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Supplementary Tables

S1 !H-MRI acquisition parameters

Table S1. Acquisition parameters of *H-MRI sequences

Dim. slice FOV/ TR/ TE/ Matrix nom. avg. Slices / AQ
thickn. / resol. / slab time
mm mm? ms ms mm?
MRAC UTE 3 1.6 300x300 11.94 0.07 - 4.1 - 192 2min
2s
T. MPRAGE 3 1 250%211 1120 3.02 256%256 0.8 4 60 16 min
T, FLAIR 3 1 250x211 5000 91 256x256 0.8 2.7 60 6min
4s
T, Flash 2 3 160x160 250 2.48 320x320 0.75 2 - 2min
9s
T, HASTE 2 3 160x160 1600 93 256x256 1.2 20 - 1min
33s
Diffusiont®! 2 3 70x70 4000 71 48x48 6.4 8 - 6min
55s

lalh-values: 10, 150, 300, 500, 700 s*mm-

AQ time: acquisition time; avg.: averages; Dim.: Dimensions; FLAIR: fluid-attenuated inversion recovery; FLASH: fast low-angle shot;

FOV: field of view; HASTE: half Fourier acquisition single shot turbo spin echo; MRAC: magnetic resonance-based attenuation correction;
MPRAGE: magnetization prepared rapid acquisition gradient echo; nom. resol.: nominal resolution; T;: spin lattice relaxation time; T,: spin
spin relaxation time; TE: echo time; thickn.: thickness; TR: repetition time; UTE: ultra-short echo time.

S2 Pearson correlation of metabolic data measured in tumors of simi-
lar cellularity

Table S2. Pearson correlation coefficients for [**F]FDG PET, [1-3C]pyruvate CSI, DWI of tumors with
similar cellularity (ADC of (0.57+0.04)*10° mm?s)

SUVimean SUVax Ki MRGIu Kot Ko, stice AUC ratio AL_JC ra-
ti0stice
SUVimean 1
SUVnax 0.98™" 1
Ki 0.65 0.56" 1
MRGlu 0.56" 0.53" 0.76** 1
Kot 0.59" 0.51"s 0.57" 0.05"* 1
Ko, stice 0.56" 0.46"* 0.65 0.26"* 0.70" 1
AUC ratio 0.59" 0.55* 0.68" 0.36"* 0.77" 0.74™ 1
AUC ratiOgice 0.47"* 0.45"% 0.70™ 0.81™" 0.26"* 0.34"* 0.59" 1

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
AUC ratio: areas under the curve ratio from tumor region-of-interest **C-analysis; AUC ratioic.: areas under the curve ratio from slice-
selective like *C-analysis; K;: composite rate constant; ky: pyruvate-to-lactate exchange rate; ky, sice: pyruvate-to-lactate exchange rate
from slice-selective like analysis; MRGIu: metabolic rate of glucose utilization; n.s.: not significant; SUVpa: maximum standard uptake

value; SUVean: mean standard uptake value.




S3 Pearson correlation coefficients of 13C-data from slice selective

like analysis correlated with longitudinal PET and MRI data

Table S3. Pearson correlation coefficients for of 1*C-data from slice selective like analysis correlated
with longitudinal PET and MRI data.

SUVean

SUVimax Ki MRGlu Ko, stice AUCsiice Oy TMV TLG ADC Clac Cglc
SUViean 1
SUVmax 0.99™" 1
Ki 0.68™" 0.60™ 1
MRGlu 0.65™" 0.58™ 0.94™" 1
Ko, stice 0.39"s 0.34"s 0.41" 0.14"* 1
AUC;iice 0.28"* 0.23"s 0.31"* 0.43" 0.29"* 1
Ay 0.25"* 0.19"s 0.45™ -0.07"* 0.59" 0.23"* 1
T™MV 0.49" -0.49* -0.37"* -0.34" 0.06"* 0.23"* 0.22"* 1
TLG 0.29"* -0.29" -0.27"* -0.24" 0.12"* 0.33"* 0.26"* 0.95"" 1
ADC 0.45" -0.46* -0.36"* -0.37" 0.15"* 0.35™* 0.38"* 0.817" 0.73™ 1
Clac -0.52™ -0.48* -0.30"* -0.19" 0.04"* -0,05"* 0.08"* 0.60" 0.51" 0.35"* 1
Cglc 0.14"° 0.13"* 0.17"* 0.49" -0,09" 0.41* -0.20"* 0.02"* 0.06"* -0.11"* 0.17"* 1
*p < 0.05, **p < 0.0, ***p < 0.001, ****p < 0.000L.

ADC: apparent diffusion coefficient; AUC rat: areas under the curve ratio from tumor region-of-interest **C-analysis; cq,: blood glucose
concentration; ciac: blood lactate concentration; d..,: distance of tumor to central blood vessel; Ki: composite rate constant; Ky siice: PY-
ruvate-to-lactate exchange rate from slice-selective like analysis; MRGIlu: metabolic rate of glucose utilization; n.s.: not significant;
SUVmax: maximum standard uptake value; SUVean: mean standard uptake value; TLG: total lesion glycolysis, TMW: tumor metabolic

volume.




Supplementary information and figures

S1 Tumor growth curve
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Figure S1. Tumor growth curves of subcutaneous MAT-B-111 tumors (n=8).

S2 [*F]FDG PET, input functions and tumor uptake curves

A Representative images for input function defintion

E
vena cava

B PET/MR input functions C PET/MR tumor time activity curves (TACs)
3 10° : : : 8
n=23 n=23
2.5¢
S 6F
1 2t
£ s Lo FERSNANEE
Sl
2 15 D
3 05 { i R i |7 { I 1 }
go SESEERERE NN

20 40 60 80 0 20 40 60 80
Time (min) Time (min)
Figure S2. PET/MR input functions and time activity curves of tumors. (A) shows three representative coro-
nal images where image derived input functions were segmented semi-automatically. (B) shows the mean + std
of all image derived input functions except for one animal. An explanation for excluding the animal is given in

Figure S3C4. (C) is the mean + std of all tumor time activity curves corrected by the respective animal weights
and injected doses. The measurement of the same animal as mentioned in (B) was excluded.



Image derived input functions (IDIFs) were segmented in the inferior vena cava [1] for kinetic
Patlak [2, 3] analysis of the glucose utilization of subcutaneous MAT-B-I11 tumors. Three ex-
emplary coronal images showing the segmented IDIF ROIs are displayed in Figure S3A. Ex-
cept for one measurement, the mean = std of all measured IDIFs and tumor time activity
curves are displayed in Figure S3B and C, respectively. An explanation for excluding one
measurement is given in the next section.

S3 [*F]FDG PET, Patlak analysis

The kinetic Patlak analysis was performed according to equation 1 [2, 3]

T
Ctissue (t) _ fo Cplasma (T)dT

Cplasma (t) Cplasma (t)

€y

with t being the time after tracer injection, Ciissue(t) being the FDG activity concentration in the
tumor, Cpiasma(t) being the FDG activity concentration in the vena cava (IDIF), of*Cplasma(7)dz
being the integral of FDG concentration in the vena cava (IDIF), Ki being the composite rate
constant (K1xks/(kot+ks)) and V being the FDG distribution volume in the vena cava (IDIF).

A comparison of [*8F]JFDG tumor uptake curves measured for three animals at a small animal
PET/CT scanner and at a clinical PET/MR scanner showed no significant differences. How-
ever, the K; value was by a factor of f = 2.7 higher for PET/MR data compared to PET/CT
data. A reduced resolution of the PET/MR leads to an underestimation of o/*Cpiasma(z)dz deter-
mining higher K; values (Figure S3A and B). All PET/MR K; values (and MRGIu) obtained in
the longitudinal study were finally corrected by the factor f.

Figure S3C1 and C2 show representative Patlak plots. In some few animals, we noticed that
the injection of pyruvate slightly disturbed FDG uptake as shown in (Figure S3C3) indicated
with a black arrow. We assume that this was due to temporary FDG clearance in the blood
stream surrounding the tumor. For one animal, 49.5% FDG resided in the tail vein at first in-
jection but was added to the blood system at pyruvate injection (Figure S3C4, indicated with
a black arrow). However, the linearity of the Patlak plot in the defined fit range (10 min to 40
min) was still given as this analysis is not dependent on the amount of injected FDG. For an
accurate SUVmean and SUVmax analysis, the tumor time activity curves of the “first” and the
“second” FDG injection were fitted to an exponential function (y=ax(1-et®?Y) and plateau val-
ues were extracted. The actual dose of the first injection was calculated according to the ratio
of these plateau values.



A PET/MR, integral of input functions
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Figure S3. Input function integrals of PET/CT and PET/MR and PET/MR Patlak analysis. (A) and (B)
compare the integrals of the image derived input functions segmented in the vena cava inferior of three animals
measured with a delay of about ten hours respectively at the PET/MR and the PET/CT. (C) displays four indi-
vidual image derived input functions and tumor uptake curves in one plot (C1-4). The respective Patlak plots are
given to the right of the uptake curves. C1, C2 show good linearity in the chosen time range of 10-40 minutes
(green line). In few animals, we observed slight disturbance of tumor FDG uptake at *C-pryuvate injection (C3,
black arrow). For one animal, a major portion of FDG resided in the tail vein at injection but was co-injected at
13C-pyruvate injection (C4). The actual amount of injected FDG was corrected to accurately determine SUVmean
and SUVmax. Note that the K; values displayed in the plot C1-4 have not been corrected by f=2.7.



S4 13C B;-calibration and field profile of a *H/**C surface coil
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Figure S4. 3C MR signal (dots) and fit (line) of 8 M *3C-urea model solution in a 5 mL glass vial measured
as function of transmitter voltage in vertical (A) and horizontal (B) distance to the *H/**C surface trans-
mit-receive coil. (A) At 35 mm vertical distance, the maximum signal amplitude was decreased by 50% com-
pared to the maximum signal when the phantom was directly placed on the surface of the coil (black). (B) No
relevant difference of the MR signal was observed when the position of the model solution was moved by 0-40
mm in horizontal direction (zero vertical direction). These results indicate that the excitation of the CSI se-
quences is constant in horizontal direction but varies significantly in vertical direction over the examined ani-
mals. Tumors were therefore placed directly onto the surface coil (animal position: head first, right lateral) mini-
mizing quantification errors due to B; inhomogeneity in vertical direction.

S5 Diffusion-weighted imaging
Reproducibility and validation experiments

We used an ice-water phantom to validate quantitative DWI measurements and verify repro-
ducibility. The phantom consisted of two plastic tubes with the space between the inner and
the outer tube being filled with frozen water [4]. The inner tube was filled with water that was
kept at a temperature of 0 °C. The setup provides the chance to measure ADC values at a
constant temperature over a reasonable period of time.

Diffusion-weighted imaging was performed on the clinical 3 T PET/MR scanner (mMR bio-
graph, Siemens, Erlangen, Germany) and on a 7 T preclinical scanner (Avance Ill, Bruker Bi-
oSpin, Billerica, MA, USA). Acquisition parameters at the clinical system were: TE/TR
74/6000 ms, b-values 10, 150, 300, 500, 700 s/mm?2, matrix 48x48, FOV 58x58 mm, slice
thickness 3 mm, averages 8. Acquisition parameters at the pre-clinical system were: TE/TR
17/1500 ms, b-values 18, 158, 308, 508, 708 s/mm?, matrix 128x128, FOV 40x40 mm, slice
thickness 2 mm, averages 3. For the clinical and pre-clinical systems we respectively obtained
ADC values of 1.105x10"® mm?/s (95% confidence interval: 1.102 — 1.109x10°® mm2/s) and
1.117x10°® mm?/s (95% confidence interval: 1.107 — 1.126x10° mm2/s), which are in agree-
ment with literature values 1.099x102 — 1.138 mmz/s (for T = 0-1 °C) [5].



Exemplary T2-weighted, diffusion-weighted images and ADC plots
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Figure S5. Exemplary Tz-weighted images, diffusion-weighted images and ADC fits. (A-C) T.-weighted im-
ages of an animal measured on day eight, ten and thirteen respectively. (D-F) Representative diffusion-weighted
images acquired for the same animal as in (A-C) for b-value = 500 sXmm™. (G-1) Respective ADC fits for whole
tumor ROls.



S6 Histology

Figure S6. Representative Hematoxylin-Eosin (H.-E.) stained histological tumor slices. (A) tumor slice with
a total 15% of tumor area covered by necrosis. The multifocal necrotic parts of the tumors (arrows) in two of the
cases did not merge to a large central necrotic area. (H.-E. staining, overview (left), original magnification 100 x
(right)). (B) tumor slice with a total 35% of tumor area covered by necrosis. The multifocal necrotic parts of the
tumors (arrows) in the majority of cases was confluent in a larger central necrosis (*). (H.-E. staining, overview
(left), original magnification 100 x (right)). (C) example of fibroangioblastic granulation tissue (#) and slight
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infiltration (lymphocytes, arrows) in tumor (arrowheads) periphery. (H.-E. staining, overview (left), original

magnification 200 x (right)).

S7 Correlation plots of %-necrosis with DWI, PET and MRSI data

For validation of signal averaging effects with progressive necrosis in growing tumors, quan-

titative parameters obtained from DWI, PET and MRSI from n = 7 (out of eight) terminal
measurements were correlated with the percentage of necrosis in histological tumor slices
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deviation with (A) ADC, (B) SUVmean, (C) SUVmax, (D) Ki, (E) MRGIu and (F) kpi. Data from the animal sacri-
ficed on day ten are marked in red. Best fit (solid line) and 95% confidence bands (dashed lines). Correlation
coefficients for%-necrosis and AUC ratios were: R = -0.21, p = 0.6506.

stained with H.-E. One animal was left out for analysis, because the PET scan failed as de-
scribed in the materials and methods section in the main manuscript. One animal was sacri-
ficed on day ten, six on day thirteen. Necrosis was estimated for four slices per tumor and the
given value is the mean (+ standard deviation) for the respective four slices. Overall, the fol-
lowing trend is observed: progressive or bigger tumors showed a higher percentage of necro-
sis (%-Nec), which was measured by DWI with increasing ADC values. %-Nec and ADC ex-
hibited a positive correlation (Figure S7 A). This led to partial volume artifacts for metabolic
data shown by negative correlations with%-Nec (Figure S7 B-E). However, correlations were
not significant, which was probably due to the small group size and the low spatial correlation
of histological slices and MRI/PET/MRSI regions of interest. Note, that only a very weak
trend is shown for 13C-MRSI data (Figure S7 F).

S8 Quantitative longitudinal data for three groups of similar tumor
cellularity each

A ADC . B AUC ratio C ky D SUVean
n.s. Nn.S. *
<15 . ILI —E n.s n.s
Rz — K —ns. 0.06 — I T 1 ns
E 0 - o 0.4 . . — " n.s. 5 R
. . -] 2ee w004 — 5 . .
3 - c = F T + Ll
L . g s — - f
o5 s 02 <o02| $ 3 : -+
O < . K 2
g
0 0 0.00 ol
Q\ Q(L > . Qq’ Q(b Q\ QIL Q‘b Q\ KR Q‘b
& & & & & & & & & &
E SUV,,.. F K G MRGlu H TMV
. . — .
el n.s. = n.s. - _N.s.
10 —S 0.15 —S g 200 —8 15 —
8] e = F -
% 0.10 o P * 40
£ 6 Ng £ . = T IS
> . . E € 100 %:_ . s .
54 T F F + 3 £l < S
i e T2 (M FE 35 -
. =+ £ , = ..
0 0.00 & o 0 Fre
N ] Nz 'Y N N2 ) N Vv l
o S & A = & PN J > &
& 3 & & @ G ) & <3 & & @&
| TLG J c(lactate) K e(glucose) L d.,
e n.s n.s. n.s.
| —— | | | | | N |
n.s. n.s. n.s. n.s.
- n.s. n.s. n.s.
40 — 8 — —~ 200 — 20 LN
o~ b a - 180 . 18 . .
30 = 6 " A £ e
[yl —
£ £ The R % > 160 . = . —%
a2 l { S o R T £ a0 —jE— 5 EF : f
3 I i & . © . * 214
=10 T 2 5 R = = O
% - G 2 120 . 12
0 0 100 10
N 94 =] N N A=) N 1 =) N VY =]
S R 5N Y R R Ay N i~ ;M=
o & & ¢ o & & o o [} & oy

Figure S8. Overview of all multimodal semi-/quantitative longitudinal data measured for animals clus-
tered into three groups of different tumor cellularity (ADC values) measured with DWI. (A) ADC, (B)
AUC ratios from $3C-MRSl, (C) kyi from *C-MRSI, (D) SUVmean from FDG-PET, (E) SUVmax from FDG-PET,
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(F) K; from FDG-PET, (G) MRGIlu from FDG-PET, (H) tumor metabolic volume (TMV), (1) total lesion glycol-
ysis (TLG), (J) blood lactate concentration, (K) blood glucose concentration, (L) distance of tumor to central
blood vessel.

Abbreviations

ADC: apparent diffusion coefficient; AQ: acquisition; AUC ratio: areas under the curve ratio
from tumor region-of-interest *3C-analysis; AUC ratiosiice: areas under the curve ratio from
slice-selective like 3C-analysis; B1: radiofrequency excitation field; b-value: diffusion-
weighting factor; cgic: blood glucose concentration; ciac: blood lactate concentration; Cplasma(t):
tracer plasma concentration; CSI: chemical shift imaging; CT: computed tomography; Ctis-
sue(t): tracer tissue concentration; d.v: distance between the vena cava and the center of mass
of the tumors; DWI: diffusion-weighted imaging; [**F]FDG: 2-deoxy-2-[F*®]fluoro-D-glu-
cose; FLASH: fast low-angle shot; FLAIR: fluid-attenuated inversion recovery; FOV: field of
view; HASTE: half Fourier acquisition single shot turbo spin echo; H.E.: Hematoxylin-Eosin;
IDIF: inferior vena cava; ki: primary tracer uptake rate from blood to free tracer in tissue; k>:
tissue clearance rate; ks: rates of exchange between free and trapped tracers in tissue; Ki: com-
posite rate constant; kpi: rate constant for pyruvate-lactate-exchange; kpisiice: rate constant for
pyruvate-lactate-exchange measured in the whole CSlI slice; MAT-B-111: mammary breast
cancer cells derived from adenocarcinoma; MPRAGE: magnetization prepared rapid acquisi-
tion gradient echo; MRGLU: metabolic rate of glucose; MRAC: magnetic resonance-based
attenuation correction; MR: magnetic resonance; MRI: magnetic resonance imaging; MRSI:
magnetic resonance spectroscopic imaging; p: significance level; PET: positron emission to-
mography; R: Pearson correlation coefficient; ROI: region-of-interest; SUVmax: maximum
standard uptake value; SUVmean: mean of SUVs that are greater than SUVmax multiplied by a
defined threshold (0.5 or 0.7) within a ROI; TAC: tumor uptake curve; T1: spin-lattice relaxa-
tion time; T2: spin-spin relaxation time; TE: echo time; TLG: total lesion glycolysis; TMW: tu-
mor metabolic volume; TR: repetition time; UTE: ultra-short echo time; %-Nec.: mean of per-
centage of necrosis of analyzed histological slices.
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