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Simple Summary: We evaluated renal cancer with varying aggressive appearances on histology, 27 

using an emerging form of non-invasive metabolic MRI. This imaging technique assesses the uptake 28 

and metabolism of a breakdown product of glucose (pyruvate) labelled with hyperpolarized car-29 

bon-13. We show that pyruvate metabolism is dependent on the aggressiveness of an individual 30 

tumor and we provide a mechanism for this finding from tissue analysis of molecules influencing 31 

pyruvate metabolism, suggesting a role for its membrane transporter. 32 

Abstract: Differentiating aggressive clear cell renal cell carcinoma (ccRCC) from indolent lesions is 33 

challenging using conventional imaging. This work prospectively compared the metabolic imaging 34 

phenotype of renal tumors using carbon-13 MRI following injection of hyperpolarized [1-13C]py-35 

ruvate (HP-13C-MRI) and validated these findings with histopathology. Nine patients with treat-36 

ment-naïve renal tumors (6 ccRCCs, 1 liposarcoma, 1 pheochromocytoma, 1 oncocytoma) under-37 

went pre-operative HP-13C-MRI and conventional proton (1H) MRI. Multi-regional tissue samples 38 

were collected using patient-specific 3D-printed tumor molds for spatial registration between im-39 

aging and molecular analysis. The apparent exchange rate constant (kPL) between 13C-pyruvate and 40 

13C-lactate was calculated. Immunohistochemistry for the pyruvate transporter (MCT1) from 44 41 

multi-regional samples, as well as associations between MCT1 expression and outcome in the 42 

TCGA-KIRC dataset, were investigated. Increasing kPL in ccRCC was correlated with increasing 43 

overall tumor grade (ρ=0.92, P=0.009) and MCT1 expression (r=0.89, P=0.016), with similar results 44 

acquired from the multi-regional analysis. Conventional 1H-MRI parameters did not discriminate 45 

tumor grades. The correlation between MCT1 and ccRCC grade was confirmed within a TCGA da-46 
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taset (P<0.001), where MCT1 expression was a predictor of overall and disease-free survival. In con-47 

clusion, metabolic imaging using HP-13C-MRI differentiates tumor aggressiveness in ccRCC and 48 

correlates with the expression of MCT1, a predictor of survival. HP-13C-MRI may non-invasively 49 

characterize metabolic phenotypes within renal cancer. 50 

Keywords: Cancer Metabolism, Hyperpolarized 13C Magnetic Resonance Imaging, Monocarbox-51 

ylate Transporter, Renal Cell Carcinoma 52 

 53 

 54 

Graphical Abstract 55 

1. Introduction 56 

Renal cell carcinoma (RCC) is the twelfth commonest solid cancer globally and the 57 

sixth in the United Kingdom [1]. Clear cell RCC (ccRCC) is the most frequent histological 58 

subtype found in 75-80% of patients with RCC [2]. In the localized disease stage, partial 59 

or radical nephrectomy is the treatment of choice [3]. However, with the increasing detec-60 

tion of incidental small renal masses by cross-sectional imaging, the risk of overtreatment 61 

is increasing, because neither conventional imaging nor tissue biopsies predict aggressive 62 

tumor behavior reliably [4,5]. Although tumor grade is a leading predictor of progression, 63 

recurrence, and survival, tumor biopsies may underestimate the grade owing to sampling 64 

error [6,7]. An imaging biomarker that could non-invasively grade ccRCC and exclude 65 

differential diagnoses would reduce overtreatment and could have significant clinical im-66 

pact. This imaging biomarker may be derived from novel image analysis methods and 67 

machine learning approaches such as those in radiomics: the extraction and evaluation of 68 

high-dimensional quantitative data from images have shown promise in the grading of 69 

ccRCC [8,9]. Alternatively, new imaging techniques may provide a direct readout of tu-70 

mor biology and in this study, we explored whether novel methods for probing tumor 71 

metabolism could be used to phenotype renal cancer more accurately. 72 

Renal cell cancer is driven by dysregulation of several pathways involving cellular 73 

energy metabolism [10]. Dysregulation of hypoxia-inducible factor 1-alpha (HIF-1α) path-74 

ways resulting from VHL mutation or promotor hypermethylation is present in 91% of 75 

ccRCC leading to profound alterations in glucose metabolism [11]. Increasing tumor grade 76 

is associated with increased lactate concentrations and expression of proteins involved in 77 

glycolysis and lactic acid fermentation [12,13]. Metabolomic analyzes require invasive 78 
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sampling of vascularized tissue and are subject to sampling error. In contrast, non-inva-79 

sive imaging enables repeated, non-destructive assessment of comparatively large vol-80 

umes of tissue. For example, positron emission tomography (PET) using the glucose ana-81 

log [18F]FDG, can indirectly probe these alterations. However, [18F]FDG-PET cannot dis-82 

tinguish metabolites, provides no direct information on glycolytic flux, and is limited in 83 

RCC by the background urinary signal [14]. 84 

Hyperpolarized carbon-13 magnetic resonance imaging (HP-13C-MRI) is a new clini-85 

cal method to quantify tissue metabolism [15]. The technique can image the conversion of 86 

HP-[1-13C]pyruvate to [1-13C]lactate, catalyzed by lactate dehydrogenase (LDH), and is a 87 

promising pre-clinical and clinical imaging biomarker of aggressiveness and early treat-88 

ment response [16]. HP-13C-MRI has been used to image the normal human brain and 89 

heart, as well as cancers of the prostate, breast, kidney, pancreas, and brain [17–21]. Mon-90 

ocarboxylate transporters (MCTs) are involved in cellular energy metabolism through the 91 

transport of pyruvate, lactate and ketone bodies across the plasma membrane [22]. Find-92 

ings from human breast and prostate cancer have identified MCT1 expression as a rate-93 

limiting factor for 13C-lactate formation in HP-13C-MRI [20,23]. In this proof-of-principle 94 

study, we demonstrate that HP-13C-MRI provides a non-invasive measure of tumor ag-95 

gressiveness in ccRCC from multiregional biopsies and show that the imaging measures 96 

of metabolism correlate with the expression of MCT1 for the first time in participants with 97 

RCC. We subsequently validated these changes in gene expression and patient outcome 98 

data from The Cancer Genome Atlas Kidney Renal Clear Cell Carcinoma (TCGA-KIRC) 99 

database [24]. 100 

2. Materials and Methods 101 

Recruitment and ethics 102 

Study participants were recruited at Addenbrooke’s Hospital, Cambridge University 103 

Hospitals NHS Foundation Trust, Cambridge UK and provided written informed consent 104 

for this ethically approved study protocol: MISSION Substudy in Renal Cancer (Molecu-105 

lar Imaging and Spectroscopy with Stable Isotopes in Oncology and Neurology; Cam-106 

bridge South Research Ethics Committee, 15/EE/0378) and DIAMOND (Evaluation of bi-107 

omarkers in urological diseases; 03/018). The inclusion criteria were: age 18 years, clinical 108 

suspicion of T1b+ RCC, candidate for surgery, and Eastern Cooperative Oncology Group 109 

(ECOG) performance status ≤1. Key exclusion criteria were metabolic disorders, allergy 110 

to gadolinium-based contrast agents, pregnancy, and unsuitability for MRI. Patients may 111 

have harbored localized or metastatic disease as long as surgery was clinically indicated, 112 

and they have not received any pre-surgical treatment. 113 

Hyperpolarized [1-13C]pyruvate MRI acquisition 114 

The preparation of the 13C-pyruvate has been described previously [20] and are sum-115 

marized in the supplementary materials. Hyperpolarized 13C images were acquired on a 116 

clinical 3 T MR system (MR750, GE Healthcare, Waukesha WI, USA) using a clamshell 117 

coil for 13C-transmission. A 13C-tuned 8-channel array coil (Rapid Biomedical, Rimpar, 118 

Germany) was centered over the tumor. An Iterative Decomposition with Shifted Echo 119 

times and Least Squares Estimation (IDEAL) spiral chemical shift imaging (CSI) sequence 120 

[25] was employed to acquire five axial slices of 3 cm thickness with a 5 mm gap. The 121 

center of one slice was placed through the center of the tumor and as much of the tumor 122 

and contralateral normal kidney as possible were covered (Supplementary Figure A1). 123 

Radiofrequency pulses with a nominal flip angle (α) of 15° were applied to acquire a 124 

34×34 cm2 field-of-view (FOV) with a matrix size of 40×40 and a temporal resolution of 4 s 125 

for 20 time points (repetition time 0.5 s), starting 12 s after the injection of HP-pyruvate. 126 

Images had a true resolution of 17×17 mm2 and were reconstructed to 128×128. The pa-127 

tients were instructed to hold their breath for approximately the first 20s and to breathe 128 

gently thereafter. 129 
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13C-MRI data analysis 130 

The IDEAL spiral data were reconstructed in MATLAB. Complex imaging data ac-131 

quired over the eight channels of the abdominal array coil were combined using a singular 132 

value decomposition approach similar to Chen et al [26]. For metabolite signals, the com-133 

plex data were summed over all time points prior to coil combination to minimize noise 134 

propagation. 135 

Polygonal regions of interest (ROIs) of the tumor and normal kidney were drawn 136 

manually on co-registered T1-weighted images and propagated to metabolic maps using 137 

OsiriX 10.0 (Pixemo SARL, Switzerland). For individual biopsies, cylindrical ROIs with a 138 

diameter and height of 3 cm were centered on the biopsy. Voxel-wise intensity values 139 

were exported from OsiriX using the JavaScript Object Notation (JSON) format. Estima-140 

tion of the mean and standard deviation (S.D.) of the noise was performed in an extracor-141 

poreal region of the image where spiral artifacts were absent. The signal-to-noise ratio 142 

(SNRmetabolite) was calculated from maps of pyruvate, lactate, and pyruvate+lactate (to-143 

tal carbon) within each ROI was defined as follows: 144 

𝑆𝑁𝑅𝑚𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑡𝑒 =
mean(SI𝑅𝑂𝐼) − mean(SI𝑛𝑜𝑖𝑠𝑒) 

√2 S. D. (SI𝑛𝑜𝑖𝑠𝑒)
 145 

where mean (SIROI) is the mean signal intensity in the ROI, and the mean and S.D. of 146 

SInoise are computed over the ROI containing background only. The factor of √2 accounts 147 

for the narrowed Rayleigh distribution of magnitude noise, with an approximate adjust-148 

ment for the use of multiple receivers. 149 

The apparent reaction rate constant for the exchange of the HP-13C label between py-150 

ruvate and lactate (kPL) was calculated using a two-site exchange model in a frequency-151 

domain approach and linear least-squares fitting. Back-conversion of lactate-to-pyruvate 152 

(kPL) and spin-lattice relaxation effects (T1) were combined as an effective relaxation term 153 

T1eff [27]. 154 

Masks containing only voxels with a summed carbon signal-to-noise ratio (SNR) of 155 

≥5 were created to avoid voxels with a poor fit. 156 

Proton (1H) MRI 157 

The multiparametric 1H-MRI was acquired immediately after the HP-13C-MRI, fol-158 

lowing repositioning of the patient into a 32-channel cardiac array coil (GE Healthcare, 159 

Waukesha WI, USA) on the same 3 T MRI scanner. The protocol included diffusion 160 

weighted, blood-oxygenation level dependent, and dynamic contrast-enhanced MRI in 161 

addition to T1- and T2-weighted sequences. The sequence parameters in Supplementary 162 

Table S1 were used for all except one participant where the presence of tumor thrombus 163 

in the intrahepatic inferior vena cava required a focused pre-surgical assessment (Supple-164 

mentary Table A2). The sequences and image post-processing are described in the sup-165 

plementary materials. All imaging data were analyzed blinded to the clinical outcome. 166 

3. D-printed patient specific tumor molds 167 

Tumor molds were created as described previously [28]. In brief: the tumor, adjacent 168 

normal appearing kidney, and the perirenal fat including Gerota’s fascia were segmented 169 

manually in OsiriX (Pixmeo SARL, Switzerland). The segmentation was performed on the 170 

T1w LavaFlex sequence because this provided the highest spatial resolution. The segmen-171 

tation was re-oriented using in-house MATLAB code and the mold generated using in-172 

house code implemented in Python, interfacing with Meshlab and OpenSCAD. The 3D 173 

model was sliced in PrusaSlicer and a Prusa i3 MK3S was used to print the mold in pol-174 

ylactic acid (PLA). 175 

Histology and Immunohistochemistry 176 

Following nephrectomy, the specimen was sliced using a patient-specific 3D-printed 177 

tumor mold to allow co-registration of tissue samples and imaging [28]. The location of 178 
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biopsies was recorded on maps rendered to represent the cross-section of the tissue at the 179 

location of the tissue slice and then transferred to the corresponding location in the T1w 180 

LavaFlex reference sequence (Supplementary Table A1 and A2). Three to nine representa-181 

tive tumor samples (6 mm punches of fresh tissue) were obtained depending on tumor 182 

size, as well as samples from the ipsilateral normal appearing renal tissue. These were 183 

formalin-fixed and paraffin embedded. A subspecialized pathologist determined tumor 184 

grade on hematoxylin and eosin (H&E) stained slides according to the WHO/ISUP scale 185 

[6], assigning a grade to each tissue sample. Tissue samples with <75% viable tumor tissue 186 

were excluded. 187 

Immunohistochemical (IHC) staining for MCT1 and MCT4 was performed using 188 

Leica’s Polymer Refine Detection System (DS9800) in combination with their Bond auto-189 

mated system (Leica Biosystems Newcastle Ltd, United Kingdom). 190 

Sections were cut to 4 μm thickness and incubated with Tris EDTA for 20 min for 191 

antigen retrieval. Endogenous peroxidase activity was quenched using 3-4% (v/v) hydro-192 

gen peroxide. The primary antibodies were HPA003324 for MCT1 and HPA021451 for 193 

MCT4 (both Atlas Antibodies, Bromma, Sweden) both at a dilution of 1:500. The sections 194 

were then incubated in Anti-rabbit Poly-HRP-IgG polymer (<25 μg/mL) containing 10% 195 

(v/v) animal serum in Tris-buffered saline /0.09% ProClin 950 (Sigma-Aldrich, Gillingham, 196 

United Kingdom). The complex was visualized using 66 mM 3,3’-Diaminobenzidine tet-197 

rahydrochloride hydrate in a stabilizer solution and ≤0.1% (v/v) Hydrogen Peroxide. Leica 198 

DAB Enhancer was added to enhance staining. Cell nuclei were counterstained with 199 

<0.1% hematoxylin. 200 

HALO v2.2.1870.15 (Indica Labs, Albuquerque NM, USA) and the area quantification 201 

v2.1.11 module were used for automated analysis of scanned sections. Areas of weak, 202 

moderate, and strong staining were summed and divided by the total tissue area to obtain 203 

the percentage of positive tissue for MCT1 and MCT4 expression. Optical densities for 204 

weak, moderate, and strong stains used for the automated quantitative analysis of 205 

scanned sections were 0.2164, 0.3274 and 0.4938, respectively. The median percentage of 206 

positive tissue of all biopsies from one patient was taken to compensate for spatially het-207 

erogeneous marker expression within tumors. Similarly, cell density was quantified using 208 

HALO by dividing the number of cells counted in each biopsy by the tissue area. The 209 

median for all biopsies from one patient was used for patient-level comparisons. 210 

TCGA-KIRC Data 211 

Findings in the prospective dataset were validated using normalized RNAseq by Ex-212 

pectation Maximization (RSEM) data from the TCGA-KIRC dataset of ccRCC (accessed 213 

through Broad Institute, https://gdac.broadinstitute.org/). Gene expression data was z-214 

transformed and the Kruskal-Wallis test used to test if the expression was dependent on 215 

tumor grade, complemented by pairwise Wilcoxon rank-sum tests with correction for 216 

multiple comparisons (Benjamini-Hochberg). The proportion of variance in the expres-217 

sion of genes explained by another gene was measured by linear regression. Associations 218 

of gene expression and overall or disease-free survival (OS and DFS) were explored with 219 

Kaplan-Meier analysis at a pre-specified cut-off at the 85th percentile. Univariate and mul-220 

tivariate Cox regression models including clinical variables were fit. 221 

Statistical analysis 222 

Statistical analyses were conducted using R (version 4.0.0, R foundation for statistical 223 

computing, Vienna, Austria). Mean and standard deviation were used as summary statis-224 

tics for (approximatively) normally distributed continuous variables. Median and range 225 

were preferred with skewed data. Comparisons between unpaired samples used the Wil-226 

coxon rank-sum test, paired samples the Wilcoxon Signed-Rank test and correlations the 227 

Spearman correlation for skewed data. Comparisons between approximately normally 228 

distributed data samples used Student’s t-test and Pearson’s correlation. Linear mixed 229 
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models and two-way ordinal analysis of variance (ANOVA) were used to account for de-230 

pendencies of biopsy-level data. The dplyr (version 1.0.2), ggplot2 (3.3.3), GGally (2.1.0) 231 

survival (3.2-7), survminer (0.4.8) packages were used for data processing, figure design 232 

and survival analysis 233 

3. Results 234 

Participants 235 

Nine participants with suspected renal masses were recruited as part of this physio-236 

logical study (Supplementary Figure A2). Participant characteristics are reported in Table 237 

1. All patients were imaged with HP-13C-MRI and multiparametric 1H-MRI shortly before 238 

tissue sampling (median of 12 days; interquartile range: 10–21). Diagnoses of the malig-239 

nant tumors were confirmed on post-nephrectomy histology. Six patients were diagnosed 240 

with clear cell renal cell carcinoma (ccRCC); a dedifferentiated renal liposarcoma and a 241 

pheochromocytoma were imaged as they were thought to be RCCs based on pre-opera-242 

tive imaging. One participant, recruited for comparison purposes, harbored a benign on-243 

cocytoma which was diagnosed with multi-core needle biopsy. Research tissue was avail-244 

able for all malignant tumors except the pheochromocytoma where all samples were used 245 

to establish the clinical diagnosis. 246 

Table 1. Patient characteristics 247 

Patient characteristics  

Patients (male/female) 9 (8/1) 

Patient Age (median ± IQR) [years] 59.5 ± 8.7 

Histology 6 clear cell renal cell carcinoma 

1 Pheochromocytoma 

1 Dedifferentiated Liposarcoma 

1 Renal Oncocytoma 

Tumor Stage at Surgery (RCC only) 2 pT1b pNx cM0 

3 pT3a pN0 cM0 

1 pT3b pNx cM1 

WHO/ISUP Tumor Grade at Surgery 

(RCC only) 
1 Grade 2 

2 Grade 3 

3 Grade 4 

Location of Metastasis 1 Lung 

Patient Weight (median ± IQR) [kg] 90.1 ± 13.5 

Time between imaging and surgery 

(median ± IQR) [days] 

12 ± 11 

Laterality 5 left / 4 right 

Plasma glucose (median ± IQR) 

[mmol/l] 

5.0 ± 0.3 

Patients (male/female) 9 (8/1) 

S.D.: standard deviation, IQR: Inter-quartile range 248 

Hyperpolarized 13C-MRI 249 

Time-summed spectra of the slice containing the largest cross-section of the tumor 250 

and overlays of the [1-13C]pyruvate and [1-13C]lactate signals summed over time on T1w 251 

images for all nine patients are displayed in Figure 1. Quality control parameters of the 252 

13C-pyruvate preparation are summarized in Supplementary Table A3. A median signal-253 

to-noise ratio (SNR) for 13C-pyruvate of 26.7 (16.8–61.3) was measured in ccRCC (n = 6), 254 

similar to the contralateral normal kidney with a median SNR of 30.1 (14.8 – 64.7; n = 8). 255 
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There was no significant difference in the median 13C-lactate SNR between ccRCC and the 256 

normal kidney: 5.7 (1.9 – 9.6) and 3.4 (2.0 – 9.3; P = 0.51) respectively. The dedifferentiated 257 

liposarcoma, pheochromocytoma, and oncocytoma showed a median pyruvate SNR of 258 

31.9, 34.0, and 12.3, and a lactate SNR of 10.5, 6.0, and 1.0, respectively. 259 

There was no significant difference in the median lactate-to-pyruvate ratio (Lac/Pyr) 260 

between ccRCC (0.13; 0.10 – 0.42) and normal kidney (0.14; 0.12 – 0.22; P = 0.40). The 261 

Lac/Pyr was 0.35 for the liposarcoma, 0.17 for the intrarenal pheochromocytoma, and 0.14 262 

for the oncocytoma. The median kPL was 0.0065 (0.0024 – 0.0151) in ccRCC and 0.0043 263 

(0.0028 – 0.0076) in the normal kidney. The liposarcoma was the most metabolically active 264 

tumor (kPL: 0.0152; pheochromocytoma: 0.0086). The oncocytoma presented with the low-265 

est kPL (0.0022). The pyruvate and lactate SNR were not correlated, however the Lac/Pyr 266 

and kPL correlated strongly (r = 0.88, P = 0.03, Figure 2).  267 

An increasing median kPL, in contrast to Lac/Pyr, correlated with a higher WHO/ISUP 268 

tumor grade (ρ = 0.92, P = 0.009; Figure 3a; Supplementary Figure A3a). The median kPL 269 

for individual biopsies (n = 44) was strongly patient-dependent (P < 0.001). A higher kPL in 270 

individual biopsies remained significantly predictive of higher tumor grade after account-271 

ing for dependence (P = 0.03, Figure 3b). Similarly, the Lac/Pyr was significantly increased 272 

in higher-grade tumor samples (P = 0.005, Supplementary Figure A3b).273 
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 274 

Figure 1. Summary of all tumors included in this study. Axial T1w images as a reference. Non-localized 13C spectra of the axial slice containing the largest tumor cross-275 

section summed over all timepoints. 13C-Pyruvate and 13C-lactate signal summed over all time points superimposed on an axial T1w image of the largest tumor cross-276 

section. The border of the tumor is outlined in blue. A: Aorta, Lac: Lactate, Pyr: Pyruvate, PyrH: Pyruvate hydrate. A PASS score (Thompson, The American Journal of 277 

Surgical Pathology: May 2002) of ≥4 is associated with a potential for clinically aggressive behavior in pheochromocytoma.278 
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1 H-MRI 279 

Supplementary Figure A4 shows an example of 13C- and 1H-MRI obtained from one 280 

participant. Comparison of 1H-MRI parameters with WHO/ISUP tumor grade showed 281 

that perfusion fraction, a measure of capillary volume, trended towards a negative asso-282 

ciation with grade, but failed to reach statistical significance (Supplementary Figure A3d). 283 

No other 1H-MRI parameter correlated with tumor grade. The Lac/Pyr negatively corre-284 

lated with the apparent diffusion coefficient D0 (P = 0.003, r = -0.98; Figure 2b, Supplemen-285 

tary Figure A5). The perfusion fraction showed a trend for correlation with the median kPL 286 

(P = 0.30, r = -0.58; Figure 3c). 287 

Tumor volume showed no association with WHO/ISUP grade (Supplementary Fig-288 

ure A3c) and 13C-MRI. 289 

 290 

Figure 2. Relationships between hyperpolarized 13C-pyruvate MRI parameters as well as between 291 

HP-13C-MRI and proton MRI parameters. (a) The median lactate-to-pyruvate ratio was strongly 292 

correlated to the median kPL. The volume of the tumors, represented by the area of the points on 293 

the plot, ranged from 53 to 1350 cm3 (53 – 908 cm3 for ccRCC). There was no correlation between 294 

ccRCC volume and lactate-to pyruvate ratio and kPL. (b) The median lactate-to-pyruvate ratio was 295 

negatively correlated with the median diffusivity. Correlation coefficients calculated for ccRCC 296 

only. (c) Association of the median perfusion fraction from IVIM-type DWI with the median kPL 297 

from 13C-MRI. 298 



Cancers 2021, 13, x FOR PEER REVIEW 2 of 18 
 

 

 299 

Figure 3. Comparison of the ISUP/WHO Grade with median kPL. (a) Increasing tumor grade was 300 

associated with increased metabolic activity in ccRCC. The liposarcoma and pheochromocytoma 301 

showed metabolic activity comparable to grade IV ccRCC. The benign renal oncocytoma showed 302 

the lowest metabolic activity. (b) An increase in kPL values was associated with an increasing tu-303 

mor grade determined for the individual tumor biopsy. LS: Liposarcoma, Onc: Oncocytoma, Pheo: 304 

Pheochromocytoma, RCC: clear cell renal cell carcinoma. 305 

Immunohistochemistry 306 

MCT1 expression in ccRCC was positively correlated with the kPL (r = 0.89, P = 0.016; 307 

Figure 4), Lac/Pyr (r = 0.94, P = 0.005; Supplementary Figure A6 and A7) and grade. The 308 

kPL showed borderline significance in predicting the variance in tumor MCT1 expression 309 

at the biopsy level (P = 0.052) and was independent of the cell density in tumor biopsies 310 

(P=0.95, Supplementary Figure A7). MCT4 expression was not correlated with metabolic 311 

activity (Supplementary Figure A6). 312 

The median MCT1 for all samples in each patient showed a trend towards decreased 313 

expression in ccRCC compared to normal renal tissue which was not significant 314 

(4.0 ± 6.0% vs. 6.2 ± 3.4%, P = 0.17, n = 6). Median MCT4 showed a higher positive pixel 315 

count in ccRCC compared to normal renal tissue (37 ± 10.5% vs. 10.2 ± 6.0%, mean ± S.D.; 316 

P = 0.009, n = 6). 317 

The dedifferentiated liposarcoma showed a lower expression of MCT4 compared to 318 

ccRCC (16% vs. 37%) and an MCT1 expression comparable to WHO/ISUP grade 4 ccRCC 319 

(5.4% vs. 6.2%). 320 

The concentration of serum LDH measured immediately before the HP-13C-MRI was 321 

independent of the tumor aggressiveness (Supplementary Figure A9). Measurements 322 

were not available for two participants owing to hemolyzed samples. 323 

TCGA-KIRC RNA Expression 324 

Analysis of RNA expression from 526 patients with ccRCC in the TCGA showed that 325 

MCT1 and MCT4 expression was grade dependent (P < 0.001 and 0.008 respectively) with 326 

overexpression in higher grade tumors (Figure 4 and Supplementary Figure A10). LDHA 327 

expression was independent of tumor grade (P = 0.06, Supplementary Figure A11). While 328 

the expression of all three genes was highly correlated (all P < 0.001), R2adj was low 329 

(MCT1/MCT4: 0.03, MCT1/LDHA: 0.16, MCT4/LDHA: 0.22; Supplementary Figure A12).  330 
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150 patients reached the overall survival endpoint while the surviving patients were 331 

censored after a median of 49 months (inter quartile range (IQR): 27 – 73 months). One-332 

hundred and fifty patients reached the overall survival endpoint while the surviving pa-333 

tients were censored after a median of 49 months (inter quartile range (IQR): 27 – 73 334 

months). 127 patients progressed while the non-progressive patients were followed-up 335 

for a median of 45 months (IQR: 20 – 64 months). Univariate Cox and Kaplan-Meier anal-336 

ysis demonstrated that MCT1 and MCT4 expression was predictive of OS, while MCT1 337 

and LDHA were predictive of progression-free survival (PFS; Figure 4, Supplementary 338 

Figures A10 and A11). In a multivariate Cox regression model, the presence of metastasis, 339 

age at diagnosis, and MCT1 expression, were independent predictors of OS (Table 2). In 340 

contrast, only metastasis, nodal stage and grade were predicted DFS (Supplementary Ta-341 

ble S4). 342 

 343 

Figure 4. Representative micrographs of a clear cell renal cell carcinoma with high and low expres-344 

sion of MCT1. (a) The left panels show a hematoxylin and eosin stain, and the right panels the 345 

corresponding immunohistochemical stain for MCT1 on an adjacent tissue slice. (b) Correlation 346 

between MCT1 IHC expression and kPL in the patient dataset imaged as part of this study (MIS-347 

SION, blue). (c) Box plot comparing z-transformed MCT1 expression as a function of histological 348 

tumor grade from a Cancer Genome Atlas dataset (TCGA-KIRC, yellow). (d) Kaplan-Meier plots 349 

for the association of MCT1 expression with overall and (e) progression/recurrence-free survival 350 

using an expression cut-off at the 85th percentile in the TCGA-KIRC dataset. MCT1 expression 351 

was significantly associated with overall and progression/recurrence-free survival. 352 

Table 2. Multivariate logistic regression for overall survival in the TCGA-KIRC dataset. 353 

Covariates P value HR 
95% Confidence Interval 

Lower Upper 

Age 0.002 1.034 1.012 1.058 

Female Sex 0.17 0.696 0.416 1.162 

LN 0.30 1.579 0.665 3.748 

Metastasis <0.001 3.179 1.834 5.510 

Size 0.36 1.191 0.818 1.734 

Grade     
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      Grade 1 0.99 0.001 0 ∞ 

      Grade 2 0.15 0.591 0.287 1.218 

      Grade 3 0.50 0.799 0.414 1.540 

MCT1 0.010 1.309 1.065 1.609 

MCT4 0.55 1.073 0.850 1.355 

LDHA 0.082 0.797 0.617 1.029 

HR: Hazard ratio, LDHA: Lactate dehydrogenase A, LN: Lymph node, MCT1/4: Monocarboxylate 354 

transporter ¼. Concordance index = 0.783. 355 

4. Discussion 356 

This proof of principle study has demonstrated the positive correlation between the 357 

apparent kinetic rate constant for the conversion of pyruvate to lactate (kPL) measured us-358 

ing HP-13C-MRI, the WHO/ISUP tumor grade and MCT1 expression in patients with 359 

ccRCC. 360 

Previous work in RCC cell lines has shown increased 13C-lactate efflux in a more ag-361 

gressive cell, which was attributed to increased MCT4 expression as the predominate me-362 

diator of lactate export and accompanied by a reduced MCT1 expression [29]. In vivo ex-363 

periments showed an association between increasing HP pyruvate-to-lactate flux and 364 

higher LDHA expression [29–31]. Proteomic and metabolomic analyzes of human RCCs 365 

confirm the relationship between lactate and tumor grade [12,13], and demonstrate the 366 

wide range of potential molecular drivers of HP 13C-lactate signal, raising the question of 367 

what may be the predominant factor in human ccRCC in vivo. A recent clinical study of 368 

HP-13C-pyruvate MRI in six patients with ccRCC (two additional patients had chromo-369 

phobe RCCs), showed an increasing overall Lac/Pyr was associated with a higher tumor 370 

grade [21]. Here we have analyzed 44 multiregional biopsies from six ccRCC patients 371 

comparing biopsy grade with the co-registered metabolic imaging using a 3D tumor mold 372 

and compared immunohistochemical measures of pyruvate metabolism with imaging to 373 

explain the underlying molecular mechanism. The present study also assessed the com-374 

plementary value of HP-13C-MRI and 1H-MRI and the value of the absolute quantification 375 

of the metabolic activity using kPL. 376 

Multiparametric 1H-MRI was used to characterize the tumors morphologically and 377 

physiologically. The perfusion fraction was most strongly associated with tumor grade, 378 

but this association was weaker than for kPL, and did not reach statistical significance. The 379 

independence of perfusion fraction and kPL suggests that the metabolic changes detected 380 

between tumor grades, are likely to reflect alterations in cellular metabolism rather than 381 

a perfusion effect. Although RCC volume was not related to metabolic activity in this 382 

study, larger and more hypoxic tumors have been shown to be more metabolically active 383 

in breast cancer [20]. 384 

The expression of MCT1 on IHC, the membrane transporter facilitating pyruvate in-385 

flux [32], correlated with kPL and Lac/Pyr. The latter association has also been demon-386 

strated in breast and prostate cancer [20,23]. The overexpression of MCT1 in grade 4 387 

ccRCC in the TCGA-KIRC database strengthens this finding and, as MCT1 also predicts 388 

OS, it underlines its potential prognostic significance which is in agreement with existing 389 

literature [33,34]. Other biological factors may also control the formation of the labelled 390 

lactate, such as the expression of the enzyme LDH, the concentration of the cofactor 391 

NADH/NAD+, as well as endogenous lactate levels [35]. 392 

The results from 1H-MRI supports the more glycolytic phenotype of aggressive tu-393 

mors: the decreased perfusion fraction may indicate that aggressive tumors outgrow their 394 

blood supply and rely more on glycolysis. However, while the negative correlation of the 395 

perfusion fraction with tumor grade has been described previously, there is debate in the 396 

literature with other studies finding no association [36,37]. 397 
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ccRCC and the contralateral normal kidney showed similar levels of HP-13C-py-398 

ruvate metabolism, which is supported by the similar MCT1 expression in RCC and nor-399 

mal kidney. MCT1 expression has been shown to be an important determinant of py-400 

ruvate-to-lactate conversion in preclinical models of pancreatic and breast cancer [38]. In 401 

this study, MCT4 was overexpressed in the tumor compared to normal renal tissue, in 402 

keeping with existing data [39]. MCT4 exports lactate into the extracellular space, which 403 

is central to maintaining a high glycolytic activity and promoting tumor cell growth and 404 

invasion [40,41]. Owing to the high metabolic activity of the normal kidney, HP-13C-MRI 405 

is unlikely to used for detection of renal tumors. However, this does not limit the value of 406 

HP-13C-pyruvate MRI as a technique to determine tumor aggressiveness, as these tumors 407 

will usually have been detected using conventional imaging techniques as part of routine 408 

workflow; major clinical unmet needs include improved non-invasive tumor and treat-409 

ment stratification, particularly if a biopsy cannot be obtained easily. Therefore, imaging 410 

tumor metabolism using HP-13C-MRI, will be complementary to the structural and func-411 

tional information provided by imaging modalities such as CT and 1H-MRI. 412 

Alterations in tumor metabolism and cellular energy metabolism in particular are a 413 

hallmark of cancer and have been exploited as biomarkers of treatment response [42,43]. 414 

In vivo studies of HP-13C-pyruvate MRI in many cancer models, including ccRCC, have 415 

shown treatment-induced metabolic changes as early as 24 hours after the start of treat-416 

ment [44]. Recent evidence from a clinical study has shown that early treatment response 417 

to neoadjuvant therapy can be assessed with HP-13C-pyruvate MRI after 7-11 days, which 418 

is associated with pathological complete response in patients with breast cancer [35]. De-419 

tecting successful treatment response earlier will play an increasingly important role in 420 

ccRCC with the advent of an increasing number of treatment options in advanced disease.  421 

Future clinical research will assess the clinical utility of HP-13C-pyruvate MRI for 422 

these key questions of tumor grading and treatment response detection in ccRCC. For 423 

example, metabolic imaging could be used to prioritize small but metabolically active re-424 

nal lesions for surgery rather than surveillance. 425 

Although the number of participants in this study is relatively small, the use of mul-426 

tiregional biopsies has enhanced the power to detect significance between the imaging 427 

metrics and the histological and immunohistochemical measurements. The multiregional 428 

analyzes employing a 3D-printed tumor mold for accurate co-registration of imaging and 429 

tissue samples, confirming the association between kPL, Lac/Pyr, and tumor grade, as well 430 

as kPL and MCT1 expression. Two of the patients whose pre-surgical diagnosis suggested 431 

the presence of RCC were diagnosed with an intrarenal pheochromocytoma and a dedif-432 

ferentiated liposarcoma, presenting the first opportunity to investigate the metabolism of 433 

these tumors with HP-13C-MRI. RCC exhibits marked intratumoral heterogeneity [45] and 434 

therefore tissue samples and molecular biomarkers may be subject to sampling error. The 435 

non-invasive identification of this intratumoral metabolic heterogeneity represents one of 436 

the strengths of this emerging technique and could provide important new measures to 437 

assist tumor stratification in the future.  438 

5. Conclusions 439 

The apparent kinetic rate constant for the conversion of pyruvate-to-lactate derived 440 

from HP-13C-MRI (kPL) differentiated overall ccRCC tumor grade in each tumor, as well as 441 

the individual tumor grade acquired from multiregional biopsies in each tumor, in this 442 

proof of principle study. This kPL was correlated with the expression of the MCT1 pyruvate 443 

transporter, which is an independent predictor of survival in patients with ccRCC. There-444 

fore, metabolic imaging may have important prognostic implications for stratifying 445 

ccRCCs, could be used to identify tumor metabolic heterogeneity, and could be used to 446 

monitor therapy response in the future.  447 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: 448 

title, Table S1: title 449 
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