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Abstract

A unique feature of the tumor microenvironment is extracellular acidosis in relation to intracellular 

milieu. Metabolic reprogramming in tumors results in overproduction of H+ ions (and lactate), 

which are extruded from the cells to support tumor survival and progression. As a result, the 

transmembrane pH gradient (ΔpH), representing the difference between intracellular pH (pHi) 

and extracellular pH (pHe), is larger in tumors compared to normal tissue. Controlling the 

transmembrane pH difference holds promise as a potential therapeutic target in cancer and plays 

an important role in regulating drug delivery into cells. The present study shows successful 

development of an MR-based technique that provides ΔpH imaging at sub-millimeter resolution. 

We applied this technique to image ΔpH in rat brains with RG2 and U87 gliomas, as well as 

in mouse brains with GL261 gliomas. pHi was measured with Amine and Amide Concentration-

Independent Detection (AACID), while pHe was measured with Biosensor Imaging of Redundant 

Deviation in Shifts (BIRDS). The results indicate that pHi was slightly higher in tumors (7.40–

7.43 in rats, 7.39–7.47 in mice) compared to normal brain (7.30–7.38 in rats, 7.32–7.36 in mice), 

while pHe was significantly lower in tumors (6.62–6.76 in rats, 6.74–6.84 in mice) compared 

to normal tissue (7.17–7.22 in rats, 7.20–7.21 in mice). As a result, ΔpH was higher in tumors 

(0.64–0.81 in rats, 0.62–0.65 in mice) compared to normal brain (0.13–0.16 in rats, 0.13–0.16 in 

mice). This work establishes an MR-based platform for ΔpH imaging at sub-millimeter resolution 

in gliomas.

Graphical Abstract

Corresponding author: Daniel Coman, Ph.D., 300 Cedar St, TAC N136, New Haven, CT 06520, USA; daniel.coman@yale.edu. 

CONFLICT OF INTEREST STATEMENT
Fahmeed Hyder is the founder of Innovacyclics LLC. All other authors declare no conflicts of interest.

HHS Public Access
Author manuscript
NMR Biomed. Author manuscript; available in PMC 2025 May 01.

Published in final edited form as:
NMR Biomed. 2024 May ; 37(5): e5102. doi:10.1002/nbm.5102.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We demonstrate feasibility of imaging the transmembrane pH gradient (ΔpH) with MRI/MRSI at 

sub-millimeter resolution in both rat and mouse brains with various glioma models. The ΔpH was 

obtained by imaging intracellular pH with AACID and extracellular pH with BIRDS. This method 

can be used to investigate resistance mechanisms in cancer, regulation of drugs entry into cells or 

the effect of therapies that target ΔpH, leading to improved and personalized cancer treatments.
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INTRODUCTION

For uncontrolled proliferation, cancer cells require elevated glucose metabolism thereby 

suppressing oxidative metabolism in mitochondria compared to normal cells, even when 

enough oxygen is available. This dysbolism phenomenon is referred to as “aerobic 

glycolysis” or the “Warburg effect” [1–4], and results in excessive production of hydrogen 

(H+) ions and lactate, which are subsequently extruded from the cells to maintain an alkaline 

intracellular pH (pHi) environment essential for sustaining the function of intracellular 

machinery (i.e. glycolytic enzymes) [5, 6]. Therefore, the extracellular pH (pHe) in the 

tumor microenvironment is lower in relation to intracellular milieu, and the transmembrane 

pH gradient (ΔpH=pHi−pHe) is much larger in tumors compared to normal tissue [7–10], 

which results in a reversed pH gradient in tumors, observed originally by Stubbs et 

al. [11, 12]. This extracellular acidosis activates matrix metalloproteases and cathepsins 

promoting tumor growth and metastasis [13], supports tumor survival and progression 

[4] and resistance to therapy [3]. However, the large ΔpH specific to tumor cells could 

provide an excellent target for treatment of cancer [14–16], while regulating the acidic pHe 

and neutral/alkaline pHi can be exploited by weak acid chemotherapeutics to specifically 

increase drug uptake by cancer cells [17–21]. Thus, imaging ΔpH could be very beneficial 

Mishra et al. Page 2

NMR Biomed. Author manuscript; available in PMC 2025 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



for better understanding cancer progression, resistance to existing treatments and designing 

improved therapies.

Currently, the availability of techniques for in vivo ΔpH imaging is quite limited, 

especially in clinical settings. Non-invasive pH imaging can be achieved using magnetic 

resonance imaging (MRI) or spectroscopic imaging (MRSI). Specifically, 31P MRSI of 

phosphate and phosphocreatine enables pHi imaging [22], while 31P MRSI of nontoxic 

exogenous agents like 3-aminopropyl phosphonate allows pHe imaging [23]. However, 

due to long relaxation times (seconds) of 31P signals, the resulting maps exhibit low 

spatial (e.g. 1.6mm×1.6mm×1.6mm) and/or temporal (several hours) resolutions [24]. 

An alternative approach is 19F MRSI, which allows pHe measurements [25, 26] and 

offers better sensitivity and dynamic range of pH-dependent 19F frequencies compared 

to 31P MRSI [27]. Nonetheless, 19F MRSI also suffers from limitations such as coarse 

spatiotemporal resolution and lack of heteronuclear 19F detector coils, particularly in clinical 

settings. Positron emission tomography (PET) is suitable for measuring specific targets 

in glioblastoma [28], but also faces challenges such as coarse spatial resolution (e.g. 

1.4mm×1.4mm×1.4mm) and the inability to simultaneously and individually probe the 

intracellular and extracellular environments. Recently, there have been developments of dual 

MR/PET agents for pH imaging, but their pH sensitivity is somewhat reduced since the 

method relies on measuring both agent’s concentration (using PET) and water longitudinal 

relaxation time T1 (using MRI)[29, 30].

Chemical Exchange Saturation Transfer (CEST) is an MRI-based method that uses the 

proton exchange between the bulk water and exchangeable groups like amide, amine, or 

hydroxyl to image pH [31, 32]. A ratiometric approach, in which the ratio between the 

CEST signals from two different exchangeable groups is calculated, is commonly used 

for quantitative pH measurements, ensuring independence from water relaxation rates or 

concentration of exchange sites [31]. However, the pH quantification may be affected 

by other confounding factors such as unknown temperature, multiple exchangeable pools, 

magnetization transfer effects, or B0 and/or B1 field inhomogeneities [33]. pHi imaging at 

high resolution can be obtained using a ratiometric CEST method called Amine and Amide 

Concentration-Independent Detection (AACID). This method utilizes a ratio calculated form 

the amine and amide CEST signals (which are predominantly from intracellular molecules) 

and is insensitive to small temperature variations [34]. The accuracy of AACID can be 

improved by applying a B0 field correction using WAter Saturation Shift Referencing 

(WASSR), which takes into account the inhomogeneities of the magnetic field B0 [35]. 

pHe imaging of tumor and normal tissue at high resolution can also be obtained both 

preclinically and clinically with acidoCEST, a CEST technique based on a ratiometric 

approach using two amide proton signals from clinically approved CT contrast agents like 

iopamidol [36–38] or iopromide [39].

To obtain pHe imaging at high resolution (e.g. 1mm isotropic or higher) we previously 

developed a 1H MRSI method called Biosensor Imaging of Redundant Deviations in 

Shifts (BIRDS). This innovative approach combines high spatial resolution of MRI with 

high molecular specificity of MRS into a 3D MRSI platform [40–43]. BIRDS detects 
1H signals from lanthanide (Ln3+)-based macrocyclic agents like TmDOTP5-, which 
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is a coordinate complex of paramagnetic thulium (Tm3+) ion and macrocyclic chelate 

DOTP (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrakis(methylenephosphonate)) [40, 41]. 

In general, BIRDS uses non-exchangeable 1H signals which are significantly shifted by 

the presence of the of paramagnetic Tm3+ ion, although in some cases signals from 

exchangeable groups like amides (-NH) can be also used. BIRDS signals possess extremely 

short relaxation times (0.1–10 ms), enabling ultra-fast acquisitions and are sensitive 

reporters of environment parameters like pH or temperature [40]. Since exogenous agents 

like TmDOTP5- could not access the intracellular space, BIRDS measurements reflect 

exclusively the extracellular compartment (i.e., pHe). BIRDS with TmDOTP5- has been 

used on 9.4T and 11.7T preclinical scanners for pHe imaging of murine brain tumors [22, 

44–47], and of rabbit liver tumors on clinical 3T scanners [48–52]. In the current work we 

developed a novel high resolution ΔpH imaging method by combining pHi imaging (with 

AACID) and pHe imaging (with BIRDS) and we applied this technique in rat brains with 

orthotopic RG2 and U87 gliomas, and in mice brains with GL261 gliomas. We evaluated 

this novel technique on brain glioma models due to their suitability as a tumor model 

for extremely aggressive, highly glycolytic, and strongly pH-dependent brain malignancies. 

Gliomas exhibit poor prognosis, high resistance to chemotherapy, and short survival periods 

almost unchanged in the past four decades [6, 53–56].

MATERIALS AND METHODS

Glioma animal models

We used three different glioma models, RG2, U87 and GL261 to evaluate the feasibility 

of the transmembrane pH gradient imaging method proposed. The malignant RG2 model is 

a rat-derived glioma model that develops in Fisher 344 rats [57], U87 is a human-derived 

glioma model that grows in athymic/nude rats [58], while GL261 is a murine glioma 

model created by chemical induction with methylcholanthrene that grows in C57BL/6 mice 

[59]. RG2 and U87 cells were procured from the American Type Culture Collections. The 

GL261 cells were kindly provided by DeFeyter’s group at Yale University. All three cell 

types were cultured in 75 cm3 culture flasks in an incubator with 5% CO2 atmosphere 

at 37°C. The culture medium used was the high-glucose (4.5 g/L) Dulbecco’s modified 

eagle’s medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum and 

1% penicillin-streptomycin. Only cells at a low passage number (<20) were utilized. Prior to 

intracranial injection, the cells were harvested when they reached a high confluence (>80%) 

and suspended in serum-free DMEM.

All animal protocols were approved by the Institutional Animal Care and Use Committee 

at Yale University. Fisher 344 rats (220–300 g, females), athymic/nude rats (150–250 g, 

females) and C57BL/6J mice (25–30 g, males; Charles River Laboratories, Boston, MA) 

were housed and maintained in specific pathogen-free conditions for a minimum of two 

weeks prior to intracranial tumor implantation. To perform intracranial cell injections, 

the animals were anesthetized with isoflurane (2–3%). The animals were secured in a 

stereotactic holder and their scalp was sterilized with betadine and 70% ethanol. Prior 

to making a midline incision in the scalp, local anesthetic (bupivacaine, 2 mg/kg) was 

administered. After exposing the skull, a hole was drilled with a motorized drill, positioned 
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3 mm for rats and 2 mm for mice to the right of the bregma. To perform the intercranial 

injection, a 5 μL suspension containing either 2.5×103 RG2 cells, 2×105 U87 cells or 1×105 

GL261 cells was loaded into a 10-μL Hamilton syringe equipped with a 26G needle. The 

burr hole was used as a point of entry for the needle, which was then carefully positioned 

and inserted 3 mm for rats and 2 mm for mice below the dura into the right striatum. The 

cells were administered using a microinfusing pump at a rate of 1 μL/min over a period of 

5 minutes. After the injection, the needle was left in place for 5 minutes to minimize the 

risk of cell backflow from the injection site. Subsequently, to ensure that no cells escaped 

from the injection site, the needle was slowly withdrawn at a rate of 0.5 mm/min. Bone wax 

was applied to seal the burr hole, and the incision site was sutured and sterilized. For pain 

management, carprofen (5 mg/kg) was administered subcutaneously during the procedure, 

and this treatment continued for 48 hours after the surgery to provide analgesia. The animals 

were closely monitored daily for any signs of weight loss or development of neurological 

symptoms. Tumor growth was monitored starting at day 10 after implantation of tumor cells.

MRI and MRSI data acquisition in rats

The MRI and MRSI data were obtained on a 9.4T Bruker horizontal bore spectrometer 

(Billerica, MA, USA) using a volume transmit/surface receive 1H radio frequency (RF) 

dual coil. The volume RF coil had an inner diameter of 50mm. The surface RF coil had 

a saddle shape with a length of 25mm and width of 20mm. TmDOTP5− was purchased 

from Macrocyclics (Dallas, TX, USA). Probenecid, an organic anion transporter inhibitor 

which can slow renal clearance of contrast agents, was used to temporarily increase 

the TmDOTP5- concentration [46, 60]. Co-infusion of TmDOTP5- with probenecid was 

necessary because a lower TmDOTP5- concentration (less optimal for BIRDS detection) 

was measured previously in most organs, indicating a faster clearance rate in the absence 

of probenecid treatment [46]. Probenecid was originally designed to decrease the renal 

excretion of antibiotics and is currently used in patients for gout treatment due to its 

uricosuric characteristics [61]. Although there is evidence that probenecid inhibits organic 

cation transport in kidneys [62], there is no evidence that this drug causes a perturbation of 

proton transport or affects the transmembrane pH gradient in the brain. The animals were 

placed on a heating pad to maintain body temperature, artificially ventilated (70% N2O/30% 

O2) and anesthetized with 3% isoflurane. A PE10 (Braintree Scientific, LLC) tail vein line 

was inserted for probenecid and TmDOTP5- infusion. Heparinized saline (~30–50 μL) was 

flushed through the line every 30 min throughout the imaging session to prevent clotting. 

Paralube ointment was applied to the eyes to prevent dryness. The animals were positioned 

in a prone orientation in a 3D printed plastic holder and inserted in the dual RF coil. During 

MR data acquisition, the animals were artificially ventilated (70% N2O / 30% O2) and kept 

under anesthesia (1–2% isoflurane). The breathing rate was monitored using a respiratory 

monitor, while the body temperature was maintained using a circulating warm water heating 

pad and monitored using a rectal fiber-optic temperature probe.

The MRI datasets were obtained using the volume RF coil for transmission and the surface 

RF coil for acquisition. T1-weighted images were obtained using a field-of-view (FOV) 

of 32mm×32mm, 128×128 matrix size, 9 slices of 1mm thickness, repetition time (TR) 

= 1.5s and echo time (TE) = 10ms. Both WASSR and AACID were obtained using a 
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spin-echo-based echo-planar imaging (EPI) sequence with an FOV of 32mm×32mm, 1 slice 

of 1mm thickness, a TR of 6s for WASSR and 8s for AACID, a TE of 20ms and an image 

matrix of 42×42, for an in-plane voxel resolution of 0.76mm×0.76mm. For WASSR, a 4s 

continuous wave of 0.2μT was used for saturation of 61 offset frequencies in the range 

from −500 to 500 Hz. For AACID, a 4s continuous wave of 1.5μT was used for saturation 

of 70 offset frequencies in the range from −8000 to 8000 Hz, non-equally distributed and 

specifically chosen to define more accurately the amide (3.5ppm) and amine (2.75ppm) 

peaks. The total acquisition time was 6 minutes for WASSR and 19 minutes for AACID.

After acquisition of all MRI datasets, 100 mg/kg probenecid was administered over 10 min, 

followed by a waiting period of 20 min and then by co-infusion of 100 mg/kg probenecid 

and 1 mmol/kg TmDOTP5-. All infusions were performed using a syringe pump at a rate 

of 15 μL/min for a total infusion time of 90 min. BIRDS technique using MRSI was 

extensively described previously [22, 40, 41, 43, 50, 63, 64]. BIRDS datasets were acquired 

using the surface RF coil for both transmission and acquisition. Selective excitation of 

H2, H3 and H6 protons of TmDOTP5- was achieved using a dual-band 340μs Shinnar-Le 

Roux (SLR) RF pulse. Water-suppression was not necessary because the dual-band SLR 

pulse produces minimal excitation of the water signal [50]. The 3D MRSI datasets for 

BIRDS were obtained using a TR of 6ms, a spectral window of 200kHz, 1024 points, 

an FOV of 25mm×25mm×29mm, 160 averages, 1199 spherical encoding steps, and 19 

minutes total acquisition time. BIRDS datasets were reconstructed to a 25×25×29 matrix 

for a 1mm3 isotropic voxel resolution. For BIRDS we preferred a 3D MRSI sequence to 

a more commonly used 2D sequence because the chemical shifts of TmDOTP5- protons 

are spread over more than 200ppm, which would result in a significant and non-identical 

spatial displacement of these MR signals during the slice selection gradient in a 2D MRSI 

acquisition. However, no spatial displacement is expected for AACID (obtained using a 

2D EPI-MRI sequence) because the acquisition is based on a single “on-resonance” water 

signal.

MRI and MRSI data acquisition in mice

Animal preparation and data acquisition in mice closely resembled those in rats. Below, we 

provide only the details that differ from the experiments conducted in rats. The T1-weighted 

images were obtained using an FOV of 25mm×25mm and 15 slices of 0.5mm thickness. The 

WASSR and AACID were obtained using an EPI sequence with an FOV of 25mm×25mm, 

for an in-plane voxel resolution of 0.6mm×0.6mm. Both probenecid and TmDOTP5- were 

delivered intraperitonially. Initially, a probenecid bolus (100 mg/kg) was administered, 

followed by a waiting period of 20 minutes. After this, co-infusion of probenecid and 

TmDOTP5- was done for 90 minutes at 120–140 μL/hour. BIRDS datasets were obtained 

using an FOV of 19mm×15mm×25mm, 256 averages, 623 spherical encoding steps, and 16 

minutes total acquisition time. BIRDS datasets were reconstructed to a 19×15×25 matrix for 

a 1mm3 isotropic voxel resolution.

MRI and MRSI data processing

All MR data processing was done in MATLAB (MathWorks Inc., Natick, MA). The “B0 

correction” required for AACID data processing was done using WASSR [35]. The signal 
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from each voxel in the series of WASSR images (Fig. 1A) was plotted to obtain the WASSR 

Z-spectrum for that voxel (Fig. 1B). The water peak in each Z-spectrum was then fitted with 

a Lorentzian function using a least-squares approach (Fig. 1B). The B0 shift of water signal 

(in Hz, Fig. 1B) was calculated as the frequency difference (or offset) between the top of 

the Lorentzian fit and the spectrometer frequency (for which a zero offset was assigned). 

The B0 map (Fig. 1C) was generated using the B0 shifts from each voxel. Next, for AACID 

data processing, the series of AACID images (Fig. 1D) were used to generate a Z-spectrum 

in each voxel (Fig. 1E). An accurate estimation of amine and amide CEST signals requires 

measurement of signals at their exact frequency offsets (1102Hz for amine and 1402Hz 

for amide, relative to water signal). However, the frequency of the water signal (which is 

proportional to the B0 field) was different in each voxel (Fig. 1C), and thus the alignment 

of all Z-spectra from all voxels was required, with the water signal set to zero offset. This 

procedure is called “B0 correction” (Fig. 1E–F) and was achieved by first creating a higher 

resolution Z-spectrum by spline interpolation (with datapoints at every 1Hz), followed by 

shifting of the entire Z-spectrum along the frequency axis by an amount equal to the B0 

shift (measured by WASSR). This procedure ensured the proper alignment of amine and 

amide CEST signals in each voxel. The spline interpolation step employed to increase the 

resolution of the Z-spectrum is a very commonly used procedure for CEST data processing 

and was necessary because sampling of CEST data at 1Hz resolution would result in 

extremely long experiment durations (several hours) which was not feasible. The AACID 

ratio was calculated from the “B0 corrected” CEST signals from amine (S2.75ppm), amide 

(S3.50ppm), and a reference signal (S6.00ppm) according to [34]:

AACID =
S6.00ppm
S2.75ppm

− 1
S6.00ppm
S3.50ppm

− 1

(1)

The pHi was calculated from the AACID ratio assuming a linear dependence according to:

pHi = m  ∙ AACID + c

(2)

where m = −1.42 and c = 11.61 [65].

The pHe was calculated in each MRSI voxel from the 1H chemical shifts δ2, δ3 and δ6 

of H2, H3 and H6 protons of TmDOTP5-, respectively, as previously described [40, 41, 

50]. Briefly, a multi-parametric second order polynomial equation was used to describe the 

relationship between pHe and TmDOTP5- chemical shifts:

pHe = a0 + ∑k = 2,3, 6 a1
kδk + ∑k = 2,3, 6 ∑j = 2,3, 6 a2

kjδkδj

(3)
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where the parameters a0, a1
k and a2

kj (k=2,3,6; j=2,3,6) were obtained from the non-linear 

least-squares fit of pH as a function of H2, H3 and H6 chemical shifts [40]. The native 

pHe map was resampled to match the resolution of the pHi map using a Gaussian weighting 

factor gnr which depends on the 3-dimensional distance dnr between the voxel n in the native 

pHe map and the voxel r in the resampled pHe map as:

gnr = exp − dnr
2

2b2

(4)

where the width at half maximum is w = 2 2ln2 b. The pHe value in each voxel r of 

the resampled pHe map, pHe,r, was calculated as a spatially weighted contribution of all 

non-zero pHe values from the native pHe map, pHe,n using the Gaussian weighting factor 

gnr:

pHe, r = ∑n = 1
N gnr pHe, n

∑n = 1
N gnr

(5)

where N represents the number of voxels with non-zero pHe in the native pHe map.

Statistical analysis

All results were expressed in terms of mean ± standard deviation and all comparisons were 

assessed by Student’s t test with two tails, where p-values of less than 0.05 were considered 

statistically significant.

RESULTS

Transmembrane pH imaging in rat brains with gliomas

Transmembrane pH gradient imaging requires acquisition of pHi and pHe maps. We used 

AACID for pHi mapping [34] and BIRDS for pHe mapping [22] in rats (n=4) with either 

RG2 or U87 tumors. Fig. 1 shows an example of ΔpH imaging in a rat brain with an RG2 

tumor. WASSR was used for B0 mapping [35], which was required for B0 correction of 

AACID data. For WASSR, a series of 61 EPI-based MR images (Fig. 1A) were used to 

generate a Z-spectrum in each voxel (Fig. 1B). The Z-spectrum was fitted to a Lorentzian 

function (red line in Fig. 1B). The center of the Lorentzian fit represents the frequency 

offset of the water signal, and thus provides a measure of the B0 field shift in that voxel 

(Fig. 1B) which can be used to generate the B0 map (Fig. 1C). For AACID, a series of 70 

EPI-based MR images (Fig. 1D) were used to generate a Z-spectrum in each voxel (Fig. 

1E). A “B0 corrected” Z-spectrum (red line in Fig. 1E and 1F) was obtained by spline 

interpolation at 1Hz resolution followed by a B0 shift along the frequency axis using the B0 

map obtained with WASSR. The “B0 corrected” Z-spectrum was used to measure the amide 

signal at 3.5ppm (green dashed line in Fig. 1F) and amine signal at 2.75ppm (orange dashed 

line in Fig. 1F). The amide and amine intensity maps are shown in Fig. 1G. The AACID 

Mishra et al. Page 8

NMR Biomed. Author manuscript; available in PMC 2025 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ratio (Fig. 1H) was calculated from the amine and amide signals, using as reference the 

signal at 6.0ppm (blue dashed line in Fig. 1E) according to eq.1 [34]. The pHi (Fig. 1I) was 

calculated from the linear dependence between pHi and AACID ratio according to eq.2 [34, 

65]. A T1-weighted MR image (Fig. 1J) was used to localize and define a region of interest 

(ROI) for the tumor (indicated with a black contour in Fig. 1) and delineate the entire brain 

(indicated with a blue contour in Fig. 1). A second ROI corresponding to normal brain tissue 

(indicated with a green contour in Fig. 1) was defined in the contralateral brain hemisphere 

for comparisons with tumor measurements. The average pHi values measured in the tumor 

and normal tissue ROIs were 7.40 ± 0.07 and 7.31 ± 0.07, respectively (Fig. 1I).

For pHe measurements with BIRDS, a fast 3D MRSI sequence (TR=6ms) at 1mm isotropic 

resolution was used (see Methods). The chemical shifts of H2, H3 and H6 protons from 

TmDOTP5- (shown in red, overlayed on the anatomical image in Fig. 1J) were used to 

calculate the pHe in each voxel according to eq.3 [40]. The transmembrane pH gradient 

ΔpH is defined as the difference between the pHi and pHe in each voxel, ΔpH=pHi-pHe. 

Thus, a resampling of the native pHe map at 1mm isotropic resolution (Fig. 1K) to match 

the higher resolution of the pHi map (0.76mm×0.76mm×1.00mm) is required. This was 

achieved by calculating the pHe value in each voxel of the resampled map as a spatially 

weighted contribution of all non-zero voxels from the native pHe map. For this, we used a 

Gaussian weighting factor gnr which depends on the distance dnr between voxel n from the 

native pHe map and voxel r from the resampled pHe map according to eq.4 with b=0.3mm, 

corresponding to a width at half maximum of 0.7mm (Fig. 1L). The pHe values in the 

resampled pHe map (Fig. 1M) were calculated according to eq.5. The resampled pHe map 

shows similar features as the native pHe map. The average pHe values measured using the 

resampled pHe map in the tumor and normal tissue ROIs were 6.76 ± 0.17 and 7.18 ± 0.04, 

respectively (Fig. 1M). The pHi map (Fig. 1I) and pHe map (Fig. 1M) were used to calculate 

the transmembrane pH gradient ΔpH map (Fig. 1N). The average ΔpH values in the RG2 

tumor and normal tissue ROIs were 0.64 ± 0.18 and 0.13 ± 0.09, respectively (Fig. 1N).

Additional examples of ΔpH imaging in rat brains with RG2 and U87 tumors are shown 

in Fig. 2 and Supplementary Fig.1. Localization of tumors was based on T1-weighted MR 

images (indicated with a black contour) and a second ROI (indicated with a green contour) 

was defined in the normal brain tissue from the contralateral hemisphere (Fig. 2Ai and 2Bi). 

The pHi maps obtained with AACID indicate average values of 7.43 ± 0.06 and 7.36 ± 0.07 

inside the RG2 tumor and in the normal tissue ROIs, respectively (Fig. 2Aii), while for the 

rat with U87 tumors, the average pHi values were 7.43 ± 0.10 and 7.38 ± 0.05 in the tumor 

and normal tissue ROIs, respectively (Fig. 2Bii). The pHe maps obtained with BIRDS and 

resampled to match the pHi resolution show average pHe values of 6.76 ± 0.09 and 7.21 ± 

0.05 inside the RG2 tumor and in the normal tissue, respectively (Fig. 2Aiii). The average 

pHe values inside the U87 tumor and in the normal brain tissue were 6.73 ± 0.09 and 7.22 ± 

0.03, respectively (Fig. 2Biii). The ΔpH maps obtained from the pHi and pHe maps indicate 

average ΔpH values of 0.67 ± 0.14 and 0.15 ± 0.08 inside and outside the RG2 tumor, 

respectively (Fig. 2Aiv), while for the rat with U87 tumor the average ΔpH values were 0.70 

± 0.13 and 0.16 ± 0.05 inside and outside the tumor, respectively (Fig. 2Biv). For visual 

comparison, the average pHi, pHe and ΔpH values for all four rats investigated are shown as 

histograms in Fig. 2C–2E. Statistical analysis using Student’s t-test with two tails indicate 
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that in three out of four rats the average pHi was significantly higher (p < 0.005, Fig. 2C) 

in the tumor ROI compared to normal brain tissue. A similar analysis indicates that the pHe 

values were significantly lower inside tumors (p < 10−12, Fig. 2D), while ΔpH values were 

significantly higher inside tumors (p < 10−12, Fig. 2E), when compared to normal tissue, in 

all rats investigated. The numerical pHi, pHe and ΔpH average values for all rats are given in 

Table 1. Histograms showing the distribution of pHi, pHe and ΔpH values for each individual 

ROI in all rats are given in Supplementary Fig. 2.

Transmembrane pH imaging in mouse brains with gliomas

Transmembrane pH gradient imaging was also obtained in mice with GL261 tumors (Fig. 

3). The T1-weighted MR images were used to localize and define the ROIs for the tumor 

and normal brain tissue (Fig. 3Ai). The pHi maps were obtained with AACID (Fig. 3Aii). 

The pHe maps were obtained with BIRDS and resampled to match the pHi resolution (Fig. 

3Aiii). The ΔpH maps were calculated from the difference between the pHi and pHe maps 

(Fig. 3Aiv). The results indicate average pHi values of 7.39 ± 0.06 and 7.36 ± 0.05, average 

pHe values of 6.77 ± 0.09 and 7.20 ± 0.03, and average ΔpH values of 0.62 ± 0.13 and 0.16 

± 0.04 in the tumor and normal tissue ROIs, respectively. Student’s t-test analysis indicate 

that in two out of three mice the average pHi was significantly higher (p < 0.003, Fig. 

3B) in the tumor ROI compared to normal brain tissue. For all mice the average pHe was 

significantly lower inside tumors (p < 10−14, Fig. 3C) and the average ΔpH significantly 

higher inside tumors (p < 10−14, Fig. 3D) when compared to normal tissue. Additional 

examples of pHi, pHe and ΔpH imaging in mouse brains are shown in Supplementary Fig.1. 

The numerical pHi, pHe and ΔpH average values for all mice are given in Table 1. The 

distribution of pHi, pHe and ΔpH values for each individual ROI in all mice are shown in 

Supplementary Fig. 3.

DISCUSSION

High resolution ΔpH imaging was achieved by combining pHi and pHe mapping in 

both rat and mouse brains with gliomas. pHi imaging was obtained with AACID, 

an MR imaging sequence based on EPI that provided mapping at sub-millimeter 

resolution (0.76mm×0.76mm×1.00mm in rats, 0.6mm×0.6mm×1.00mm in mice). AACID 

is insensitive to changes in T1 relaxation time, temperature, or reporter molecules 

concentration [34]. pHe imaging with BIRDS in rat brains is a well-established technique 

in our lab [22, 45, 46, 66]. BIRDS is based on an ultrafast MRSI sequence which provides 

pHe maps at 1mm isotropic resolution and is also independent on agent concentration or 

relaxation times. Although the same H2, H3 and H6 proton signals from TmDOTP5- can 

be used for both pHe and temperature measurements, the use of multiple 1H signals with 

different sensitivities allows determination of temperature and pH independently [40, 41]. 

Measurement of pHi with AACID was calibrated and validated in vivo previously using 31P 

MRS [34]. Validation of pHe with BIRDS was done previously in 3D cell cultures also using 

two different 31P MRS-based methods [64]. In the future, additional validation of pHe may 

be obtained using the exogenous agent 3-aminopropylphosphonate [23].
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In this study we report for the first time pHe imaging with BIRDS in mouse brains (Fig. 

3Aiii). To obtain pHe maps with BIRDS in mice we followed a similar approach as in rat 

experiments. This included using probenecid to temporarily slowdown the renal clearance 

of the contrast agent and the use of an ultrafast MRSI sequence. The only difference was 

the intraperitoneal bolus administration of the contrast agent TmDOTP5-. In both rats and 

mice, a 20-minute waiting period is necessary after initial probenecid dose for minimizing 

the TmDOTP5- clearance, while BIRDS signals become detectable after 30 minutes of 

TmDOTP5- infusion. Thus, including the durations required for probenecid/TmDOTP5- 

infusions, the total time required to obtain a pHe image is 70 minutes, while a complete ΔpH 

image (including pHi) requires 1.5 hours.

To upscale (increase) the resolution of pHe imaging with BIRDS to match the resolution 

of pHi imaging with AACID we implemented a simple resampling technique based on 

calculating the pHe in every voxel of the resampled map as a spatially weighted contribution 

of every voxel from the native pHe map, according to eq. 5. The spatially weighted 

contribution (Fig. 1L) was defined using a Gaussian function gnr which depends on the 

distance dnr between voxel n from the native map and voxel r from the resampled map 

according to eq.4. We tested several resampling approaches including the nearest neighbor, 

bicubic, bilinear, and the gaussian weighted approached employed in the current work. 

The nearest neighbor, bicubic and bilinear approaches all resulted in loss of information 

and/or incorrect calculation of pHe values for the voxels at the edge of the brain, because 

some of their neighboring voxels have pHe=0. However, when applying a gaussian weighted 

resampling approach, the voxels with pHe=0 values do not contribute to the resampled 

image, according to eq.5. Moreover, a 3D gaussian weighted resampling is more accurate 

because it also takes into account the distance to the contributing voxel, such that farther 

voxels have smaller contributions. By using a small b value (b=0.3mm) we restricted the 

contribution to the resampled pHe values only from nearest-neighbor voxels. To better 

illustrate this, using eq. 4 we calculated that a voxel positioned at a distance dnr =1mm 

contributes only by 0.4% of the maximum possible contribution (100% at dnr =0mm, when 

the two voxel positions coincide). A visual comparison between the native (Fig. 1K) and 

the resampled (Fig. 1M) pHe maps indicate similar features, suggesting that the resampling 

approach preserves local characteristic variations in the pHe values, both inside and outside 

tumor regions.

Extracellular acidosis is a distinct characteristic of cancer cells. The overproduction of 

H+ ions and lactate arises as a consequence of increased glycolysis in cancer cells (even 

when oxygen is abundant) and suppressed oxidative phosphorylation in fully functional 

mitochondria, enabling them to evade apoptosis (Warburg effect) [1, 3, 4]. The efficient 

functioning of intracellular machinery essential for glycolysis (i.e. of enzymes involved 

in glycolysis) requires a slightly alkaline pHi. To maintain an alkaline pHi cancer cells 

employ various types of proton transporters like ion exchangers (e.g., Na+-H+ exchangers 

and vacuolar H+-ATPase) and monocarboxylic acid transporters (MCTs) to extrude the H+ 

ions into the extracellular space [5, 6]. Thus, we expect to observe an increased pHi and 

a decreased pHe in tumors, with the most aggressive and metastatic phenotypes having 

either a neutral or alkaline pHi [1, 3], and a pHe in the range of 6.2 to 7.0 [20, 67, 68]. 

Based on these observations, we hypothesize that the transmembrane pH gradient will be 
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significantly larger in tumors compared to normal tissue [7–10]. Our measurements indicate 

that the average pHi values in both rat and mouse brains were slightly higher in tumors 

compared to normal brain tissue (p<0.005 in rats, Fig. 2C; p<0.003 in mice, Fig. 3B; Table 

1). However, in one rat and one mouse this pHi difference did not reached significance 

(p>0.1). The average pHe values were significantly lower in all RG2 and U87 tumors in 

rats (p<10−12, Fig. 2D) and in all GL261 tumors in mice (p<10−14, Fig. 3C) compared to 

normal brain. In rats, the intratumoral-peritumoral pHi and pHe gradients (defined as the 

difference between the pHi/pHe values inside and outside the tumors) were +0.09 ± 0.03 

and −0.48 ± 0.06, respectively, while in mice these intratumoral-peritumoral pHi and pHe 

gradients were +0.08 ± 0.05 and −0.42 ± 0.05, respectively. The intratumoral-peritumoral 

ΔpH gradients were +0.57 ± 0.08 in rats and +0.50 ± 0.08 in mice. Based on these results 

we conclude that the main contribution to significantly higher ΔpH values measured in 

tumors compared to normal brain in all rats (p < 10−12, Fig. 2E) and mice (p < 10−14, 

Fig. 3D) was the lower pHe characteristic to tumor microenvironment, while pHi had a 

much smaller contribution (<0.14, Table 1). Our pHi measurements are consistent with 

previous longitudinal measurements in rat brains with C6 gliomas where the tumor pHi 

(measured also using AACID) was significantly more alkaline (p = 0.001) compared to 

contralateral brain at all days [69]. However, their pHe measurements using hyperpolarized 
13C bicarbonate MRSI indicate pHe values higher than 7.0 in tumors [69]. This could be 

due to buffering properties of bicarbonate which could potentially affect the tumor pHe as 

suggested by previous studies in rabbits [49, 52]. In addition, differences between tumor 

models could also account for these tumor pHe differences.

Although the range of average tumor pHi values measured in this work was relatively small 

(7.39–7.47), these average values were slightly higher than those of normal brain tissue 

(7.30–7.38) in all animals investigated (Table 1). As mentioned above, a slightly alkaline 

pHi is necessary for efficient functioning of glycolysis machinery. Physiological changes in 

pHi and/or pHe can specifically regulate selected intracellular and extracellular proteins [70]. 

A pHi increase represents a signal for cell proliferation [71–74], and promotes cell survival 

by limiting apoptosis (which is triggered by intracellular acidification) [75, 76], providing 

the advantages of growth-factor independent proliferation and evasion of apoptosis, two 

characteristics of most cancers [3, 77]. Therefore, measurement of both pHi and pHe is 

essential to monitor tumor progression and help identify potential therapeutic targets, such 

as physiological pH sensors or H+ transporters.

Propagation of errors was used to estimate the error in ΔpH from the errors in signal 

measurements for both AACID and BIRDS. For AACID, assuming an error of 5% in the 

signal measurement, we estimate an error of 0.10 in the AACID ratio and an error of 0.14 in 

the pHi measurement. For BIRDS, an SNR greater than 5 was measured for the H2, H3 and 

H6 protons of TmDOTP5- in both rat and mouse brains, corresponding to an error of less 

than 0.05 in the pHe measurement, according to our previous SNR-based estimations [50]. 

Using these two results, we estimate that the error in ΔpH measurement is less than 0.15.

A limitation of our study is the difference in resolution between pHi and pHe maps. While 

pHi with AACID allows measurements at high resolution (0.76mm×0.76mm×1.00mm in 

rats, 0.6mm×0.6mm×1.00mm in mice), the use of an MRSI-based sequence limits the pHe 
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resolution to 1mm isotropic. Thus, to obtain the ΔpH images, we resampled the pHe images 

to the resolution of the pHi images using a spatially weighted contribution approach (Fig. 

1L). In the future, pHe imaging at sub-millimeter resolution could be achieved by using 

a special k-space sampling strategy, called REduced Spherical Encoding with GAussian 

Weighting (RESEGAW), which was previously demonstrated in rat brain [43]. Another 

limitation of this study is the relatively low number of animals used for each tumor type 

(n=2 for RG2 and U87, n=3 for GL261). The goal of this paper was to demonstrate 

the feasibility of imaging the transmembrane pH gradient in two different species (rats 

and mice) with various types of gliomas (RG2, U87 and GL261). However, the relatively 

low number of animals per group does not allow a more detailed statistical analysis and 

comparison between different tumor types. In the future, increasing the number of animals 

for each tumor type will allow a more thorough comparative analysis between different 

types of gliomas, including assessing reproducibility. A potential limitation for clinical 

translation of ΔpH imaging is the use of TmDOTP5- (or other similar Ln3+-based BIRDS 

agents), which are not FDA-approved. In the current work TmDOTP5- was used as proof of 

concept, demonstrating feasibility of ΔpH imaging in preclinical settings. We are currently 

developing pHe sensors for BIRDS based on divalent transition metal ions (e.g., Fe2+, Ni2+, 

or Co2+)[78], which could be ideal candidates for clinical translation.

In conclusion, our study successfully demonstrated the feasibility of obtaining 

transmembrane pH gradient images at sub-millimeter resolution in both rat and mouse 

brains with various types of gliomas. We successfully obtained for the first time pHe 

imaging with BIRDS at 1mm isotropic resolution in mouse brains. The ability to image 

the transmembrane pH gradient in rodents opens new avenues for better understanding the 

resistance mechanisms in brain cancer. ΔpH imaging could be used to investigate the effects 

of drugs targeting the transmembrane pH difference which represents a potential therapeutic 

target [14–16]. For example, inhibition of proton-coupled transmembrane monocarboxylate 

transporters MCT1 or MCT4[79] represents a promising therapeutic target for glioblastoma 

[5, 80–84], because this type of brain tumor is highly glycolytic and strongly dependent on 

proton (H+)/lactate transporters[6]. Moreover, ΔpH imaging might help us understand how 

manipulation of pHe and/or pHi could regulate drug entry into cells [17–21]. Ultimately, this 

imaging technique may play a pivotal role in development of improved and personalized 

therapies not only for brain cancers, but also for treatment of other types of cancers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

AACID Amine and Amide Concentration-Independent Detection

BIRDS Biosensor Imaging of Redundant Deviation in Shifts

CEST Chemical Exchange Saturation Transfer

DOTP5- 1,4,7,10-tetraazacyclododecane-1,4,7,10-

tetrakis(methylenephosphonate)

DMEM Dulbecco’s modified eagle’s medium

EPI Echo-Planar Imaging

FOV field-of-view

Ln3+ lanthanide ion

MCT monocarboxylic acid transporter

MRSI Magnetic Resonance Spectroscopic Imaging

PET Positron Emission Tomography

pHe extracellular pH

pHi intracellular pH

RESEGAW REduced Spherical Encoding with GAussian Weighting

RF radio frequency

ROI region of interest

SLR Shinnar-Le Roux

ΔpH transmembrane pH gradient

Tm3+ thulium ion

WASSR WAter Saturation Shift Referencing
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Significance:

Imaging the transmembrane pH gradient could provide a powerful clinical tool for 

assessing aggressiveness of tumor cells, understanding tumor responsiveness, monitoring 

treatment efficacy, or guiding localized drug delivery, to improve personalized cancer 

treatment.
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Fig.1. High resolution transmembrane pH gradient (ΔpH) imaging in rat brain with RG2 tumor.
The pHi mapping is based on AACID method and is described in A-I. (A) EPI-based images 

for WASSR were obtained at various saturation frequency offsets in the range from −500 

to 500 Hz using a B1 field of 0.2uT. The blue and black boundaries represent the brain 

and tumor, respectively, as obtained by T1-weighted MRI. (B) A least-squares fit with a 

Lorentzian function (red line) was used to calculate the B0 shift in each voxel, where the 

blue line (centered at 0Hz) indicates the B0 shifted Lorentzian fit. (C) B0 map generated 

using the B0 shifts measured in each voxel. (D) EPI-based images for AACID were obtained 

at various saturation frequency offsets in the range from −8000 to 8000 ppm using a B1 

field of 1.5uT. (E) A Z-spectrum was generated in each voxel from the EPI images. The “B0 

corrected” Z-spectrum (red line) was obtained using a spline interpolation at 1Hz resolution 

followed by a B0 field correction using the B0 shift measured with WASSR. (F) The inset 

indicated by the black box in E. (G) Amide and amine intensity maps were obtained from 

the “B0 corrected” Z-spectrum using the amide signal at 3.5ppm (green dashed line in F) 

and amine signal at 2.75ppm (orange dashed line in F). (H) The AACID ratio map was 

calculated from the amide and amine intensities and using as reference the signal at 6.0ppm 

(blue dashed line in E) according to eq.1. (I) The pHi map was calculated from the AACID 

ratio according to eq.2. The average pHi values measured in the tumor and normal tissue 

were 7.40 ± 0.07 and 7.31 ± 0.07, respectively. The pHe mapping is based on BIRDS 

method and is described in J-M. (J) A T1-weighted MRI was used to localize and define an 

ROI for the tumor (black contour) and delineate the entire brain (blue contour). A second 

ROI corresponding to normal brain tissue (green contour) was defined in the contralateral 

hemisphere for comparisons with tumor measurements. The MRSI spectra from BIRDS 

in each voxel are shown in red, overlayed on the anatomical image. (K) The native pHe 

map at 1mm isotropic resolution was calculated from the chemical shifts of H2, H3 and 

H6 TmDOTP5- protons according to eq.3. (L) Gaussian weighting factor gnr as function of 
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distance dnr between voxel n from the native pHe map and voxel r from the resampled pHe 

map calculated according to eq.4 with b=0.3 mm. (M) The resampled pHe map was obtained 

from the native pHe map as a spatially weighted contribution using the Gaussian weighting 

factor gnr according to eq.5. The resampled pHe map (M) shows similar features as the 

native pHe map (K). The average pHe values measured using the resampled pHe map in the 

tumor and normal tissue were 6.76 ± 0.17 and 7.18 ± 0.04, respectively. (N) Transmembrane 

pH gradient calculated as ΔpH=pHi-pHe, where the pHe values are from the resampled pHe 

map. The average ΔpH values in the tumor and normal tissue ROIs were 0.64 ± 0.18 and 

0.13 ± 0.09, respectively. The average pHi, pHe and ΔpH values for all animals investigated 

are given in Table 1.
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Fig.2. Examples of transmembrane pH gradient imaging in rat brains with RG2 and U87 
tumors.
Measurements from rat brains with RG2 tumors are shown in the top row (A, i-iv), while 

those from U87 tumors in the middle row (B, i-iv). The T1-weighted MR images (Ai 
and Bi) were used to localize and define the ROI for the tumor (black contour) and 

delineate the entire brain (blue contour). A second ROI corresponding to normal brain 

tissue (green contour) was defined in the contralateral hemisphere for comparisons with 

tumor measurements. The pHi maps (Aii and Bii) indicate slightly higher pHi values inside 

both RG2 and U87 tumors compared to normal brain tissue. The pHe maps (Aiii and 
Biii) show significantly lower pHe values inside both RG2 and U87 tumors compared to 

normal brain tissue. As a result, the transmembrane pH gradient ΔpH (Aiv and Biv) was 

significantly higher inside both RG2 and U87 tumors compared to normal brain tissue. 

For easy comparison, the average measurements for all animals investigated are shown as 

histograms for pHi (C), pHe (D) and ΔpH (E) in both tumor (red) and normal (blue) regions. 

The error bars in each histogram indicate the standard deviation. Except U87#1, the average 

pHi values (C) were significantly larger in tumors compared to normal tissue (*, p<0.005). 

For all animals, the average pHe (D) and ΔpH (E) values were significantly different (**, 

p<10−12) when comparing tumors with normal tissue. The numerical pHi, pHe and ΔpH 

values for all animals are given in Table 1.

Mishra et al. Page 22

NMR Biomed. Author manuscript; available in PMC 2025 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig.3. Transmembrane pH gradient imaging in mouse brains with GL261 tumors.
The T1-weighted MRI (Ai) was used to localize and define the ROI for the tumor 

(black contour) and delineate the entire brain (blue contour). A second ROI corresponding 

to normal brain tissue (green contour) was defined in the contralateral hemisphere for 

comparisons with tumor measurements. The pHi map using AACID (Aii) shows only a 

slightly higher pHi value inside the GL261 tumor compared to normal brain tissue. The pHe 

map using BIRDS (Aiii) shows a significantly lower pHe value inside the tumor compared 

to normal brain tissue. Thus, the transmembrane pH gradient ΔpH (Aiv) was significantly 

higher inside the GL261 tumor compared to normal brain tissue. For easy comparison, the 

average measurements for all animals investigated are shown as histograms for pHi (B), 
pHe (C) and ΔpH (D) in both tumor (red) and normal (blue) regions. The error bars in 

each histogram indicate the standard deviation. For GL261#1 and GL261#3, the average pHi 

values (B) were significantly larger in tumors compared to normal tissue (*, p<0.003). The 

average pHe (D) and ΔpH (E) values were significantly different (**, p<10−14) in all animals 

when comparing tumors with normal tissue. The numerical pHi, pHe and ΔpH values for all 

animals investigated are given in Table 1.
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