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Abstract. To date, most clinical studies of colorectal carpatients have used only one or, more recently, two
image slices through a tumour. This has largenbdue to technological limitations in MRI scannarsl to
practical computational limits. Using high-speedItircoil MRI machines, we have been able to cagptand
analyze full 4D datasets acquired from dceMRI orh8fhan colorectal cancer patients with over 5Csliger
patient of visualization. To analyze this data,vawe created software for data capture and autohsatalysis.
We compare our techniques and results to existigitpoals.

1 Introduction and clinical procedure

Colorectal cancer survival has doubled in the BAstears, largely due to advances in screeningearlg detection
methods, nevertheless in the UK alone 16,000 pedipl®f the disease each year. We have completsahiaal
trial with 20 patients, obtaining 4-dimensional {4dynamic contrast enhanced (dce) MRI scans usiBg &igna
HD 1.5T multi-coil scanner. Our patients underwenypical clinical scans followed by two researchtpcols and
was ethically approved by CORREC. Presented hsdieei methodology used to analyse our data.

It has been shown [1] that contrast agent uptalseahaon-linear effect on signal enhancement, theimaarity
being related to nativ&; values. Thus the first protocol was a 3D natiyexBpping sequence. A 4D multi-coil
volumetric sequence, LAVA, followed with a temporabolution of 12-15s per volume and a spatiallotiem of
0.78x0.78x2mm. After 5 temporal volumes were cegatuwvith the LAVA sequence, the auto-injector wasdito
inject GA(HP-DO3A), or ProHance, intravenously. eTimitial uptake and wash out of the contrast ageas
recorded over a period of 5-7 minutes using theescpntrast agent scans as a baseline image. Ratéitted on a
voxel-by-voxel basis, for all voxels with g value greater than 350mS. Furthermdregstimation was capped at
2000mS to counter sub-voxel motion causing ermomstimation.

2 Methodology

2.1 Optimal filtering for noise removal

Rapid acquisition times for MRI volumes comes &t phice of noise artefacts. Such artefacts cae hasignificant
impact on subsequent estimation, so it is importasutomatically and accurately remove or smoothnoise. In
cancer imaging, the edges of the tumour are a ndgtermining factor for classification of the canstage.
Anisotropic filtering is one technique that smoo#itsimage while preserving edges, and fast impl¢atiens are
available in ITK and MATITK [2]. A madified curvate diffusion equation (MCDE) anisotropic filter canoid
the edge enhancing properties that are inheretiagsic anisotropic diffusion. This is calculated a
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2.2 EstimateT; values

Using a fast-spoiled gradient echo sequence (FSPB&nativel; values can be estimated accurately and quickly
(=5 minutes of MRI scanner time) for a large voluibke intensity of a FSPGR signal intensity at eackel is
represented as:
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whereSis the observed signal intensityjs the scanner gain,is the proton densityl: is the echo timeT, / T2*
is the longitudinal / transverse relaxation tirig,is the repetition time, and is the flip angle. By holdindr
constant, the flip angle and signal intensity tbgetbecome dependent values. This linear reldtipnsan be
estimated as,
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whereM; is a constant encompassing proton density, gaintlae transverse relaxation time, andindb are the
slope and intercept of equation 3.

2.3 T, estimation without holding T constant

If Tr cannot be held constant between scans, equatibrex@ no longer valid. However, it follows fromuedion 2
that the change ifr will manifest itself in a predictable change inteinsity. The change in signal intensity
between two images can be predicted by,
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where S/S; is the adjusted/original signal intensiflzy/Tr2 is the new/old repetition time. This requires prio
knowledge of the nativé,; value of each voxel. This problem can be appreddteratively, by creating an initial
guess at th@; by making the assumption th&t is equal and using equation 3. By using this vatuehange the

intensity of the image, an iterative loop occursohitconverges on a fixed point.

2.4 Estimation of contrast agent concentration

Following injection of a contrast agent such askFB3#D03A), the transverse and relaxation times ckang
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where Ty and T,y are the pre-contrast agent relaxation tin@§) is the contrast agent at the given time, and
R,=4.58'mM™ andR,=5.5s'mM™ [4]. By substituting these into equation 2 one palate signal to contrast uptake
as, and an enhancement ratio for the concentrafioontrast agent can then be calculated as,
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whereP = Tg/T; andQ = RIC(t)Tz. This equation can be solved using a modified tdeviRaphson method with
bisection technique or, as shown by Lo [5], appratied using a second order polynomial. By perfogra 1st

order Taylor these values can then be substitutem équation 8, which can then be formulated asiadgtic

function,
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whereM=R;Tg andN = R,Tg, which is solved for each time poi@(t), by completing the square.



2.5 PK Modelling

As noted above, rapid MRI acquisition comes atgtiee of increased noise. Using a gating methothnaon in
Doppler Ultrasound, a floating average can be tak&hile this reduces the spatial resolution, itreases its
immunity to intermittent noise. This is calculat@fter the estimation of contrast agent by,
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where M,N are the gate size and m,n are the lotatiahe gate. PK models are also very sensitivat@tions in
time of initial uptake. In our data, it was foundat this did not always occur at the time point iedmately
following injection. This can be due to factorglswas injector delay, human error, or physiologfaators such as
low blood pressure or cholesterol. Thus, it beconmeportant to determine locus of uptake prior itbnfy a
pharmacokinetic model to the TAC. A Levenberg—Mamgit algorithm can then be applied to fit a modethis
data. For example, the basic model that we usétidor data was represented either in generic fiifnand/or by
Tofts [6] by,
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respectively whered, a andb are the generic model values, df8", v, V,, kout are transfer coefficients between
the endothelial extravascular space into and outhef plasma compartment. A Delaunay triangulatices w
performed on the fit versus measured data seteteridoutliers, which are deleted prior to modéitieg. This
process continues until the fit parameters of theedo not change significantly. Because theahitptake of the
contrast agent is the determining factoKii"™, the first 4 points of the TAC are not involvedtire outlier search.
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3 Results
3.1T, estimation with out matchedTg

Our clinical T, mapping sequence were performed using four diffeflgp angles (1%, 12, 9°, 3°). When using a
non-specific T; mapping FSGPR sequence, we were unable to hdlck Tonstant across all the four flip angles.
What occurred commonly was that the® Hnd 12 flip angles were constant and while tHeahd 3 flip angles
had aTr which while constant with each other varied umsomuch as 2mS from the large flip angles. Todest
recovery methodology we created simulated datagusguation 2 where the large base paif/lZ) images were
generated with &g of 4.5ms while the low base pair°(3°) were generated usingTg ranging from 2.5ms to
6.5ms. Our recover method converged within 3 itenatto 1% of the original, used for the generation of these
data points. Using MATLAB, 3 iterations took 0.2mper voxel, demonstrating that this is a computatign
inexpensive method fdF; estimation when th€g is unable to be held constant.
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Figure 1. Error inT; (red) andVl, (green) estimate in percent (y-axis) when bases eive different TR value (x-
axis). First base pair has TR held at 4.5ms aadéicond pair has the TR varied from 2.5ms to 6i6rislms
increments (x-axis)Left: calculated directly without applying equation€saming 'similafg value'.Middle: 1-
iteration of equation @Right 3-iterations of equation 3.

When this method was applied to flow phantoms, eund similar results. However, when comparing &alto
DESPOT and IRSPGR estimated ground truth, it wasdathat our scanner had a gain of 1.6 relativihése



sequences. This highlights the need to run areditm scan on a known flow phantom to determiria gaior to
using estimated; in for contrast agent estimation.

3.2 CA estimation

By calculating the uptake of contrast agent using Imethod, we are able to quickly come up witheatimate
within 1% of the Newton Raphson method for reaistlues at a speed increase of over 100x. Equsaficemd 9
were used to generate intensity versus contrasit @agecentration and plotted against each oth&igare 2.

Figure 2. Left: CA concentration versus enhancement for variggsvdlues. Blue line estimate from Lo, red line
estimate using Newton Raphson estimate, note tleatéar parityRight: Newton estimate versus Lo estimate
(blue x’s), with the red line representing unitgtethat for values less than 1500ms there ie hlriation.

3.3 PK Model correction methods

In our data various factors such as noise, stanptike, and outliers played a large role in disngpan accurate
fit. Simulated data points were created and piotteFigure 3 using equation 14 with the parameara,b] =
[25,5.5,0.1], white noise was added, as was aneoufis can be seen in when these factors areansidered, the
estimated pharmacokinetic values can be impacteersely with the original estimate (red) being P18,0.79], an
error of 250%, while if the locus is detected amtlier eliminated the estimate is [28,6.1,0.091\ithin 12%.

Figure 3 Blue X’ generated from equation with added noRed line: direct. Black lines: nearest point. Green
curve fit with outlier deleted (black diamond) aorigin shift (arrows). Green PK parameters with&%o, red >
200% off.

3.4 K™ versus K™ without optimizers

Figure 4. a) T.Wimage b) K2"using our method c)'R™no correction, (dY,Wimage [7] (e) K2"*[7]

Figure 4 highlights the differences between ourho@blogy and that commonly used for colorectal eandals.
In this figure, 4A is a small field of vieW, weighted image, and 4B is th&®" calculated by our method. Figure



4C shows th&""™ calculated without using outliers, anisotropitefilng gating, ofT; thresholding. When these
two images are compared to the standard single-sliethod used by Padhani [7] et al, the differenceontrast
between regions is immediately noticed. In Padkamage, 4E, the tumour shows only slightly mopgake than
surrounding tissues, while we show that high transbefficients are isolated largely inside thecesious region as
would be expected. This is a similar result td thiaich occurs in our uncorrected estimation inuFeg4C.

3.5 Visualization of 3D PK parameters inside a medally segmented region of interest

When applying this methodology to a extract PK galirom a 4D data set, the tumour can be visualiz&D. To
investigate the feasibility of using this methodpido delineate the boundaries of a tumour, and agethod to
determine cancer spread we had a trained radiblogide a region of interest marking radiologigatiancerous
regions on every slice through a 3D small fieldiiefv T2 weighted image (red). This region of imrwas then
compared to regions of high uptake on both A HAY® (blue). These 3D regions were cropped and ovkdai
shown in Figure 5. It is interesting to note thegéaamount of agreement between radiological canseregions
and regions which are highlighted due to a la(f&° value. In these images, it shows that the regfdnterest
marked by the radiologist is often larger than bgion with a high uptake of contrast agent. Rriglary results
show that this could be a tool to determine iféltent of spread has surpassed various surgicajinsasuch as the
circumferential resection margin.
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Figure 5. a)K™" vs ROI b)A vs ROI, c)K"™" vs ROI d)A vs ROI. Note a,b & ¢,d are 2 different patientieB
regions are wherk"®" andA are above a threshold value.

4 Conclusion

In this paper we have outlined a very specific rodthlogy that can be used for accurately and auficeit
estimating the pharmacokinetic values of 4D dats. s€his type of analysis is quite useful in méypes of cancer
studies to determine transfer coefficients thatddighlight information about a tumour that cotitén be used to
select the proper treatment regime. Future work wohtinue to investigate these patients as theyergo
chemoradiotherapy to see if there is a correldtietveen PK model variables and successful treatmenbme.
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