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Summary

Background— Contrastenhaning low-grade dffuse astrocytomas are an undstudied,
aggressive subtype dincreaed lisk becage of few radograplic indications of malignan
transformation. Inthe currehstudy, wetested whehertumor growth kingtics codd idertify
tumors that undergamalignart transformation to higher grade

Method s—Thirty paierts with urtreaed dffuse astrocytomas (WHO 11) tha underwehtumor
progressbn were enribed. Contrastenhaning and T2 hypéntense tumor regons were
segmened andhe radus of tumor a two time pantsleadngto progresson was estimated. Radal
exparsion raes were sedto estimate prdiferaion andinvasion raes using a hbomathematicd
modd.

Results—Radal exparsion raes for bah corrastenhaning (p= 0.0040) and T2 hypiterse
regons (p = 0.0016) weresignificartly higherin WHO 111V tumors compared vith
nortrarsformers. Similary, modd estimates showed asignificartly higher prdiferation (p=
0.0324) andnvasion rge (p= 0.0050)in WHO II-1V tumors compared vith nortrarsformers.
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Conclusion—Tumor growth kingtics canidertify corntrastenhaning dffuse astrocytomas
undergang malignan transformation.

Keywords
glioma grovth modd; growth rae; low-grade §omas; malignart transformation; MRI

Low-grade dffuse astrocytomas corstitute asignificart number of nevy diagnesed pimary
bran tumors each year [1]however, progngisand dinicd managenert of diffuse
astrocytomas vaiies widdy andthereis currerly no corsersus asto how, or when, idfuse
astrocytomas shoud betreded.Becawse ofthe réatively berign behaior andslow growth,
many diniciars bdievethereis insufficiert evidenceto justify aggressive treamert for dl
diffuse astrocytomas [2], sincemanytreamerts canleadto substartia toxicity issues and
morhidities. Other diniciars arguethat treamert of dl diffuse sstrocytomas may prevenh
malignart transformation (.e.,transformation of dffuse astrocytomas to malignart tumors
such & glioblastoma [GBM]) [3]; yet, thereis littl e evdence for wasened otcome when
treament is deferred [4]Contrast-enhaning dffuse sstrocytomas are an aggssive subtype
tha represert approxmately 34% of 8l low-grade atrocytomas and haveshorter overdl
and progresbn-freesurvival compared vith nonenharniaglow-grade atrocytomas [5].
Despite beng an aggresive phentype, howevermany conrastenhaning low-grade
astrocytomas remain WHO |l even der recurrence and cafsaremain rdatively inddent
for monthsto yeas. Becase corrast-enhaning dffuse sstrocytomas are an undstuded
pdiert popuation with increaed iisk of tumor recurrence and few raxdjyraphc indications
for trarsitioning to higher gradethereis a need for devepmert of norinvasive todls that
can quatify risk of malignart transformation to ogtimize dinicd managenert strateges.

Currertly, dinicians rely on rdatively subjedive sssssnert of sefial MRIsto gd a broad
serse of aggresivity based on how fat alow-gradetumor appeasto be groving overtime.
Brain tumor growth charateristics aretradtiondly estimated by véumetry, or segmertation
of thetumor regon ofinterest at each fdl ow-uptime pant and céculating the rde of
changen vdume per uit time. A recehstudy byRees et al. [6] demonstratedthat simple
estimates of tumor vdumes and growh raes can provde more rdiade and edy insight
into wheher a paticular low-grade §oma will undergomalignart trarsformation.
Spedficdly, investigaors notedthat low-grade tjomasthat evenudly trarsform to higher
grades have fater tumor growth raes from thetime of dagnais, and wthin 6 months of
tumor progressonthere wa accéeraion ofthese growth rates. Therefore, we hypbesized
tha amore sophisticated homathematicd modd of glioma growth andinvasion may dso
provideinsight into wheher dffuse sstrocytomas are undergmg malignart trarsformation.
In paticular, we hypthesizetha growth kinetics estimated wsing aspatiotempord glioma
growth modd of tumor cdl dersity as a fundion of bah space andime [7-9]may bdter
predct malignart transformation, sincethis modd has beenshownto provide vdualle
pdiert-spedfic information wsedto predect resporse to therapy [10—13] anthere have been
few appi caions of this modd to low-grade §omas [14,15]. This, the purpee ofthe
currert study wasto exgore whehertumor growth kingtics estimated sing a
biomathematicd modd of tumor growth andinvasion appiedto serial MRIs coud stratify
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cortrastenhaning low-grade dfuse astrocytomas paientstha undergamalignart
transformationto higher grads at thetime of suspededtumor recurrence.

Method s

» Biomathematical m odel of tumor growth & invasion

A biomathematicd modd of tumor growth andinvasion was previously described wsing a
reation—dffusion patial differertial equdion, quartifying cdl dersity as a fundion of bdh
space andime [7-9]. Ths modd is deilived fran amore genethizedmass-bdance
equdion,in whichthetotal number oftumor cdls in aspedfic locdion canincreae by
eithertumor cdls migrating into this regon or bytumor cdls prdiferaing. Mathematicaly,
this can be dscribed &:

Rate of change in cell density cell proliferation
,-5—/\—-\ cell invasion
d—f(:(x,t) ==V (DVe(x,t)) + p-c(x,t) (1 - %)

where c(xt) is thetumor cdl dersity (cdls/mmd) as a fundion of bdh pasition, x, andime,
t; D is tumor cdl motility or dffusion (mm?/year)p is tumor prdiferaion rae (yearl); and

p-c(x,t) (1 - %)

is alogistic tumor growth term governed byhetissue cdl carrying capaity, K (cdls/mmd).
Previous investigators have #so showntha the asymptotic estimate ofthe rae of radal
growth ofthetumor (i.e., vaocity of the growng tumor wavefron) overlong grovih times
can be stimated wsing Fisher's approxmation [9,10,12]

v=2./Dp

Consisert with themethods outlined preiously by aher groug, regons of cortrast
enhancmert on pateortrast T1-wdghtedimages and T2 hypédntense regons on T2-
weighted or fuid-atenuaedinversion recovery FLAI R) images were aumedto represent
80 and 16% ofhe carryng capatty (i.e., 0.8 K and 0.16 K), spedively (Figure 1) [12].
The veodty of rada growth of thetumor can be daulated by anbyzing serial imagng (e
few astwo) for anindividud patiert, then wsing Fisher’s approxmation estimates of D-p can
be déemined. Addtiondly, the T1-wéghted and TZLAI R images from asinge day can
be wsedto inferthe gradert of tumor cdl dersity, giventhe approimationto the carryng
capadty nated above. Tis gradent is relatedto the ‘invisibility index’, D/p, which
combined wth Fisher's approxmation dlows for dired estimation of D andp, as outlined
previously. [7,9,12,13].
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A total of 30 paients with newy diagnesedlow-grade (WHO I1) dfuse sstrocytomas tha
underwentumor progreson falowed bysurgicd resedion with & leasttwo sequettial
cortrastenhaning MRI scars (onescan & thetime of recurrence and omeanjust prior to
recurrence) undergag notherapy athetime of recurrence weretrespedively idertified
inthe UCLA Neuro-Oncdogy Daabae bdéweenJanuary 2005 andanuary 2013. (N
cortrast enhancmen is requred for andysisand 34% ofow-grade dffuse asstrocytomas
have cotrast enhancmert). Of these 30 péients, 14 pdierts did nd progressto a higher
tumor grade (WHO II-NT, or nanarsformers), eight patierts transformedto anapastic
astrocytomas (WHO II-IIl) and eght paienstrarsformedto GBM (WHO II-1V) via
histology. The averagmtervd beweenthese two MRI scars for dl paierts was
approxmately 304 dag (range wa 54—-2112 daybeaweenscars) andthe averagentervd
did na differ beaween péiert groups (ANOVA, p = 0.4499 WHO II-NT = 228 dag, WHO
[I-1Il = 453 dag, WHO II-1V = 288 dag). Daa acqusition were perfanedin canpliance
with dl appicalde reguiations of the Heidth InsurancePortahility and Accoutahblity Act.
All UCLA patiertsin this study signedinstitutiond review board-approvenhformed
coreert to havethdr daaindudedin our research deabase.

* Magnetic res onance imaging

Standard an@micd MRIswere acqired by wsing ather a 1.5T $igna Exite HDxt GE
Medcd Systems, Waukesha, WL Sonaa or Avarto, Siemens Hedthcare, Elangen,
Gemany) or 3TMR system (Trio, Velio or Skyra, Siemens, Edangen, Ganany).Scan
sessonsinduded &leastthe minimum requred forimplemenrtation in the mathematica
modd, or precotrast and patcortrast (gadopetetate dmedumine, Magnevst; Berex,
Wayne, Newdersey; 0.1mmol/kg) axa T1l-weghted fast spin echaimages with matched
scan paraneters dong with T2-weghted fast spin echo anfbr FLAIR images. All images
were acqired wsing puse sequencssuppied bythemanufadurer.

e Tumor segmentation & volume estimation

Contrastenhaning and T2-wighted hypemtense tumor regons weresegmerted by sing
standardtechnques. Briefly, postcortrast T1-wdaghted and gher T2-weghted orFLAIR
images were Zscore Gasgsianintersity nommalized {.e.,images were zeraneaned and
scded bythe whde bran standard deiation ofimagng intersities) andtumor area were
isolated bythreshdding theimages based on a zscore vadue.Find segmertations were
manudly edtedto exdude notumor or erroneositissues. A spheiicd approxmationto the
resulting tumor vdume, V, wa usedto estimate the radlus of tumor on bdh postcortrast
T1l-weghted and gher T2-weghted orFLAI R images using the fomula:

_afsv

V4ﬁ

This procedure warepeaed for bdh recurrencecars and forscars just prior to recurrence.
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« Definition of disease progression

Progresson was defined prapedively by thetreaing neuro-onclmgistsif subsequen scars
showed arincreae inimagng-evduale tumor (>25%increae in thesum of enhaning
lesions, new enhariag lesions >1 an?, an unegivocd quditative increae in nonenhariag
tumor or an unegwocd new area of noncarast-enhaning tumor). Addtiondly, paierts
requringincreaed dsage ofsteradsin orderto maintain neurdogic fundion, eveninthe
absence of wosening on antomicd images, were cosideredto bestalle, bu required ealy
reevduaion. Patients who expeiencedsignificart neurdogic dedine were o dedaredto
have progreed d thetime ofirrevessible dedine.

» Hypoth esis testing & statistical analysis

Results

Becawse radal exparsion,invasion and prbferation raes were né nomally distributed, a
nonparanetric Kruskal-Walis test was perfomedto examine dfference acrsspdient
groups (WHO II-NT; WHO lI-lll and WHO 1I-1V). Dunnstest was perfomedto exanine
individud differencesin radal exparsion,invasion and préferation raes beween group.
A p-vdue oflessthan 0.05 wacorsideredsignificart after agusting for multi ple
compaiisons. Additiondly, a recéver-oper#or curve ROC) andysiswas perfomedto
determinethe alility for radal exparsion,invasion or growh raesto predct tumors that
will undergamalignan trarsformation & thetime of recurrence. The area untteg ROC
curve (AUC) was used & ametric of ROC perfomance.

Consisert with our hypoheses and preious observaions, paierts with cortrastenhaning
diffuse astrocytomas demonstrated changgin tumor size overtime tha appearedo increae
with increaing malignancy.For exanple, pdierts with cortrastenhaning low-grade
astrocytomas at thetime of recurrenc¢ha did na trarsform into higher gradeéumors
(WHO [I-NT) showed oty small changsin tumor size when compared vith the scars
prior to recurrenceRigure 2A-D), whereapatierts with dffuse astrocytomas that
transformedto anagestic sstrocytomas (WHO 11-111) at recurrenceshowedslightly more
tumor growth canpared vith nortransformers (Figure 2E—H). Addiondly, paierts with
diffuse astrocytomas that trarsformedto GBM (WHO [I-1V) at thetime of recurrence
showed very rajul, dranatic changein ther tumor size when exaining the scars leadng
upto recurrenceKigure 21-L).

A closer exaninaion of simple dffuse astrocytoma growth measuremerts during tumor
recurrencesubstartiatedthese generbobservaions. In paticular, results suggested a
significart differencein the rde of radal exparsionin the corrastenhaning potion ofthe
tumor (Figure 3A) (Kriskal-Wadlis, p = 0.0040) vith tumors tha degenergedinto GBM
showing asignificartly higher rae of expasion canpared vith those that did na trarsform
(Dunn’stest, adusted p= 0.0059). Ameasured rae of radal exparsion of enhaniag tumor
morethan 29 m/day durng tumor progresson had aensitivity of 81% andspedficity of
86% foridertifying tumorstha trarsformedto high-grade strocytomas (Figure ) (ROC
andysis AUC = 0.85 + 0.0%tandard error ofhemean, p= 0.0012).Similary, the rae of
rada exparsioninthe T2FLAIR hypeintense regons of thetumor dso showedsignificart

CNSOncol. Author mantscript; avalabde in PMC 2016May 01.
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differences anong pdient groups (Figure B) (Kruskal-Wadlis, p=0.0016).Multiple
compairisons testing confrmedtha nortrarsforming dffuse astrocytomas hadsignificartly
lower rdes of T2FLAIR radal exparsion canpared vith bah tumorsthat recurred a
anapastic astrocytomas (WHO II-lII; Dunn’stest, adusted p= 0.0174) awell asthosetha
transformedto GBM (WHO II-1V; Dunn’stest, adusted p= 0.0050).Similarto radal
exparsion raes of enhaning tumor regons, radal exparsion raes of T2FLAIR
hypeinterse regons higherthan 45 m/day duing progresion showed an 82%ersitivity
and 86%spedficity of idertifying dffuse astrocytomas undergong malignart
transformation (ROC andysis, AUC = 0.88 £ 0.06, p= 0.0004).

Mathematicd modding estimates of tumor motility and prdiferdion raes detived fran
rada exparsion rde measuremerts showedsimilartrendsto T2/FLAIR and cofrast
enhaning radal exparsion raes, respedively. Estimates of prdiferaion rae, p, vaiied
significartly by pdient group Figure 3D) (Krigskal-Wadlis, p = 0.0324), for with
proliferaion rae duingtumor progresibn was higherin low-grade atrocytomas tha
transformedto GBM (WHO II-1V; Dunn’s test, adusted p= 0.027) baino dfference wa
observed béawveen notransformers andtumorsthat recurred aanapastic astrocytomas. The
average prioferaion raes were 2.06 yeat for nortransformers, 3.87 year* for WHO 11—
Il trarsformers and 10.22 yeat for WHO 1I-IV transformers. An estimated prdi feration
rate morethan 3 year! showed asersitivity of 63% andspedficity of 86% ofidertifying
malignart transformation (Figure ¥) (ROC Analysis AUC = 0.75 + 0.09, p= 0.0222).
Tumor invasion ormoatility rate, D, wa dso significartly differert acresspaient groups
(Figure 3E) (Kruska-Wadlis, p=0.0050). The averagamor cdl motility rate was 12.34
mm?/year for notrarsformers, 100.4mmé/year for WHO lI-llItrarsformers and 117.5
mmélyear for WHO lI-IVtransformers. Similar to estimates of T2FLAI R radal exparsion
rates, tumor invasion raes measured Lsing the mathematicd modd vaiiedsignificartly
between notrarsformers and bah dffuse astrocytomas that trarsformedto anapestic
astrocytomas (WHO II-III; Dunn’s test, adusted p= 0.036) andhaose that trarsformedto
GBM duiing prograsion (WHO II-1V; Dunn’stest, adusted p= 0.014). Aninvasion rae
during tumor progreson higherthan 18mmé/year had a 75%ersitivity and 86%
spedficity of daeding malignart trarsformation (Figure 3H) ROC Andysis AUC =0.85 +
0.07, p= 0.0012). The @0 of invasion rae to prdiferaion rae, ameasure of réative
invasivenessof thetumor, was dso significartly differert acresspaien groups (Figure 3)
(Kruskal-Wadlis, p= 0.0192), vith significartly different measures of invasivenessbeween
nortrarsformers and dffuse astrocytomas that recurred aanapastic sstrocytomas (Dunn’s
test, adusted p= 0.0202). A réio of D/p>15 had aersitivity of 75% andspedficity of 86%
for idertifying tumors tha trarsformedto higher gradéumors during progresin (Figure
3H) (ROC Andysis AUC =0.79 + 0.09, = 0.0078). Ncsignificart differencein the area
underthe ROC curve sedto ddineae noriransformers from diffuse astrocytomas tha
underwetmalignart trarsformation & thetime of progresion wa deteded acrgsany of
thetumor growth metrics evduaed Figure 31) (ANOVA, p= 0.7387), btithe rde of T2
FLAIR rada exparsion showedthe best perfomance. Depite similar perfomance most of
themetrics demonstrated high spedficity but low sensitivity for idertifying malignart
transformation.
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Discussion

Unlike GBBM (WHO 1V), low-grade iffuse astrocytomas (WHO II) cantypicdly be
cortrolled with standardtherapy formany yeas; however the pregse timing andtype of
therapes arestill cortroversial. During rodine fdlow-up ortherapymany paiernslead
nomal lives with nealy intad baseline neurtogicd fundion. The abity to conrol diffuse
astrocytomas as a chromc disease, howeveris usudly abrugly interruged bythe
devdopmert of malignart trarsformation. Malignart trarsformation is fundiondly defined
as occuring when a fjomaincreaesin histologicd grade however this remains a pooty
undestood procesby which diomas somehow acqire more aggresive fedures ultimately
leadngto dedh from ragd and uncotrolledtumor growth. Thereis tremendots vaiiahlity
in the repotedlikelihood ofmalignart transformation, rangng anywhere frm 35to 89% of
tumors evduated [16—18]. Thehred posed bymalignart transformation is amplified bythe
fact tha trarsformation wsudly occus withou apparehwarning evenn pdierts tha may
have beemstade formany yeas. Prevertion and edy idertificaion of malignart
transformation, thereforejs veryimportart to providethe best hope ofimproving survival in
pdierts with low-grade dffuse astrocytomas.

Results from the currehstudy suggest that malignart trarsformationin cortrastenhaning
diffuse astrocytomas result in a rapd expasion of conrastenhaning and T2 oFLAIR
hypeinterse regons. Both rapd radal exparsion raes aswell as e evaed estimates of
growth andinvasion raes obtained sing the dioma grovith modd idertifiedtumors
undergang malignart transformation with a high spedficity, bu reatively low sersitivity,
when evluaed duing the durdion oftumor progresson. Although beyondhescope ofthe
currert study, the rdes of change and whleerthe tumors undergamalignart trarsformation
also appearetb corrdate with the pdtern of enhanaaert. Complimertary to the study
Paludet al. [19], we ndicedtha more nodular tumors tendedto have Igher grovth raes
and hgher raes of malignarn transformation canpared vith bah ring enhanimg and
pachier or fantly enhaning tumors, suggesting the patern of cotrast enhancment may
also provdeimportart insight into bran tumor behavor.

Consisert with the recehrepot from Rees et al. [6], simple estimates of radal exparsion
rates appearedo be abe to idertify tumors undergong malignart trarsformation.
Interestingly, radal exparsion raes perfomedslightly better thanmore sophisticated
measurements obtained sing the dioma grovith modd. ROC anaysis aso confrmedthis
observaion, showing slightly higher perfomancein T2/FLAI R rada exparsion rees
compared vith dl othermetrics. This suggestsestimates of tumor exparsion raes on bah
cortrastenhanced T1-wghted and T2 oFLAI R images may besufficiert for quickly
idertifying corrastenhaning dffuse atrocytomas at risk for progressingto amore
aggressive tumor type. However, iferert combinadions of D andp can reult in similar
measures of radal exparsion; therefore more sophisticaed measures of tumor growth raes
may provde addtiond information beyondhat of exparsion vdodities.

There are a maber oflimitations that shoud be addrssdin the currenstudy. First,
evduaion of growth kinetics using the dffusion-reation rdies onthereto bemeasurale
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cortrast enhancmen a al time pants during the evéuaion. Sincethe majority of diffuse
astrocytomas are nonenhareg becaee theytypicdly lack histologicd feaures of vascular
proliferaion, evauationis limitedto cortrastenhaning low-grade atroctyomass using the
currert mathematica modd. Ancther pdertial limitationin the currehstudyis the
assumptiontha complex growth charateristics can be stimated fran relatively simple
measuremens on MRI scars a two time pants. In the currehstudy we focsed onthe wse
of two sequetial MRI scarsleadng upto thetime of recurrencen orderto deemine
whethermalignart trarsformation can bedertified, however, preious studies using this
modd chose to usetwo arbtrary time pants during therapy. Addiondly, the curreh
mathematicd modd does nat accoun for the regliar use of coticosterads, which can éer
the anourt of edena and cotrast enhancmert observed onMRI scars. Similarly, the
currert modd is limitedin tha it assumestha T2/FLAI R hypeinterse redons cortains a
spedfic amourt of infiltrating tumor, whichis nat aways the cae. Area of wdl-
circumscribed nonenharmeg tumor can have tetively high cdlularty and hgh
proliferaion raes, wherea other regons of exendng vasogeric edena can have a vetpw
concettration oftumor cdls. Regons of cortrast enhancment do nd aways cortain the
highest dersity of tumor cdls, as cortrast enhancmert can havenixed propotions of
derse, prdiferaing tumor as well asincreaed vacular pemeability from treamert-related
effeds such & radonecrais or pseudoprogreson. Further, regons of necrdic tumor
growth are no exdicitly represertedin the grovth modd, which corstitutes andher
limitation ofthe currehmodd. Additiondly, dueto the rdrospedive ndure ofthe study,
molecuar charateristicsinduding IDH1 mutation andMIGMT methylation status were na
known bu likely played asignificart role in prognaisand reporse to therapy. Latly, the
currerily implemented modd based on preious methoddogy [7,9,12,13] ses spheiicd
approxmationsto estimate the radal exparsion raes by first quanifyingthe vdume of
tumor from MRI scars. The convesion from volumetric to radal exparsion estimates can
introduce erras asthetruetumor geanetry deviates from spheicd geanetry (i.e., hgher
surface ared@o vdume ofthetumor).

Conclusion

Diffuse astrocytomas are dverse and hterogeneositypes of tumors with significart
variahlity in growth charateristics andsurvival times. This heerogengy of biologicd
behavor hasledto a dverse range of omions on ogimal treamert strateges. Dedsions
regardng whento proceed vth surgery, whéher bopsy or resedion, and whero use
radation or chenotherapes al remain ares of adive debge [20]. Gventhelack of
definitive dda regarthgthe besttreamert options andthe myriad oftreament approache
avdlabe, information abotitumor growth charateristics may be véuale for pesondized
tumor managenert in dffuse astrocytoma.

Future perspective

Results from the currehstudy suggest simple measures of radal exparsion may be seful
for predcting pdiertstha will undergamalignart trarsformation. Ths information may be
useful in future dinicd pradice for ealy idertificaion oflow-grade §joma pdierts a high
risk for malignart trarsformation, for whch more aggresve tregment may be necesary.
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Figure 1. Estimation of relative tumor cdl density for usein the mathematcal model using

anatomic MRI scans

A line drawn fron the ceter ofthe tumor towardthe peiphery on A) cortrastenhaning
tumor on patcortrast T1-weaghtedimages and 8) T2 hypeinterse regons on T2-weghted
or FLAI R images depicts area of high andow cdl dersity, respedively. As shownin (C),
the edge ofhe cortrastenhaning tumor is usedto describetheisocdl ulaiity line a 80% of
thetisaue carryng capaity while the edge othe T2 hypeinterse |lesion describes the
isocdl ularity line & 16% ofthetissue carryng capaity. These measuremerts are sedto

estimate the gradert of cdl dersity acrssthe bran.
FLAI R: Fluid-atenudedinversion recovery.
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T1+C T1+C FLAIR FLAIR
progression 84 days prior progression 84 days prior

T1+C T1+C FLAIR 2
progression 98 days prior progression 98 days prior

WHO i1l

T1+C T1+C FLAIR

progression 106 days prior progression

WHO -1V

Figure 2. Examples of contrast-enhancing diffuse astrocytomas
(A-D) WHO Il diffuse astrocytomastha did na trarsform (nortrarnsforming). (A)

Postcontrast T1-wdghtedimage @radograplic progression. B) Postcortrast T1-wdghted
image & previousimagngtime pant, 84 da prior to progression. (C) T2-waghtedFLAIR
image aradograplic progresson. O) T2-waghted FLAIR image 84 dayprior to
progression. E-H) WHO Il diffuse astrocytomas that trarsformedto WHO Il anapastic
astrocytomas. (E) Postcortrast T1-weghtedimage aradographic progreson and
malignar transformation. ) Postcortrast T1-weghtedimage & previoustime pant, 93
days prior to radograplic progresbn. (G) T2-weghted FLAI R image &thetime of
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progressbn andmalignar transformation. H) T2-weaghtedimage 93 dagpriorto
radographic progression andmalignart transformation. (—L) WHO Il diffuse astrocytomas
that transformedto WHO 1V dioblastoma. () Postcortrast T1-waghtedimage &
radographic progression andmalignart trarsformationto glioblastoma. (J) Postcortrast T1-
weightedimage 106 dagprior to recurrence anehalignart trarsformation. K) T2-
weighted FLAI R images at progressbon and ) T2-weghtedimage 106 dayprior to
recurrence anttansformation.

FLAI R: Fluid-atenudedinversion recoveryNT: Nortrarsforming.
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Figure 3. Radial expansion rates and glioma growth kineticsin contrast-enhancing diffuse

astrocytomas

(A) Rate of radlal exparsion of cortrast-enhanéng tumor (in um/day)showing a
significartly higher expasion raein diffuse astrocytomas that transform to dioblastoma
(WHO I1-1V) compared vith nortrarsformers (Dunn’stest, agusted p= 0.0059). B) Rate
of radal exparsion of T2ZFLAIR hypeintense tumor showing asignificartly higher
exparsion raein dffuse astrocytomas that transform to anapestic astrocytoma (WHO 11—
lII'; Dunn’stest, adusted p= 0.0174) or §oblastoma (WHO II-1V; Dunn’s test, adusted p
= 0.0050) conpared vith NT. (C) ROC curves showing the rae of radal exparsion for
cortrastenhaning (AUC = 0.85 + 0.07, p= 0.0012) and T2 hypitense tumor (AUC =
0.88 + 0.06, p= 0.0004) cold bah idertify tumors undergang malignart trarsformation
(WHO II-11l or WHO [I-1V) from NT. (D) Tumor prdiferation rae estimated fran the
mathematicd modd showedsignificartly higher raesin dffuse astrocytomasthat
transformedto anapestic astrocytomas compared vith NT (WHO Il-I1l; Dunn’stest,
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adusted p=0.0270). E) Tumor invasion rae showed asignificartly higher raein dffuse
astroctyomas tha transform to anagestic astrocytoma (WHO II-I1l; Dunn’stest, aqusted p
=0.0360) or goblastoma (WHO II-1V; Dunn’stest, adusted p= 0.0140) canpared vith
NT. (F) The invasiveness, or the rdio of D/p, was significartly different beween dffuse
astrocytomas undergang transformation to anagestic astrocytomas (WHO 11-I1l; Dunn’s
test, adusted p= 0.0202). G) Log-og dot of diffuse sstroctyoma grovth charateristics,
showing prdiferaion andinvasion raes for bah nortransformers andtransformers. (H)
ROC curves for invasion rae (AUC = 0.85 + 0.07, p= 0.0012), prbferaion rae (AUC =
0.75 £ 0.09, p= 0.0222) andnvasivenessraio (AUC = 0.79 = 0.09, = 0.0078). ()
Compatison ofthe area undehe ROC curve (ALC) showing slightly higher perfomance
when wsing the radal exparsion raes of T2/FLAI R hypeinterse tumor regonsthan dher
measures of tumor growth and expasion.

FLAI R: Fluid-atenudedinversion recoveryNT: Nontrarsforming; ROC: Receaver-
operdor charateristic.
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