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MOTIVATION: Several pathologies perturb 
extracellular pH (pHe) regulatory mechanisms

• ischemia
• inflammation
• tumors Progression

Hypoxia

Low perfusion

Invasion

Therapy

Glycolysis

Tumor 
acidification

AIM: Establish non-invasive MRI-based pH imaging 
for preclinical and clinical applications in oncology

• tumor phenotyping
• characterizing tumor heterogeneity
• therapy monitoring and evaluation
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Outline

1. Methods Development: Hyperpolarized MRI pH sensors

2. Novel Contrasts: Intratumoral pH heterogeneity

3. pH imaging:

“Imaging for selection, monitoring and individualization of cancer therapies”

a) Selection: Metabolic differentiation in patient-derived glioblastoma in mice treated 
with NIS-expressing MSCs (with B2 and C8)

b) Monitoring: T-cell activity in human myeloid sarcoma xenografts in mice (C10)
c) Individualization: Metabolic heterogeneity in feline fibrosarcoma (Z2)
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[1,5-13C2]zymonic acid as MRI pHe-Sensor

pH-sensitive 13C NMR resonances HyperpolarizationChemical structure
pKa = 6.90

Enhancement 10.000 – 100.000 - fold

Acquisition duration for a 1D spectrum:

3 years 1 s

Thermal equilibrium       Hyperpolarization

1. Methods
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[1,5-13C]zymonic acid

pH-phantoms

ca. 5 mM urea and zymonic acid in
80 mM TRIS-buffer

Blood-phantoms

ca. 5 mM urea and zymonic acid in
titrated blood

Validation with pH electrode

13C-biosensor pH-measurements
are robust to external influences
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[1,5-13C2]zymonic acid as MRI pHe-Sensor

1. Methods
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• → Zymonic acid reveals three pH compartments in rat kidneys

rat kidneys

zymonic acid

urea

pH

Düwel, Hundshammer, Haase, Schwaiger, Schilling et al., Nature Communications 8:15126 (2017)

Imaging renal pH compartments

1. Methods
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• Deuterated zymonic acid increases 
SNR by 50 % in vivo

• Imaging of dynamic pH changes in vitro

Hundshammer et al. ChemPhysChem (2017) 18:2422

undeuterated deuterated

Sensitivity enhancement through deuteration

1. Methods
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• pH dependance of T1 relaxation

• proton exchange at pKa values reduces T1
• pH dependence of T2 relaxation

• Again proton exchange at pKa values is a major 
contributor to T2 reduction

Hundshammer et al. ChemPhysChem (2019) 20:798 Grashei et al. Pharmaceuticals (2021) 14:327

Characterization of pH effects on relaxation

1. Methods



SFB 824 – Symposium 2021, June 24/25th ; TranslaTUM Munich

Average pH map

üEquivalent absolute pH values compared to ratsà 3 pH compartments in kidney visible

à pH compartment detection by deep learning show equal or superior performance to conventional fitting
(submitted to EJNMMI Research)

pH compartmentationKidney spectrum (PRESS)

ZA5,m
ZA1,m

ZA1,u

ZA5,c
ZA1,c

PPH5
ZA5,u

Urea

Rat

N = 3 (healthy)

N = 11 (tumor)

mice

Establishing pH imaging methods in mice

2. Novel Contrasts
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Lactate + H+

Glycolysis

Pyruvate

TCA cycle

ATP + CO2

Acetyl-CoA

Lactate

LDH

FMISO-PET

MRSI with HP-13C-Pyruvate

LDH activity

Acidification

Hypoxia

O2
O2
O2
O2

Tumor cell Iodide uptake
[124I]Na-I PET

Na - 124I

Mesenchymal
stem cell

Metabolic characterization of PDX glioblastoma in mice treated 
with NIS-expressing MSCs

NMR and MRSI with zymonic acid

3. pH imaging

joint project with B2, C8 
NIS
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Study design:
• Multimodal imaging before stem cell injection PET/CT / 1H-MRI / 13C-HP-MRI
• Two different metabolic phenotypes
• Goal: Metabolic stratification of PDX glioblastoma model

Metabolic characterization of PDX glioblastoma in mice treated 
with NIS-expressing MSCs (with B2 and C8)

4 " 10! Bq/ml

0 Bq/ml

T2w Anatomical                pH                    [1-13C]Pyruvate       [1-13C]Lactate               DWI          [18F]FMISO-PET

10-3 mm²/s
Example: GBM2

3. pH imaging
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FDG-6-P

Glycolysis

GLUT1

X

Lactate + H+

Pyruvate

TCA cycle

ATP + CO2

Acetyl-CoA

Lactate

LDH

Acidification

NMR and MRSI with zymonic acid

Influence of tumor pH on T-cell therapies

T-cell distribution
[89]Zr-Immuno-PET

89Zr-aTCRmu-F(ab’)2

T-Cell
89Zr-antibodyreceptor

Tumor cell

3. pH imaging

joint project with C10
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Timeline:

Day 0∼ Day -8

Start of T 

cell  

transduction

Injection of tumor cells

(ML2 cells in NSG 

mice)

Day 4

Begin tumor 

measurement

T cell injection

(tumor size ∼ 0.5 x 0.5 cm2)

Day 8

3x MRI / 

PET Imaging 

Day 12-14

89Zr-aTCRmu-

F(ab’)2 injection

Day 11

Influence of tumor pH on T-cell therapies

3. pH imaging

24h post Fab-Inj. 48h post Fab-Inj. 72h post Fab-Inj.

pH map

à pH maps allow tumor segmentation in 2 regions: physiologic (yellow) and acidic (red)

POLARIZER NOT WORKING!



SFB 824 – Symposium 2021, June 24/25th ; TranslaTUM Munich

LDH activity

FDG-6-P
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LDH activity

Hypoxia

O2
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Acidification

FMISO-PET

MRSI with HP-13C-Pyruvate

Metabolic heterogeneity in feline fibrosarcoma

NMR and MRSI with zymonic acid

Tumor 
cell

3. pH imaging

joint project with Z2
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13C-lactate1H-MRI DWI [18F]FMISO-PET 13C-pyruvate pH-map

Quantitative analysis:

DWI: ADCROI = 1.29 ± 0.71 ∙ 10-3 $$!

'
13C-MRSI:       AUC(Pyr/Lac) = 0.17

pHROI = 7.35

à Metabolic heterogeneity both for AUC and pH

pH-fitting:
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Metabolic heterogeneity in feline fibrosarcoma

3. pH imaging
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Summary Project A7

1. Several hyperpolarized MRI pH sensors were developed and 
validated in vivo including

• zymonic acid 
• Z-OMPD

2. Spectral pH analysis allows to analyze 
• sub-voxel pH heterogeneity 

3. pH imaging was applied within our consortium for therapy

a) selection: Metabolic differentiation in patient-derived 
glioblastoma in mice treated with NIS-expressing MSCs 
(with B2 and C8)

b) monitoring: T-cell activity in human myeloid sarcoma 
xenografts in mice (C10)

c) individualization: Metabolic heterogeneity in feline 
fibrosarcoma (Z2)
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