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Abstract
Hyperpolarised [1-13C]pyruvate MRI (HP-13C-MRI) is an emerging metabolic imaging technique that has shown promise for
evaluating prostate cancer (PCa) aggressiveness. Accurate tumour delineation on HP-13C-MRI is vital for quantitative assess-
ment of the underlying tissue metabolism. However, there is no consensus on the optimummethod for segmenting HP-13C-MRI,
and whole-mount pathology (WMP) as the histopathological gold-standard is only available for surgical patients. Although
proton MRI can be used for tumour delineation, this approach significantly underestimates tumour volume, and metabolic
tumour segmentation based on HP-13C-MRI could provide an important functional metric of tumour volume. In this study,
we quantified metabolism using HP-13C-MRI and segmentation approaches based onWMPmaps, 1H-MRI-derived T2-weighted
imaging (T2WI), and HP-13C-MRI-derived total carbon signal-to-noise ratio maps (TC-SNR) with an SNR threshold of 5.0. 13C-
labelled pyruvate SNR, lactate SNR, TC-SNR, and the pyruvate-to-lactate exchange rate constant (kPL) were significantly higher
when measured using the TC-SNR-guided approach, which also corresponded to a significantly higher tumour epithelial
expression on RNAscope imaging of the enzyme catalysing pyruvate-to-lactate metabolism (lactate dehydrogenase (LDH)).
However, linear regression and Bland-Altman analyses demonstrated a strong linear relationship between all three segmentation
approaches, which correlated significantly with RNA-scope-derived epithelial LDH expression. These results suggest that
standard-of-care T2WI and TC-SNR maps could be used as clinical reference tools for segmenting localised PCa on HP-13C-
MRI in the absence of theWMP gold standard. The TC-SNR-guided approach could be used clinically to target biopsies towards
highly glycolytic tumour areas and therefore to sample aggressive disease with higher precision.
Key Points
• T2WI- and TC-SNR-guided segmentations can be used in all PCa patients and do not explicitly require WMP maps.
• Agreement between the three segmentation approaches is biologically validated by their strong relationship with epithelial
LDH mRNA expression.

• The TC-SNR-guided approach can potentially be used to identify occult disease on 1H-MRI and target the most glycolytically
active regions.
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Abbreviations
DSC Dice similarity coefficient
HP-13C-MRI Hyperpolarised [1-13C]pyruvate MRI
kPL Pyruvate-to-lactate exchange rate constant
LDH Lactate dehydrogenase
PCa Prostate cancer
TC-SNR Total carbon SNR
WMP Whole-mount pathology

Introduction

Hyperpolarised [1-13C]pyruvate MRI (HP-13C-MRI) is a rap-
idly evolving metabolic imaging technique that can visualise
real-time pyruvate-to-lactate conversion, catalysed by the en-
zyme lactate dehydrogenase (LDH) [1]. Several studies have
shown increased [1-13C]lactate labelling in localised prostate
cancer (PCa), highlighting the added value of HP-13C-MRI to
standard-of-care imaging for assessing tumour aggressiveness
and monitoring treatment response [1–4]. However, despite
the promise shown by these early studies, there remain several
technical challenges that require optimisation to ensure that
HP-13C-MRI assessment is reliable and reproducible prior to
clinical translation of the technique.

In localised disease, accurate tumour delineation is vital for
definitive evaluation of the underlying tissue metabolism.
However, whole-mount pathology (WMP) is only available
following radical prostatectomy, making the histopathological
gold standard for tumour delineation inaccessible for most
patients in which HP-13C-MRI may be of clinical benefit.
Conventional proton (1H) MRI is known to underestimate
tumour diameter and volume up by up to 3-fold when com-
pared to WMP [5], and may therefore under-sample metabo-
lically active areas if used for lesion segmentation. The rela-
tionship between the area of high [1-13C]lactate signal and the
underlying tumour area on pathology is unknown, and could
vary from representing only the metabolically active tumour
core, through detecting labelled lactate beyond the anatomical
boundaries of the lesion. In the former case, direct lesion seg-
mentation on HP-13C-MRI may be sufficient for accurate tu-
mour metabolic phenotyping based on assessing the glycolyt-
ic volume, which is known to harbour more aggressive dis-
ease [2, 4, 6]. This is analogous to approaches used in positron
emission tomography (PET) to delineate the metabolically
active tumour volume based on thresholding the 18F-fluoro-
deoxyglucose (18F-FDG) uptake [7].

This study aimed to identify a clinically applicable HP-13C-
MRI segmentation approach that would best reflect underly-
ing tumour metabolic characteristics. Tumour HP-13C-MRI-
derived metabolic metrics and spatial LDHmRNA expression
patterns were compared using three segmentation approaches:
WMP, 1H-MRI, and HP-13C-MRI-derived total carbon
signal-to-noise ratio maps (TC-SNR).

Materials and methods

This was a retrospective study of data acquired prospectively
as part of an institutional review board–approved (National
Research Ethics Service Committee East of England,
Cambridge South, 16/EE/0205) study that included patients
undergoing radical prostatectomy for biopsy-proven PCa [4].
All patients underwent 3 T pre-biopsy mpMRI and HP-13C-
MRI, measuring pyruvate SNR, lactate SNR, TC-SNR, and
the pyruvate-to-lactate exchange rate constant (kPL). Full im-
aging protocols for mpMRI and HP-13C-MRI have been de-
scribed previously [4]. All patients provided written consent
to participate in this study upon their recruitment between
May 2018 and February 2020, with the reported data analysis
covered by the initial institutional review board approval.

Image segmentation and analysis

PCa foci were first outlined on digitised surgical
haematoxylin-and-eosin (H&E) WMP maps by an experi-
enced genitourinary pathologist (A.Y.W.) (WMP-guided seg-
mentation; Fig. 1a) using XPlore (Koninklijke Philips).
Corresponding lesions were independently outlined on
mpMRI-derived T2-weighted images (T2WI) in consensus
by two radiologists (T.B., F.A.G.) and a research fellow
(N.S.) with 12, 13, and 4 years’ experience in prostate MRI,
respectively. The segmentation was blinded to WMP maps,
with PCa regions-of-interest (ROIs) defined by clinical inter-
pretation as areas showing low T2WI signal intensity with
corresponding restriction on diffusion-weighted imaging ac-
cording to clinical guidelines [8], and concordant to targeted
biopsy results (T2WI-guided segmentation, Fig. 1b).
Separately, the same readers re-segmented the lesions on
HP-13C-MRI-derived TC-SNR maps, masked using a TC-
SNR threshold of 5.0 according to the Rose criterion [9] to
remove all pixels potentially containing noisy data (TC-SNR-
guided segmentation, Figure 1c). At the end of each segmen-
tation session, the resulting ROIs were transposed onto co-
registered HP-13C-MRI metabolic maps (Fig. 1e–h), from
which pyruvate SNR, lactate SNR, TCSNR, and kPL values
were extracted for each pixel using OsiriX 10.0 (Pixmeo
SARL).

Lactate dehydrogenase mRNA expression analysis

Simultaneous detection of human LDHA and LDHB was per-
formed in 4-μm-thick whole-mount formalin-fixed, paraffin-
embedded (FFPE) prostatectomy tumour blocks using
RNAscope in situ hybridisation technology, as detailed previ-
ously [4]. The slides were analysed using HALO
v3.2.1851.266 (Indica Labs) and the FISH v2.2.0 module.
Epithelial and stromal cell populations were differentiated
using a fluorescent random forest tissue classifier [4].
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Epithelial LDHA and LDHB mRNA expression values were
derived from WMP-, T2WI-, and TC-SNR-guided segmenta-
tions that were transposed onto co-registered RNAscope
slides (Figure 1d). To account for the differences in the ROI
surface areas, the combined epithelial LDH expression (sum
of LDHA and LDHB mRNA copies per ROI) and epithelial
LDHA expression values were divided by the ROI surface

area (mm2) to produce the total epithelial LDH and epithelial
LDHA densities, respectively.

Statistical analysis

Statistical analyses were conducted using GraphPad Prism
(version 9.1.2, GraphPad Software). Data normality was

Fig. 1 WMP map (a), 1H-MRI-derived T2WI (b), HP 13C-MRI-derived
TC-SNR map with the lowest SNR threshold set at 5.0 (c), RNAscope
WMP fluorescent image showing LDHA (gold) and LDHB (white) ex-
pression (d). WMP- (a), T2WI- (b), and TC-SNR-guided (c) tumour
segmentations, with all three resulting ROIs overlaid on the RNAscope
image (d). HP 13C-MRI-derived pyruvate SNR (e), lactate SNR (f), total
carbon SNR (g), and kPL (h) maps with WMP-, T2WI-, and TC-SNR-

guided segmentations overlaid. Panels a–hwere obtained from a 66-year-
old patient with a histopathologically confirmed Gleason score 3 + 4 = 7
peripheral zone lesion (red ROI on panel a). Box-and-whisker plots com-
paring HP 13C-MRI-derived pyruvate SNR (i), lactate SNR (j), TC-SNR
(k), and kPL (l), alongside ROI surface areas (m), RNAscope-derived total
epithelial LDH density (n), and epithelial LDHA density measured using
the WMP-, T2WI-, and TC-SNR-guided segmentation approaches
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assessed using the D’Agostino-Pearson test, with all pairwise
comparisons conducted using the Wilcoxon matched-pairs
signed-rank test. Spatial congruence between different seg-
mentation approaches was assessed using the Dice similarity
coefficient (DSC) [10]. Simple linear regression was used to
evaluate the relationship between HP-13C-MRI values de-
rived using these approaches, and agreement was assessed
by Bland-Altman analysis. For the latter, whilst some mean
differences between measurements did not follow normal dis-
tribution (Supplementary Information), we did not perform
their logarithmic transformation since in all cases there was
no relationship between the magnitude of the quantity being
measured (mean differences) and the difference between
them, and 95% of non-transformed observations were already
included in the limits of agreement (LoA), therebymeeting the
key assumption behind the use of the LoA approach.
Spearman’s rank correlation test assessed relationships be-
tween HP-13C-MRI-derived lactate SNR and kPL, and
RNAscope-derived total epithelial LDH density and epithelial
LDHA density, respectively, for the three segmentation
approaches.

Results

The study comprised eight patients (57–69 years; PSA 3.1–
19.1 ng/mL) with 11 MR-visible lesions, nine and two of
which harboured Likert scores 5 and 4, respectively. Seven
lesions were in the peripheral and four in the transition zones,

with the median maximum axial tumour diameter measuring
16 mm (interquartile range, 12–21 mm). One tumour
harboured Gleason score 3 + 3 = 6 disease, eight 3 + 4 = 7
disease, and two 4 + 3 = 7 disease.

Pyruvate SNR, lactate SNR, TC-SNR, and kPL showed no
significant differences between the WMP- and T2WI-guided
segmentation approaches (p > 0.05; Fig. 1i–l, Table 1), which
is explained by their high spatial congruence (DSC = 0.86),
despite WMP-guided ROIs having a significantly larger me-
dian surface area (p = 0.005; Fig. 1m, Table 1). Conversely, all
TC-SNR-guided metabolic metrics were significantly higher
compared to those obtained using the two other approaches (p
< 0.05 for all; Fig. 1i–l, Table 1), with TCSNR-guided ROIs
also being significantly smaller compared to both WMP- and
T2WI-guided ROIs (p = 0.001 for both; Fig. 1m, Table 1).
However, TC-SNR-guided ROIs showed high spatial congru-
ence with both WMP- and T2WI-guided ROIs as demonstrat-
ed by the DSCs of 0.85 and 0.86, respectively. Importantly,
total epithelial LDH density was significantly higher when
measured using the TC-SNR-guided approach compared to
the T2WI-based segmentation (p = 0.02; Fig. 1n, Table 1),
whilst no difference was observed when comparing both
T2WI- and TC-SNR-guided values with the WMP-guided
approach (p = 0.13 and 0.08, respectively; Fig. 1n, Table 1).

Linear regression analysis showed very strong positive cor-
relations between lactate SNR from all three segmentation
approaches (Fig. 2a, c, e). Bland-Altman analysis showed ex-
cellent agreement among the three segmentation methods as
exemplified by lactate SNRmeasurements (Fig. 2b, d, f), with

Table 1 Comparison of HP 13C-MRI metabolic parameters, ROI
surface areas, and RNA scope–derived total epithelial LDH density and
epithelial LDHA values measured using different segmentation ap-
proaches. The data are presented as median (interquartile range). kPL
values are presented as s−1, ROI surface areas are presented as cm2, and

total epithelial LDH density values are presented as (LDHA + LDHB
mRNA copies) per mm2. p values were obtained using the Wilcoxon
matched-pairs signed-rank test given the outcomes of the D’Agostino-
Pearson test used to assess the data normality

Parameter WMP-guided
segmentation

T2WI-guided
segmentation

TC-SNR-guided
segmentation

p value,
1 vs 2

p value,
1 vs 3

p value,
2 vs 3

Pyruvate SNR 31.4
(21.4–67.9)

33.5
(21.3–60.2)

36.3
(22.6–61.2)

0.831 0.001* 0.001

Lactate SNR 14.4
(9.5–16.2)

12.4
(8.6–18.7)

15.2
(9.2–23.1)

0.700 0.001* 0.001*

Total carbon SNR 51.3
(36.7–76.8)

52.5
(35.7–82.2)

68.2
(42.7–94.1)

0.240 0.003* 0.007*

kPL 0.011
(0.005–0.015)

0.010
(0.008–0.018)

0.012
(0.005–0.018)

0.206 0.001* 0.001*

ROI surface area 0.72
(0.39–1.74)

0.46
(0.36–1.36)

0.36
(0.32–1.18)

0.005* 0.001* 0.001*

Total epithelial LDH density 404.2
(222.1–639.5)

419.8
(211.6–677.4)

434.9
(212.1–693.8)

0.134 0.081 0.020*

Epithelial LDHA density 65.6
(15.9–155.0)

68.6
(16.1–152.9)

71.1
(16.5–152.9)

0.426 0.203 0.098

*p < 0.05

CI confidence interval, LDH lactate dehydrogenase, ROI region-of-interest, SNR signal-to-noise ratio, T2WI T2-weighted imaging,WMP whole-mount
pathology
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the best agreement noted between TC-SNR- and T2WI-
guided segmentation approaches, whereby all individual lac-
tate SNR values were within the 95% limits of agreement (Fig.
2f). The outcomes of both linear regression and Bland-Altman
analyses were similar for other HP-13C-MRI-derived metrics
(Supplementary Information).

Finally, Spearman’s rank test demonstrated the presence of
very strong positive correlations between HP-13C-MRI-de-
rived lactate SNR and RNAscope-derived total epithelial
LDH density values extracted using the WMP-, T2WI-,
and TC-SNR-guided segmentation approaches (ρs = 0.97,
0.96, 0.96, respectively; p < 0.0001; Fig. 3a–c). The
same was observed for the correlation pair of HP-13C-
MRI-derived kPL and RNA-scope-derived epithelial
LDHA density (ρs = 0.72, 0.75, 0.80 for WMP-,
T2WI-, TCSNR-guided segmentations, respectively;
p < 0.05; Fig. 3d–f).

Discussion

This study compared HP-13C-MRI metabolic metrics in PCa
derived from three segmentation approaches based on the his-
topathological gold standard of WMP, clinical 1H-MRI, and
total carbon SNR maps. We show that despite significant dif-
ferences in ROI surface areas and absolute values of the re-
sulting metabolic metrics, all three segmentation approaches
correlated strongly with the epithelial LDHmRNA expression
that represents the tumour metabolic phenotype. These results
provide quantitative evidence for the use of TC-SNRmaps on
HP-13C-MRI in addition to standard-of-care T2WI for reliably
delineating PCa in the absence of the histopathological gold
standard. Moreover, this study presents the rationale for using
TC-SNR maps to target prostate biopsies to sample the most
glycolytically active areas with the highest epithelial LDH
expression.

Fig. 2 Linear regression plots (a,
c, e) and Bland-Altman plots (b,
d, f) comparing HP 13C-MRI-de-
rived lactate SNR values obtained
using WMP-, T2WI-, and TC-
SNR-guided segmentation ap-
proaches. a, c, e Linear regression
plots include captions represent-
ing slopes of the linear fits, y-in-
tercepts, and coefficients of de-
termination (R2). b, d, f Bland-
Altman plots include dotted lines
representing upper and lower
95% limits of agreement and bold
lines representing the mean biases
with appropriate captions includ-
ed. Similar plots for pyruvate
SNR, TC-SNR, and kPL are pre-
sented in the Supplementary
Information
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To our knowledge, this is the first study to directly compare
different HP-13C-MRI segmentation approaches in localised
PCa. In their first-in-man study using HP-13C-MRI to image
localised disease, Nelson et al [1] visually compared the loca-
tions of regions with high [1-13C]lactate labelling with abnor-
mal areas on T2WI that contained biopsy-proven PCa foci,
which is similar to the T2WI-guided approach utilised in this
study. The same approach was used in a case report investi-
gating androgen deprivation therapy–induced metabolic
changes in a patient with biopsy-proven high-grade lesion
[3]. In addition, two prospective studies in prostatectomy co-
horts both utilised the WMP-guided approach that provides a
definitive measure of tumour volume [2, 4]. Previously, we
have used segmentation based on metabolism using preclini-
cal and in silico models [11], whilst in this study we applied it
to clinical data and validated it against tissue-based spatial
transcriptomics for the first time. In this study, the TC-SNR
approach involved setting up a specific SNR threshold aimed
at removing potentially noisy data from HP-13C-MRI meta-
bolic maps, which may not be reflective of true tissue meta-
bolic properties. This can be particularly useful in cases with
low polarisation, where the application of a TC-SNR thresh-
old may also act as a quality control measure to determine the
reliability of the signal produced. TC-SNR may also be help-
ful for demonstrating glycolytic activity in lesions which are
1H-MRI occult [1, 2, 4]. Thus, the application of a TC-SNR
threshold may identify a significant focus of PCa and guide
optimal sampling of the most glycolytically active tumour

areas with targeted biopsy. In our study, the TC-SNR thresh-
old was set at 5.0, which followed the strict Rose model de-
cision strategy [9]. This was in line with real-life data where
studies with median tumour-derived TC-SNR < 5.0 were con-
sidered a technical failure [4], and all areas of histopatholo-
gically proven cancer had TC-SNR > 5.0 [4, 6]. Importantly,
the selected threshold allowed us to visualise areas with the
highest combined epithelial LDH expression, suggesting the
presence of a tumour “metabolic core” that produces the
highest HP-13C-MRI signal and can be targeted using the
TC-SNR approach. TC-SNR signal may also be heavily de-
pendent on tumour perfusion, and therefore the vascular de-
livery of [1-13C]pyruvate. However, tumour vascular perme-
ability to a gadolinium chelate is likely to be different from the
perfusion of the smaller pyruvate molecule into the tumour,
and TC-SNR may also be dependent on local magnetic field
inhomogeneities. In support of this, we saw no significant
correlations between Ktrans and HP 13C-MRI parameters pre-
viously [4], but this comparison requires further investigation
in larger cohorts.

The observed differences between WMP- and T2WI-
guided ROI surface areas are in line with the known underes-
timation of tumour measurements on 1H-MRI [5]. However,
the resulting HP-13C-MRI metrics were similar, which may be
explained by a relatively low in-plane true resolution of
HP-13C-MRI (12.5 × 12.5 mm2) coupled with a high spatial
overlap between the two segmentation approaches, which was
also reflected by the linear regression and Bland-Altman

Fig. 3 Spearman’s correlation plots comparing RNAscope-derived total
epithelial LDH values with HP 13C-MRI-derived lactate SNR values
obtained using WMP- (a), T2WI (b), and TC-SNR-guided (c) segmenta-
tion approaches. Spearman’s correlation plots comparing RNAscope-

derived epithelial LDHA density values with HP 13C-MRI-derived kPL
values obtained using WMP- (d), T2WI- (e), and TC-SNR-guided (f)
segmentation approaches. Plots a–f include individual rank correlation
coefficients and corresponding p values
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analyses. Therefore, T2WI alone is as reliable as the histopa-
thological gold standard for HP-13C-MRI segmentation.
Importantly, whilst TC-SNR-derived metabolic values were
numerically different to those obtained using T2WI, the two
segmentation approaches had strong linear relationship and
agreement. In addition, lactate SNR measured using all three
approaches showed strong positive correlations with the un-
derlying tumour metabolic phenotype assessed by the epithe-
lial mRNA density of LDH, the enzyme responsible for the
imaged reaction [4]. This trend also held for kPL and epithelial
LDHA, which were shown to be closely related in a previous
study [4]. Clinically, the use of TC-SNR-guided ROIs may be
preferred due to the higher probability of sampling the meta-
bolic core of the tumour that represents its most aggressive
component [4].

This study has several limitations. The sample size was
relatively small, albeit in line with similar publications in the
field [1, 2, 6]. The impact of TC-SNR-guided segmentation on
the ability of HP-13C-MRI to navigate targeted sampling of
1H-MRI occult lesions was not assessed since all patients al-
ready had biopsy-proven disease. The study excluded 1H-
MRI occult lesions due to their inability to be prospectively
segmented using the T2WI-guided segmentation approach.

In conclusion, the TC-SNR-guided segmentation approach
generated smaller tumour regions with higher measures of
metabolism in keeping with identification of the metabolic
core on RNAscope. Although the T2WI approach generated
larger regions with lower overall levels of metabolism, these
were linearly correlated with the measures using the TC-SNR
approach and those generated from the WMP gold standard.
These findings support the use of TC-SNR maps for delineat-
ing localised PCa on HP-13C-MRI and targeting biopsies to
sample the most glycolytically active tumour areas.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00330-022-08929-7.
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