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Background: Routinely used clinical scanners, such as computed tomography (CT), magnetic resonance
imaging (MRI) and ultrasound (US), are unable to distinguish between aggressive and indolent tumor
subtypes in masses localized to the kidney, often leading to surgical overtreatment. The results of the
current investigation demonstrate that chemical differences, detected in human kidney biopsies using two-
dimensional COrrelated SpectroscopY (2D L-COSY) and evaluated using multivariate statistical analysis,
can distinguish these subtypes.

Methods: One hundred and twenty-six biopsy samples from patients with a confirmed enhancing kidney
mass on abdominal imaging were analyzed as part of the training set. A further forty-three samples were used
for model validation. In patients undergoing radical nephrectomy, biopsies of non-cancer kidney cortical
tissue were also collected as a non-cancer control group. Spectroscopy data were analyzed using multivariate
statistical analysis, including principal component analysis (PCA) and orthogonal projection to latent
structures with discriminant analysis (OPLS-DA), to identify biomarkers in kidney cancer tissue that was also
classified using the gold-standard of histopathology.

Results: The data analysis methodology showed good separation between clear cell renal cell carcinoma
(ccRCC) versus non-clear cell RCC (non-ccRCC) and non-cancer cortical tissue from the kidneys of tumor-
bearing patients. Variable Importance for the Projection (VIP) values, and OPLS-DA loadings plots were
used to identify chemical species that correlated significantly with the histopathological classification.
Model validation resulted in the correct classification of 37/43 biopsy samples, which included the correct
classification of 15/17 ccRCC biopsies, achieving an overall predictive accuracy of 86%, Those chemical
markers with a VIP value >1.2 were further analyzed using univariate statistical analysis. A subgroup analysis
of 47 tumor tissues arising from T1 tumors revealed distinct separation between ccRCC and non-ccRCC
tissues.

Conclusions: This study provides metabolic insights that could have future diagnostic and/or clinical

value. The results of this work demonstrate a clear separation between clear cell and non-ccRCC and non-
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cancer kidney tissue from tumor-bearing patients. The clinical translation of these results will now require

the development of a one-dimensional (1D) magnetic resonance spectroscopy (MRS) protocol, for the

kidney, using an iz vivo clinical MRI scanner.
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Introduction

Renal cell carcinoma (RCC) represents a heterogeneous
group of cancers with varying clinical outcomes, ranging
from indolent to metastatic behaviour. Kidney cancer
accounts for approximately 2% of all cancers, and each year
more than 400,000 new cases are diagnosed worldwide (1).
The incidence of RCC has been increasing globally by
approximately 2-3% annually over the last decade in most
countries (2). Physiological risk factors for RCC that are
likely contribute to the increased incidence are smoking,
obesity and hypertension, however epidemiological data
have demonstrated that the highest increases in both
incidence and mortality rate, in the context of RCC,
occur in primary lesions, that is, tumors that are confined
anatomically to the kidney and have not spread to local
and/or distant structures (3). A means of classifying tumors
in the kidney preoperatively would provide significant
improvement in patient care (4). Up to 20% of enhancing
small kidney masses are benign and may not need surgical
management (5). A small proportion demonstrate aggressive
pathological features and may progress to incurable
metastatic disease.

Current kidney mass evaluation strategies do not provide
sufficient diagnostic certainty for patients and clinicians,
resulting in high rates of unnecessary intervention. This
is evidenced by published contemporary surgical series
reporting high rates of resected benign lesions. For example,
a report evaluating 1,175 robotic partial nephrectomy
procedures for tumors <4 cm at five academic USA centers
concluded that about 50% of patients could have avoided
surgery if reliable preoperative diagnostic strategies were
available (6). The lack of preoperative diagnostic tools, and
few diagnostic chemical markers or risk-stratification tools,
makes decision-making difficult for clinicians (7).

This same challenge existed, and was resolved, for
preoperative diagnosis of benign versus malignant ovarian
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lesions. The translational approach was to first understand
the magnetic resonance (MR) visible chemicals in ovarian
cells (8,9) and biopsies (10) and correlate these with the
gold standard histopathology. This methodology allowed
the technology to be successfully translated, with significant
hardware improvements, for preoperative and noninvasive
diagnosis in vive (11,12). It now provides gynecological
surgeons the opportunity to triage patients and plan
surgery (13). Here we take the same approach by attempting
to identify pathology-specific metabolic, lipid and
carbohydrate markers for RCC subtypes and compare them
with benign kidney masses and non-cancer kidney cortex.
Others have reported biomarker characteristics of some
RCC phenotypes, but mainly the clear cell RCC (ccRCC)
phenotype (14,15). Here we show that ccRCC tissue, non-
ccRCC tumor tissue, and non-cancer kidney cortical tissue
have distinct metabolic characteristics that may be useful in
the classification of renal lesions.

The use of routine abdominal imaging in the clinical
setting has led to the increased detection of stage 1 tumors
(2,16). The American Joint Committee on Cancer tumor-
node metastasis (AJCC TNM) classification (17) defines
stage 1 as localized to the kidney and <7 cm in diameter
(T1), with no spread to lymph nodes (NO) or distant organs
(MO) (18). The malignant potential of T'1 lesions ranges
from benign lesions, such as renal oncocytoma, to
malignant phenotypic variants such as ccRCC. Currently,
T1 lesions are excised surgically, and final diagnosis is made
post-operatively using histopathology. Core needle biopsy
may play a role in risk stratification of T'1 lesions; however,
the clinical utility has remained controversial (19,20).

The current study uses two-dimensional COrrelated
SpectroscopY (2D L-COSY) to evaluate metabolic profiles
from human renal biopsy samples compared with their
histopathology. Unlike one-dimensional (1D) spectroscopy,
2D L-COSY offers the advantage of being able to filter
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Table 1 Demographic characteristics of the patient cohort

Demographics Male Female
ccRCC (total) 34 12
AJCC clinical T stage
T 13 3
T2 3 1
T3 17 7
T4 1 1
ISUP/WHO Grade
1 1 1
2 15 5
3 12 4
4 6 2
Non-ccRCC (total) 17 7
Subtype
Oncocytoma 5 3
Angiomyolipoma 2
Chromophobe 2 1
Papillary T1 3
Papillary T2 3 1
Mucinous tubular and spindle cell 1
carcinoma
Leiomyoma-like 1
Hybrid oncocytoma/chromophobe 1
Acquired cystic disease associated RCC 1
AJCC clinical T stage
T 11 4
T2 2 2
T3 4 1
T4
Age group, years
<40 2
40-60 27 11
>60 22 8
BMI group
<24.9 12 2
25-29.9 14 6
=30 25 11

RCC, renal cell carcinoma; ccRCC, clear cell renal cell
carcinoma; AJCC, American Joint Committee on Cancer; ISUP/
WHO, International Society of Urologic Pathologists/World

Health Organization; BMI, body mass index.
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overlapping resonances based on their T2 relaxation
rate, which allows us to identify individual molecules that
resonate at similar frequencies (21,22). We used both
multivariate statistical modelling and univariate statistical
analysis to evaluate 2D L-COSY data. Using chemical
differences recorded among RCC subgroups and the
frequencies at which they resonate, it may be possible to
translate this method for preoperative in vivo diagnosis
in a clinical magnetic resonance imaging (MRI) scanner
using the 1D single voxel method and modern pattern
recognition techniques (23,24). We present the following
article in accordance with the MDAR (25) reporting
checklist (available at https://tau.amegroups.com/article/
view/10.21037/tau-21-1082/rc).

Methods
Ethical approval

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). The
study was approved by the University of Queensland
Medical Research Ethics Committee (approval number:
20016001215) and the Metro South Health Human
Research Ethics Committee (HREC/16/QPAH/353 and
HREC/15/QRBQ/610). All elements of this study were
carried out in accordance with approved guidelines and
regulations from relevant institutional and governance
bodies. Informed consent was obtained from all participants
in the study.

Study population

The study included 169 tissue samples from 70 patients,
undergoing nephrectomy for suspected RCC. There were
19 females with a mean age of 58+14 years and 51 males
with a mean age of 58+14 years. Table I summarises the
demographic characteristics of the patient cohort by gender.
The gender distinction was made to demonstrate the
distinct higher incidence of ccRCC in males than females,
versus the gender differences in non-ccRCC.

Tissue sampling

Excisional tumor biopsy samples were obtained in the
operating theatre, immediately following nephrectomy.
Tumor tissue samples were carefully excised from peripheral
tumor edges, avoiding areas of central necrosis, and with
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surgical margins considered. Adjacent non-cancer cortical
tissue from radial nephrectomy specimens was excised
distally to the tumor, when available. Adjacent non-
cancer tissue was not readily available in the setting of
partial nephrectomy. Approximately 50 mg of tissue for
magnetic resonance spectroscopy (MRS) was placed in a
pre-weighed vial containing phosphate buffered saline/
deuterium oxide (PBS/D,0), and subsequently snap frozen
in liquid nitrogen and stored at -80 °C. Prior to MRS, tissue
samples were quickly thawed, weighed, washed in PBS/
D,0, and placed in a sterile 5 mm nuclear MR (NMR) tube
containing PBS/D,0, as per previous ex-vivo biopsy MRS
sample preparation protocols (26). Tissue samples were also
formalin-fixed for routine histopathology using Queensland
Health Pathology Services.

MRS

1D and 2D L-COSY spectra were acquired (27) using
an Avance Neo 400 NMR Spectrometer (Bruker Biospin
GmbH, Karlsrhule, Germany) operating with Topspin
4.0.5. Spectra were recorded at 37 °C with residual water
suppressed by selective gated irradiation. 1D spectra were
acquired over a spectral width of 3,968 Hz (9.92 ppm) with
a 90° pulse of 10 ps, an acquisition time of 4.13 s, 32,768
data points, 2 dummy scans and 32 accumulations, a total
relaxation delay of 2.00 s, over a time of 3 min 29 s. For 2D
L-COSY, 1,024 complex data pairs were acquired in the
T2 time domain over a spectral width (SW2) of 3,968 Hz
(9.92 ppm). Data sampling in T'1 was acquired with an
initial delay between the two 90° pulses, tl min =1 ms, an
increment time of 252 ps, and a relaxation delay of 1.00 s.
The number of tl increments was 256, each of 4 transients,
over a time of 39 min 42 s.

Post acquisitional processing

Standard data processing techniques were applied,
including Fourier transformation, phase correction,
baseline correction and calibration (28,29). For 1D MRS,
spectra were processed using Topspin software (Version
4.0.5, Bruker Biospin GmbH, Karlsrhule, Germany), a
widely used data processing tool. The resulting output data
were visualized using Mnova 14.1.2 (Mestrelab Research).
For 2D L-COSY, raw spectral data were post-processed
with standard processing parameters using Mnova 14.1.2.
Signal processing, using a Lorenzian broadening-Gaussian
broadening (LB-GB) transformation (27) of LB =-50.00 Hz,
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GB =0.14 (equivalent to 25 Hz) across both the T2 domain
and T1 domain of the spectra, was used to optimize the
visibility of amino acid and triglyceride molecules and
reduce noise levels across the spectra, similar to work
by Delikatny et al. (27). Spectra were calibrated on the
chemical shift of choline at F1, F2: 3.23, 3.23 ppm.
Following spectral processing and calibration, all signals of
interest were identified, and peaks were selected across the
spectrum to create a template for integration. Peaks were
selected and centred manually to ensure that a maximal
signal of interest was captured while minimizing signals
from noise. The template was then saved and applied to the
spectrum of each sample. Absolute integration values were
then calculated in Mnova 14.1.2. Using a cut-off signal-
to-noise ratio of >5, 134 cross-peaks were identified, with
peak and cross-peak integrals collated into a data matrix
for subsequent analysis. Absolute integration buckets
were normalized to the integral of the creatine peak at the

diagonal (F1, F2: 3.03, 3.03 ppm) (29,30).

Histopathology

The kidney samples were fixed in 10% buffered formalin
for 24-48 h, then transferred to PBS, embedded routinely
in paraffin and sectioned onto glass histology slides at
5 pm thickness. For hematoxylin and eosin (H&E) staining,
sections on slides were deparaffinized, rehydrated through
alcohols to water, stained with Mayer’s hematoxylin for
5 min, washed in water then blued with sodium bicarbonate
(1 gin 1 L water) to clearly distinguish nuclei, dehydrated
to 90% ethanol, stained with Eosin Y for 2 min, washed
with 100% ethanol, then xylene, and then mounted with
glass coverslips using Depex mounting medium. Slides were
scanned using an Olympus VS120 Slidescanner Microscope
at x40 magnification using VS-ASW software. The digital
images were then visualised using Olympus OlyVIA 3.2.1
software. Histopathological diagnosis was determined by
the Princess Alexandra Hospital’s pathology service using
H&E-stained sections and validated by an expert urological
pathologist (HS). The World Health Organisation/
International Society of Urologic Pathologists (ISUP/
WHO) grading system for RCC was used to stage, grade
and classify histological subtypes (31).

Training and validation coborts

Prior to multivariate statistical analysis, the training and
validation cohorts were determined using a class-balancing
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Figure 1 Representative 1D spectra from non-cancer kidney, benign oncocytoma, non-ccRCC and ccRCC. 1D spectra have been recorded

on a frequency axis to demonstrate the chemical shift in representative samples. Examples show (A) non-cancer renal cortex (non-cancer);
(B) benign oncocytoma (non-ccRCC Oncocytoma), (C) papillary Type-1 RCC (non-ccRCC papillary Type 1); and (D) ccRCC. 1D, one-

dimensional; RCC, renal cell carcinoma; ccRCC, clear cell renal cell carcinoma.

algorithm that determined an approximate 75:25 training:
validation split, using the sample function in R (R: A
Language and Environment for Statistical Computing).
This resulted in a training cohort of 126 samples and a
validation cohort of 43 samples.

Statistical analysis

Multivariate statistical analysis and modelling were
undertaken using the SIMCA-16 software package
(Umetrics, Sweden). Data buckets were normalized to
the integral of the creatine peak on the diagonal (F1, F2:
3.03, 3.03 ppm) (29,30) and univariate scaled. Principal
component analysis (PCA), a data projection method that
allows simplified data visualization of large datasets, was
applied in the first instance. PCA of the training cohort,
including 2D L-COSY data for 126 biopsy samples, was
used to determine trends and clusters based on clinical data
(histological subtype, gender, age, and body mass index
groups). Trends observed in PCA were further analyzed
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using orthogonal projection to latent structures with
discriminant analysis (OPLS-DA) to reveal the metabolic
classifiers contributing to group separation.

Results

Spectra from 2D L-COSY differentiate cancer subtypes

and non-cancer kidney

Shown in Figures 1,2 are examples of typical spectra from
1D MRS and 2D L-COSY for the histological subtypes
seen in Figure 3 (non-cancer kidney, two non-ccRCC as
oncocytoma and papillary Type 1 RCC, and ccRCC). In
Figure 1, high quality 1D spectra are demonstrated as a
comparison with the more informative 2D L-COSY spectra.
1D spectra are recorded on a frequency axis to demonstrate
the chemical shift in representative samples on non-cancer
kidney cortex, benign oncocytoma, papillary type-1 RCC,
and ccRCC. In Figure 2 of 2D L-COSY spectra of non-
cancer kidney cortex, benign oncocytoma, papillary type-
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Figure 2 Representative 2D L-COSY spectra from non-cancer kidney, benign oncocytoma, non-ccRCC and ccRCC. Examples show (A)

non-cancer renal cortex (non-cancer); (B) benign oncocytoma (non-ccRCC Oncocytoma), (C) papillary type-1 RCC (non-ccRCC Papillary

Type 1); and (D) ccRCC. Labelled are the major lipid and cholesterol moieties which show a visible increase in these examples (within the

spectra as A, B, C, D, CH3 and Chol), and selected resonances contributing to separation of the groups. Eth, ethanolamine; Gln, glutamine;

Glx, glutamine/glutamate; Gltx, glutathione; Asn, asparagine; Gluc, glucose; Fuc, fucose; 2D L-COSY, two-dimensional COrrelated

SpectroscopY; RCC, renal cell carcinoma; ccRCC, clear cell renal cell carcinoma.

1 RCC, and ccRCC, resonance assignments of major lipid
and cholesterol moieties are labelled. A visible increase is
recorded in this series. Resonance assignments were made
based on previous reports (30,32,33) as well as using the
Human Metabolome Database (34).

Results of multivariate statistical analysis

Using PCA, data from the training set consisting of 126
spectra were calculated and PCA of all training samples are
shown in Figure 4. Scores plots demonstrated clustering
according to histological subtype, with ccRCC tissues
clustering away from non-cancer kidney and non-ccRCC
tissues, but some overlap of non-cancer kidney and non-
ccRCC tissues (Figure 44). All data were subsequently
modelled into supervised OPLS-DA and validated by 300-
fold permutation analysis (Figure 4B). Overall, OPLS-
DA models revealed excellent separation based on tissue

© Translational Andrology and Urology. All rights reserved.

subtype. OPLS-DA is a supervised technique that builds off
trends observed in PCA and models these data into the pre-
assigned classes. The classes used to build the OPLS model
were based on the clustering observed in PCA (non-cancer
kidney cortex, non-ccRCC and ccRCC tissues). OPLS-
DA models were successful in classifying the three tissue
types using all 134 spectroscopic features, (R2Y =0.70, Q2
=0.60). Two outliers of the non-ccRCC group were seen
and identified as benign angiomyolipomas.

In Figure 5, exclusion of the non-cancer control samples
from subsequent PCA modelling provided unsupervised
clustering of ccRCC and non-ccRCC samples (Figure 5A).
In Figure 5B, OPLS-DA plots demonstrate clear separation
of subtypes using supervised classification of tissues by
group. The model was also able to discriminate between
ccRCC and non-ccRCC for the smaller T'1 lesion samples
analyzed in this study with a sensitivity of 97.3%. These
differences are demonstrated in Figure 6, which also shows

Transl Androl Urol 2022;11(7):929-942 | https://dx.doi.org/10.21037/tau-21-1082



Translational Andrology and Urology, Vol 11, No 7 July 2022 935

A Non-cancer B Benign oncocytoma

Figure 3 Representative histopathology from non-cancer kidney, benign oncocytoma, non-ccRCC and ccRCC. Examples show labelled
haematoxylin and eosin-stained sections from non-cancer kidney cortex (A, non-cancer); benign oncocytoma (B, benign oncocytoma);
papillary type-1 renal cell carcinoma as non-ccRCC (C, non-ccRCC); and clear cell renal cell carcinoma (D, ccRCC). Scale bars =50 pm.
RCC, renal cell carcinoma; ccRCC, clear cell renal cell carcinoma.
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Figure 4 Principal component analysis of all tissue samples. (A) Clustering by PCA is demonstrated among ccRCCs (orange), non-cancer
kidney tissue (green), overlapping with non-ccRCC tissues (purple). (B) OPLS-DA plots demonstrate clear separation of subtypes using
supervised classification of tissues by group along their OPLSI and PLS1 components. ccRCC, clear cell renal cell carcinoma; PCA,
principal components analysis; OPLS-DA, orthogonal partial least squares discriminant analysis; OPLS1, orthogonal partial least squares;
PLS1, partial least squares.
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Figure 5 Exclusion of non-cancer control samples from subsequent principal component analysis. (A) Unsupervised clustering by PCA of
ccRCC (orange) and non-ccRCC (purple) samples confirmed clustering of Figure 44 after removal of non-cancer tissues. (B) OPLS-DA
plots demonstrate clear separation of subtypes using supervised classification of tissues by group along their OPLS1 and PLS1 components.
ccRCC, clear cell renal cell carcinoma; PCA, principal components analysis; OPLS-DA, orthogonal partial least squares discriminant

analysis; OPLS1, orthogonal partial least squares; PLS1, partial least squares.
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Figure 6 Principal component analysis of T'1 lesions from ¢ccRCC and non-ccRCC compared with non-cancer tissue. (A) PCA shows
clustering of T1 lesions from ccRCC (orange) and non-ccRCC (purple) samples. Green indicates the non-cancer tissue. (B) OPLS-DA
plots demonstrate clear separation of the T1 lesion subtypes using supervised classification of tissues by group along their OPLSI and
PLSI components. Green indicates clustering of the non-cancer tissue. ccRCC, clear cell renal cell carcinoma; PCA, principal components
analysis; OPLS-DA, orthogonal partial least squares discriminant analysis; OPLS1, orthogonal partial least squares; PLS1, partial least

squares.

distribution of non-cancer tissue. However, no clear
distinction was found when “all RCC” were compared with
benign lesions (data not shown).

Using the OPLS-DA model from Figure 4B, the ‘Predict’
function on SIMCA software was utilized to validate the
model on an additional cohort of 43 biopsy samples. This
validation achieved an overall sensitivity of 86% (Zable 2).
Of the five misclassified samples, three were ccRCC tissues
that, on re-review, were found to be misclassified as non-
ccRCC, and two non-ccRCC tissues that were misclassified
as non-cancer, or ccRCC, respectively. All non-cancer
kidney samples were predicted correctly. Using the

© Translational Andrology and Urology. All rights reserved.

OPLS-DA model which excluded the non-cancer kidney
samples (Figure 5B), the validation cohort of 27 samples
distinguished all non-ccRCC from ccRCC tissue with an
overall sensitivity of 92.6%, with one non-ccRCC and
one ccRCC being misclassified. Wilson-Brown statistical
analysis of this validation cohort gave a positive predictive
value of 0.9 (90%) and a negative predictive value of 0.94
(94%) for ccRCC.

Results of univariate statistical analysis

Resonance assignments are listed in 7able 3. The resonances

Transl Androl Urol 2022;11(7):929-942 | https://dx.doi.org/10.21037/tau-21-1082



Translational Andrology and Urology, Vol 11, No 7 July 2022

Table 2 Statistical metrics of training and validation OPLS-DA models

937

OPLS-DA model Number R2Y Q2 Model sensitivity
Training cohort: non-cancer vs. non-ccRCC vs. ccRCC 126 0.708 0.608 96.8% (122/126)
Validation cohort: non-cancer vs. non-ccRCC vs. ccRCC 43 - - 86% (37/43)
Training cohort: non-ccRCC vs. ccRCC 79 0.965 0.743 100% (79/79)
Validation cohort: non-ccRCC vs. ccRCC 27 - - 92.6% (25/27)

OPLS-DA, orthogonal projection to latent structure with discriminant analysis; non-cancer, non-cancer kidney tissue from nephrectomised

kidney distant from cancer; ccRCC, clear cell renal cell carcinoma.

from multivariate analysis with Variable Importance for the
Projection (VIP) >1.2 were selected for univariate analysis,
as these had the highest contribution to group separation.
The resulting 26 resonances of interest were univariate
scaled, and log2 transformed using Graphpad Prism
(Version 9). Chemical makers are ordered by the F2 parts
per million (PPM) co-ordinates, highest to lowest. Using
unpaired #-tests, integration volumes were compared across
tissue types, with a P<0.05 considered to be significant.

Discussion

There is an urgent need for pre-operative risk stratification
of small kidney masses. Traditional imaging methods lack
the specificity to distinguish aggressive versus indolent
tumor subtypes in localized kidney masses, which often
results in surgical overtreatment. International urological
guidelines are starting to consider active surveillance in
the management of clinically localized RCC in patients
that are amenable and have undergone a careful risk-
assessment (35). Developing a tool that could provide non-
invasive classification would allow patients and clinicians to
make better informed decisions about the pursuit of active
surveillance for small renal masses. This study demonstrates
that chemical markers can separate distinct RCC
pathologies. The capacity to distinguish between these
pathological classes could greatly benefit the management of
RCC in both the selection of targeted therapies, and other
treatment options including active surveillance. Here we
show that chemical features, identified using 2D L-COSY,
can provide useful information that replaces or augments
histological classification of kidney mass subtypes, and have
potential for translational applications. The general increase
in use of abdominal imaging techniques, such as computed
tomography (CT) scans, contributes to increased detection
of kidney masses. Another concern, unrelated to incidence
rates, is that most early-stage kidney cancers are clinically

© Translational Andrology and Urology. All rights reserved.

silent, and only show the classic triad of patient symptoms
of hematuria, flank pain and palpable abdominal mass at a
later stage of disease progression.

This raises a significant question about the optimal
clinical management of patients presenting with localized
kidney masses. Given the increasing incidence and mortality
rates, it is imperative for clinicians to select patients who
will benefit from active treatment and spare those patients
for whom treatment would likely be unnecessary. In
making this decision, the histopathological classification
of RCC is extremely important for both the prognosis and
management of the disease. Of RCC subtypes, ccRCC is
the most frequently occurring kidney cancer, accounting
for up to 80% of kidney lesions (36). This subtype is also
associated with poorer prognosis, compared with most
other subtypes of RCC (37). Relatively common non-
ccRCC phenotypic variants include papillary RCC and
chromophobe RCC. Benign renal oncocytoma is often
considered alongside the non-ccRCC. The heterogeneity
and knowledge of RCC tumor subtypes continues to
expand, as new subtypes continue to be described (31).

Despite the increase in the incidence of RCC, the
management of localized RCC has largely remained
unchanged, with nephrectomy being standard of care (38).
Percutaneous core biopsy is rarely used to diagnose
the kidney masses detected, mainly because of the
heterogeneity of RCC and the chance for misdiagnosis
with histopathology, even when several of the small
core biopsies are considered. Thus, developments in the
field of diagnostic imaging and metabolomics, such as
through MRS, may provide helpful information about the
characterisation and aggressiveness of RCC. Currently,
even diagnostic imaging fails to make this distinction, with
a proportion of T1 lesions being upstaged to T3, due to
anatomical pathological invasion that is only identifiable on
the histological level.

MR-based chemical evaluation has shown promising
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Table 3 Resonance assignments for comparisons of clear cell renal cell carcinoma, non-clear cell renal cell carcinoma and non-cancer kidney

tissues

F2 PPM  F1 PPM Resonance assignment nf)?::_{gacn;;r P value ng;iz:?cird P value nf)f]l-q(i:(;g;) P value
5.30 2.73 Lipid D i <0.0001 1 <0.0004 1 <0.0001
3.88 3.71 D-glucose peak3 i <0.0001 ns 0.0368 1 <0.0001
3.81 3.40 D-glucose peak2 1 <0.0005 ns 0.0524 i <0.0005
3.80 3.13 Ethanolamine Peak1 1 <0.0001 ! <0.0001 ns 0.9956
3.76 2.14  Glutamine/Glutamate Peak1 i <0.0001 T <0.0001 ns 0.1007
3.72 2.05 Glutamate peak1 1 <0.0005 T <0.0025 ns 0.3656
3.70 3.87 D-glucose peak3' 1 <0.0001 ns 0.8642 1 <0.0001
3.69 3.40 Fucose peak2 i <0.0001 ns 0.0651 1 <0.0001
3.42 3.42 Fucose/D-glucose 1 <0.0001 ns 0.7066 i <0.0002
3.41 3.71 Fucose peak2' ) <0.0001 ns 0.9304 1 <0.0001
3.38 3.81 D-glucose peak?2' i <0.0001 ns 0.0658 i <0.0001
2.84 2.95 L-asparagine peak1' 1 <0.0001 i <0.0001 ns 0.5649
2.77 2.77 a-ketobutyrate® 1 <0.0001 i <0.0002 i <0.0001
2.65 2.79 Aspartate peak1' ) <0.0001 ns 0.3926 1 <0.0001
2.54 2.14 Glutathione peak i <0.0001 T <0.0001 ! <0.0001
2.45 212 Glutamine peak1 1 <0.0001 i <0.0001 ns 0.2924
2.14 2.54 Glutathione peak1' 1 <0.0001 1 <0.0001 ! <0.0001
2.12 3.76  Glutamine/glutamate peak1’ i <0.0004 1 <0.0001 ns 0.1632
2.11 2.44 Glutamine peak1' i <0.0001 T <0.0001 ! <0.02
2.05 0.95 Isovalerylglycine peak1** 1 <0.0001 T <0.0006 i <0.0006
1.71 0.94 L-leucine peak1 1 <0.0001 ns 0.1695 1 <0.0016
1.52 0.86 Cholesterol peak2 il <0.0001 1 <0.0001 1 <0.0001
0.95 2.05 Isovalerylglycine peak1"™* i <0.0001 i <0.0001 i <0.0006
0.91 0.91 Lipid CH3 i <0.0001 T <0.0001 1 <0.0001
0.87 1.51 Cholesterol peak?2' 1 <0.0001 1 <0.0001 1 <0.0001
0.70 0.70 Cholesterol peak1 1 <0.0001 1 <0.0001 1 <0.0001

Chemical markers are ordered by the F2 PPM co-ordinates, highest to lowest. 1, increased; |, decreased; ns, non-significant; ', resonance
cross-peak above the diagonal in 2D-COSY. *, 2.77 on the spectral diagonal is considered a composite peak of a-ketobutyrate or its
derivatives; **, by-product of leucine metabolism, most probably isovalerylglycine. F1 and F2 PPM, frequency domains in PPM; ccRCC,
clear cell renal cell carcinoma; non-ccRCC, non-clear cell RCC; non-cancer, non-cancer kidney tissue from nephrectomised kidney distant

from cancer; cf, compared with; PPM, parts per million.

results in classifying RCC in small cohort studies (39).
Kidney cancer has been described as a disease of aberrant
cellular metabolism (40), the by-products of which may be
exploited as potential diagnostic markers. Previous studies
investigating metabolism in RCC have identified the

importance of aberrant lipid (41), and glucose, glutathione,
and amino acid changes (42) that are likely to be key drivers
in the pathogenesis of RCC. Adipogenesis is a known
hallmark of ¢ccRCC (41). Our data demonstrate an overall
increase in lipid and cholesterol chemical signatures in
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ccRCC, compared with both non-ccRCC and non-cancer
kidney tissue, indicating that lipid and cholesterol changes
may have a significant role in translational diagnostic
applications for ccRCC. Glucose and glycogen have
been reported to alter in different cancer types and their
different developmental stages (14,42,43). In our study, we
see an increase in intracellular glucose moieties in ccRCC
but not in non-ccRCC, which may reflect unique energy
requirements in the ccRCC which are, generally, more
rapidly proliferating.

Amino acid metabolism is also reported to have a key
role in biomarker aberrations seen in ccRCC tumors; many
other studies have also identified amino acid alterations
in cancer (14,44,45). In the current study, we observed
different levels of glutamine, glutamate, leucine, asparagine
and aspartate between our tumor and non-cancer groups.
Branched chain amino acids (BCAA) uptake and BCAA
pathways are activated in many tumors (46). They are
used for protein synthesis, in the production of glutamate
and glutamine and in downstream energy production
via the tricarboxylic acid cycle (44,45,47). In this study,
we observed a significant increase in the BCAA leucine
between non-cancer and ccRCC, and an increase in the
leucine catabolite, isovalerylglycine, and the threonine
and methionine catabolite, a-ketobutyrate between non-
cancer and all tumor groups. The chemical differences for
isovalerylglycine and o-ketobutyrate were higher, 55% and
108% respectively, in ccRCC than the non-ccRCC and
non-cancer kidney.

In another study, ccRCC tissue was reported to have
higher glutamine when compared to adjacent non-cancer
kidney (14). There have, however, been few studies
examining the role of glutamine in non-ccRCC tissues. Our
results indicate that glutamine is significantly increased in
ccRCC tissues and non-ccRCC tissues, when compared
with adjacent non-cancer kidney. The glutamine pathway
is an essential mechanism of cellular anabolism and tumor
cell growth and has been implicated as a cellular adaptation
in the attenuation of oxidative stress (47). Glutathione
is an abundant antioxidant and a redox regulator that
has been studied extensively in cancer cell metabolism.
Glutathione is also a potent neutralizer of reactive oxygen
species, a cofactor for enzymatic reactions and a regulator
of cellular proliferation and apoptosis. Relating to RCC,
glutathione metabolism has been identified as a marker of
aggressiveness and correlates with poor prognostic outcome
(42,45). In this study, we observed an increase in glutathione
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in ccRCC, and even more so in non-ccRCC, compared to
non-cancer kidney tissue.

Fucose and fucosylation are associated with cancer cell
growth, metastasis and invasion, with fucosidase being
down regulated in a number of cancer types, and agents
that target fucosylation having an inhibitory effect on
metastasis (48). In the current study, increased fucose levels
were differential for ccRCC compared to other tissue types.
Finally, several studies have reported increased choline
levels associated with tumorigenesis (49,50), however, in
our study, choline levels did not contribute significantly to
group separation, with a broad standard deviation in both
ccRCC and non-ccRCC.

The strength of the current investigation is that it
demonstrates distinct chemical characteristics among
histological tissue types of kidney masses, and clearly
separates ccRCC, which has a poor clinical prognosis, from
non-ccRCC and non-cancer kidney with 86% predictive
accuracy. This was accomplished with use of multivariate
data analysis software and application of experience gained
by our team using a similar analysis of ovarian cancer. A
limitation of this study was the small number of non-ccRCC
available to us, simply because of the low incidence of these
subtypes compared with ccRCC. Thus, the non-ccRCC
group was heterogeneous, consisting of several histological
subtypes and, consequently, we lacked the statistical power
to separate distinct histological subtypes among non-
ccRCC tumors. To counter this limitation, a much larger
patient cohort is needed.

This pre-clinical study utilized excisional tumor tissue
biopsies to obtain 2D L-COSY MRS data. We determined
that approximately 50 mg of tissue were required to obtain
adequate signal from MRS. Therefore, we hypothesize that
this technique would not likely be suitable for core needle
biopsy samples, which sample significantly less tissue. The
aim of this pre-clinical study was to determine if there were
differences between histological tumor types that could
be visualized using MRS. We have shown that there are
observable differences between ccRCC and non-ccRCC
tissues. This study was not able to observe differences
between RCC and benign lesions (for example, oncocytoma,
angiomyolipoma), largely due to a small sample size of
benign lesions. Future studies will aim to validate these
differences in larger cohorts that include more participants
with benign histology. Ultimately, this work is a step
towards the ability to translate these findings i vivo, with a
hope to improve the diagnosis and management of RCC.
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Conclusions

This study provides metabolic insights that could have
future diagnostic and/or clinical value. The results of this
work demonstrate a clear separation between ccRCC
and non-ccRCC and non-cancer kidney cortical tissue
from tumor-bearing patients. Key chemical signatures
were responsible for subtype separation, with classifying
chemical markers for ccRCC being cholesterol, lipid
moieties, glucose and fucose. Glutamine and glutathione
were increased in tumor tissues (ccRCC and even more so
in non-ccRCC), indicating that glutamatergic metabolism
may provide diagnostic insights in the separation of these
histopathological entities. Additional analysis that would
optimize and validate the data analytical technique with
respect to comparisons of ccRCC from non-ccRCC
would be useful, specifically focusing on a clinical cohort
of patients with localized (primary) kidney masses. The
development of a 1D MRS protocol using an in vivo MR
imaging clinical scanner is the next step in the translational
application of this work.
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