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Supplementary Information

Methods

Proton MRI. Sequence specifications for T1-weighted axial and coronal 3D fast spoiled gradient echo
images used to plan the *3C-MRI: FOV = 35 cm; matrix = 256 x 256; TE = 2.1 ms; TR = 5.292 ms; flip
angle = 10°; slice thickness = 2.8 mm.

Sequence specifications for dynamic contrast enhanced (DCE) MRI (volume image breast assessment—time
resolved imaging of contrast kinetics, VIBRANT-TRICKS): FOV = 350 mm; matrix = 512 x 512;
reconstructed using an in-plane voxel size of 0.68 x 0.68 mm; slice thickness = 1.4mm; spectral-spatial
water excitation; repetition time (TR) = 7.1 ms; echo time (TE) = 3.8 ms; flip angle (FA) = 12°).
Postprocessing of DCE MRI data: T1, maps were used to convert from signal intensity to gadolinium
concentration. T1o mapping was based on a 3D variable flip angle (VFA) gradient echo method using FAs
of 2°, 3°,5°, 10°, and 15° used with an axial three-dimensional fast spoiled gradient-echo sequence (field
of view, FOV = 350 mm; matrix = 256 x 256; interpolated slice thickness = 1.4 mm; in-plane voxel size =
0.6 x 0.6 mmz; TR =5.3 ms; TE = 2.1 ms) (1). T1o maps were calculated using MIStar (Apollo Medical
Imaging, Melbourne, Australia). RF transmit uniformity (B1*) maps were obtained using a multi-slice 2D
Bloch-Siegert—based gradient-echo sequence (2) with the images postprocessed using in-house code
(MATLAB, The MathWorks, Inc., Natick, MA); FOV = 350 mm; matrix = 128 x 128; slice thickness = 7
mm; in-plane voxel size = 2.7 x 2.7 mm?2; TR = 29 ms; TE = 13.5 ms; FA = 20°. Spatial registration of B1*

corrected T1o maps and DCE was adjusted manually where necessary.

13C Magnetic Resonance Imaging (**C-MRI) and postprocessing. Pharmacy kits: the [1-3C]pyruvic
acid containing formulation was sealed, by laser welding, in a vial within the pharmacy Kit. After
preparation, pharmacy kits were stored at -20°C (3, 4). Before hyperpolarization, the vial containing the
frozen pyruvate/EPA formulation was loaded into a clinical hyperpolarizer and defrosted for one hour

(SPINIab, Research Circle Technology, Niskayuna, NY). Formulation of the neutralizing buffer solution



comprised 19 mL sterile water with 17.5 mL NaOH/Tris/EDTA (2.4%, 4.03%, and 0.033% wi/v

respectively, (Royal Free Hospital, London, UK).

QC criteria for injections: pH 6.7-8.1; EPA concentration < 3 uM; pyruvate concentration 220-280 mM;
and temperature 25-37 °C. After QC, the solution was passed through a sterilizing filter (0.2 pm; PureFlo

Disc Filter, ZenPure, Manassas, VA) before collection in a sterile syringe (Medrad, Warrendale, PA).

The FOV was centered over the breast tumor and two to three coronal slices were acquired depending on

the size of the breast. 3C imaging started between 0 and 30 s after the 3C-pyruvate injection.

Kinetic fitting was also explored as an alternative to analysis of metabolite ratios in the summed time
courses. A two-way kinetic model (5) was used to fit the evolution of pyruvate and lactate signals between
the time of peak pyruvate signal and the end of the acquisition. The forward rate constant ke from this fit
was compared between patients. As an estimate of the uncertainty in fitting of kp., we calculated the
variance for each metabolite between the measured and fitted data over the time series. For example, the
variance for lactate over the series of N time points, Var(L), is calculated from the measured and fitted
lactate intensities (L and Ly) as:

§V=1(Lmi - Lfi)z
?]=1(Lmi)2

Var(L) =
The variance of lactate and pyruvate were then summed and examined as a metric of fit uncertainty

(Supporting Figure S2B).

Immunohistochemistry and quantification for MCT1 and MCT4. For antigen retrieval, sections were
incubated with Tris EDTA (for MCT1 and MCT4)for 20 minutes or with the Leica enzyme pretreatment
solution (Leica enzyme pretreatment kit, Germany). Endogenous peroxidase activity was quenched using
3-4% (v/v) hydrogen peroxide. The primary antibodies used were HPA003324 (Atlas Antibodies, Bromma,

Sweden) at a dilution of 1:500 for MCT1 and HPA021451 (Atlas Antibodies, Bromma, Sweden) at a



dilution of 1:500 for MCT4.The sections were then incubated with Anti-rabbit Poly-HRP-1gG polymer
(<25 pg/mL) containing 10% (v/v) animal serum in tris buffered saline /0.09% ProClin™ 950 again to
localize mouse antigen. The complex was then visualized using 66 mM 3,3’-Diaminobenzidine
tetrahydrochloride hydrate in a stabilizer solution and <0.1% (v/v) Hydrogen Peroxide. Leica DAB
Enhancer was added to enhance staining. Cell nuclei were counterstained with <0.1% hematoxylin.
Optical densities for weak, moderate and strong stains used for the automated quantitative analysis of

scanned sections were: MCT1, 0.576, 0.593, 0.674; MCT4, 0.722, 0.819, 0.909.

RNA sequencing. RNA from frozen tumor tissue sections of six patients was extracted using the QIAGEN
miRNeasy Mini Kit (QIAGEN, Venlo, Netherlands; Cat No: 217004). Briefly, tissue sections were lysed in
700 pL of QIAzol and 140 pL of chloroform was added to each sample before being transferred to a heavy
phase lock tube (QIAGEN MaXtract, Venlo, Netherlands; Cat no: 129056). The samples were centrifuged

at 12,000 g for 15 min at 4°C, following which the upper aquaous phase was added to a fresh tube and x1.5
volume of 100% ethanol was added. The mixture was transferred to a miRNeasy column and centrifuged at
8,000 g for 1 min. The column was washed once with 700 ul RWT buffer followed by two 500 ul washes

with RPE buffer. RNA was eluted into a clean tube with 50 ul RNAse free water.

Postprocessing of RNA sequencing data. To estimate gene counts we employed Salmon version 0.11.3
on read-based mode (6). The final estimated number of reads mapping to each gene was then normalized in
three post-processing steps. First, we applied the edgeR package to estimate effective library sizes that
account for sequencing depth and RNA composition (7). Second, to scale the normalized count data for
linear modelling, the counts were transformed into log2 counts per million and assigned proper weights
using the voom method in the limma package (8). Third, technical effects related to differences in library

preparation were removed using ComBat from the sva package (9).

A hypoxia signature was computed with a Gene Set Enrichment Analysis (10) using the expression of 42

hypoxia-related genes as reported by Ye et al. (11).



Breast parenchymal density. Breast parenchymal density was assessed according to the ACR BI-RADS

Atlas on mammograms acquired at the time of assessment (12).
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Fig. S1. Relationship between LAC/PYR ratios based on manually drawn versus thresholded ROls.
No significant differences between ROIls drawn in a semi-automated fashion and those drawn manually
were found for LAC/PYR (p = 0.711), summed SNR_ac (p = 0.107) and summed SNRpvr (p = 0.097).

Center line, median; box limits, upper and lower quartiles; whiskers, 1.5x interquartile range; points,
outliers.
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Fig. S2. Relationship between kpi, the LAC/PYR ratio and summed SNRLac. (A) kg is significantly
correlated with the LAC/PYR ratio. The size of the dot in (B) represents the variance between the measured
and fitted time courses for pyruvate and lactate used to estimate ke, (range: 0.012 - 0.66). Tumors with low

summed SNRac showed the highest variance in kpp.
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Fig. S3 Relationship between ve and LAC/PYR. v, correlated significantly with LAC/PYR but relied

heavily on a single outlier.
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Figure S4. Relationship between hyperpolarized *C-MRI data (LAC/PYR ratio and summed
SNRLac) and expression of the monocarboxylate transporter4d (MCT4) and lactate dehydrogenase A
(LDHA). Correlation of the LAC/PYR ratio and summed SNR_ac with expression of MCT4 assessed by
immunohistochemistry and RNA sequencing (A-D). Correlation of the LAC/PYR ratio and summed

SNR_ac with expression of LDHA determined by RNA sequencing (E-F).
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Table S1 Sequence parameters for IDEAL spiral CSI.

Temporal resolution

Repetition time (TR)

Nominal flip angle (FA)
Acquisition matrix

Field of view (FOV)

Nominal in-plane voxel size
Reconstructed in-plane voxel size
Slice thickness

Echo Times (TE)

RF pulse bandwidth

Acquisition bandwidth

Total imaging time

2-4's (2 s in one patient, 4 s in the
remaining six patients)

0.26-0.5s

10-15°

40x40

200-240 mm

5X5—-6X6mm?2

1.563 x 1.563 -1.875 x 1.875 mm?
30 mm
15,27,38,4.9,6.0,7.2,83ms
2289 Hz

62500 Hz

60 s
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Table S2 Patient characteristics

Tumor type

IC NST G3 TNBC

IC NST G3
ER+/PR+/HER2-

ILC G2 ER+/PR+/HER2-
IC NST G3 TNBC

IC NST G3 TNBC

IC NST G3 TNBC

IC NST G2
ER+/PR+/HER2-

Age BMI
62 400
76 30.7
62 32.8
49 311
69 211
63 30.2
72 284

Breast density

scattered FGT
heterogeneously
dense

scattered FGT
heterogeneously
dense
heterogeneously
dense

scattered FGT
heterogeneously

dense

Menopausal status

postmenopausal
postmenopausal

postmenopausal

premenopausal

postmenopausal

postmenopausal

postmenopausal

Day of

menstrual cycle

19

Abbreviations: IC NST, invasive carcinoma no specific type; ILC, invasive lobular carcinoma;

G3, grade 3; G2, grade 2; TNBC, triple negative breast cancer; ER, estrogen receptor; PR,
progesterone receptor; HER2, HER2/neu; FGT, fibroglandular tissue.
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