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Differentiatingbetweengiantcellarteritisand
atherosclerosison [18F]FDG-PET: anexplainable

machinelearningapproach
H.5.Vries, MSC 1,2,4; G.D.vanPraagh,MSc 1; P.H.Nienhuis, BSc 1; O.Bouhali,PhD 2 ; R.H.J.A. Slart,MDPhD 1,3; L.Alic,PhD 4

1. Department ofNuclear Medicine and Molecular Imaging, University Medical Center Groningen, University of
Groningen,Groningen, The Netherlands

2. DivisionofArtsandScience,Texas A&M University atQatar,Doha,Qatar
3. Department ofBiomedical Photonic Imaging,Technical Medical Centre,FacultyofScienceand Technology,

University ofTwente, Enschede,The Netherlands
4. Department of Magnetic Detection andImaging,Technical Medical Centre,FacultyofScienceand Technology,

University ofTwente, Enschede,The Netherlands

Abstract-Background Thisworkaimstoinvestigatethe
feasibilityofanexplainablemachinelearningmodelbasedon
radiomicsfeaturestodifferentiatebetweengiantcellarteritis
(GCA)andatherosclerosisinaortic [18F]FDG-PET scans.
MethodTwenty [18F]FDG-PET scans(tenofpatientswithGCA,
tenwith atherosclerosis)wereretrospectivelyincluded.Theaorta
wasdelineatedintofoursegments(ascending,arch,descending,
andabdominalaorta).Intotal,93radiomicfeaturesandtwo
quantitativefeatureswereextractedfromeachofthe80segments.
Fourdifferentfeatureselectionmethodsandfourclassifierswere
usedtoidentifyimportantfeaturesforthemachinelearningmodel
anddeterminetheprobability.Themodel'sperformancewas
evaluatedusingaccuracyandAVC. Toenhanceexplainabilityof
themodel,featureimportancewasdetermined,andanocclusion
sensitivitymapoftheaortawascreated.
ResultsThecombinationofthefirst-orderskewness,GLDM
dependencenon-uniformity,andGLRLM run entropyfeatures
showedthehighestaccuracyand AVC of, 0.90±0.08and
0.960±0.029,respectively.
ConclusionThisstudydemonstratedthepotentialofan
explainableradiomics-basedmachinelearningmodelforthe
differentiationbetweenGCAandatherosclerosisin [18F]FDG-
PETscans.

Keywords- giantcellarteritis, atherosclerosis,l"F]FDG-
PET, explainablemachinelearning, radiomics

I. INTRODUCTION

Giant cell arteritis (GCA) IS a systemic
inflammatory condition of the arterial vessel that often
causethe accumulationofimmunecells within the vascular
walls.Thiscanleadto vessel stenosis and consequent
occlusion.Atherosclerosis,alsoan inflammatorycondition
ofthe arterialvessel, causesnarrowingofthe arterialvessel
by plaque forming with calcification and potential to
rupture [1].Thetwo conditions have similarities as both
conditions are characterized by inflammations inthe
arterial walland nonspecific symptoms. However,
differentiation between these two conditions is of
paramount importance, sincethe treatment of GCA
consistsofhigh-doseglucocorticoidsandtheside effects of
this treatmentcanbe substantial[2]. Therefore, treatment
stratification is crucial to minimize diagnosticuncertainty
to ensure appropriatetreatment [3]. Diagnosis of both
conditions relies strongly on clinically used imaging

2372-9198/23/$31.00©2023 IEEE
DOl 10.11 09/CBMS58004.2023.00162
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modalities: i.e. computed tomography (CT), magnetic
resonanceimaging(MRI), ultrasound(US),and 2-deoxy-
2-[18FJfluoro-D-glucose positron emission tomography
(esFJFDG-PET). As activated inflammatorycells exhibit
increased glycolytic activity, the eSFJFDG-PET isan
indicatorof inflammation[4]. However, since GCA and
atherosclerosisare both characterizedby inflammations,
they exhibit similar elevated [lsFJFDG uptake. Although
atherosclerosisshowsa more 'patchy' patternand GCA
looksmore homogenous,visually distingnishingthe two
conditionsusing eSFJFDG-PET remainschallenging[5].

The eSFJFDG-PET imagesaretypically evaluated
using qualitative or quantitative methods. Qualitative
grading is based on visual interpretationbya nuclear
medicinephysician [6].The quantitativeanalysis involves
a calculationof parameterssuchasthe meanor maximum
standardized uptake value (SUV). However, both
approachescanbe influenced byfactors such asnoise,
patient-specific variables, andlack of standardized
interpretationcriteria [7]. Texture features derived from
[lsFJFDG-PET images are increasingly investigated as
imaging biomarkers forthe quantitative description of
heterogeneity[8J. These imagingbiomarkers,referredtoas
radiomics, analyze a high number of image features
containing important information that may notbe
appreciatedbythe human eye[9].The texture analysis
provides information about the distribution of specific
image properties, andhas therefore a high potential to
capturedifferencesin [lsFJFDG uptakepattern.Theuse of
radiomics inPET -basedvascular imaginghas shown that
texture analysis provides valuableinformationfor plaque
characterizationand the diagnosis of aortitis [lOJ[ll].
While texture analysis in conjunctionto machineleaming
(ML)hasa soundtechnicalbackground,using this method
in clinical applicationisyettobe confirmed.Moreover,the
ML models often lack interpretabilityanddonot provide
understandableexplanationsfor theirpredictions.Since the
decision-makingprocess inMLis difficult to understand
fora clinical expert, an explainableML model is highly
recommended[12J-[14].

Therefore, theaim of this study isto investigate
the feasibility of an explainableradiomics-basedmachine

Authorized licensed use limited to: University of Groningen. Downloaded on December 29,2023 at 09:07:32 UTC from IEEE Xplore.  Restrictions apply. 
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Foreachsegment,theSUI.was discretizedwith afixed
bin width of0.5,definedby equation2[21J

isotropic voxel of2.0x2.0x2.0mm3. ThePETimageswere
convertedfrom activity (Bq/mL)into standardizeduptake
value normalized toleanbodymass(SUL),as
recommended for patients witha higher bodyfat
percentage, which includes bothcohorts[20J.This
providesamore accurateassessmentofFDG uptake.

whereX representsthe individualfeaturevalue, !! the mean
calculatedoverall80 segmentsforthefeature,and c the
standarddeviationcalculatedoverall80 segments.After
standardization,features with a high linear correlation-a
Pearsoncorrelationcoefficient (Pearson's r) above0.9-
were removed.TheML modelwas trainedand validated
using80%(n=64) ofthedatasetand testedona holdouttest
setwhich consist out of 20%(n =16)of thedataset.To
ensurea randomizedandbalancedsplit,thedatawassplit
into train/validationand holdout sets baseduponpatient-
wise assignment.

WhereXa., isthe resampledintensity ofvoxel x, Xgl,x isthe
intensity of voxelx beforeresampling,Xgl,min isthe lowest
intensity intheROIand Wi, isthebinwidth. Xa.,is rounded
tothe nearest integer.The +1istomakethe lowest bin
valueequalto1[22].Atotal of93radiomicsfeatureswere
extracted:i.e.18 first-orderstatisticfeatures(FOS),24grey
level co-occurrencematrix (GLCM)features,16greylevel
sizezonematrix(GLSZM)features,16greylevel run-
lengthmatrix (GLRLM), five neighboring greytone
difference matrix features (NGRDM) and fourteen grey
level dependencematrix (GLDM)features . Besides the93
radiomicsfeatures" SULmax andSUL mean, were extracted,
makingatotal of95extractedfeatures.Shapefeatureswere
not included to exclude the influence of the manual
delineations. Features were extracted usingthe
standardized framework for radiomics inpython,
pyRadiomics, which isin compliance withtheImage
Biomarker Standardization Initiative (IBSI) gnidelines
[22].Forfeature selection purposes,all95featureswere
standardizedusingthe Z-score calculatedaccordingtothe
following equation:

(1)

(2)

(3)

Tissueactivity
Injecteddose

LBM

Z= X-ji
(J

x = Xgl,x-Xgl,min + 1
d,x Wb

SUL =

LBMMale =9270x body weight
6680+ 216X BMI

LBMFernale =9270x body weight
8780+ 244X BMI

Witha sex-wise LBM:

B.Segmentation
IntheCTimages , theaortas of all patients were

manuallyannotatedinto volumes of interest (VOl)using
Affinity Viewer (version2.0.3;HermesMedicalSolutions,
Stockholm, Sweden).Eachaortawas divided intofour
segments:the ascending aorta,aorticarch, descending
aorta,and abdominalaorta.After delineationonthelow-
doseCTscan,the overlayingco-registeredPETimagewas
usedtoensureall arterialFDG uptakewas includedandany
spillover uptakefrom neighboringtissuewas excluded
fromthe segmentation.ROlswerearmotatedbytwo
clinical experts. Thefinaldataset consistedof80segments:
40 segments inGCA-groupand40 segments in
atherosclerosis-group.

e. Machinelearning
The generalapproachforthe machinelearning (ML)

modelis illustrated inFig.1.ThePETvoxelswere
resampled usingcubic B-Spline interpolation toan

A.Studysubjectsandimageacquisitionand
reconstruction
Thestudy retrospectivelyincludedthedatafrom twenty

patientsfromtwodifferentcohorts:i.e.,tenpatientswith
GCA (GCA-group) [15Jandtenpatientswithtype2
diabetesmellitus (atherosclerosis-group)[16].Peoplewith
type2diabetesmellitushaveingeneralhigh formationof
calcifiedatherosclerosisandasother vasculardiseaseswere
an exclusion criterium of thecohort, vascular [18FJFDG
updatewasassumedtobe relatedto atherosclerosis[17].To
avoid interference withthe atherosclerosiscohort,GCA
patientswithlowlevels of calcifications wereselected.
Patientswithadiagnosis of GCAwere included ifthe
diagnosisofGCAstayedthesameforatleast6monthsafter
thefirstsymptomsanda [lsFJFDG-PET/CT scanwas
performedatthetime of diagnosis.Patientswere excluded
ifthey received morethanthreedays of prednisolone
therapy atthetime of the [lsFJFDG-PET/CT scan,to
prevent a false-negative [lsFJFDG-PETscan[18].The
inclusionandexclusioncriteriaofthe atherosclerosis-group
were previously described,butinshort:patients diagnosed
withdiabetesmellitustype2were includediftheyhadan
assessablepulsewave velocity atscreeningandwereona
stabledoseofmedicationtoregnlate bloodpressure-and/or
lipidcontent[16]. Exclusion criteria were:currentuse of
glucose-lowering drugs, diagnosis of cardiac vascular
disease,and uncontrolledhypertension.Allimageswere
acquiredusingan integratedPET/CTsystem (Biograph
mCT40or64-slice:Siemens Healthineers,Knoxville,TN,
USA).The FDG-PET/CT was imagedaccording tothe
European Association of Nuclear Medicine (EANM)
procedureguidelinesforimagingfollowingEARLcriteria
[19].AllsubjectsfastedforatleastsixhourspriortoFDG
injection(3MBq/kg).Theimageswere acquired60minutes
post-injection. [lsFJFDG-PETwas acquiredfromskullto
knee,3 minperbedposition.Allimageswere reconstructed
accordingtotheEARL recommendations,andresultedina
voxelspacing of 3.19x3.19x2mm3. Priortothe[lsFJFDG-
PET,alowdoseCTwas acquiredfor attenuationcorrection
andanatomiclocalization.

II. METHOD

learning modelto differentiate between GCAand
atherosclerosisinaortic eSFJFDG-PET images.
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E. Statistical analysis

Normalityofthedatawas testedusingthe Shapiro-Wilk
test. Depending onthe normality, the baseline patient
characteristicsof thetwogroupswere comparedusingthe
independentstudent'st-testortheMaun -WhitneyV test.A
p-valueof < 0.05was consideredstatistically significant.
Continuousvariablesare displayedas meanwith standard

D. PerformanceofMLmodel

The performanceof all combinations:i.e. increasing
numberof featuresfromonetoten,fourfeature selection
methodsandfour classifiers, (10*4*4=160)was evaluated
bythe holdoutset(n=16). The evaluationwas performed
byaccuracy, positive prediction value(PPV) , negative
predictionvalue(NPV)andthe AVe. Forthe modelwith
the highestAVC, aROCcurvewas createdandevaluated.

methods. Moreover,an occlusion sensitivity map of the
aortasegmentswas createdusinga kernelof (lOxl Ox5),to
set specific regionsofthe segmenttozero.Forevery region
the change in prediction probability was measuredand
mappedto visualize the influenceper region [13J,[25J,
[26J.The differencebetweenthe probabilityof thewhole
segmentandthe probabilityaftersettingregionstozero,
was plottedinan occlusionmap.Doingso,a heatmapfrom
the probability differences of theaortic segment was
created,depictingthe importanceof theseregions.

Allstepsinfeature selection and classification were
executedusingtheSci-kitLearn package(Version 1.1.3)of
Python (Version 3.9.12).

Figure1:Flowchartofthedifferentsteps.Ninety-threeradiomicfeaturesand SULm,m and SULm~ wereextractedfromthe80segmentsofthePETimages.
Featureselectionand classificationistrainedonthetrainingcohorttn-so-l),withaten-foldcrossvalidation.Predictiveperformanceisevaluatedontheholdout
set (n~16).

Thefeature selectionandclassificationmodelwas trained
by ten-foldcross-validationonthe trainingdata,randomly
assignedtothesegments.Fourfeature selection methods
wereusedto perceivethemost importantfeatures[23J:i.e .,
least absoluteshrinkageand selectionoperator(LASSO),
support vector machines-recursive feature elimination
(SVM-RFE), ReliefF,and minimum redundancy and
maximum relevance ensemble (MRMRe). Thesefeature
selection methods were chosen for their popularity in
literature, computationalefficiency, andpublicly available
implementationswhich increasesreusability[23].Toassess
the optimalnumberof features necessaryto differentiate
between GCAand atherosclerosis,tenfeature selection
modelswerebuilt (containing an increasing number of
featuresfromoneto ten)[24]. That resulted in10x4=40
feature selection models. Four different classifiers were
usedtoassessthe classificationquality foreach ofthese40
MLmodels:i.e. logistic regression(LR),support vector
machine-radialbasis functionkernel(SVM-REF), extreme
gradientboosting (XGBoost), and neural network (NN),
resultingin sixteendifferentmodelsperMLmodel.Forall
classifiers, the following hypermeters weretuned:
estimator(25, 100,250)andlearningrate(0.001,0.05.0.1,
0.4,0.8).Allothersweresetondefault.Every combination
of hyperparametersweretestedandthe combinationof
number of features, selection method, classifier and
hyperparameterwiththe highest area under the receiver
operatingcharacteristic curve (AVC-ROC) wasusedto
trainthemodels.

TomaketheML model more interpretable,feature
importanceof theselectedfeatureswas determinedusing
thescores ofthefeatures calculatedbythefeature selection
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Figure 2: AUC as afunctionofnumber offeaturesfortheholdoutset

TABLE II: Performanceevaluation for different numberoffeatures,
holdoutset (n~16), meanoflO-fold.Thesum ofTP, TN,FP,FN ~ 16.

inall ofthecases,whilethefeatureselectionmethodSVM-
RFEresultedinthelowestAUCvalues,regardless of the
classifierused.Theinfluence of thestep-wiseblocked
lOxlOx5kerneltotheMLmodelisillustratedasa
occlusionmapfortheGCAaorta.Theocclusionmapfrom
one of theGCAascendingaortasegmentsisillustratedin
Fig.4.Thelighterregionsintheocclusionmapindicatea
greaterinfluenceonthepredictionoutcomeforGCA,while
thedarkerregionsindicateagreaterinfluenceonthe
predictionoutcomeforatherosclerosis.

MRMRe
-NN

MRMRe
-SVM-

RBF

MRMRe
-NN

MRMRe
-NN

MRMRe
-SVM-

RBF

FS
metbod

classifier

~ Testset

AUC
(SD)

FN Accuracy
(SD)

4 6
Numb ero f feat ures

1.70.7 0.85±0.05 0.956
±0.024

1.70.7 0.85±0.05 0.955
±0.022

8.40.61.7 0.86±0.05 0.956
±0.012

8.30.70.9 0.90±0.08 0.960
±0.029

7.36.3

5.3

6.37.3

6.1

6.17.41.60.9 0.84±0.07 0.960
±0.023

2

4

0.960

0.955

0.930

0.935

0.940

0.950

~ 0.945

Number TPTNFP
of

features

deviation(mean±std)ormedianwithrange(median
[range])dependentonthenormalitydistribution of the
variable.Thestatisticalanalyseswereperformedusing
StatisticalPackagefortheSocialSciencesversion27.0
software(SPSSInc.,Chicago,IL,USA).

III. RESULTS

A. Patient characteristics

Themedianage of theGCAandatherosclerosisgroup
were63[56 - 74]yearsand64[44 - 76]years (p=0.57),
respectively.Theaveragebodymassindexofthetwo
groupswas27.3±5.4and32.0±7.8(p=0.14).
TableIshowsthebaselinecharacteristics of thestudy
population.

B. Feature extraction,selection, andclassification
Ofthe95extractedfeatures,53featureshada Pearson's

r valuehigherthan0.9andwerethereforeremovedfrom
thedataset.Theremainingdatasetconsisted of42features.
Theholdoutset(containing16aortasegments)wasusedto
assessthepredictivevalueoftheMLmodelsforallfeature
selectionmethodsandclassifiers.

TheAUCwasusedtoassessthe classificationquality
foreachindividualnumber of features,andforallfour
featureselectionmethodsandallfourclassifier
combinationsFig.2illustratesthehighestAUCasa
function of theincreasingnumber of featuresusedinthe
holdoutset.TableIIshowsthefeatureselectionmethod
andclassifierusedforeverynumber offeatures.Threeand
fourfeaturesshowthehighest,identicalAUCwith
accuracyslightlyhigherforthreefeatures.TableII
providestheperformancefordifferentnumbers offeatures,
whereamodelwiththreefeatureswasthemostoptimal:
i.e.,accuracy=0.90±0.08,PPV=0.90±0.05,and
NPV=0.90±0.05.Inorder of importance,thesefeatures
includedFOS-featureskewness,GLDMnon-uniformity,
andGLRLMrunentropy.ForFOSskewnessandGLRLM
runentropy,theGCAgroupshowedsignificantlyhigher
values (p<0.00l).FortheGLDM non-uniformityfeature,
therewasnosignificantdifferencebetweenthetwogroups
(p=0.13).

Fig.3aillustratesthemeanAUCforten-foldvalidation
of featureselectionmethods(rows)andclassifiers
(columns)foraMLmodelcontainingthreefeatures.The
ROC of thismodelisshowninFig.3b.Amongall
combinations,thefeatureselectionmethodMRMReand
classifierNNshowedthehighestperformancewithan
AUC of 0.960±0.029.MRMReincombinationwithNN,
LR,SVM-RBF,orXGBshowedthehighestAUCvalues

5.96.62.4 1.1 0.78±0.05 0.930
±0.031

6.27.1

6.16.9 2.10.9 0.81±0.04 0.946
±0.026

MRMRe
-LR

MRMRe
-LR

MRMRe
-LR

MRMRe
-LR

MRMRe
- XGB

0.9 0.80±0.05 0.940
±0.028

1.6 0.84±0.07 0.929
±0.037

2.3

1.90.8 0.83±0.04 0.951
±0.019

6.7

5.4

6.1

9

6

7

10

TABLE I: Baseline characteristicsofthetwogroups

GCAgroup Atherosclerosis
Characteristics [ns-Lil] group [ns-Lil} p-value

Age(years (median
63[56- 74]64[44 -76] 0.57

[range]))

Sex (female) 6(60%) 5(50%)0.66

BMI (kg/m' 27.3±5.4 32.0±7.8
(mean±SD)) 0.14

Diabetesmellitus
1(10%) 10(100%) <0.001

typeII(yes)

FBGL (mmol/L
6.5 [5.2-10.8]6.3[5.6-7.2](median[range])) 0.27

SD ~ standarddeviation;BMI ~ bodymassindex; FBGL ~ fasting
bloodglucoselevel

TP ~ true positive; TN ~ true negative;FP ~ false positive; FN ~ false
negative; Ave = areaunderthe operatorcurve.
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0.55

d assifiers

0.95 assessesthe randonmessinthegreylevels.Forboth,a
higher value indicating amore heterogeneoustexture
pattern [22].Inourstudy,therewasnota significant
difference between thegroupsforthe GLDM non-
uniformity feature(p=0.13).Thevaluefor GLRLM run
entropyis siguificantly higherintheGCAgroup compared
with the atherosclerosis group(p<0 .001). Thisfinding
indicatesa higherrandonmessof textureinGCA, which is
notin accordancewith visual findings,statingamore
homogenouspatterninGCA[5J,[6].The outcomefrom
ourstudysuggestthat high valuesare observed in both
groups,onlyvaluesfortheGCAgrouparehigher. Visually
itcanbe difficult tonoticethedifference,theMLmodel,
ontheotherhand,can distinguish these differencesusing
the extractedfeatures.

In radiomics, thereisno consensusonthefinal
numberof features.Somestudies suggest thatthefinal
numberof features shouldbe approximatelyten percentof
the numberofpatients[31J,whileotherstudiessuggestany
number regardless of the number of patients [30].To
decreasethechance of overfitting wesetthe maximum
numberof featurestoten.

Tothebest of our knowledge,onlytwo previous
studies,bothfrom Duff etal.used radiomicsto diaguose
GCA, showinghighperformancewith AVC scoresranging
from0.80to1.00[11J,[32].However,thedatasetwas
prunedto excludeGCA-patientswithout imagingevidence
of activeGCA,andto exclude control subjects with
atherosclerosis.

The occlusionmap of theaorta segmentshowed
thatthe lighter theregions,the higher the positive
probability difference.Thissuggestthattheseregions
containimportantinformationforGCA prediction.Onthe
otherhand,darkerregions,witha negative probability
difference, contain mostlikely information for
atherosclerosisprediction. Overlayingthe occlusion map
allowsforthe nuclearmedicinephysician to identify the
regionsof importancefor decision-making.

Therearesome limitations tothisstudy.Firstly,
thesmalldataset potentially limitsthe generalizabilityof
theresultsandtheability of themodelto performwellon
newdata[33]. Therefore,a largerdatasetis preferableto
validate themodeL Moreover, the limited samplesize
increasestherisk ofoverfitting. Althoughfeature selection
methodsanda holdoutsetwereusedtoavoid overfitting.
therewasstilla possibility of overfitting. Secondly, thisis
a single-center, single-scannerretrospective study.To
furtherdevelop, validate and generalize the predictive
model,a prospective multi-center studyis needed.
Furthermore, theaortais manually segmentedbytwo
observers. However, a (semi)-automatedsegmentation
methodwould be preferredto increasereproducibilityand
decreasehumanerror.
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Figure3:A)HeatmappresentingperformanceintermsofAUCfor
differentfeatureselectionmethodsandclassifiers.Thecombinationof
MRMReandNNshowsthehighestpredictiveperformanceforthree
selectedfeatures .8) ROCcurvethebestperforming combinationof
featureselectionmethod(MRMRe)andclassifier(NN)fortenfolds,
numberoffeatures = 3.

IV. DISCUSSION

Inthisstudy,we demonstratedthe feasibility for
radiomic analysis to differentiate between GCAand
atherosclerosis intheaorta based upon[18FJFDG-PET
images.Theresults of ourstudy indicatedthatamongall
the combinations tested,thefeature selection method
MRMRe in conjunctionwiththe classifier NN exhibited
thebest performance.Furthermore, theMLmodel with
threefeatureshada highest AVC of 0.96±0.029.This
modelemployedthe following threefeaturesto distinguish
GCAfrom atherosclerosis:FOS-skewness, GLDM non-
uniformity, and GLRLM run entropy. Positive valuesfor
skewness indicate thatthereisa substantial number of
bright pixels within theROI, indicating higher [18FJFDG
uptake[22]. Thisisin accordancewith different studies
showing a higher intensity forGCA compared with
atherosclerosis[5J,[27J,[28J,[29]. GLDM and GLRLM
are both textural featuresthat quantify heterogeneityby
analyzing thespatial arrangementof voxel values[30].
GLDM non-uniformity measuresthe similarity of grey-
level intensity values,whereas GLRLM run entropy
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Figure4:Occlusionmapofaortasegment(kernelsizeI OxlOxS),showing
whichregionscontainimportant information forthe decision-making
processofthe MLmodel.
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