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Purpose: To infer internal respiration-inducedtumormotionfrom external surrogate.To
systematically resolvemappingambiguity causedby breathing hysteresis.

Method and Materials: We proposea state-augmentationapproachto capturesystem
dynamics. Concatenating real-time surrogate observations with their time-delayed
recordsdescribesthestateinformation in a higher-dimensionalstatespace.In suchspace,
inhaleandexhale“stages” are naturallyseparated dueto theincorporatedvelocity
contents. Any existing inferencemodelmigrates effortlessly into this framework.We
illustratetheideawith simplepolynomialinferencemodels, andderivea closed-form
solutionfor optimal choiceof modelparameters. Choice of lag lengthis demonstrated
empirically to berobustandmaybe chosenoffline. This approachis testedon
synchronizedrecordingsof internal tumortrajectoriesandexternal fiducial marker
readouts from eightlung patients(multiple fractionsandreadings) with a Mitsubishireal-
time radiotherapy(RTRT) system.Internal recording is obtained by fluoroscopictracking
of implanted1.5mm-diameter gold ball bearings aroundthetumorandexternal
surrogatesmeasurerelative abdominal skin positions.

Results: Examinationof trajectories in the augmentedstate-spacesuggests theexistence
of a consistentandunambiguousinferencemap.Empiricaltestswith clinical datashow
thatusing state augmentation decreasesthe3D RMSEfrom 2.01mmto 1.74mmwith the
linearmodeland1.93mmto 1.63with the quadraticmodel.Paired student-t tests with P-
valueson theorder of 10e-13 indicate statisticalsignificanceof theimprovement.

Conclusion: We proposeda simplestate-augmentationapproachto implicitly incorporate
thehystereticinternal-external responsepatterninto theestimationframework with any
existing inferencemodel. For thegeneralclassof correspondencemodels thatare linear
in their parameters,closed-form solutionsfor theoptimalparameter valuesandtheerror
evaluationsarederived. Testswith clinical datademonstratestatistically significant
improvementoverdirect models.
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