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T1 Parameter Fitting

The pre-contrast T4, was obtained by fitting the variable flip angle T1w voxel intensities to the

GRE signal equation:

-TR
o T
S=5, (1_;3—,31) sin q, (A1)

1-e T1 cosa

where TR and a are the repetition time and flip angle, respectively; S, is a function of the M,,

TE
TE, and T2 We have neglected the contribution of the T2 term (e 72 - 1) so for these short

TE
echo time images: S, = Mye 12 = M,. From the pre-contrast T1w images acquired at different

TR and a, we fit the T1w GRE signal equation to get the unknown parameters T1 without
contrast (T10), and M,. M, is assumed to be invariant to the contrast agentz, however in practice
pre and post-contrast images may have been acquired using different scanner gains (against
study protocol imaging instructions).

Voxel-wise surface fitting constraining M,(x) € Rt and T10(x) € [0 3]s in every voxel x c Z3
results in T70 and M, maps. M, is supposed to be a positive number and T710 selected range is
based on most T1 values for different tissues at 1.5T and 3T*®. Trust-region algorithm® is used
for fitting, where the starting point is T10(x) = 1s which is close to the average T1 in most
tissues®®, and M,(x) the average obtained M, for each T1w image assuming T10(x) = 1s.
Generally, in case TR is the same for all images, the variable flip angle method”® which is a
linearized model of Eq. A1 is commonly used for fitting; however in most visits variable TR and
a were used for T1w acquisition, additionally trust-region non-linear fitting allows to constraint

the solution to be inside a region which is useful to avoid unfeasible solutions.

For the pre-contrast parameter fitting, M, is assumed to be the same for each T1w image,
however in practice each image may have a different scanner gain. In some cases, this
information can be extracted from the image metadata®. However, in case this information is not
clearly defined in the image metadata, these gain factors should be also estimated. The gain
factors are estimated such that model fitting on re-scaled mean intensities in healthy tissue
ROls results in closer T1 values to literature values (see Table A1). Normal and pathologic

tissue ROIs were manually annotated.
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Table A1: Gold standard T1 values in healthy tissues obtained as the most common T1

literature values®™®.

Tissue Type Field strength

1.5T 3T
Muscle 1s 1.4s
Liver 0.57s 0.8s
Kidney 0.9s 1.1s
Fat 0.34s 0.35s
Bone 0.54s 0.58s
Spleen 1s 1.3s
Blood 1.4s 1.9s

To get the gain factors we used two approaches. In one approach, we make the assumption
that the signal given by Eq. A1 using a T1 value from literature from a specific tissue is almost
equal as the intensity in that tissue. This means the difference between intensities and resulting
signal should be minimal. Therefore, to find the gain factors, we minimize a cost function based
on the Sum of Squared Errors (SSE) between mean intensities and signal equation as a
function of the gain factor plus a regularization to avoid unfeasible solutions. Having N pre-
contrast registered T1w images {I; € R3|i € 1, ..., N}, we define the mean intensity in image I; in

the manually annotated tissue j as fij. If per image, we assume the average M, in tissue j (1\710j)

is multiplied by a gain factor k;, the cost function fis defined as:

2
f (k1; e kN:MOj) = Zie1,...,1v (Iij =S (ki Moj;le; g, TRi)) + Ziel,...,Ng(ki): (A2)

where Ty, is the T1 time in tissue j as defined in Table A1, a; and TR; the a and TR for image

I;, and g is the regularization function defined by the step type expression: g(k) = K(tanh(k —
kmax) + 1), which is a differentiable function with K — o and k4, the maximum allowed value

for a gain factor. Finally, S in Eq. A1 is redefined using the gain factor by:
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—~ ~ 1-e .
S (kl M()].,le,a’l‘,TRi) = kiMOj T sin a;. (A3)

1.
1-e J cos a;

Then, the gain factors k; are obtained by solving arg min, . mu, f using a simplex search
J

algorithm'®.

In another method to get the gain factors, we use the principle that at higher a the T1-
weighting increases. Then, we use the average image intensity in tissue j with the highest a

(assuming ay = max({ay, ..., ay})) to get 1\710]. assuming ky =1 and the signal equal to the
intensity as S(Moj,le,aN,TRN) = fNj. Then, the rest of gain factors {k;|i €1,..,N —1} are

further obtained using the calculated Moj and assuming S (ki IWO].,le, al-,TRL-) = fl-j.

Finally, images {I;|i €1,..,N} are re-scaled to obtain re-scaled images (I) using the
obtained gain factors by any of the two methods on any reference tissue j by I = I;/k;, then
T10 and M, maps are obtained fitting the T1w GRE signal equation to the scaled images
{I’|i €1,..,N}. If no reference tissue j is enforced, then the selected tissue j is the one that

results in a minimal error between literature T1s and the obtained 770 in all annotated tissues.

To get the scaling factor to estimate 770 and M, we rescaled the T1w images that results in
the lowest average error to the literature T1 values shown in Table A1, or no rescaling of the
images so scaling factors equal one. In three patients no rescaling was applied because it was
known that the same scanner factor was used in all images T1w images. In eight patients

rescaling was applied in both visits. Using the mean estimated T1 value in each tissue j (Tfj)

and the literature T1 value in tissue j (le), the average T1 error (100 X mean; ((Tfj — le) /le))

in the 8 patients (16 visits) that rescaling was necessary changed from 76.7%+13.3% without

scaling to 36.5%+6.8% (p<0.01, Friedman’s test) after rescaling.
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Concentration Curves

The gadolinium concentration curves C were obtained by:

c® =15~ 7) (A4)

r\1y () Ty(0)

where T1 times are calculated using Eq. A1, assuming S equal to the DCE-MRI image

intensities: {17 € R? | ti € timin,..,0, ... tyax}, Where IPSE and IPCE are the first and last DCE-

mn ax

MRI images, and IP¢E the image at time of injection. Then, we can redefine Eq. A1 as

_ TRDCE
_ T1(ti)
DCE _ ¢DCE 1-e "1 . DCE
I5°° = Sg —RDCE sina”%", (A5)

1-e T1(t) cos aPCE

Where TRPCE and aPCE are the fixed TR and a for the full sequence, T, (ti) the T1 at time ti, and
SPCE = |PCE M, where we assume a constant gain factor kP¢E. As the full DCE-MRI sequence is
done in the same acquisition it is natural to assume a constant scanner gain for all images in a
series. Concentration are defined after injection that is: C:{0, ... t;,4} = R. To get T;(0), instead
of using IPE we use the average image before injection (IP¢F) to get a higher SNR by: [P¢E =

mean({IPCE, ..., I0F}). To get kPCF we use different approaches. Approach 1: k£ is equal to

the gain factor k; from the pre-contrast T1w image I; with the same flip angle (a”‘F) so
a; = aP¢E. In case of several a; equal to aP¢E then kPCE is equal to the average of all k; with
a; = aP¢E. The rationale behind this is that it is likely that the optimized gain factor for acquiring
DCE-MRI is the same as the pre-contrast T1w image with the same flip angle. Approach 2: the
rationale of this approach is that to get comparable concentrations between visits the mean M,
values between visits should be the same; to get this kP¢E equal the ratio between M, means.

In the three patients where no rescaling was applied to the T1w images, M, was not rescaled

to get T1 at time t. In seven patients M, is rescaled such that we used the same scaling factor to

scale the T1w image with a=30°, which is the same a used to acquire the DCE images. In one
patient the concentration curves where still very different so M, was rescaled using approach 2

such that concentration curves in reference normal tissues became similar. The relaxivity to get
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concentrations was obtained depending of the employed contrast agent: Magnevist, Multihance,
Optimark; and field strength’.
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Kinetic model Parameters

From the concentration curves, we obtain the DCE-MRI parameter maps: AUCq, k3", vp, and

V.. TO get AUCyy,, concentration curves are interpolated to a higher resolution (Af=0.5s) and
integrated from time of injection ({=0s) to =90s to get AUCyy5. To get the other parameters we
use the extended Tofts model. This model assumes two compartments in the tissue (v, and v,)
that exchange contrast as:

trans

aC(t)

7 _ Ktrans (1 + :_P) Cp(t) _ < an(t)

at -’

ot ) C(D) + vp

Ve

(AB)

where C are the tissue concentrations defined by Eq. A4, and C,, the plasma concentrations.

Then the parameters of the model are estimated by solving a linear system of equation as in

Murase'. To get the plasma concentration C,,, this is defined by Cp, =Ca/(1—Hry) 2 where C,

is the artery contrast concentration (Arterial Input Function (AIF)), and H;y = 0.45 the large
vessel hematocrit fractional®. The AIF is defined as the contrast concentration in a feeding
artery*. There are two main approaches in the literature to get the AIF: population based**
where AIF is represented by an invariant functional form, and measuring C at artery locations in
the image®. In this work we measured C at artery locations using the manually annotated ROls,
then we discarded incorrect concentration curves®, and finally AIF is given by the median curve

from the remaining concentration curves.
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Figure A3: Linear regressions of mean changes and volume subpopulation changes at

the rim tumor per parameter vs. drug dose, drug AUC, and drug C™*.

12



Quantitative MRI of the VDA Crolibulin
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Figure A4: Linear regressions of mean changes and volume subpopulation changes at

the liver per parameter vs. drug dose, drug AUC, and drug C™®.
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Quantitative MRI of the VDA Crolibulin
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Figure AS5: Linear regressions of mean changes and volume subpopulation changes at

the muscle per parameter vs. drug dose, drug AUC, and drug C™.
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Quantitative MRI of the VDA Crolibulin
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Figure AG6: Linear regressions of mean changes and volume subpopulation changes at

the spleen per parameter vs. drug dose, drug AUC, and drug C™.
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Quantitative MRI of the VDA Crolibulin
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Figure A7: Linear regressions of mean changes and volume subpopulation changes at

the renal cortex per parameter vs. drug dose, drug AUC, and drug C™®.
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