to a  consor t ium tha t  is commit t ed t o public dissemina t ion .  (2) P roduct s
con t r ibu t ed by pa r t icipa t in g com m er cia l ven dor s sh a ll be fr eely a va ila ble for  u se du r in g t h e
con du ct  of t h is pr oject , bu t  wit h ou t  cedin g com m er cia l r igh t s.  (3) Ven dor s com m it  t o m a kin g
a va ila ble, eit h er  a s  pr odu ct s  or  u n der  specia l licen sin g a r r a n gem en t s , a n y com pon en t s  of
r efer en ce im plem en t a t ion s pr odu ced.

To da t e, t h er e a r e n o pr opr iet a r y cla im s by a n y ext er n a l pa r t y on  t h e idea s of t h is pr oject .
Th e MIT r esea r ch er s  n a m ed in  t h is  pr oposa l h a ve fu ll con t r ol over  a ll in t ellect u a l pr oper t y
r igh t s .  Ou r  in t en t  is  t o m a in t a in  u n en cu m ber ed a ll su ch  r igh t s  t o t h e a r ch it ect u r e a n d
t ech n ica l specifica t ion s of Gu a r dia n  An gel, so t h a t  if t h e pr oject  is  su ccessfu l we will h a ve t h e
grea t est  likelihood of being able t o encourage it s widespread use.

By t h e en d  of t h is  pr oject , we a n t icipa t e h a vin g cr ea t ed  a  dom a in -specific soft wa r e
a r ch it ect u r e for  GA a gen t s  a n d t h eir  su ppor t in g en vir on m en t s .  F u r t h er , we pla n  t o h a ve
defined a  r efer ence a r ch it ectu r e appropr ia t e t o con t empora ry compu ta t iona l and communica t ion
t ech n ologies.  In  a ddit ion , we pla n  t o h a ve pr odu ced on e or  m or e r efer en ce im plem en t a t ion s
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con sist en t  wit h  t h is  a r ch it ect u r e, bot h  t o su ppor t  ou r  exper im en t a l a pplica t ion s a n d t o give
poten t ia l adopter s an  ea sy place to “get  on  boa rd”.  (Th is is, we believe, one of t he ma in  posit ive
lessons from the successfu l X-consor t ium run  from ou r  labora tory du r ing t he pa st  decade.)  The
cost  of bu ilding such  r efer ence implemen ta t ions from scra t ch  wou ld be proh ibit ive, and we have
organ ized a  collabora t ive t eam in t ended t o make t h is process much  more efficien t .

P re v io u s  Ac c o m p li s h m e n ts
Th is  pr oposa l br in gs t oget h er  a  m oder a t ely la r ge, h et er ogen eou s gr ou p of com pu t er  scien ce
resea rcher s, physicians, and softwa re developer s t o explore a  new pa radigm of u sing compu t ing
to improve hea lth  ca re.  The ma jor  pa r t icipan t s a r e:

Compu ter  scien t ist s a t  MIT: Drs. Pet er  Szolovit s, William J . Long and J on  Doyle
Colla bor a t in g ph ysicia n s in  Bost on : St eph en  G. P a u ker , M.D., Ma r k  E ckm a n , M.D.,
a n d J oh n  Won g, M.D., of New E n gla n d Medica l Cen t er , a n d Isa a c Koh a n e, M.D.,
Ph .D., of The Ch ildr en ’s Hospit a l
Mich a el L. Meis t r ell, M.D., Ch ief of Medica l In for m a t ics  a t  t h e VA’s  Bos t on
Developmen t  Cen ter
Gen sym , In c.: Lowell H a wkin son , CE O, St even  F r a leigh , a n d a  soft wa r e en gin eer
IBM Corpora t ion , specifica lly t he Applica t ions Solu t ions In st it u t e of t he T. J . Wa t son
Resea rch  Labora tory, dir ect ed by Dr . Ifay Chang
Ka iser  P er m a n en t e of Color a do, cu r r en t ly im plem en t in g a  clin ica l in for m a t ion
system with  the IBM group.

We sketch  the background of each  of these groups below.

MIT La bo ra to ry  fo r Co m p u te r S c ie n c e
 At t empt s t o bu ild in t elligence in to compu ter  programs opera t ing in  hea lth  in forma t ion  syst ems
bega n  with  ea r ly progra ms in  t he 1960’s ba sed on  flowcha r t ing a nd simple st a t ist ica l methods.
G. An thony Gor ry, t he founder  of ou r  group a t  MIT, for  exa mple, explor ed sequen t ia l Ba yesia n
m et h ods for  opt im izin g dia gn ost ic r ea son in g.  Ba sed on  difficu lt ies  of t h ese ea r ly m et h ods,
r esea r ch er s, in clu din g u s, in  t h e 1970’s t u r n ed t o sim u la t in g t h e cogn it ive pr ocesses of exper t
h u m a n  clin icia n s a s a  ba sis for  bu ildin g exper t  a dvisor y syst em s.  Ma n y of t h ese ea r ly “AI in
Medicin e” (AIM) sys t em s  u sed  clin ica l a s socia t ion s  a n d  r u les , a n d  en cou n t er ed  gr a ve
difficu lt ies  in  clin ica l pr oblem s in volvin g in t er a ct ion s  a m on g m u lt ip le disor der s , pa r t ia lly-
t r ea t ed diseases, and the need to mon itor  ongoing t r ea tmen t .  As a  r esu lt , we led a  move toward
“deeper ,” m odel-ba sed m edica l r ea son in g syst em s st a r t in g in  t h e la t e 1970’s, u sin g in fer en ces
abou t  pa thophysiologica l models a t  va r ious levels of det a il t o dea l with  unan t icipa t ed sit ua t ions.
Our  r esea rch  has broadened to include problems of explana t ion  genera t ion , t o u se more complex
pr oba bilis t ic a n d h eu r is t ic in fer en ce m odels , t o lea r n  fr om  exper ien ce, t o dea l wit h  t im e-
depen den cies syst em a t ica lly, a n d t o m odel a n d u se pr efer en ces in  decision -m a kin g.  We h a ve
a lso con t r ibu t ed t o m edica l kn owledge r epr esen t a t ion , KR in  gen er a l, t r u t h -m a in t en a n ce,
qu a lit a t ive r ea son in g, a n d m odelin g r epet it ive decision -m a kin g.  We illu st r a t e som e of t h ese
developmen t s by a  br ief h ist or ica l r ecap of ou r  more sign ifican t  project s.

Gor r y in t r odu ced t h e sequ en t ia l Ba yesia n  dia gn ost ic m et h od in  1967 [Gor r 68].  I t  u ses
in for m a t ion  t h eor y t o select  “m ost  in for m a t ive” qu est ion s , a n d decis ion  a n a lysis  t o decide
wh ich  cost ly t est s  a n d t r ea t m en t s a r e wor t h  doin g.  Applica t ion s in  con gen it a l h ea r t  disea se,
a cu t e r en a l fa ilu r e, a n d  ot h er s , illu s t r a t ed  t h e s t r en gt h s  a n d  lim it a t ion s  of t h e s im ple
in depen den ce a ssu m pt ion s em bedded in  t h e pr oba bilist ic m odel.  Never t h eless, t h e t ech n iqu e
pr oved qu it e va lu a ble in  su ch  m edica l specia lt ies a s m a n a gin g t h e dia gn osis a n d t r ea t m en t  of
H odgk in ’s  d isea se.

Ou r  fir st  dia gn ost ic pr ogr a m  t h a t  a t t em pt ed t o m odel t h e r ea son in g pr ocesses of clin icia n s
wa s t h e “P r esen t  I lln ess P r ogr a m ” (P IP ), r epor t ed in  Am erican  J . M ed . in  1976 [P a u k76].  I t
adopted a  hypothet ico-deduct ive fr amework for  diagnost ic r ea son ing, u sing st rong cues from the
pa t ien t  pr esen t a t ion  t o t r igger  h ypot h eses , bot h  logica l cr it er ia  a n d a  pseu do-pr oba bilis t ic
scor in g sch em e t o con fir m  or  elim in a t e h ypot h eses , a n d explicit  differ en t ia l lin ks t o r evise
h ypot h eses wh en  discr epa n t  in for m a t ion  a r ose.  La t er  ver sion s in t r odu ced a  sim ple m odel of
t im e, ca t egor izin g bot h  pa t ien t  da t a  a n d a  h ypot h esis-or ien t ed t im e lin e a lon g t h e dim en sion :
pa st , r ecen t -pa st , n ow, n ea r -fu t u r e, fu t u r e.  Gr a t ifyin gly, t h is  fa cilit y led u n expect edly t o a
s im ple bu t  r ea son a ble pr ogn ost ic a bilit y, a s  P IP  cou ld u se cu r r en t  da t a  t o pr edict  fu t u r e
in st a n ces of disea se.  Ou r  in t er est  in  t em por a l r ea son in g h a s con t in u ed t h r ou gh  t h e doct or a l
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wor k  of Koh a n e [Koh a 86, Koh a 87], explor in g t em por a l con st r a in t s  in  dia gn ost ic r ea son in g;
Ru ss  [Ru ss90, Ru ss91], wh o des ign ed a  con t r ol s t r u ct u r e t h a t  su ppor t s  r ea son in g a bou t
un relia ble st r ea ms of t ime-or ien t ed da t a  a nd a pplied it  t o dia bet ic ketoa cidosis; a nd Ha imowit z
[H a im 93, H a im 93a ], wh o s t u d ies  t r en d  det ect ion  in  pedia t r ic gr owt h  da t a  a n d  in  ICU
m on it or in g.  Wu ’s  P h D in  1992 [Wu 92] dem on s t r a t ed  d r a m a t ic speedu ps  of cla ss ica l
a ssocia t ion a l dia gn ost ic r ea son in g u sin g t wo h eu r is t ic pr in ciples: pr oblem  decom posit ion  t o
id en t i fy  clu s t e r s  of fin d in gs ,  a n d  occa s ion a l ly  t em p or a r i ly  ign or in g in for m a t ion
d is t in gu is h in g a l t e r n a t ive  d ia gn os es , t h u s  con t a in in g t h e  exp on en t ia l  exp los ion  of
in t er m edia t e dia gn ost ic st a t es.

At  t he same t ime a s P IP ’s developmen t , we cr ea t ed a  program to advise on  digoxin  t herapy,
u sin g a  h ybr id  in fer en ce m et h od t h a t  em ployed ph a r m a cok in et ic m odelin g t o a ssess  dr u g
levels , bu t  a  clin ica lly-der ived exper ien t ia l m odel t h a t  su ggest ed h ow t o t it r a t e idea l doses
given  t h e pa t ien t ’s  clin ica l s t a t e, eviden ce of possible digit oxicit y, a n d u r gen cy of ca r e.  Th is
pr ogr a m  a lso ser ved a s  t h e veh icle for  sever a l pr ogr a m s on  expla n a t ion  a n d ju s t ifica t ion .
Perhaps the most  in t erest ing was Swar tou t ’s PhD thesis [Swar83], in  which  he used an  au tomat ic
pr ogr a m m er  t o gen er a t e t h e d igit a lis  a dvisor  fr om  u n der lyin g m edica l k n owledge a n d
t r ea tmen t  pr inciples, wh ich  then  formed the basis for  a  soph ist ica t ed explana t ion  capabilit y t ha t
gu a r a n t eed con sis t en cy wit h  t h e pr ogr a m ’s a ct u a l oper a t ion .  Ot h er  expla n a t ion  wor k  u sed
soph ist ica t ed E n glish  la n gu a ge gen er a t ion  t ech n iqu es t o t u r n  pr ogr a m  fr a gm en t s a n d ca u sa l
m odels in t o com pr eh en sible n a t u r a l la n gu a ge.

Ou r  fr u st r a t ion  wit h  pr ogr a m s ba sed on  a ssocia t ion a l kn owledge led, a r ou n d 1980, t o t h e
fir st  m odel-ba sed m edica l r ea son in g pr ogr a m s.  In  P a t il’s ABE L pr ogr a m  [P a t i81] we m odeled
t h e a cid-ba se a n d elect r olyt e dom a in  in  t er m s of m u lt iple levels  of pa t h oph ysiologic det a il.
Th en , for  ca ses in  wh ich  a ssocia t ion a l m odels led t o discr epa n t  pr edict ion s, t h e pr ogr a m  cou ld
inst an t ia t e a  deeper  model t o explore causa l mechan isms tha t  can  expla in  t he discr epancy.  For
exa m ple, a  pa t ien t  wit h  in depen den t  sou r ces of a cidosis a n d a lka losis cou ld exh ibit  a  n or m a l
pH , a  fin din g n ot  pr edict ed by eit h er  con dit ion  bu t  con sist en t  wit h  t h eir  com bin a t ion .  Lon g’s
H ea r t  F a ilu r e pr ogr a m  (H F ) [Lon g92, Lon g92a , Lon g94], a ddr esses t h e com plex t r ea t m en t  of
pa t ien t s  wit h  h ea r t  fa ilu r e, pr ovidin g bot h  a  dia gn ost ic a n d t h er a py pla n n in g com pon en t .
Dia gn osis  is  ba sed on  a n  a ppr oxim a t e pr oba bilis t ic m et h od t h a t  wor ks  over  a  n et wor k  of
clin ica lly-s ign ifica n t  ca u sa l con cept s , a n d  t h er a py pr edict ion  is  ba sed  on  pr edict in g t h e
in flu en ce of possible in t er ven t ion s in  a  com plex feedba ck  syst em  by u sin g sign a l-flow a n a lysis
t ech n iqu es .  H F  h a s  pr oven  t o be qu it e effect ive a t  dia gn osis  in  cer t a in  su bdom a in s , a n d
r em a in s u n der  a ct ive developm en t  t o a u gm en t  it s  dia gn ost ic a cu m en  a n d t o fu r t h er  develop
and test  it s therapeu t ic side.

Because hand-bu ilding programs is so difficu lt , we pu r sued the u se of ca se-based exper ience
t o a u gm en t  a n d m a ke m or e efficien t  t h e oper a t ion s of a  m odel-ba sed r ea son er .  Kot on ’s P h D
project , Casey [Koto89, Koto89a ], adapt ed pa st  ca se solu t ions t o new ca ses t ha t  were simila r  a s
ju dged by t h eir  ca u sa l sim ila r it y, given  by H F ’s ca u sa l m odels.  J a n g’s disser t a t ion  [J a n g93]
enhances th is approach  by decomposing cases to be lea rned in to their  causa lly-coheren t  subpa r t s
(a ga in  a s det er m in ed by H F ), t h u s m a t ch in g pa r t s of a  n ew pr oblem  a n d a ssem blin g t h e pa r t s
in t o a  globa lly con sis t en t  a ccou n t .  We h a ve a lso s t u died va r iou s  s t a t is t ica l lea r n in g a n d
cla ssifica t ion  t echn iques a pplied t o r ea l-wor ld da t a .

Ou r  collea gu es  a t  Tu ft s /NE MC h a ve pion eer ed t h e a pplica t ion  of decis ion  a n a lysis  for
in dividu a l pa t ien t  ca ses [McNe82, P a u k75, P a u k87, P a u k88], a n d we h a ve con t r ibu t ed via  t h e
developmen t  of compu ter -ba sed t ools a nd models.  The Bunya n  decision -t r ee cr it iquer  [Well89],
bu ilt  in  t he mid-1980’s is an  exper t  syst em tha t  examines decision  t r ees and cr it iques both  gross
a n d su bt le er r or s.  F or  exa m ple, it  wou ld n ot e t h a t  a  dia gn ost ic t est  wh ose ou t com e does n ot
in flu en ce a n y la t er  decision s is  n ot  bein g m odeled cor r ect ly.  Mor e su bt le cr it iqu in g exper t ise
cou ld n ot ice t h a t  som e ph en om en on  is bein g m odeled in  gr ea t er  det a il on  on e br a n ch  t h a n  on
a n ot h er —a  com m on  bu t  su bt le m odelin g bia s .  Leon g, in  h er  doct or a l t h es is  [Leon 94], is
com plet in g a  n ew t ool t o su ppor t  r ea son in g a bou t  lon g-t er m  ou t com es of m edica l in t er ven t ion s
by bu ild in g sem i-Ma r k ov decis ion  m odels  fr om  a  gr a ph ica l a n d  m ed ica lly-m ea n in gfu l
t r ea t m en t  descr ipt ion .  Szolovit s  h a s r ecen t ly bu ilt  a  pr ot ot ype gen et ic cou n selin g pr ogr a m ,
Gen in fer  [Szol92], t h a t  u ses Ba yes n et wor k  solu t ion  m et h ods t o per for m  r isk  ca lcu la t ion s t o
est im a t e t h e pr oba bilit y of h er it a ble disea ses.  Th is pr ogr a m  is bein g r ea died for  t r ia ls  u n der
N IH  fu n d in g.  H e is  a lso in volved  in  m or e fu n da m en t a l exp lor a t ion s  of p r oba bilis t ic
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r ea son in g; wit h  An der sen  of Aa lbor g a n d Sh a ch t er  of St a n for d [Sh a c94], we h a ve som e n ew
resu lt s on  the r ela t ionsh ip between  cu t set  condit ion ing and clique-t r ee forma t ion .

Beca u se m u ch  of m edica l k n owledge is  im pr ecise, we con t in u e t o explor e qu a lit a t ive
descr ipt ion s of m edica l pr ocesses a n d t o develop t ech n iqu es t h a t  yield u sefu l in fer en ces fr om
less det a iled models.  Ku iper s began  h is work on  QSIM [Kuip86] in  ou r  group in  t he mid-1980’s,
developing qua lit a t ive models of ca rdiovascu la r  physiology.  Sacks’ 1988 PhD [Sach90] explored
t h e u se of soph ist ica t ed st a t e-spa ce r epr esen t a t ion s t o get  m u ch  st r on ger  ch a r a ct er iza t ion s of
some qua lit a t ively-descr ibed syst ems and ext ended these t o der ive probabilist ic pr edict ions with
Doyle [Doyl91a ].  Wellm a n ’s 1988 P h D [Well90] in t r odu ced t h e qu a lit a t ive pr oba bilist ic m odel,
wh ich  a bst r a ct s  fr om  pa r t icu la r  n u m er ica l depen den cies  t o m or e gen er ic con cept s  su ch  a s
“posit ively in flu en ces” a n d “in t er a ct s  syn er gis t ica lly wit h .”  Alt h ou gh  su ch  m odels  ca n n ot
m a ke det a iled t r a deoff decision s, t h ey pr ovide ver y r obu st  m odels  t h a t  ca n  be u sed t o sh ow
dom in a n ce of wh ole cla sses  of poss ible p la n s  over  ot h er s , a n d t h u s  ca n  gr ea t ly s im plify
pla n n in g in  la r ge pla n  spa ces.  Yeh  in  h is  1990 P h D [Yeh 90] explor ed a  va r iet y of in fer en ce
methods t o det ermine bounds on  possible behavior s of probabilist ica lly-defined syst ems.

Doyle a n d  Wellm a n  con t in u e t o in ves t iga t e  su it a ble r epr esen t a t ion s  for  in d ividu a l
pr efer en ces [Doyl91b, Doyl94, Well91, Well92].  Th eir  ch a r a ct er iza t ion  of “pr efer en ce a ll ot h er
t h in gs bein g equ a l” pr ovides a  power fu l for m a l t ool for  a bst r a ct  r ea son in g, wit h ou t  r equ ir in g a
fu lly-specified  m u lt i-a t t r ibu t e  u t ilit y fu n ct ion .  Th is  wor k  con t in u es  wit h  t h eor et ica l
invest iga t ions a imed a t  applying it  t o captu re basic preference a t t it udes of the subject s of GA.

We a lso h a ve a  lon g-t er m  pa r t icipa t ion  in  kn owledge r epr esen t a t ion  effor t s .  H a wkin son
and Szolovit s worked in  the mid-1970’s on  the OWL [Szol77] and BrandX [Szol81] r epresen ta t ion
sch em es t h a t  pr ovided gr ea t  flexibilit y a n d oppor t u n it ies  t o exploit  lin gu ist ic a n a logies  bu t
su ffer ed fr om  a  la ck  of sem a n t ic r igor .  Wh en  cu r r en t  m or e r est r ict ive KR syst em s wer e bu ilt
in  t he 1980’s, we t r ied t o u se KL/ONE to r epresen t  medica l knowledge and found tha t  t oo much
expr essive a bilit y h a d been  sa cr ificed for  sem a n t ic clea n lin ess  a n d com pu t a t ion a l efficien cy
[H a im 88, H a im 88a ].  Doyle a n d P a t il pr odu ced a  m a jor  a n d in flu en t ia l cr it iqu e of t h is  t r en d
for  t he KR community [Doyl91].

Lon g a n d Szolovit s  a r e bot h  F ellows of t h e Am er ica n  College of Medica l In for m a t ics, a n d
Doyle a n d Szolovit s a r e bot h  F ellows of t h e Am er ica n  Associa t ion  for  Ar t ificia l In t elligen ce.

Ou r  gr ou p h a s pu r su ed a  wide va r iet y of r esea r ch  pr oject s  in  dia gn ost ic a n d t h er a peu t ic
r ea son in g, we h a ve m a de fu n da m en t a l con t r ibu t ion s t o AI a n d t o m edica l in for m a t ics, a n d we
believe t h a t  we a r e u n iqu ely well-s it u a t ed  wit h  ou r  colla bor a t or s  t o m a k e fu n da m en t a l
advances t oward ou r  vision  of t he “Gua rdian  Angel” approach  to hea lth  ca re.

As a n  illu st r a t ion  of t h e ba ckgr ou n d of t h e gr ou p, we a t t a ch  a s  a n  a ppen dix a  select ed
list ing of r epr in t s oft en  r equest ed by cor r esponden t s.

Tu ft s /N E MC
Th e fa cu lt y a t  t h e Division  of Clin ica l Decision  Ma kin g a t  t h e New E n gla n d Medica l Cen t er
have been  developing decision  suppor t  for  hea lth  policy and for  individua l pa t ien t s over  t he past
t wo deca des.  Th ey wer e t h e fir st  ph ysicia n s t o a pply decision  t h eor y t o t h e ca r e of in dividu a l
pa t ien t s. In  a  1975 a r t icle, t hey descr ibed acqu ir ing and using pa t ien t  u t ilit ies in  deciding abou t
corona ry bypa ss su rgery for  t h r ee pa t ien t s with  a ngina . They a r e a cknowledged a s t he pr emier
gr ou p in  t h e a r ea .  Th eir  soft wa r e h a s becom e t h e st a n da r d for  m edica l decision - a n d cost -
effect iven ess a n a lyses.  Th ey h a ve colla bor a t ed wit h  fa cu lt y a n d su per vised st u den t s a t  MIT-
LCS for  two decades and con t inue a  close working r ela t ionsh ip.

Their  in t er est  in  pa t ien t  u t ilit ies da t es back to t he paper  addressing the need for  su rgery in
cor on a r y a r t er y disea se. In  1976, t h ey developed m odels a n d t ech n iqu es t h a t  a llow pa t ien t s t o
m or e fu lly pa r t icipa t e in  decision s a bou t  pr en a t a l dia gn osis. Bot h  of t h ese m odels h a ve been
ext en sively a pplied t o in dividu a l pa t ien t s  over  t h e pa st  t wo deca des, t h e la t t er  t o over  1500
pa t ien t s.  In  n ow cla ssic a r t icles in  t h e N ew  E n glan d  J ou rn al of M ed icin e, t h ey descr ibe t h e
a cqu isit ion  of pa t ien t  pr efer en ces (u t ilit ies) in  pa t ien t s  wit h  lu n g ca n cer  a n d ca n cer  of t h e
la rynx, and in  other  publica t ions descr ibe t he impact  of pr efer ences on  both  individua l decision
ma king a nd hea lt h  policy.  They ha ve been  developing pla t forms for  t he a u toma ted a cqu isit ion
and delivery of pa t ien t  preferences for  t he past  five yea r s.

Alt h ou gh  t h e gr ou p spa n s  a ll of m edicin e in  t h eir  clin ica l in t er es t s , t h ey h a ve h a d a
pa r t icu la r ly im pr ess ive pu blica t ion  r ecor d  in  ca r d iova scu la r  d isea se, in clu d in g cor on a r y
a r t er y disea se, va lvu la r  h ea r t  disea se, ca r dia c a r r h yt h m ia s a n d h yper t en sion .  Th ey h a ve been
in volved in  m u lt i-cen t er ed st u dies, developin g decision  su ppor t  t ools  fu n ded by t h e AH CP R,
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with  collabora tor s a t  Duke Un iver sit y, t he Un iver sit y of Minnesota , t he Un iver sit y of Man itoba ,
UCSF , a n d t h e New Yor k  St a t e Depa r t m en t  of H ea lt h .  Th ey wer e m a jor  pa r t icipa n t s in  t h e
r ecen t  Sh or t -Ter m  Mor t a lit y Con fer en ce on  cor on a r y su r ger y, h eld a t  Du ke Un iver sit y, wh ich
emphasized the impor t ance of pa t ien t  specific factor s such  a s co-morbidit ies.

These invest iga tor s a lso have subst an t ia l in t er est  in  adu lt  diabet es and have been  the ma jor
m odelin g gr ou p for  t h e Dia bet es P ORT, fu n ded by t h e AH CP R.  Th ey a r e ju st  com plet in g a n
a n a lysis of t h e t r ea t m en t  of foot  in fect ion s in  dia bet ics, a n  a n a lysis sh owin g t h e im por t a n ce of
pa t ien t  pr efer en ces a n d co-m or bidit ies.  Th eir  in t er est  in  AIDS a n d H IV disea se ext en ds ba ck
over  s ix or  seven  yea r s , in clu din g a r t icles   em ph a sizin g t h e in t er pr et a t ion  of t est in g in  low
r isk  popu la t ions and the ea r ly t r ea tmen t  of HIV posit ive individua ls.

Mu ch  of t h eir  t h eor et ica l wor k  h a s in volved t h e a ssessm en t  of co-m or bidit ies  a n d t h eir
im pa ct  on  su r viva l, pa t ien t  pr efer en ces , a n d decis ion  m a k in g.  Dr . S t eph en  P a u ker , t h e
dir ect or , is  P r ofessor  of Medicin e a t  Tu ft s Un iver sit y a n d a  F ellow of t h e Am er ica n  College of
Ca r diology, t h e Am er ica n  College of P h ysicia n s , t h e Am er ica n  H ea r t  Associa t ion  a n d t h e
Am er ica n  College of Medica l In for m a t ics .  Dr . Ma r k  E ck m a n  is  Associa t e P r ofessor  of
Medicin e a t  Tu ft s  Un iver sit y a n d is  a  F ellow of t h e Am er ica n  College of P h ysicia n s a n d t h e
Am er ica n  College of Medica l In for m a t ics .  Dr . J oh n  Won g is  a n  Ass is t a n t  P r ofessor  of
Medicin e a t  Tu ft s Un iver sit y a n d is a  F ellow of t h e Am er ica n  College of P h ysicia n s.

Ch i ld re n ’s  Ho s p i ta l
Isa a c S. Koh a n e fir st  bega n  t o wor k  on  a u t om a t ed dia gn osis a s a  doct or a l st u den t  in  1985. H e
joined the Harva rd Medica l School facu lty and the st a ff of Ch ildren ’s Hospit a l in  J u ly, 1992. He
h olds a  m edica l degr ee a n d pr a ct ices pedia t r ic en docr in ology.

H is P h D wa s a wa r ded for  h is  r esea r ch  in  a r t ificia l in t elligen ce in  m edicin e a n d for  h is
wor k  on  t h e Tem por a l Ut ilit y P a cka ge [Koh a 87] a n d it s  a pplica t ion  t o m edica l dia gn osis. Dr .
Kohane cu r r en t ly spends 80% of h is t ime on  work in  medica l in forma t ics. In  1991 he complet ed
t h e im plem en t a t ion  of a n  on -lin e m edica l ch a r t  (t h e Clin icia n ’s Wor kst a t ion —CWS) [Koh a 90]
for  t h e Division  of E n docr in ology. Th is syst em  h a s n ow been  in  fu ll oper a t ion  for  3 yea r s a n d
pr ovides on -lin e a ccess  t o clin ic n ot es , clin ic m ea su r em en t s , dem ogr a ph ics , ph a r m a cy da t a ,
la bor a t or y r esu lt s , p r oblem  lis t s  a n d  r epor t s  fr om  a n cilla r y depa r t m en t a l sys t em s  (e.g.
r a diology). Th e CWS is  cu r r en t ly bein g br ou gh t  t o t h e n eph r ology a n d n u clea r  m edicin e
divis ion s  a t  Ch ildr en ’s  H ospit a l. Over  t h e pa s t  yea r , Dr . Koh a n e des ign ed a n d led  t h e
im plem en t a t ion  of a  da t a  in t egr a t ion  a n d displa y syst em  for  t h e Mu lt idisciplin a r y In t en sive
Ca re Un it .  Da t a -set s on  dia bet es mon itor ing from th is in t egra t ion  effor t  were dist r ibu t ed over
t h e In t er n et  for  u se by pa r t icipa n t s in  t h e Spr in g Sym posiu m  of t h e Am er ica n  Associa t ion  for
Ar t ificia l In t elligen ce on  “In t er pr et in g Clin ica l Da t a ” in  P a lo Alt o (co-ch a ir ed by Dr . Koh a n e).

Dr . Koh a n e’s  cu r r en t  r esea r ch  is  in  t h e in vest iga t ion  of com pu t er  r epr esen t a t ion s  a n d
a r ch it ect u r es  for  clin ica l even t  m on it or in g. H e is  pa r t icu la r ly in t er es t ed  in  m on it or in g
pedia t r ic popu la t ion s for  ea r ly det ect ion  of pa t h ologica l pr ocesses. In  colla bor a t ion  wit h  Ir a
H a im owit z a t  MIT, h e h a s developed a  syst em  for  ea r ly det ect ion  a n d dia gn osis of pa t h ology
fr om  on -lin e clin ica l da t a . H e h a s  h elped  con du ct  p r elim in a r y t r ia ls  t o va lida t e  t h e
methodology, especia lly in  t he doma in  of growth  and developmen t .

Dr . Koh a n e’s clin ica l pr a ct ice is split  bet ween  gen er a l pedia t r ic en docr in ology a n d t h e ca r e
of pa t ien t s  wit h  in su lin -depen den t  d ia bet es  m ellit u s  (IDDM).  Of t h e la t t er , h e follows
a ppr oxim a t ely 50 pa t ien t s  a n d su per vises t h e ca r e of a n ot h er  50.  H e h a s con du ct ed sever a l
clin ica l t r ia ls  t o st u dy t h e gr owt h  a n d developm en t  of sever a l  popu la t ion s in clu din g ch ildr en
with  IDDM, with  hea r t  disea se, with  adrena l disorder s, and ch ildr en  t r ea t ed with  bone-mar row
t r a n spla n t a t ion  for  m a lign a n cy.

Ve te ran s  He a lth  Adm .: Bos ton  De v . Ce n te r
Th e Bost on  Developm en t  Cen t er  is  a  field  su ppor t  u n it  ser vin g t h e n eeds  of sen ior  VH A
m a n a gem en t  loca t ed in  Wa sh in gt on , DC.  Th e BDC pr ovides m edica l in for m a t ics su ppor t  t o
im pr ove t h e lin ka ge of clin ica l pr ocesses, bu dget  pr ocesses, a n d r esou r ce a lloca t ion  pr ocesses.
Th e BDC develops a n d m a in t a in s la r ge r ela t ion a l da t a ba ses t h a t  pr ovide pa t ien t -specific da t a ,
in clu d in g wor k loa d , a n d  cos t in g, a s  well a s  lim it ed  d ia gn os t ic a n d  m edica l p r ocedu r e
in for m a t ion  for  a ll pa t ien t s  t r ea t ed by t h e VH A, wh ich  m a in t a in s 172 m edica l cen t er s , a n d
m a n y ou t pa t ien t  clin ics , n u r s in g h om es , a n d  dom icilia r ies .  Th e VH A sys t em  pr ovides
a ppr oxim a t ely on e m illion  in pa t ien t  a dm iss ion s  a n d  45 m illion  ou t pa t ien t  clin ic s t ops
a n n u a lly.  Appr oxim a t ely 2.5 m illion  u n iqu e in dividu a ls a r e t r ea t ed ea ch  yea r .
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Dr . Mich a el L. Meist r ell is  ch ief of m edica l in for m a t ics a t  t h is  cen t er .  H e pr a ct iced a s a
t h or a cic su r geon , a n d did fellowsh ips in  m edica l decis ion  m a k in g wit h  Dr . Rober t  Beck  a t
Da r t m ou t h  a n d Dr . St eph en  P a u ker  a t  Tu ft s/NE MC.  Dr . Meist r ell is  in t er est ed in  wor k in g
wit h  u s on  t h e defin it ion  of t h e GA a r ch it ect u r e, a n d will h elp t o r ecr u it  ph ysicia n s in  t h e VA
syst em for  t r ia ls of ou r  applica t ions.

In te rn a t io n a l B u s in e s s  Ma c h in e s  Co rp .
Applica t ions Solu t ions In st it u t e, T. J . Wa t son  Resea rch  Labora tory
The Applica t ions Solu t ions In st it u t e a t  IBM’s T. J . Wa t son  Resea rch  Labora tory is organ ized t o
r e-est a blish  IBM’s st r on g pr esen ce in  t h e h ea lt h  ca r e in for m a t ion  bu sin ess by developin g a n d
deployin g n ew t ech n ologies ba sed on  open  syst em s t o solve r ea l cu st om er s’ n eeds.  IBM h a s
developed a  s t r a t egy for  t h e developm en t  of clin ica l in for m a t ion  syst em s in  wh ich  sever a l
cr it ica l a r ea s  h a ve been  iden t ified: (a ) clin ica l r eposit or y a n d da t a  m odelin g, (b) m edica l
lexicon  a u t h or in g t ool a n d ser ver , (c) a pplica t ion  a n d wor k  flow m odelin g t ool a n d pr ocess
m a n a ger , (d ) clin ica l wor k s t a t ion  a n d  u ser  in t er fa ce, (e) com m u n ica t ion  a n d  sys t em
in t er fa ce, a n d (f) decision  su ppor t .  IBM’s pr oject  wit h  Ka iser  Color a do wa s in it ia t ed in  1992,
designed with  t he a bove a r ch it ectu r e specifica t ion  a nd t he in t en t ion  t o expa nd in to mu lt imedia
and image suppor t , and to mu lt imoda l inpu t  t echnologies.

Th e IBM gr ou p h a s a lso pr ot ot yped a n  in dividu a l pa t ien t  m edica l r ecor d syst em .  Th is
pr ot ot ype is  ba sed on  object -or ien t ed t ech n iqu es, a n d pr ovides a  sm a ll, por t a ble m a ch in e wit h
abou t  500MB of stor age on  a  disk , and da t a  impor t /expor t  capabilit ies t o a  number  of pla t forms
[Chan91].

Our  group a t  MIT has been  t r acking the developmen t  of t h is IBM syst em and it s deploymen t
a t  Ka iser  Color a do.  We view m a n y of t h ese fa cilit ies  a s  u sefu l com pon en t s  of a  r efer en ce
implemen ta t ion  of GA prototypes.

Th e gr ou p a t  Ka iser  Color a do is  a lso qu it e in t er est ed in  t h e Gu a r dia n  An gel con cept , a n d
h a s expr essed a n  in t er est  in  pa r t icipa t in g a ft er  t h e IBM-developed clin ica l in for m a t ion  syst em
is in st a lled.  Toda y, pa r t  of t h e syst em  is in  a lph a -t est  m ode.  Ka iser  Color a do a n d IBM a r e
cu r r en t ly developin g a  m edica l lexicon  a u t h or in g t ool.  Th e sch edu le of t h e IBM-Ka iser
Color a do effor t  m a t ch es ver y well wit h  t h e pr oposed Gu a r dia n  An gel sch edu le.  We pla n  t o
pur sue the Ka iser  Colorado collabora t ive oppor tun ity (with  IBM) before we en ter  yea r  two of t he
pr oject , beca u se it  pr ovides n ot  on ly a n  excellen t  t est -bed in  a ddit ion  t o t h e VA, bu t  a lso a
sign ifica n t  poin t  of lever a ge t owa r d even t u a l a dopt ion  of ou r  idea s by a  m a jor  h ea lt h  ca r e
pr ovider .

Ge n s y m  Co rp o ra t io n
Gen sym  is  a  sm a ll soft wa r e cor por a t ion  t h a t  pr ovides  in t elligen t  r ea l-t im e pr ocess  con t r ol
softwa re t o a  wor ld-wide clien t  ba se.  I t s pr incipa l product , G2, is a  syst em for  developing a nd
deployin g com plex a pplica t ion s t h a t  r equ ir e con t in u ou s a n d in t elligen t  m on it or in g, dia gn osis ,
a n d con t r ol.  I t  is  design ed for  a  wide r a n ge of r ea l-t im e a pplica t ion s in  su ch  fields a s pr ocess
con t r ol, t elecom m u n ica t ion s, m a n u fa ct u r in g, a er ospa ce, m edicin e, fin a n ce, a n d r obot ics.

G2 u t ilizes a  dist r ibu t ed, clien t /server  a r ch it ectu r e. Th is a r ch it ectu r e provides t he abilit y t o
do t h e followin g:  (a ) Sca n  a n  a pplica t ion , a s a  h u m a n  oper a t or  wou ld, a n d focu s on  key a r ea s
wh en  it  det ect s pot en t ia l pr oblem s or  oppor t u n it ies.  (b) Rea son  a bou t  a n d con t r ol even t s in  a
con t in u ou sly ch a n gin g en vir on m en t .  (c) Respon d t o even t s  wh en  t h ey occu r  (e.g. wit h ou t
con t in u a lly pollin g sen sor s).  (d) Apply kn owledge r epr esen t ed in  m u lt iple for m s, e.g., r u le-
ba sed h eu r is t ics , pr ocedu r es , gr a ph ica l n et wor ks  of object s , a n d dyn a m ic or  discr et e-even t
models.  (e) Apply t h is knowledge where appropr ia t e, u sing object -or ien t ed r epresen t a t ions t ha t
closely m odel t h e a ct u a l dom a in .  (f) E xpr ess  a n d  u se r ela t ion sh ips  bet ween  object s .
(g) Repr esen t  t h e per m a n en t  a n d t r a n sien t  a spect s of a n  a pplica t ion .  (h ) Acqu ir e in for m a t ion
fr om  a n y n u m ber  of da t a  sou r ces , bot h  loca l a n d r em ot e.  (i) P r ovide in for m a t ion  t o a n d
r espon d t o r equ est s fr om  u ser s, bot h  loca lly a n d a t  r em ot e clien t  n odes.  (j) Com m u n ica t e wit h
other  G2s and applica t ions (for  example, with  ext erna l simu la t ion  programs).

Over  1500 G2 licen s es  a r e  in s t a lled  wor ld wid e . G2 is  in cr ea s in gly a p p lied  in
pha rma ceu t ica l, bioma nufa ctu r ing, a nd hea lt h -ca r e a pplica t ions. For  exa mple, G2 is being u sed
in  a  clin ica l la bora tory in  On ta r io t ha t  will process 15,000 blood sa mples per  da y.  The syst em
m on it or s  a n d m a kes decis ion s on  wor k  flow, syst em  t r en ds a n d a la r m s; ba la n ces wor k loa d
a m on g m u lt iple a n a lyzer s; r elea ses n or m a l r esu lt s ; a n d r efer s  a bn or m a l r esu lt s  for  fu r t h er
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t es t in g, h u m a n  in t er pr et a t ion , et c.  Gen sym  h a s con sider a ble exper ien ce in t er fa cin g G2 t o
corpora t e da t abases.  Gensym is in t er est ed in  working with  ou r  project  and sha res ou r  vision  of
how to in fluence the fu tu re of hea lth  ca re.

Re su lts , P rodu c ts  an d  Tran s fe rable  Te c h n o logy
We pla n  t o a ssu r e dissem in a t ion  of ou r  r esu lt s  a n d t ech n ology t r a n sfer  in  t h e followin g t h r ee
wa ys:  F ir s t , a s  is  n or m a l wit h  r esea r ch  pr oject s , we will pu blish  pa per s  a n d r epor t s , give
conference presen ta t ions, and encourage ou r  studen t s and colleagues t o pu r sue r esea rch  project s
based on  wha t  we lea rn  du r ing the conduct  of t he proposed r esea rch .  Second, we plan  to develop
bot h  a n  a r ch it ect u r e of Gu a r dia n  An gel a n d r efer en ce im plem en t a t ion s  a s  a pplied t o t h e
specific m edica l a r ea s we pu r su e.  Th ese will be m a de a va ila ble t o ot h er  r esea r ch er s, a n d ca n
for m  t h e ba sis for  fu t u r e pr oject s a n d pr odu ct s.  Th ir d, t h r ou gh  ou r  colla bor a t ion s wit h  IBM,
Gen sym , New E n gla n d Medica l Cen t er , t h e Ch ildr en ’s  H ospit a l, Ka iser  Color a do, a n d t h e
Vet er a n ’s Adm in ist r a t ion , we expect  t o im bu e bot h  in du st r y a n d pot en t ia l pr im e su ppor t er s of
ou r  a ppr oa ch  wit h  en t h u sia sm  for  GA.  Th is  en t h u sia sm  will be ba sed, we expect , on  t h eir
su cces s fu l cooper a t ion  in  defin in g t h e  GA a r ch it ect u r e , h e lp in g t o br in g a bou t  i t s
implemen ta t ion , and observing t he success of it s applica t ions.

Ou r  pr oject  is  likely t o pr odu ce in t er est in g n ew scien t ific idea s  a s  we a ddr ess  difficu lt
pr oblem s of m odelin g a n d a r ch it ect u r e, a n d a s we ch a llen ge exist in g t ech n ologies a n d bu ild
new ones.  Our  st rong emphasis on  t a ilor ing the act ions of t he GA to t he needs and preferences
of t h e pa t ien t  will r esu lt  in  n ew in sigh t s in t o issu es of pa t ien t  m odelin g a n d t h e expr ession ,
elicit a t ion  and use of preference models.  As we have oft en  done in  t he past , we will con t inue to
u se t h e difficu lt  ch a llen ges of m edica l r ea son in g a n d kn owledge r epr esen t a t ion  t o t est  idea s of
kn owledge r epr esen t a t ion , wh ich  h a ve oft en  pr oven  in a dequ a t e t o t h e t a sks posed by m edica l
r ea son in g.  Ou r  em ph a s is  on  fr equ en t  a n d  sea m less  com m u n ica t ion  a n d  exch a n ge of
in for m a t ion  will  p r ovid e  in t e r es t in g m od els  for  t h e  evolvin g n a t ion a l  in for m a t ion
in fr a st r u ct u r e.  Ou r  u se of kn owledge r epr esen t a t ion  a n d in t er ch a n ge la n gu a ges developed in
cu r r en t  kn owledge-sh a r in g effor t s sh ou ld a lso yield oppor t u n it ies for  t est in g a n d va lida t ion  of
t h ese effor t s .  We a lso expect  t o a pply exis t in g m et h ods a n d develop n ew exper t  syst em s
t ech n iqu es for  in cr em en t a l in t er pr et a t ion  of da t a  a n d for  u ser  m odelin g. F in a lly, if ou r  beliefs
a bou t  t h e im por t a n ce of t h e Gu a r dia n  An gel con cept  for  m edica l ca r e pr ove cor r ect , we ca n
a ch ieve a  s ign ifica n t  im pr ovem en t  in  t h e deliver y of m edica l ca r e.  E ven  if t h e con cept  is
wor ked ou t  wit h  on ly pa r t ia l su ccess, we will h a ve iden t ified a  ver y im por t a n t  set  of r esea r ch
pr oblem s for  fu t u r e a t t en t ion .  Th ese r esu lt s  will be dissem in a t ed by t r a dit ion a l scien t ific
pu blica t ion s.

We a lso expect  t h a t  t h e a r ch it ect u r e we develop for  GA, t h e r efer en ce im plem en t a t ion s we
bu ild for  ou r  ch osen  a pplica t ion  dom a in s, a n d t h e t ools we a ssem ble a n d con st r u ct  will for m  a
va luable set  of concept s and engineer ing a r t ifact s t ha t  other s may find usefu l.  Because we plan
t o m a ke a va ila ble bot h  a  r efer en ce a r ch it ect u r e a n d a  set  of r efer en ce im plem en t a t ion s ,
poten t ia l adopter s can  choose whether  to bu ild new implemen ta t ions based on  the a rch it ectu re or
t o a dopt  ou r  r efer en ce im plem en t a t ion s.  To t h e ext en t  possible, we wou ld like t o m a ke t h e
refer ence implemen ta t ions ava ilable t o other s a t  lit t le or  no cost , bu t  because t hey a r e likely t o
in clu de com pon en t s  t h a t  a r e com m er cia lly developed, t h is  m a y n ot  be poss ible.  We ca n
gu a r a n t ee for -fee a va ila bilit y of t h e r efer en ce im plem en t a t ion .  We h ope t h a t  ou r  a r ch it ect u r e
will be a dopt ed bot h  by ot h er  r esea r ch er s  a n d by t h ose m or e in t er es t ed in  bu ildin g n ew
applica t ions.  If in t er est  wa r r an t s, we will est ablish  a  consor t ium between  in t er est ed pa r t ies t o
promote and gu ide fu tu re developmen t .

A less t a n gible bu t  ver y im por t a n t  r esu lt  we h ope t o a ch ieve is t o gen er a t e a  com m it m en t
among ou r  pa r tner s and other s who provide hea lth -ca re services and hea lth -ca re t echnologies t o
t h e pr in ciples of pa t ien t -cen t er ed com pu t a t ion  a n d r ecor d keepin g.  Am er ica n  m edicin e is ver y
likely t o u n der go a  dr a m a t ic ch a n ge wit h  t h e in t r odu ct ion  of gover n m en t -m a n da t ed u n iver sa l
h ea lt h -ca r e cover a ge a n d wit h  t h e gr owin g em ph a sis on  cost -effect iven ess of ca r e.  In  su ch  a
t ime of upheava l, we hope to be able t o cr ea t e a  pa radigm sh ift  in  t he applica t ion  of in forma t ics
t echn iques a s well.  Gua rdian  Angel may be t he r igh t  veh icle.
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