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Abstract

Predictionof microscopicspreadof tumorcells is be-
coming critically important in the decision making
processin planningradiationtherapyfor cancer. Un-
til recently, radiationtreatmentof headandneck can-
cerhasbeenconservative, treatinglargeregionsto in-
sure eradication of disease. However, if it is known
that regional spreadis confined,a more focusedtreat-
mentcanbeconsidered,with thepayoff of reducingor
eliminating morbidity due to irr adiating healthy tis-
suein the vicinity of nodegroups. Knowledge about
theoccurrenceof micrometastasescomesmainlyfrom
pathology reportsin connectionwith surgery. As the
dataaccrue, it will be possibleandnecessaryto rep-
resent this knowledge in a symbolic computational
model.Our workreportsonthefeasibilityof modeling
this knowledgeusingpublisheddata.

INTRODUCTION

Radiationoncology has played a prominent role in
themanagementof headandneckcancers.Radiation
oncologistshave usedsurgically-derived data to de-
sign traditionalradiotherapy fields that treattheobvi-
ousprimarytumorandelectively treatadjacentlymph
nodelevelsfelt to beat significantrisk for subclinical
disease.Given the limitations of traditional technol-
ogy andradiationdelivery systems,thesefields have
historicallybeencomprehensivein naturesincehighly
selectivetargetingof individual lymphnodelevelsand
exclusion of otherswas impossiblein many clinical
situations.This technologicallimitation is beingover-
come,and thereforeradiationoncologistsare begin-
ning to reevaluatethe available literaturein order to
rationallydesignhighly selective treatmentfields.

One suchtechnique,intensity-modulatedradiation
therapy (IMRT),

�
shows great promise. This tech-

niqueachievesa high doseto a definedtarget region
with a sharpfalloff at the boundary. Figure1 shows
a crosssectionalview of a treatmentplanusingIMRT
for a clival meningioma.Thetumor is in a region be-
tweentheoptic chiasmandthebrainstem,andhasan

elongatedshapeunsuitablefor conventionalradiother-
apy. Achieving a sharpfalloff at theboundaryresults
in lower doseto the surroundingcritical organs,with
consequentreducedmorbidity, or alternatelyallows a
higher doseto the tumor, giving better local control
(destructionof all thetumorcells).

Thisof courseassumesthattheradiationoncologist
is ableto preciselydelineate(for eachpatientindivid-
ually) thetargetvolume,i.e., thevolumeto irradiate.

�

In fact,thereis no computationaltechniqueat present
for doingthis. Theradiationoncologistdrawsoutlines
representinghis/herbestestimateof how far thetumor
hasspreadmicroscopicallyfrom theprimarysite.This
dependson thesizeof thetumor, thetypeof cells,and
mostcritically the surroundinganatomy. Tumor cells
migratealong lymph drainages,and along nerves in
somecases. They cannotbe madevisible with any
imagingtechniquesknown today.

Reports of pathology findings following surgery
havebeenreportedin theliterature,usuallyto address
specificquestionssuchaswhetheror not to includea
specificnodegroup in the target volume. Generally
it appearsthat tumor spreadlargely follows anatomic
structureand biologic principles, but no computa-
tionalmodelshavebeenproposed.As tumorsbecome
largerandtimeelapses,theprobabilityof moredistant
nodegroupsbeingpositive for microscopicspreadin-
creases.

The goal of our work is to proposeand validate
a computationalmodel basedon simple production
rules,representingclinical data,anatomicknowledge
andclinical judgement.Thework reportedhereis the
first step in this direction. A truly powerful system
implementingthe model would also needto be able
to apply imageprocessingtechniquesto computethe
boundariesof the selectednodal regions in a patient
specificway. Work is also in progressto solve this
problemandwill bereportedelsewhere.

Themodelwedescribeis beingdevelopedasacom-
ponentof the Prism radiation therapy planningsys-
tem,

�
developedandin clinical useat the University



Figure1: A cross-sectionalview of anIMRT radiationtreatmentplan. Theninetreatmentfieldsareeachmodulated
acrosstheir aperturesto producethe very tailoreddosedistribution shown, which avoids the brain stem,the optic
chiasmandasmuchaspossibleof therestof thesurroundingbraintissue.

of WashingtonCancerCenter. This will give us the
opportunity, when the model is ready, to test it in a
clinical environment,anddemonstratehow it can be
deployedclinically, sothatit canhavearealimpacton
practice.

TUMOR SITES AND NODAL REGIONS

Headandneckcancersarea heterogeneouscollection
of malignanciesarisingin multiple anatomicsubsites,
eachwith uniqueclinical,pathological,andprognostic
features.Thevastmajority of thesecancersaresqua-
mouscell carcinomasthatoriginatein thenormalmu-
cosallining locatedthroughouttheheadandneck.As
thesesquamouscancersenlarge, they tend to spread
from primarylocationto nearbyregionallymphnodes
in a predictablesequence.Curative treatmentof these
cancers,therefore,hashistorically requiredattention
to thedrainingregionallymphnodesthatcouldharbor
microscopicdisease.

The developmentand refinementof standardized
surgicalapproachesto theneck(e.g.,radicalneckdis-
section,selectiveneckdissection)hasparalleleddevel-
opmentandrefinementof standardizednomenclature
for thevariousnodalregions(“levels”) in theneck.

	�

�

Table1 summarizestheseterms.

Table1: Currentclassificationof cervicallymphnodes

Level Ia Submentalgroup
Level Ib Submandibulargroup
Level II Upperjugulargroup
Level III Middle jugulargroup
Level IV Lower jugulargroup
Level V Posteriortrianglegroup

In addition, several publishedseriesof surgically-
treatedpatientshaveprovidedvaluablepathologicdata
allowing statisticalestimationof the risk for subclini-
calnodalinvolvementaccordingto thesenecksubdivi-
sions.

� 
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Theexampledatashown in Table2 are

adaptedfrom Shah,et.al.
�

RULES FROM PUBLISHED DATA

We initially intended to generateproduction rules
basedsolelyuponpublishedstatisticsof metastatictu-
mor spreadin the headandneck. The literaturecon-
tainsa numberof studiesexaminingtheprobabilityof



Table2: Prevalenceof subclinicallymph nodeinvolvementaccordingto tumorsite

Tumorlocation
NodalLevel Oral tongue Floorof mouth Alveolarridge Retromolartrigone Buccalmucosa

I 14% 16% 27% 19% 44%
II 19% 12% 21% 12% 11%
III 16% 7% 6% 6% 0%
IV 3% 2% 4% 6% 0%
V 0% 0% 2% 0% 0%

neck metastasesfor variousprimary sites. The ma-
jority of thesestudiespublishoverall probabilitiesof
metastasisbrokendown by theT stageof primary tu-
mor. Unfortunately, few studiesreport the levels of
theneckwheremetastasesoccur.

��
 ��� 
 ���
Severalrea-

sonsaccountfor the lack of specificdataon the loca-
tion of neckmetastases.Typically, thesestudiesuse
thepathologicspecimensfrom aseriesof neckdissec-
tions. Thesepathologicspecimensdo not necessarily
containthelandmarksthatallow thesurgical patholo-
gistto determinetheanatomiclocationof lymphnodes
within thespecimen.Additionally, in thepastseveral
decades,selectiveneckdissectionsthatdo not remove
all of thelymphaticcontentsof theneckhave become
thestandardof carefor avarietyof lowerstagetumors.
In thesecases,thepresenceof micro-metastasesin the
undissectedareascanonly be inferredfrom the inci-
denceof treatmentfailuresin theseareas.

Unfortunatelyfor our purposes,most of the stud-
iesthatbreakdown metastasesby locationin theneck
do not report theseresultsby the T and N stageof
the primary tumor. To createproductionrules that
specifywhich levelsof theneckto treatfor a specific
TNM stageprimary tumor, we needprobabilitiesfor
the presenceof tumor in eachlevel of the neck for
eachTNM stage. Although this informationwasnot
reportedin thesestudies,we inferredconservative es-
timatesof theseprobabilitiesfrom thepublisheddata.
This wasaccomplishedby utilizing thereportedover-
all percentageof patientsat eachT andN stageand
the reportedoverall probabilitiesof tumor metastasis
at eachneck level (independentof T stage). To cal-
culatean upperlimit of probability, we madeuseof
theevidencethatamoreadvancedstagesquamouscell
carcinoma(higher T and N stage)is more likely to
exhibit regional metastasesthana lower stageSCCA
of the sameprimary site. For eachprimary site and
eachlevel of the neck,the numberof positive metas-
taseswasreported.For eachT andN stage,we calcu-
latedtheprobability of metastasisfor eachnecklevel
by dividing the numberof positive metastasesat that
level by thesumof thepatientswith thegivenT andN

stageandall patientswith ahigherT andN stage.This
methodlikely overestimatestheprobability of metas-
tasisat a given T and N stage. This is due to fact
thatcalculatingthemetastaticprobability in theman-
ner assumesthat all metastasesoccur within the pa-
tientswith at leastthe given T andN stage,andthat
thedistribution of themetastaseswithin this groupof
patientsis uniform. In realitythedistributionof metas-
tasesisprobablyskewedtowardsmoreadvancedT and
N stages,but is unlikely to beskewedtowardslessad-
vancedT and N stages. So by assuminga uniform
distribution, we canestimatethe maximumprobabil-
ity thata givenT andN stagewould metastasizeto a
specificlevel of theneck.

Additional estimatescanbeformulatedin a similar
manner, from studiesthat reportan overall incidence
of metastasisby specificT and/orN stage.For eachT
andN stage,the numberof overall metastasescanbe
assignedto eachlevel of the neck. Clearly, this also
is overestimatingthe probability of individual metas-
tases,but by combiningtheresultsof multiple studies
andchoosingthe lowest “upper margin” of probabil-
ity, a moreaccurateestimatecanbe achieved. How-
ever, additionalfactorscomplicatethe effort to com-
bine the resultsof different studies. In addition to
factorsmentionedpreviously, otherfactorsincludethe
typeof study(prospectivevs. retrospective),thenum-
ber of patientsincluded,andthe degreeof specificity
usedto classifytheprimarytumorsite.

We collecteddata from several large prospective
andretrospectivestudies,limiting our focusinitially to
squamouscell carcinomasof theoral cavity, orophar-
ynx, hypopharyxand larynx. Not surprisingly, there
tendedto be a trade-off betweenspecificprimary tu-
morsitesandlargesamplesize.Weusedthemostspe-
cific primary tumor site possible,given the available
datain eachstudy. Whendatawereavailableon the
sameprimary site from differentstudies,we utilized
the resultsfor the morespecificprimary site, aslong
as sufficient sampleswere reported. When the sam-
ple size wassmall, we useddatafrom more general
primary sites. In practice,no singlestudycontained



sufficient datato computecompleteprobabilitiesfor
all primary sites. Rathera subjective compilationof
the datawasusedto determinetreatmentrecommen-
dations.A shortcomingof mostof thestudieswasthe
lack of information on contralateralmetastases.We
ranourcalculationswith treatmentthresholdsof 15%,
10%and5%. Thatis, if thepreponderanceof thedata
indicatedametastaticprobabilityof 15%or greater(or
10% or 5%), we would generatea rule to treat that
level of theneck.

ANATOMIC MODEL OF THE
LYMPHATIC DRAINAGE OF THE NECK

An advantagein treatingsquamouscell carcinomaof
the headand neck is the relatively constantand or-
derly progressionof lymph nodemetastasesin theun-
treatedneck. The primary and secondarylymphatic
drainageof the variousprimary sites hasbeenwell
described.We soughtto correlatethe literaturedata
on nodalmetastaseswith theanatomicmodelof lym-
phaticdrainage,in orderto supportthe literaturedata
whenavailable,andaugmentareaswheretheliterature
is lacking.UsingtheFoundationalModelof Anatomy
developedby theUniversityof WashingtonStructural
Informatics Group,

���
we identified all referencesto

lymph nodesof the headandneck. The majority of
nodalgroupsdescribedin theliteraturewereincluded
aspartof themodel,with thenotableabsenceof aspe-
cific referenceto the deepmiddle cervicalnodesthat
lie in level III of the neck. Moreover, the functional
model lacks the anatomicrelationshipbetweenpri-
marysitesof theheadandneckandthenodalgroups
with drain thesesites. Theserelationshipswerecon-
structedfrom theanatomicliteratureto beusedin the
decisionhierarchy.

SURVEY OF EXPERT PHYSICIANS

As notedabove, the publishedliteratureallows us to
estimatean upperlimit to the probability of regional
neckmetastasis.Thisupperlimit is probablymoreac-
curatefor moreadvanceddisease,sincethe distribu-
tion of metastasisis likely skewed towardsmoread-
vancedprimarytumors.For lessadvanceddiseasethis
methodmaygreatlyoverestimatemetastaticpotential.
Theselessadvancedtumorsrepresentan areawhere
IMRT canprovide improved outcomes,so determin-
ing a more accurateestimationof which neck levels
requiretreatmentis an importantgoal. Radiationon-
cologistsandheadandnecksurgeonsmake educated
guessesof theseprobabilitieswhen treatingpatients
with headand neck cancer. We surveyed radiation
oncologistsin both an academicandprivatepractice
setting. In additionwe surveyedthreeheadandneck
surgeons,all of whompracticein anacademicsetting.

Eachhassignificantexperiencetreatingheadandneck
cancerpatients.Theseexpertswereasked to identify
which lymph nodelevels (ipsilateral Ia-V, contralat-
eral Ia-V) they would includein a clinical target vol-
umefor six hypotheticalheadandneckcancerpatients
desiringtreatmentwith definitiveconformalradiother-
apy. Thesix selectedcasesusedin thesurvey arelisted
in Table3 alongwith thenumberof expertswho rec-
ommendedtreatmentof eachlymph noderegion. All
caseswerepresumedto besquamouscell carcinomas.

Noneof the six hypotheticalcasesproducedcom-
pleteagreementamongtheexpertsasto which cervi-
callymphnodelevelsshouldbeincludedin theclinical
targetvolume. Theagreementwasgreaterfor certain
tumor sitesand certainnodegroups. Therewas no
discernabledifferencebetweenthetwo typesof physi-
cians(radiationoncologistsandsurgeons).

RESULTS AND DISCUSSION

Weusedtheresultsof theexpertsurvey to testtheliter-
atureandour anatomicbasedmodel.We usedthefive
hypotheticalcasesrelating to tumorsof the oral cav-
ity, oropharynx,andhypopharynx,sincerulesfor these
systemshad beendeveloped. Scoreswere obtained
by calculatingthe percentageof expert opinionsthat
agreedwith the system’s recommendationin eithera
decisionto treat or not to treat. Scoreswere calcu-
latedfrom rulesgeneratedusingtreatmentthresholds
of 15%,10%,and5% chanceof metastasisat a given
neck level. Using a thresholdof 15% the agreement
betweenthe systemandthe expert’s was66.3%. An
agreementrate of 68% was obtainedusing a thresh-
old of 10%, and a rate of 74.3% was obtainedus-
ing a thresholdof 5%. We alsocomparedthe agree-
mentbetweeneachexpertandtheotherfour, in order
to estimatethe degreeto which the expert’s agreeon
treatmentrecommendations.Theagreementrateof an
individual expert, comparedto the other four, ranged
from 79-81%,with anoverall agreementrateof 80%.
Not surprisingly, the10%and15%thresholdserredon
thesideof under-treatingdiseasefor which theexperts
recommendedtreatment,while the5%thresholderred
on the sideof over-treatingdiseasefor which the ex-
pertsdid notrecommendtreatment.Fromtheseresults
it appearsthattheexperts’thresholdfor treatmentlies
in the rangeof a 5-10%probability of metastaticdis-
ease.

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



Table3: Resultsof theexpertsurvey

Numberof expertsincludinglymph noderegion
Descriptionof ipsilateral contralateral
Hypotheticalcases Ia Ib II III IV V Ia Ib II III IV V
T1N0M0 L tonsil 1 4 4
T2N0M0 R baseof tongue 1 3 5 5 5 3 1 2 4 4 3 2
T3N0M0 L floor of mouth 4 5 5 5 5 3 4 5 5 2
T1N0M0 L nasopharynx 1 2 5 5 4 5 1 2 5 5 3 5
T2N0M0 R pyriform sinus 5 5 5 3 5 5 5 2
T2N0M0 L lateraloral tongue 3 5 5 5 5 2 4 4 4 2

to change.Themodelwearetrying to developrequires
a changein the kinds of questionsto be asked. In-
steadof generalized“Shouldwetreatlevel IV for base
of tonguetumors”,thedatamustbeaccumulatedrou-
tinely with specificityof stagingandspecimenorigin.
Thiskindof pathologicstudyisnow routineattheUni-
versityof WashingtonMedicalCenter, andwill allow
morerefinementin thesystemasit is built.

In this study, the hierarchicalapplicationof rules
wasdoneby hand.In anactualsystem,a hierarchical
representationof thetumorprimarysitesandaconflict
resolutionstrategy will have to becodedaspartof the
design.
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