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Abstract

Predictionof microscopicspreadof tumor cellsis be-

coming critically important in the decision making
processn planningradiationtherapyfor cancer Un-

til recently radiationtreatmenbf headand ned can-

cerhasbeenconservativetreatinglarge regionsto in-

sure eradication of disease However, if it is known
thatregional spreadis confineda more focusedreat-

mentcanbe consideed,with the payof of reducingor

eliminating morbidity due to irr adiating healthy tis-

suein the vicinity of nodegroups. Knowledg about
the occurrenceof micrometastasesomesmainlyfrom

patholayy reportsin connectionwith sumgery. Asthe
dataaccrue it will be possibleand necessaryo rep-
resentthis knowledg in a symbolic computational
model.Our workreportsonthefeasibilityof modeling
this knowled@ usingpublisheddata.

INTRODUCTION

Radiationoncology has played a prominentrole in
the managementf headandneckcancers.Radiation
oncologistshave usedsumically-derved datato de-
signtraditionalradiotherap fields that treatthe obvi-
ousprimarytumorandelectively treatadjacentymph
nodelevelsfelt to be at significantrisk for subclinical
disease.Given the limitations of traditional technol-
ogy andradiationdelivery systemsthesefields have
historicallybeencomprehensiein naturesincehighly
selectvetargetingof individual lymph nodelevelsand
exclusion of otherswas impossiblein mary clinical
situations.Thistechnologicalimitation is beingover
come, and thereforeradiationoncologistsare begin-
ning to reevaluatethe available literaturein orderto
rationally designhighly selectve treatmenfields.
One suchtechniqueintensity-modulatedadiation
theraly (IMRT),! shavs greatpromise. This tech-
nigue achievesa high doseto a definedtargetregion
with a sharpfalloff at the boundary Figure 1 shavs
acrosssectionalview of atreatmenplanusingIMRT
for a clival meningioma.Thetumoris in aregion be-
tweenthe optic chiasmandthe brainstem,andhasan

elongatedshapeunsuitablefor conventionalradiother

apy. Achieving a sharpfalloff atthe boundaryresults
in lower doseto the surroundingcritical organs,with

consequenteducedmorbidity, or alternatelyallows a
higher doseto the tumor, giving betterlocal control
(destructiorof all thetumorcells).

This of courseassumeshattheradiationoncologist
is ableto preciselydelineate(for eachpatientindivid-
ually) thetargetvolume,i.e., the volumeto irradiate?
In fact,thereis no computationatechniqueat present
for doingthis. Theradiationoncologistdraws outlines
representindpis/herbestestimateof how farthetumor
hasspreadnicroscopicallyfrom the primarysite. This
depend®nthesizeof thetumor, thetype of cells,and
mostecritically the surroundinganatomy Tumor cells
migrate along lymph drainagesand along nenesin
somecases. They cannotbe madevisible with ary
imagingtechniqueknown today

Reports of pathology findings following sumgery
have beenreportedn theliterature,usuallyto address
specificquestionssuchaswhetheror not to includea
specificnodegroupin the target volume. Generally
it appearghat tumor spreadargely follows anatomic
structure and biologic principles, but no computa-
tional modelshave beenproposed As tumorsbecome
largerandtime elapsesthe probability of moredistant
nodegroupsbeingpositive for microscopicspreadn-
creases.

The goal of our work is to proposeand validate
a computationalmodel basedon simple production
rules, representinglinical data,anatomicknowledge
andclinical judgement.Thework reportedhereis the
first stepin this direction. A truly powerful system
implementingthe modelwould also needto be able
to apply imageprocessingechniquedo computethe
boundariesf the selectednodal regionsin a patient
specificway. Work is alsoin progressto solve this
problemandwill bereportedelsavhere.

Themodelwedescribds beingdevelopedasacom-
ponentof the Prism radiationtherapy planningsys-
tem? developedandin clinical useat the University
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Figurel: A cross-sectionaliew of anIMRT radiationtreatmeniplan. The nine treatmenffields areeachmodulated
acrosstheir aperturedo producethe very tailored dosedistribution shavn, which avoids the brain stem,the optic
chiasmandasmuchaspossibleof therestof the surroundingoraintissue.

of WashingtonCancerCenter This will give us the
opportunity whenthe modelis ready to testit in a
clinical ervironment,and demonstratédow it canbe
deployedclinically, sothatit canhave arealimpacton
practice.

TUMOR SITESAND NODAL REGIONS

Headandneckcancersarea heterogeneousollection
of malignanciesrisingin multiple anatomicsubsites,
eachwith uniqueclinical, pathologicalandprognostic
features.The vastmajority of thesecancersaresqua-
mouscell carcinomaghatoriginatein the normalmu-
cosallining locatedthroughoutthe headandneck. As
thesesquamougsancersenlage, they tendto spread
from primarylocationto nearbyregionallymph nodes
in a predictablesequenceCurative treatmenbf these
cancerstherefore,hashistorically requiredattention
to thedrainingregionallymph nodeshatcouldharbor
microscopiadisease.

The developmentand refinementof standardized
sumgical approacheto theneck(e.g.,radicalneckdis-
section selectve neckdissectionhasparalleleddevel-
opmentandrefinementof standardizechomenclature
for thevariousnodalregions(“levels”) in theneck® 5

Tablel summarizesheseterms.

Tablel: Currentclassificatiorof cervicallymphnodes

Levella | Submentagroup

Levellb | Submandiblargroup
Levelll | Upperjugulargroup
Levellll | Middle jugulargroup

Level IV | Lowerjugulargroup
Level V | Posteriottrianglegroup

In addition, several publishedseriesof sumgically-
treatedpatientshave providedvaluablepathologicdata
allowing statisticalestimationof therisk for subclini-
calnodalinvolvementaccordingo thesenecksubdii-
sions® 7> 8 9 Theexampledatashowvn in Table2 are
adaptedrom Shah.et.al.?

RULES FROM PUBLISHED DATA

We initially intendedto generateproduction rules
basedsolelyuponpublishedstatisticsof metastatidu-
mor spreadin the headandneck. The literaturecon-
tainsa numberof studiesexaminingthe probability of



Table2: Prevalenceof subclinicallymph nodeinvolvementaccordingto tumorsite

Tumorlocation
NodalLevel | Oraltongue| Floorof mouth | Alveolarridge | Retromolartrigone | Buccalmucosa
I 14% 16% 27% 19% 44%
Il 19% 12% 21% 12% 11%
I 16% 7% 6% 6% 0%
v 3% 2% 4% 6% 0%
Y 0% 0% 2% 0% 0%

neck metastase$or various primary sites. The ma-
jority of thesestudiespublishoverall probabilitiesof
metastasibrokendown by the T stageof primarytu-
mor. Unfortunately few studiesreportthe levels of
the neckwheremetastasesccur” 1% 11 Severalrea-
sonsaccountfor the lack of specificdataon the loca-
tion of neck metastasesTypically, thesestudiesuse
thepathologicspecimengrom a seriesof neckdissec-
tions. Thesepathologicspecimenslo not necessarily
containthelandmarkshatallow the suigical patholo-
gistto determingheanatomidocationof lymphnodes
within the specimen.Additionally, in the pastseveral
decadesselectve neckdissectionshatdo notremove
all of thelymphaticcontentsof the neckhave become
thestandaraf carefor avarietyof lowerstagetumors.
In thesecasesthe presenc®f micro-metastasds the
undissectedireascanonly be inferred from the inci-
denceof treatmenfailuresin theseareas.

Unfortunatelyfor our purposesmost of the stud-
iesthatbreakdown metastaseBy locationin theneck
do not reporttheseresultsby the T and N stageof
the primary tumor. To createproductionrules that
specifywhich levels of the neckto treatfor a specific
TNM stageprimary tumor, we needprobabilitiesfor
the presenceof tumor in eachlevel of the neck for
eachTNM stage. Although this informationwas not
reportedin thesestudieswe inferredconserative es-
timatesof theseprobabilitiesfrom the publisheddata.
This wasaccomplishedby utilizing the reportedover-
all percentagef patientsat eachT andN stageand
the reportedoverall probabilitiesof tumor metastasis
at eachnecklevel (independentf T stage). To cal-
culatean upperlimit of probability, we madeuse of
theevidencethata moreadvancedstagesquamousell
carcinoma(higher T and N stage)is more likely to
exhibit regional metastasethana lower stageSCCA
of the sameprimary site. For eachprimary site and
eachlevel of the neck,the numberof positive metas-
tasesavasreported.For eachT andN stage we calcu-
latedthe probability of metastasigor eachnecklevel
by dividing the numberof positive metastaseat that
level by the sumof the patientswith thegivenT andN

stageandall patientswith ahigherT andN stage.This

methodlikely overestimateshe probability of metas-
tasisat a given T and N stage. This is dueto fact
that calculatingthe metastatigprobability in the man-
ner assumeghat all metastasesccur within the pa-
tientswith at leastthe given T andN stage,andthat
the distribution of the metastasewithin this group of

patientds uniform. In reality thedistribution of metas-
tasess probablyskewedtowardsmoreadvancedr and
N stagesbut is unlikely to be skewedtowardslessad-

vancedT and N stages. So by assuminga uniform

distribution, we can estimatethe maximumprobabil-
ity thata givenT andN stagewould metastasiz¢o a

specificlevel of theneck.

Additional estimatecanbe formulatedin a similar
manney from studiesthat reportan overall incidence
of metastasidy specificT and/orN stage.For eachT
andN stage the numberof overall metastasesanbe
assignedo eachlevel of the neck. Clearly; this also
is overestimatinghe probability of individual metas-
tasesput by combiningthe resultsof multiple studies
and choosingthe lowest“upper mamgin” of probabil-
ity, a more accurateestimatecan be achieved. How-
ever, additionalfactorscomplicatethe effort to com-
bine the resultsof different studies. In addition to
factorsmentionedpreviously, otherfactorsincludethe
type of study(prospectievs. retrospectie),the num-
ber of patientsincluded,andthe degreeof specificity
usedto classifythe primarytumorsite.

We collected data from several large prospectie
andretrospectie studies]imiting ourfocusinitially to
squamougell carcinomaf the oral cavity, orophar
ynx, hypopharyxand larynx. Not surprisingly there
tendedto be a trade-of betweenspecificprimary tu-
mor sitesandlarge samplesize.We usedthe mostspe-
cific primary tumor site possible,given the available
datain eachstudy Whendatawere available on the
sameprimary site from different studies,we utilized
the resultsfor the more specificprimary site, aslong
as sufficient sampleswere reported. When the sam-
ple size was small, we useddatafrom more general
primary sites. In practice,no single study contained



sufficient datato computecompleteprobabilitiesfor
all primary sites. Rathera subjectve compilation of
the datawas usedto determinetreatmentrecommen-
dations.A shortcomingof mostof the studieswasthe
lack of information on contralateraimetastases\We
ranour calculationswith treatmenthresholdf 15%,
10%and5%. Thatis, if the preponderancef thedata
indicatedametastatigrobabilityof 15%or greater(or
10% or 5%), we would generatea rule to treatthat
level of the neck.

ANATOMIC MODEL OF THE
LYMPHATIC DRAINAGE OF THE NECK

An adwantagein treatingsquamousell carcinomaof
the headand neck is the relatively constantand or-
derly progressiorof lymph nodemetastasem the un-
treatedneck. The primary and secondarylymphatic
drainageof the various primary sites has beenwell
described. We soughtto correlatethe literaturedata
on nodalmetastasewith the anatomicmodelof lym-
phaticdrainagejn orderto supportthe literaturedata
whenavailable,andaugmentreasvheretheliterature
is lacking. Usingthe FoundationaModel of Anatomy
developedby the University of WashingtonStructural
Informatics Group;? we identified all referencego
lymph nodesof the headand neck. The majority of
nodalgroupsdescribedn theliteraturewereincluded
aspartof themodel,with thenotableabsencef aspe-
cific referenceto the deepmiddle cervicalnodesthat
lie in level Il of the neck. Moreover, the functional
model lacks the anatomicrelationshipbetweenpri-
mary sitesof the headandneckandthe nodalgroups
with drainthesesites. Theserelationshipswere con-
structedfrom the anatomiditeratureto be usedin the
decisionhierarchy

SURVEY OF EXPERT PHYSICIANS

As notedabove, the publishedliteratureallows usto
estimatean upperlimit to the probability of regional
neckmetastasisThis upperlimit is probablymoreac-
curatefor more advanceddiseasesincethe distribu-
tion of metastasiss likely skewed towardsmore ad-
vancedprimarytumors.For lessadvanceddiseasehis
methodmay greatlyoverestimatenetastatigotential.
Theselessadvancedtumorsrepresentin areawhere
IMRT can provide improved outcomes so determin-
ing a more accurateestimationof which necklevels
requiretreatmentis animportantgoal. Radiationon-
cologistsand headand neck sugeonsmake educated
guessef theseprobabilitieswhen treating patients
with headand neck cancer We suneyed radiation
oncologistsin both an academicand private practice
setting. In additionwe surweyedthreeheadand neck
suigeonsall of whompracticein anacademicsetting.

Eachhassignificantexperiencereatingheadandneck
cancematients. Theseexpertswereasled to identify
which lymph node levels (ipsilateral la-V, contralat-
eral la-V) they would includein a clinical target vol-
umefor six hypotheticaheadandneckcancepatients
desiringtreatmentwith definitive conformalradiother
apy. Thesix selectedcasesisedn thesurwey arelisted
in Table3 alongwith the numberof expertswho rec-
ommendedreatmentof eachlymph noderegion. All
caseswverepresumedo besquamougell carcinomas.
None of the six hypotheticalcasesproducedcom-
pleteagreemenamongthe expertsasto which cervi-
callymphnodelevelsshouldbeincludedin theclinical
targetvolume. The agreementvasgreaterfor certain
tumor sitesand certainnode groups. Therewas no
discernabldifferencebetweerthetwo typesof physi-
cians(radiationoncologistsandsuigeons).

RESULTSAND DISCUSSION

We usedtheresultsof theexpertsurwey to testtheliter-
atureandour anatomidoasednodel. We usedthefive
hypotheticalcaseselatingto tumorsof the oral cav-
ity, oropharynxandhypopharynxsincerulesfor these
systemshad beendeveloped. Scoreswere obtained
by calculatingthe percentagef expert opinionsthat
agreedwith the system$ recommendatiorn eithera
decisionto treator not to treat. Scoreswere calcu-
lated from rulesgeneratedisingtreatmentthresholds
of 15%, 10%, and5% chanceof metastasisit a given
necklevel. Using a thresholdof 15% the agreement
betweenthe systemandthe expert’'s was 66.3%. An
agreementate of 68% was obtainedusing a thresh-
old of 10%, and a rate of 74.3% was obtainedus-
ing a thresholdof 5%. We alsocomparedhe agree-
mentbetweeneachexpertandthe otherfour, in order
to estimatethe degreeto which the expert’s agreeon
treatmentecommendationshe agreementateof an
individual expert, comparedo the otherfour, ranged
from 79-81%,with anoverall agreementate of 80%.
Not surprisingly the 10%and15%threshold®rredon
thesideof undertreatingdiseasdor which theexperts
recommendetteatmentwhile the 5% thresholderred
on the side of over-treatingdiseasdor which the ex-
pertsdid notrecommendreatmentFromtheseresults
it appearghatthe experts’thresholdfor treatmenties
in the rangeof a 5-10% probability of metastatidis-
ease.

The resultsshowv that even with the limitations in-
herentin publisheddata,it is feasibleto createa rule-
basedsystemfor automatically determining which
nodalregionsshouldbeincludedin thetreatmentvol-
ume. However, to develop a really accuratesystem,
additionaldatawill be required. Further the type of
analysisandreportingof pathologicfindingswill need



Table3: Resultsof the expertsurey

Numberof expertsincludinglymph noderegion
Descriptionof ipsilateral contralateral
Hypotheticalcases la|lb || IV | Vilajb{l|l]|IV|V
TINOMOL tonsil 1|44
T2NOMO R baseof tongue 1|3 (5|5 |5 (3|12 (4|4 |3 |2
T3NOMOL floor of mouth 4|5 |55 |5 |3|4]|5 |52
T1INOMOL nasopharynx 112 |55 |4 |[5(1]|2]|5|5 |3 |5
T2NOMO R pyriform sinus 5|5 |5 |3 5|5 |5 |2
T2NOMOL lateraloraltongue| 3 |5 |5 |5 |5 214|414 |2
to change Themodelwearetrying to developrequires 5. SomPM, Curtin HD, MancusoA. An imaging-

a changein the kinds of questionsto be asled. In-
steadof generalizedShouldwetreatlevel IV for base
of tonguetumors”, the datamustbe accumulatedou-
tinely with specificityof stagingandspecimerorigin.
Thiskind of pathologicstudyis now routineattheUni-
versity of WashingtonMedical Center andwill allow
morerefinemenin the systemasit is built.

In this study the hierarchicalapplicationof rules
wasdoneby hand. In anactualsystema hierarchical
representationf thetumorprimarysitesandaconflict
resolutionstrateyy will have to be codedaspartof the
design.
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