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Abstract

Cdl invasion, matility, and proliferation level estimate (CIMPLE) mappingis a new imaging
technique that provides parametric maps of microscopic invasion and groliferation rate estimates
using serid diffusion MRI data. However, afew pradicad constraints have limited the use of
CIMPLE maps as atod for estimating these dynamic parameters, particulaly during short-
interval follow-up times. The purpose of the current study was to develop an approximation for
the CIMPLE map solution for short-interval scanning involving the assumption that net intervoxel
tumor invasion daes nat occur within sufficiently short time frames. Proliferaion rate maps
creaed usingthe “noinvasion” approximation werefoundto be increaingly similarto maps
creaed from full solution duingincreaingly longerfollow-upintervals (3D crosscorrelation,
R2=0.5298,P=0.0007). Results also indicate proliferation rate maps from the “no invasion”
approximation hed significantly higher sensitivity (82% vs. 64%) and spedficity (90% vs. 8(0%%)
for predicting six month progression free survival and was a better predictor of time to progression
during standard radiochemothergpy compared to the full CIMPLE solution (Log-rank; No
Invasion estimation, P=0.0134 Full Solution, P=0.0555. Together, results suggestthe “no
invasion” approximation allowsfor quick estimation d proliferaion rate using dffusion MRI data
ohtained from multi ple scans obtained daily or biweekly for use in quantifying eaty treament
resporse.
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Introduction

Methods

Diffusion-weighted imaging (DWI) is a useful magnetic resonanceimaging technique for
assessing ealy tumor resporse to treament [1-3]. The apparent diff usion coefficient (ADC),
ameasure of freewater mobility cdculated from DWIs, has been shown to be inversely
propational to tumor cdlularity, ill ustrating a decreae in ADC during growing tumor
[4-11] andan increae in ADC during succesdul chemothergpy [2, 3, 5, 12. Recently, a
new imaging technique was developed termmed cdl invasion, motility, and proliferdion level
estimates (CIMPLE maps) [13, 14. These image maps use a voxel-wise solution to a pattial
differential equation describing tumor growth dyramics applied to serial ADC maps
colleded in the same patient overtime. By assuming ADC provides a diredt measure of
tumor cdl density, the resultant CIMPLE map solution allows for credion o parametric
image maps of “cell diffusionrate” and “cell proliferaionrate.” Preliminary studies have
demonstrated arelationship between proliferation rate estimates and MR spedroscopic
estimates of Chaline-to-NAA ratio, significant differencesin invasion and proliferaionrate
between high and low grade gliomas[13, 14, and the ability to spatially predict regions of
future contrast-enhancement and survival aftertreament with bevadzumab [15]. Despite
these findings, CIMPLE mapping hes pradicd constraints and limitations that reducethe
applicability in cettain circumstnces.

Aninherent limitationto the full CIMPLE map solution is the need for threesequential
ADC maps colleded in the same patient at follow-up times onthe order of monthsin order
to reducethe influence of nase on CIMPLE map paraneter estimates. Since cel invasion
and proliferaion rate estimates areintimately couped within the CIMPLE map solution, this
biasin cdl invasion rates also propagates errorsin proliferaion rate estimates. This
temporal constraint further limits the appli caions of CIMPLE maps to long-tem foll ow-up
in brain tumor patients, excluding the posshility of using this technique for charaderizing
brain tumor growth dyremics within ashort interval (days to weeks). Therebre, the
ohjedive of the current study was to introduce an approximate solution for estimation o
proliferaionratesin dioblastoma patients by assuming no dtedable tumor cdl invasion
occurs during short interval foll ow-ups.

Derivation of CIMPLE maps

The full derivation d CIMPLE mapsis documented elsewhere[13, 14. Briefly, the net
change in tumor cdl density in an image voxel can be described bythe sum of any net
invasion d tumor cdls into (or out of) the voxel plus any tumor cdls generaed (or
destroyed) from net proliferation (or degeneraion) within the voxel [16, 17:

Rate of Change in Cell Density .
g;\ Invasion Proliferation [Eq. 2
—_———
— =V.-(DVe)+ p-¢

wherec is cdl density, D is the diff usion coefficient of migrating cdls, is the cdl
proliferaionrate, andt is time. Based onevidence of a strong regative correlation between
tumor cdl density and ADC of water measured using DWI [4-7, 9-11], ADC can be
substituted into Eq. 1to yield a mathematicd relationship describing microscopic glioma
growth and invasionin termms of water mobility:

d g L
EADC:DNZADCHLND x NADC+p x ADC' [Eq. 3
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whereADC is the apparent diff usion coefficient of water as athree-dimensional scdarfield
(i.e. ADC image volume aqquired using DWI), D is the diff usion coefficient of migrating
cdls asathreedimensional scaarfield, andis the cdl proliferaionrate as athree-
dimensional scdarfield.

An anadyticd expression for cdl diffusionrate, D, and proliferaionrate, , can be described
by using the Methods of Charaderistics [18] to achieve one posshble solution:

d n d n—
7EADC — Az ADC 1

) -9 [Ea. 4
N°ADC» — AN"ADCn—1
and
p=p"1=— 1 (4 penr DV?ADC™ ' —VD.VADC™ ') &
ADC1 \ dt [Ea. 9

where

. JP— ADC" 1 — ADC"—2

a Dc - g1 _ gn—2 [Ea. 6

describes the time-rae of changein ADC and

ADc"
~Apcn-t F4 7
describes the ratio of ADC onthe current day n with resped to the previous scan day n-1.
Thus, using three ADC maps colleded on dyst", t™1 and t™2, the proliferaionrate, , and
cdl motility (diffusion), D, can be diredly estimated for the time interval spanned from t"2
to t" using Egs. 4-7. Analyticd solutions to the glioma growth model wereverified in
Mathematicav7.01(Wolfram Mathematica7.01,Wolfram Researd, Inc, Champaign, IL)
and arefurther defined in a previous pulicaion[14].

Proliferation Rate Estimates During Short-Interval Follow-up

The net velocity (v, in mmlyr) of an invading tumor cdl wavefront can be estimated by
knowingthe migrationrate, D, and proliferaionrate, :

v=yD-p [Eq.§

Based on ou experience, we can asume acdl invasion rate of 100mnt/yr anda
proliferaion rate of neaty 10yr~1 occursin acluster of amoderaely aggressive
glioblastoma. A simple estimate of the invasion velocity results in approximately 31.6mm
yr. Using the previous limit ations and suggestions for foll ow-times, an interval of 30 days
between scans (or 60 daystotal observationtime for threescans) results in a buk invasion
distance of 5.2mm or more than 5 voels afterintempolation and registrationto Imm
isotropic resolution. Altematively, if ADC maps arecoll eded with foll ow-up times of two
days (total of four daysfor al threescans), the bulk invasion dstanceis only approximately
0.3mm or lessthan a single voxel. Ergo, a solution that excludes the contributions of
intervoxel tumor invasion may be appropriate for exploring tumor dynamics for very short
interval follow-up.

Exclusion d the invasiontem, D, from the full microscopic glioma growth model shownin
Eq. 3results in asimple first-order, lineardifferentia equation,
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d
ZADC=p- ADC  [Eq.9

with the monoexporential solution
ADC (t)=ADC(0) -e " [Eq.1q

Note that in Eg. 10the sign onthe proliferaion rate estimete, , is positive for decreaing
ADC (i.e. increasing cdl density). Physicdly, voxels containing a high pacsitive proliferetion
rate represent voxels having a very rapid decreae in ADC overthetimeinterval of
obsewvation, wherea voxels containing a high negative proliferation rate (or “ degeneraion
rate”) represents voxels having a very rapid increase in ADC overthetimeinterval of
observation.

Patient Population

All patientsin this study signed institutional review board-approved informed consent to
have their data colleded and stored in our institution's neurooncology database. Data
aqquisition and storage were performed in compliance with all applicable Hedth Insurance
Portability and Accountability Act (HIPAA) regulations. A total of n = 22 tients were
seleded from our database having the following criteria: 1) a primary histologicd diagnasis
of de novo dioblastoma from 1/1/2007through 11/2011, 3 receving radiation thergoy and
concurrent temozolomide after resedion at initial diagnosis, 3) having aminimum of three
foll ow-up scansincluding: a) post-surgicd, pre-radiochemotheragy, b mid-
radiochemotheragy, and ¢) postradiochemothergpy na spanning more than atotal of eight
months (note that all postradiochemothergy scans wereohtained prior to radiographic
progresson), and 4 sufficient quality diffusion MRI data (e.g. ladk of severegeometric
distortions, adequate signal-to-naiseratio in raw diffusion MR images, and ADC valuesin
cerebrospinal fluid ranging from 2-3 um?/ms). Fig. 1ill ustrates the experimental timeline for
the threescans used to cdculate CIMPLE maps.

Magnetic Resonance Imaging

Datawas colleded ona 1.5T MR system (Generd Eledric Medicd Systems, Waukesha,
WI; or Siemens Medicd; Erlangen, Gemany) using puse sequences supdied bythe
scanner manufacturer. Standard anatomicd MRI sequences included axial T1 weighted, T2
weighted, and fluid attenuated inversion recovery (FLAIR) images. DWIs werecoll eded
with TE/TR = 102.2msB000ms NEX = 1, slicethickness= 5 mmwith 1mminterslice
distance, matrix size= 128x 128andaFOV = 24 cm using a twice-rebcused SE-EPI
preparaion [19]. ADC images werecd culated from aaquired DWIs with b= 1,000s/mn?
and b= 0 s/mn? images. Additi onally, gadopentetate dimeglumine enhanced (Magnevist;
Berex, Wayne, NJ; 0.1 mmol/kg) axial and coronal T1 weighted images wereaaquired after
contrastinjedion.

Definition of Disease Progression

Progresson was defined prospedively by the treding reuro-oncologists. In an effort to
decreaethelikelihood d dedaring progressonin the setting d pseudoprogression, the
post-radiation scan was considered the baseli ne scan for evaluating progression. If
subsequent scans showed definite increase in imaging evaluable tumor (>25% increasein
the sum of enhancing lesions, new enhancing lesions greaer than 1cm?, or an urequivocd
qualitative increase in norenhancing tumor, or unequivocd new areaof hon-contrast
enhancing tumor), progressbnwas dedared at that time. Progression was determined using
the first post-radiation thergpy scan orly if anewlesion, geaer than 1cm?, wasidentified
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outside the radiation field. Change in steroid dosage was taken into consideraion kefore
defining progression. Patientswho dd na med these imaging criteriafor progression, bu
had significant neurologic dedine, werededared progressed at the time of irreversible
dedine. Patients who ded before evidence of imaging progresson weredefined progressed
onthe date of deah.

Image Registration

All images for ead patient wereindependently registered to a high-resolution (1.0 mm
isotropic), T1-weighted brain atlas (MNI152 Montred Neurologicd Institute) usinga
mutual information algorithm and a 12-degreeof freedom transformation wsing FSL
(FMRIB, Oxford, UK; http://www.fmrib.oxacuk/fsl/). Fine registration (1-2 degrees and
1-2 voels) was then performed using a Fourier transform-based, 6-degree of freedom, rigid
body registration algorithm [20] foll owed by visual inspedion to ensure adequate ali gnment.

Regions of Interest (ROIs)

Regions of interest (ROIS) containing T2 weighted signal abnamadlity on gre-treament
FLAI R images wereused in subsequent analyses. These ROIs weredefined by a
techndogist (T.M.Z.) using a semi-automated ROI technique consisting d (1) manually
defining therelative region o tumor occurrence (2) thresholding FLAI R images within
these regions using an empiricd threshold combined with a region-growing algorithm, and
then (3) manually editi ng the resulting masks to exclude any obvious radiation-induced
changes, neciosis, gliosisor leukoaraosis by aboard-cettified neuroradiologist (W.B.P.)
and/or imaging scientist (B.M.E.).

Implementation and analysis of CIMPLE maps

The cregion d CIMPLE maps was incorporated into an AFNI pipeline (AFNI, Analysis of
Functional Neuroimages; http://afni.nimh.nih.govafni) using a combination o bash and
AFNI cdculation commands. Nearest neighba interpolation was implemented in AFNI and
used to estimate the spatial gradients of ADC. Resulting cdl diff usion coefficient maps, D,
and proliferaion rate maps, p, weresmocthed using a 3x3 median filter to eliminate
erroneous spikes in the image maps. Proliferation maps generaed without invasion were
ohtained by norli nearleast-squares regression, fitting Eq. 10 ona voxel-wise basisto the
experimental data. Nonlinearlesst-squares regression was implemented using the 3dNLfim
routinein AFNI.

Thefina quantitative maps of proliferaionrate, p, weregeneraed usinga minimum
contiguots cluster size of 0.2ml, threshoded above an absolute proliferation rate value of 2
yearl, in orderto eliminate erroneous voxels and letter isolate the region(s) of proliferaive
tumor. For proliferation rate estimates assuming “no invasion”, voxels containing a p-value
of lessthan 0.05from norlinearregressbonwereretained. The average proliferdion rate
within these ROIs wererecorded and compared as patential predictors of progresson-free
survival (PFS.

Hypothesis Testing

In orderto assessthe spatial similariti es between proliferation rate estimates using the full
CIMPLE map solution and proliferation rate estimates obtained using the simplified “no
invasion” approximation, the threedimensional crosscorrelationwas cdculated for eadt
patient. To testwhether the degreeof overap between the two techniques differed asa
function d the shortestfoll ow-up interval between sequential scans (e.g. either between pre-
and mid-radiochemothergpy o between mid- and past-radiochemotheray), linear
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regressbnwas performed between foll ow-up times and the threedimensiona cross
correlation.

The sensitivity and spedficity for mean proliferaion rate to predict six month progresson-
freesurvival (PFS) was compared between the two techniques using recever-operaor
charaderistics (ROC) and the areauncer the curve (AUC). Given the optimal threshold for
maximizing sensitivity and spedficity for PFS5, log-rank analysiswas performed on
Kaplan-Meier datato detemineif eithertechnique was a significant predictor of time to
progresson (TTP).

In generd, proliferation rate images weresimilar when comparing the full CIMPLE
mapping solution with the “noinvasion” approximation (Fig. 2). Spedficdly, regions of
positive and regative proliferaion rate werespatially locdized to similar regions using eath
technique, including similar regions of pasitive proliferdive tissue onthe edge of contrast
enhancement and within T2 signal abnamality. In suppat of the qualitative similarity
between the two solutions, three-dimensional crosscorrélation increased significantly with
increasing minimum follow-up interval (Fig. 3 Pearson's Corr elation Coefficient,
R2=0.5298,P=0.0001). In ctherwords, as the minimum time interval between ADC maps
increased, the contributionsto ndse on estimates of cdl motility rate werelikely lower, and
the full solution for proliferation rate tended to converge with the “noinvasion”
approximation. According to the bestfit regresson line, convergence of prolifergion rate
estimates from the full solutionand*“noinvasion” approximation shoud occur around
minimum foll ow-up time of 66 days or more.

Mean proliferation rate estimates from the full CIMPLE solution dd na have significant
sensitivity and spedficity for predicting PF beyondthat of chanceacmrdingto ROC
analysis(Fig. 4A; AUC vs. Charce t-test, P=0.3981). However, the mean proliferaionrates
estimated from the “noinvasion” approximation demonstrated significantly higher
sensitivity and spedficity for predicting PF$ beyondthat of chance (AUC vs. Charce, t-
test, P=0.0113. The AUC was significantly different between the two techniques (Fig. 4B;
AUCEy sdutionVs- AUCN o Invasior » t-test, P=0.0412), suppating the hypahesisthat a“no
invasion” approximation may perform better as a predictive tool compared with the full
CIMPLE solution uncer this particular experimental setup and treament paradigm.

Although noasignificant predictor of PFS using ROC analysis, the optimal threshold for
the proliferaion rate using the full solutionwas 4.2 y—1, resulting in a 64% sensitivity and
80% spedficity for PFS5. The optimal threshald for proliferation rate using the “no
invasion” approximationwas 2.25 y—1, resultingin a 82% sensitivity and 90 spedficity
for PFS5. Using these thresholds to stratify patientsinto two groups, log-rank analysis
suggested atrend for significant differences between high and low proliferation rate groups
when implementing the full solution (Fig. 5 Log-rank, P=0.0555 High, Median PFS=117
days; Low, Median PFS=278 dgs); however, log-rank analysiscleaty demonstrated a
statisticdly significant PFSadvantage for patients with low proliferaion rate when using the
“noinvasion” approximation (Log-rank, P=0.0134 High, Median PFS=127 dgs; Low,
Median PFS=282 dgs). Despite a slightly better performance by the proliferaionrate
estimate ohtained using the “noinvasion” approximation, hazad ratios werena
significantly different between the two solutions.
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Discussion

CIMPLE mapping is a unique imaging technique that provides a comprehensive framework
for creaing parametric maps of microscopic invasion and proliferaion rate estimates using
serid diffusion MRI. However, afew pradicd constraints have limited the use of CIMPLE
maps as atod for estimating these dynamic paraneters, particulady during short-interval
foll ow-up times. Previous investigations examining the contributions of naise and foll ow-up
interval onthese parameters have firmly demonstrated an increase in error for increaing
noise levels and decreainginterval follow-uptimes[15]. Asthetimeinterval between

foll ow-up AD C maps is shortened, ndse in the ADC map may be interpreted as very fast
movement of tumor cdls. Conversely, if the time interval between foll ow-up ADC maps is
lengthened, the resulting error in parameter estimates from noise present in the ADC map
arelow enoughto be excluded byfiltering a thresholding the resulting maps. By arguing
the paint that cdl invasion velocities may nat be high enoughto migrate a substantial
distance during short intervals, we present a pradicd solution for estimating proliferaion
rate on a voxel-wise basis by excluding the contribution d cdl migration and invasion from
the CIMPLE mapping equation.

Results from the current study demonstrate that proliferation rate maps generaed using the
full CIMPLE mapping solution appearsimilarto proliferation rate maps generaed using the
“noinvasion” approximation asill ustrate by increaing threedimensional spatial agreement
with an increasing time interval between follow-up scans. Additionaly, results indicate the
“noinvasion” approximation may also be a better predictor of PFSand TTP when using
preradiochemothergpy, mid-radiochemotherapy, and past-radiochemothergy scans asto
predict standard treament response.

Interestingly, if the contributions to tumor cdl motility and invasion areexcluded from the
model, an estimate of proliferaionrate can be obtained using a minimum of two time paints
using the foll owing equation:

1, (ADC()
P tn(ADC(U)) [Eq. 11

Further, the “noinvasion” approximation o proliferaion rate is nat necessaily limited by
thetimeinteval between scans, sinceacairacy can beincreaed dredly by increasing the
number of follow-uptime pants even in short intervals (e.g. days). It is conceivable that an
imaging paradigm consisting d daily or biweekly scanning for the first few weeks of
thergoy may be advantageous to oltain the best estimates of proliferaionrate for usein
quantifying treament response.

Methodological and Study Limitations

The major limitations to estimating proliferaion rates using the full CIMPLE map solution
include the asaumption that DWI measurement of ADC is inversely propational with tumor
cdlularity alongwith the reliance of predse image registration d seria images from
different scan days. Although nunerous studies have demonstrated a significant association
between tumor cdlularity and ADC, many pathologies and clinicad scenarios can also alter
ADC measurements, including subaaute stroke, gliosis and changesin corticosteroid dcse.
Therebre, interpretation d changesin ADC astrue changesin cdl ulaiity shoud be made
with caution. Experienceat our institution suggestssignificant changesin edema (increaing
or decreaing) can significantly alter proliferaion rate estimates obtained using CIMPLE
mapping. In addition to atered estimates of ADC, brain deformation resulting from
significant masseffed from growing tumor or edema can cause misregistration between
serid ADC maps and anatomicd images. Pradicdly, this implies ADC maps shoud be
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obtained in a short enoughtime interval such that no significant masseffead has occurred. In
additi on, significant masseffea (>5mm shift in the midline) was na diredly observed in
any o the patients and was though to be of minimal contributionto errorsin paraneter
estimates.

Anather patential limitation to the current study was the lad of adjustment of survival
analyses for known progncstic factorsincluding petient age, extent of resedion, and
neurologicd status. We did na currently testwhether CIMPLE map paraneters added value
beyondthese known prognastic factors due to the relatively small sample size Future
prospedive studies examining larger patient popuations under controll ed image aaquisition
andfollow-uptimeintervals arenecessary to determine whether CIMPLE maps provide a
true prognastic benefit.

Conclusion

The current study demonstrates a new methodfor estimating proliferaion rate for short-
interval follow-up scans by excluding the contributions intervoxel tumor cdl invasion. The
“noinvasion” approximation was similar to the full solution for increaing foll ow-up
interval times, and may be a better predictor of resporse to radiochemothergy than the full
solution, particulaly when short-interval foll ow-up scanning is used.
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Figure 1. Experimental design for predicting response to radiochemotherapy using CIMPLE

maps.
Scanswereohtained 1) postsurgicd (Sx), pretreament (Pre-Tx; within 1week of starting

radiochemotheray); 2) mid-treament (Mid-Tx, 0 — 6wks from start of
radiochemotheragy); and past-treament (Post-Tx; 6 wksto 3months from the start of
radiochemotheragy). Sx = Surgery. Dx = Diagnaesis Tx = Treadment. RT = Radiotheray.
TMZ = Temozolomide. TTP = Time to Progressbn.
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Figure 2. Comparison between full CIMPLE map solution and “no invasion” approximation.
Top row: Glioblastoma patient with an 8 day follow-up interval (between pre-treament and
mid-treament), demonstrating high cdl motility (diff usion) rates and spatial uncouging
between the two solutions in terms of proliferdion rate estimates. Midd e row: Glioblastoma
patient with a21 day foll ow-up interval demonstrating lower average cdl motility rate and
proliferaion rate estimates with higher spatial agreement between the two solutions. Bottom
row: Glioblastoma patient with a 38 day interval, representing ore of the longest obtainable
foll ow-up times given the experimental designin Fig. 1.This patient demonstrated high
spatial agreement in proliferaion rate maps when comparing between the two techniques
(full solution vs. “noinvasion”).
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Figure 3. Three-dimensional crosscorrelation between proliferation rate maps obtained with the
full solution and those obtained with the “no invasion” approximation.

Results demonstrate a significant linearcorrelation between the threedimensional cross
correlation coefficient and the shortesttime interval between sequential ADC maps
(Pearson' s corr elation coefficient, R2= 0.5298,P = 0.0009).
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Figure 4. Recaver-operator characteristic (ROC) analysisof the ability for mean proliferation
rate to predict six-month progresson free survival (PFSG).

A) ROC curves showing the sensitivity and spedficity for predicting PFS5 for bath the full
CIMPLE map solution and the “noinvasion” approximation. B) Areauncer the curve
(AUC) showing statisticdly significant differences between the two techniques (t-test, P =

0.041).
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Figure 5. Kaplan-Meier progressbn free survival (PFS) curvesfor high and low mean
proliferation subgroups from both the full CIMPLE map solution and the “no invasion”
approximation.

Patients werestratified into two groups based onwhether the mean proliferdion rate within

T2 hyperintense regions was higher or lower than the optimal threshold determined by ROC
analysisfor bath techniques (full solution vs. “noinvasion”). Patients with high mean
proliferaion rate weremore likely to progresssoorer than patients with low proliferation
rate when using the “noinvasion” approximation (Log-rank, P =0.0134. This was also a
trend when using the full solution (Log-rank, P = 0.0555.
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