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Spatial metabolomics informs the use of clinical imaging
for improved detection of cribriform prostate cancer
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Cribriform prostate cancer (crPCa) is associated with poor clinical outcomes, yet its accurate
detection remains challenging due to the poor sensitivity of standard-of-care diagnostic
tools. Here, we use untargeted spatial metabolomics to identify fatty acid biosynthesis as
a key metabolic pathway enriched in crPCa epithelium. We also show that imaging tumor
lipid metabolism using [1-'"Clacetate PET/CT and proton magnetic resonance spectros-
copy differentiates cribriform from noncribriform intermediate-risk prostate cancers in
two prospective patient cohorts. These findings support the feasibility of using clinical
metabolic imaging techniques as adjunctive tools for improving crPCa detection in clinical
practice, with prospective studies in larger cohorts warranted to obtain definitive results.
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Cribriform prostate cancer (crPCa), manifesting in the form of either intraductal
carcinoma or invasive cribriform carcinoma, independently predicts biochemical
recurrence, metastasis, and disease-specific mortality (1). Early detection of crPCa is
therefore critical, as reflected in its mandatory reporting in diagnostic biopsies (2, 3)
and exclusion of patients with any crPCa from active surveillance in European clinical
guidelines (4). However, MRI-targeted biopsy shows poor sensitivity for detecting
crPCa (5), likely due to overlapping apparent diffusion coefficient (ADC) and dynamic
contrast-enhanced features between cribriform and noncribriform lesions (6). To
address this, we used untargeted spatial metabolomics to identify fatty acid biosyn-
thesis as a key metabolic pathway distinguishing crPCa from noncribriform disease
in radical prostatectomy (RP) samples. Drawin% on previous research demonstrating
the advantage of PCa detection using [I1- !Clacetate PET/CT over routine
2-fluoro-2-deoxy-D-glucose PET (7-9), we then assessed the ability of [1-""Clacetate
PET/CT and '"H magnetic resonance spectroscopic imaging (‘H-MRSI) to noninva-
sively differentiate cribriform from noncribriform intermediate-risk tumors, compared
to standard ADCratio assessment.

Results

In a primary cohort of 28 PCa patients with MRI-visible biopsy-proven disease, RP
identified 39 Gleason score 7 (GS7) tumors, comprising 27 noncribriform and 12 cri-
briform lesions based on the dominant Gleason pattern 4 (GP4) phenotype (Fig. 14).
MRI-targeted biopsy identified only 7/12 cribriform tumors, with a sensitivity of 58%,
consistent with prior reports (5). ADCratio and digital pathology-derived epithelial cell
density showed no significant differences between cribriform and noncribriform tumors
(Fig. 1B).

Using spatially resolved desorption electrospray ionization mass spectrometry imaging
(DESI-MSI) in one subcohort (Fig. 14), we found that unsaturated fatty acid biosynthesis
was significantly enriched in cribriform epithelium (Fig. 1 Cand D), with 7 out of the
10 most distinctively enriched metabolites being unsaturated fatty acids (S Appendix).
Immunohistochemistry in a second subcohort showed significant overexpression of the
plasma membrane transporter for acetate (monocarboxylate transporter 1; MCT1) and
fatty acid synthase (FASN) in cribriform GS7 tumors compared to noncribriform lesions
(Fig. 1 Eand F). Consistently, [1-""Clacetate PET/CT demonstrated an average 1.5-fold
increase in body-weight-normalized standardized uptake values (SUVbw) in cribriform
lesions, sustained up to 60 min postinjection (P < 0.05; Fig. 1 G and H). Notably, two
cribriform tumors misclassified on biopsy compared to prostatectomy had the highest
[1-""Clacetate uptake (Fig. 1G).
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Significance

Cribriform prostate cancer is a
specific disease phenotype
known for its high potential of
transforming into incurable or
even lethal disease. As
conventional diagnostic methods
tend to miss this disease
subtype, identifying biologically
informed methods for its early
detection is important. Here, we
show that one such method
could be the imaging of tumor
lipid metabolism using clinical
imaging techniques: [1-''C]
acetate positron emission
tomography/computed
tomography (PET/CT) and proton
magnetic resonance
spectroscopy. Both techniques,
which are available to clinicians,
showed promise for
distinguishing between
cribriform and noncribriform
tumors in patients with biopsy-
proven prostate cancer.

Author contributions: N.S., G.H., F.A.G., and T.B. designed
research; N.S., G.H.,, RM., MAA M., J.B,, D.S,, D.Y.L,, LA,
LF., AZ, AY.W.,, and T.B. performed research; I.G.M.,
VJ.G., S.T.B.,, RJ.AG., FAG., and T.B. contributed new
reagents/analytic tools; N.S., G.H., R.M., M.AM., |.B., D.S.,
D.Y.L, LA, LF, AZ, and AY.W. analyzed data; and N.S.,
G.H., F.A.G., and T.B. wrote the paper.

Competing interest statement: G.H., L.F, S.T.B., and
RJ.A.G. are AstraZeneca employees. F.A.G. has research
support from GE Healthcare and has consulted for
AstraZeneca on behalf of the University of Cambridge.

This article is a PNAS Direct Submission.

Copyright © 2025 the Author(s). Published by PNAS.
This open access article is distributed under Creative
Commons Attribution License 4.0 (CC BY).

"To whom correspondence may be addressed. Email:
ns784@medschl.cam.ac.uk.

2N.S. and G.H. contributed equally to this work.
°RJ.A.G., F.A.G., and T.B. contributed equally to this work.

This article contains supporting information online at
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2502423122/-/DCSupplemental.

Published June 23, 2025.

https://doi.org/10.1073/pnas.2502423122 1 of4


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
mailto:ns784@medschl.cam.ac.uk
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2502423122/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2502423122/-/DCSupplemental
mailto:
https://orcid.org/0000-0003-4500-9714
https://orcid.org/0000-0002-4384-6626
https://orcid.org/0000-0002-1324-3197
https://orcid.org/0000-0002-7452-4961
https://orcid.org/0000-0001-5347-5083
https://orcid.org/0000-0001-5699-8488
https://orcid.org/0000-0002-1180-1474
http://www.pnas.org/lookup/doi/10.1073/pnas.2502423122#supplementary-materials
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2502423122&domain=pdf&date_stamp=2025-6-18

20f4

A

Surgical cohort 1| Radical
H-MRI
& prostatectomy
\ Non-cribriform GS7
& PIRADS =3 39 lesions n=27
—
o
Targeted Bx Gleason score 7
ADCI’atIO & Cribriform GS7
oo n=12
. . Histopathological
28 patients  Cell density evaluation
Lesion 1 Lesion 2
Biopsy RARP
Spatial metabolomics Patient PSAD PI-RADS GG GP4 GG GP4 PI-RADS GG GP4 GG GP4
1 | . | n u
sub-cohort 2 | u ] u
3 H E R E BN | u |
4 u H B " n
’ O] 5 W H BH |
6 | HE B B B nm
— 7 N H B u
8 H B n
’ 9 | | | n
10 patients DESI-MSI o H ®H W H
Lesion 1 Lesion 2
Immunohistochemistry Biopsy RARP
sub-cohort Patient PSAD PI-RADS GG GP4 GG GP4 PI-RADS GG GP4 GG GP4
Pcicatate 1 HE E R E R | u |
2 H B I | ] ]
3 ] H B B E N L] L] ]
. ooy 4 ® m =u u HE = ]
5 u i E R En
(Gt 6 u . | ]
" 7 u [ | ]
9 patients MCT1, FASN 8 ] u
s m | I | |
Lesion 1 Lesion 2
["'C]Acetate PET/CT Biopsy RARP
sub-cohort Patient PSAD PI-RADS GG GP4 GG GP4 PI-RADS GG GP4 GG GP4
1 H N u u u u
i 2 I ] " m ]
e, 3 H N L u u
. o 4 E E R E N E B n
A o Cate 5 ® ® H H E N
Ftty cids 6 |_ | H N
: 7 | " u u
9 patients  [''C]Acetate 8 | n
9 | | .| |
PSAD <0.15 [ >0.15 |l P-RADS 3 4 5H GG2m3m GP4 NC | icc/pc M

H-MRI ADCratio
P=056

Epithelial cell density

; t
g |3
g N
3 3

GS7NC GS71CC/IDC GS7NC GS7 ICC/IDC

GP3 + GP4 NC epithelium  GP4 ICC/IDC epithelium

7

)

Biosynthesis of
unsaturated fatty acids —q

e
D-Amino acid metabolism
AminoacyRNA biosynthesis
e

.
Val, Leu, lle metabolism

Butanoate metabolism

o

‘Ascorbate and aldarate metabolism
°

10910 (Pvalue)

SUV,,, (gmL)

3 4

o '
Fold change

H&E ["C]Acetate dynamic timecourse

SUV,,, (gL
4

e
|
|

o 10 2 3 4 s e 70 8 %
Time interval p.. (min)

W GP3 | GP4NC M GP4 ICC/IDC
Oleic acid

H Whole-mount H&E TH-MRI T2wWI

E mGP3 GP4NC Il GP4ICC/IDC

Epithelial MCT1 Epithelial FASN
100, P=001 100 P=0001

[''C]Acetate PET/CT

H-MRI ADC

3

3

%MCT1strongly +-ve cells
3 3

°

O 6

GS7NC GS7ICC/IDC swv,

ADC 0EE—12500

GS7NC GS7 ICC/IDC max

Fig. 1. Clinical metabolicimaging for crPCa detection in surgical patients. (4) Study flowchart including the constituent subcohorts with matching clinico-pathologic
characteristics. (8) Comparison of "H-MRI tumor-to-urine ADCratio and digital pathology-derived epithelial cell density between cribriform and noncribriform
GS7 tumors in the surgical cohort. (C) Metabolic pathway enrichment analysis of cribriform (red) and noncribriform (yellow) epithelial regions from the spatial
metabolomics subcohort, with top three pathways labeled for each morphological entity; for the same plot featuring individual metabolites, see S/ Appendix.
(D) Representative hematoxylin and eosin (H&E) and DESI-MSI slides from specimens containing cribriform and noncribriform morphologies derived from the
same patient from the spatial metabolomics subcohort; scale bars denote 2 mm. (E) Comparison of the percentage of cells with strongly positive MCT1 and FASN
immunoexpression between cribriform and noncribriform tumors from the IHC subcohort. (F) Representative H&E and IHC images from the IHC subcohort;
scale bars denote 50 pm. (G) Comparison of [1-''Clacetate SUV,,, between cribriform and noncribriform tumors from the [1-''Clacetate PET/CT subcohort; yellow
dots denote SUV,,, values for the two cribriform lesions misclassified at diagnostic biopsy. (H) Representative whole-mount H&E, "H-MR]I, and [1-""CJacetate PET/
CT images from a patient harboring [1-""Clacetate PET/CT-visible cribriform lesion in the left peripheral zone (white arrow) and [1 MCJacetate PET/CT-occult

noncribriform transition zone tumor.

To complement the use [I-MC]acetate PET/CT as a sensitive
nuclear medicine technique which may not be routrnel available
outside centers with sufficient capacrty for in-house [1-"'CJacetate
productlon we also explored "H-MRSI as an alternative clinical
lipid imaging technique with high metabolite specificity and the
potential to be added to the standard-of-care prostate MRI protocol.
To do so, we performed H-MRSI as part of routine 1mag1ng ina
prospective cohort of 12 PCa patients who underwent 'H-MRSI
prior to an MRI-targeted biopsy (Fig. 24). "H-MRSI-derived fat
fraction showed an almost fivefold increase in cribriform GS7 lesions
compared to all other tissue types, including GS7 noncribriform
tumors, GS6 tumors, and histologically benign regions (P < 0.05;
Fig. 2 Band C). These findings aligned with the DESI-MSI results,
while the ADCratio showed no distinction between the three tumor
subtypes (Fig. 2B).

Discussion

This study demonstrates the feasrblhry of using two clinical met-
abolrc imaging techmques—[l- 'Clacetate PET/CT and

"H-MRSI—to improve noninvasive detection of crPCa by target-
ing its distinct metabolic features. Unlike our previous work,
where DESI-MSI analysis was limited to just three metabolic
pathways (10), here we leverage the full list of detected metabolites

https://doi.org/10.1073/pnas.2502423122

to confirm that increased fatty acid biosynthesis is among the most
distinctive metabolic features of crPCa epithelium. As more in-
depth studies of crPCa metabolism are conducted, the findings
presented here warrant prospective multicenter validation in larger
cohorts to assess the integration of metabolic imaging into routine
clinical practice for improved crPCa detection.

Materials and Methods

Prior to surgery, all patients from the spatial metabolomics, immunohistochem-
istry, and [1-""Clacetate PET/CT subcohorts provided written informed consent for
participation in the DIAMOND (03/018), MISSION-Prostate (16/EE/0205), and
APtITuDE (CUH/15/EE/0213) studies approved by the National Research Ethics
Service (NRES) Committee East of England, Cambridge South. APtITuDE study
was also approved by the Administration of Radioactive Substances Advisory
Committee (certificate reference RPC/83/400/33606). All patients from the
targeted biopsy cohort provided written informed consent for adding 'H-MRSI
to their standard-of-care prostate MRI protocol as part of the prospective study
approved by NRES East of England, Cambridge South (16/EE/0346). "H-MRI
ADCratio and epithelial cell density quantification methods have been described
previously (10, 11). Detailed DESI-MSI and immunohistochemistry acqmsmon
and analysis protocols are provided in the original cohort description (10).[1-"'C]
acetate PET/CT and "H-MRS! acquisition and analysis protocols are provided in
Sl Appendix, with the [1 -MClacetate production method detailed previously (12).

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2502423122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2502423122#supplementary-materials

Patient PSAD PI-RADS GG GP4

A
)
. 2
Targeted biopsy 3
cohort .
6
+ 12 patients é
10
1
12
@
J Fat
v

Targeted biopsy Fat/Water peaks

'H-MRSI fat fraction map

H-MRI T2WI

. B GS7NC [l GS7 ICC/IDC Signal ratio 0 NEEEEE" " N 0.2

B H-MRI ADCratio
P<0.05

Biopsy

] 2
E E E N o 06
i P>0.05
E BN = _ P00
E E N S 04
E E H £
E BN g o2
| | | < 00
" = . © C C
| 33“\9“ [e=) (551 v\’( \001\0
E m c°
: u 1H-MRSI fat fraction
< 010 P<0.05
PSAD  PI-RADS S T e
<0.15 3 E
>0.15 1 im bt
sl %
=1
GG GP4 2
1 N/A =]
2| NC
a0t S0 N\ 00
IcC/DCH gt G b ool
'H-MRSI tumor spectra H-MRSI benign spectra
v v \ v
v v v v
v v v v
\ L \
L L )
v v \ v

Fig. 2. Clinical fat-water "H-MRSI for crPCa detection in patients undergoing MRI-targeted biopsy. (A) Cohort description. (B) Comparison of 'H-MRI tumor-to-
urine ADCratio and '"H-MRSI fat fraction between areas of histologically benign prostate, along with GS6, GS7 noncribriform, and GS7 cribriform tumors. (C)
Representative T,-weighted images (T2WI) from patients with noncribriform (Top) and cribriform (Bottom) GS7 tumors with black, yellow, and red dotted areas
denoting benign, noncribriform, and cribriform regions-of-interests (ROIs) used for extracting '"H-MRI tumor-to-urine ADCratio and "H-MRSI fat fraction data.
The panel also presents fused T2WI and "H-MRSI fat fraction maps from the same patients, along with representative 2 x 2 spectra from voxels within the
outlined benign and tumor ROIs; lipid peaks are denoted by black arrows, with boxes in the right top corner of spectra presenting their magnified images. To
aid visualization, these spectra have thicker lines and are black in color compared to the raw spectra presented in S/ Appendix.

Data, Materials, and Software Availability. Some study data are available.
Access to the de-identified data can be provided upon a reasonable request to the
corresponding author and is subject to appropriate regulatory approvals and data
transfer agreements between the Cambridge University, Cambridge University
Hospitals NHS Foundation Trust, and the recipient institution.
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