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Purpose: To demonstrate feasibility of developing a noninvasive extracellular pH 
(pHe) mapping method on a clinical MRI scanner for molecular imaging of liver 
cancer.
Methods: In vivo pHe mapping has been demonstrated on preclinical scanners (e.g., 
9.4T, 11.7T) with Biosensor Imaging of Redundant Deviation in Shifts (BIRDS), 
where the pHe readout by 3D chemical shift imaging (CSI) depends on hyperfine 
shifts emanating from paramagnetic macrocyclic chelates like TmDOTP5− which 
upon extravasation from blood resides in the extracellular space. We implemented 
BIRDS‐based pHe mapping on a clinical 3T Siemens scanner, where typically dia-
magnetic 1H signals are detected using millisecond‐long radiofrequency (RF) pulses, 
and 1H shifts span over ±10 ppm with long transverse (T2, 102 ms) and longitudinal 
(T1, 103 ms) relaxation times. We modified this 3D‐CSI method for ultra‐fast acqui-
sition with microsecond‐long RF pulses, because even at 3T the paramagnetic 1H 
shifts of TmDOTP5− have millisecond‐long T2 and T1 and ultra‐wide chemical shifts  
(±200 ppm) as previously observed in ultra‐high magnetic fields.
Results: We validated BIRDS‐based pH in vitro with a pH electrode. We measured 
pHe in a rabbit model for liver cancer using VX2 tumors, which are highly vascular-
ized and hyperglycolytic. Compared to intratumoral pHe (6.8 ± 0.1; P < 10−9) and 
tumor’s edge pHe (6.9 ± 0.1; P < 10−7), liver parenchyma pHe was significantly 
higher (7.2 ± 0.1). Tumor localization was confirmed with histopathological mark-
ers of necrosis (hematoxylin and eosin), glucose uptake (glucose transporter 1), and 
tissue acidosis (lysosome‐associated membrane protein 2).
Conclusion: This work demonstrates feasibility and potential clinical translatability 
of high‐resolution pHe mapping to monitor tumor aggressiveness and therapeutic 
outcome, all to improve personalized cancer treatment planning.
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1  |   INTRODUCTION

Rapidly growing tumor cells possess increased glucose me-
tabolism, but reduced oxidative metabolism, even in the 
presence of sufficient oxygen. Because of this metabolic 
uncoupling, named aerobic glycolysis (“Warburg effect”), 
a large amount of hydrogen ions and lactate are generated, 
which are extruded out into the extracellular space to acid-
ify the tumor microenvironment.1 Moreover, tumor growth 
and metastasis are both enhanced by acidic pHe, by activa-
tion of matrix metalloproteases and cathepsins2 while build-
ing resistance to therapy.3 While there is an imperative need 
for techniques that provide noninvasive pHe measurements 
in vivo, there is a paucity of pHe mapping methodology on 
clinical imaging instruments.

MRI and MR spectroscopy (MRS) are the most com-
monly used noninvasive techniques for in vivo pH mapping. 
A very popular MRI‐based method is the chemical exchange 
saturation transfer (CEST),4 where the proton exchange 
between the bulk water and the amide, amine, or hydroxyl 
groups of various molecules is pH dependent. Although pH 
mapping with CEST is highly attractive and has translational 
potential, it is not completely quantitative because of a large 
number of confounding factors (e.g., unknown temperature, 
unknown agent concentration, multiple exchangeable pools, 
magnetization transfer effects, inhomogeneities of magnetic 
[B0], and radiofrequency [RF; B1] fields, etc), although there 
are approaches that can account for some of these issues.5 
For example, both B0 and B1 CEST corrections can be eas-
ily applied,6 whereas a ratiometric CEST approach7,8 makes 
the CEST contrast independent of the agent concentration. 
The most commonly used MRS method for pH is based on 
the 31P chemical shift difference between the endogenous 
inorganic phosphate and phosphocreatine,9 whereas other 
MRS methods require exogenous agents like (±)2‐imidazole‐ 
1‐yl‐3‐ethoxycarbonylpropionic acid with 1H MRS10 or  
3‐aminopropyl phosphonate with 31P MRS.11 However, these 
methods require long acquisition times because they detect 
diamagnetic signals that have longitudinal (T1) relaxation 
times of several seconds, and their linewidths are narrow be-
cause of long transverse (T2) relaxation times (hundreds of 
milliseconds). High‐resolution pH mapping with 1H chemical 
shift imaging (CSI) can be achieved using Bosensor 
Imaging of Redundant Deviation in Shifts (BIRDS) with the 
macrocyclic chelate, DOTP (1,4,7,10‐tetraazacyclododecane‐ 
1,4,7,10‐tetrakis[methylenephosphonate]), complexed with 
paramagnetic thulium (Tm3+) ion. The nonexchangeable 
1H chemical shifts of TmDOTP5− are sensitive to pH and 

have extremely short T1 and T2 values,12,13 thus allowing 
pHe mapping using ultra‐fast 3D CSI because of extremely 
short relaxation times and 1H signals that span wide chemical 
bandwidths. With ultra‐short relaxation times, high signal‐ 
to‐noise ratio (SNR) 3D‐CSI data from 1Hs of TmDOTP5− 
can be obtained with reasonable signal averaging. BIRDS 
has been demonstrated in brain of small and large animals, 
but on high‐field preclinical scanners.12-21 We previously 
used pHe mapping with BIRDS to measure the intratumoral/ 
peritumoral pHe gradient in 9L and RG2 gliomas in rat brain 
and to correlate the extensive acidic pHe in regions sur-
rounding the tumor with tumor cell invasion.15 Rats bearing 
U251 gliomas treated with temozolomide (40 mg/kg) had a 
lower intratumoral/peritumoral pHe gradient in addition to a  
reduced tumor volume, reduced proliferation, and induction of 
apoptosis when compared to untreated rats.20 Implementation 
of BIRDS on a clinical scanner and in a large animal model 
represents the next step toward expanding its applicability to 
a wider variety of clinical methodologies.22

The goal of this work is to examine the efficacy of pHe 
mapping with BIRDS on a clinical scanner, which could 
allow potential clinical translatability of high‐resolution pHe 
mapping of liver cancer. Here, we describe modifications im-
plemented on an existing Siemens 3D‐CSI pulse sequence to 
make it feasible for ultra‐fast 3D‐CSI acquisition (repetition 
times on the order of milliseconds), which is a requirement 
for pH mapping with BIRDS. We demonstrated the accuracy 
of pH mapping with BIRDS in vitro by comparing the aver-
age pH measured in a glass bottle with that measured using 
a pH electrode. We also established a relationship between 
SNR and the precision of pH measurements with BIRDS. 
To demonstrate feasibility of BIRDS in vivo on a clinical 
scanner, we used a rabbit model for liver cancer, where we 
measured the intratumoral/peritumoral pHe differences in liv-
ers implanted with highly vascularized and hyperglycolytic 
VX2 tumors.23-27 This tumor model has been previously used 
for translational studies involving intra‐arterial therapies for 
liver cancer treatment.23,28 Histopathological markers indic-
ative of glucose uptake (glucose transporter 1; GLUT‐1) and 
chronic acidosis (lysosome‐associated membrane protein 2; 
LAMP‐2) were found to be upregulated in the VX2 tumors.

2  |   METHODS

2.1  |  Animal preparation
Experiments were conducted in accord with institutional 
guidelines under approved Animal Care and Use Committee 
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protocols. Animals were maintained in laminar flow rooms 
at constant temperature and humidity, with food and water 
given ad libitum. Nine male New Zealand White rabbits 
(2.5–4.0 kg; Charles River Laboratories, Wilmington, MA) 
underwent implantation of VX2 tumors in the left lobe of 
the liver as explained earlier.25,29,30 VX2 tumors (CRL‐6503) 
were purchased from ATCC (Manassas, VA). All experi-
ments were performed with mycoplasma‐free cells. Briefly, 
VX2 tumor chunks were injected into the hind leg of a donor 
rabbit and tumors were allowed to grow for up to 21 days. 
Tumor chunks were harvested from the donor animal, and 
~0.4 mL were injected by a laparotomy into the left lobe of 
liver in the recipient rabbits using an 18G coaxial catheter 
system. Abdominal fascia and skin were closed in 2 layers 
using absorbable suture materials (chromic gut 3.0; vicryl 
4.0). Tumors were allowed to grow for 14 days until a soli-
tary tumor (1–2 cm in diameter) became visible on contrast 
computed tomography imaging.31,32

Animals were sedated with inhaled isoflurane (3%) along 
with intramuscular acepromazine (0.25–1.00 mg/kg) and 
ketamine hydrochloride (30–45 mg/kg). Supplemental heat 
support was provided and physiological monitoring (oxygen 
saturation, heart rate, and body temperature) was performed 
during the experiment. Analgesic meloxicam (0.3 mg/kg) and 
buprenorphine (0.02–0.05 mg/kg) were administered subcu-
taneously before and after surgical interventions. Surgery and 
MR data acquisition were performed under general anesthe-
sia using isoflurane 1% to 3% in oxygen.

2.2  |  MRI and CSI data acquisition
MRI and CSI data were obtained on a 3T Prisma scanner 
(Siemens Healthcare, Erlangen, Germany) using a 15‐chan-
nel RF knee coil. For the in vitro experiments, a 100‐mL glass 
bottle containing 10 mM of TmDOTP5− (Macrocyclics, Inc., 
Plano, TX) was used. For the rabbit experiments, 15 mL  
of TmDOTP5− was infused at a constant rate of 0.5 mL/min  
for 30 minutes for a total dose of 0.5 mmol/kg, and it was 
not balanced by the excretion rate. The concentration of the 
TmDOTP5− stock solution was calculated each time based 
on the weight of the animal, to yield a total volume of 15 mL. 
Probenecid, a drug used previously with BIRDS to increase 
agent perfusion by temporarily blocking kidney function,18 
was not necessary in these experiments given that the con-
trast agent was easily able to perfuse the liver without its 
use. The T1 volumetric interpolated brain examination 
(VIBE) images were obtained for localization purposes 
using a field of view (FOV) of 20 × 20 cm2, 384 ×  
384 matrix, 60 slices of 2.5‐mm thickness, recycle time = 
5.2 ms, and TE = 2.5 ms. Because paramagnetic probes  
like TmDOTP5− possess extremely short T1 and T2 values 
(0.1–10.0 ms; Table 1) and 1H signals that span wide band-
widths (±200 ppm; Figure 1A), a regular 3D‐CSI sequence 

was modified to minimize TE and recycle time, thus reducing 
the signal loss during preparation and acquisition. Selective 
excitation of H2, H3, and H6 protons of TmDOTP5−  
(Figure 1A) was achieved using a dual‐band 640‐µs 
Shinnar‐Le Roux (SLR) RF pulse with 10.4‐kHz band-
width and 18.9‐kHz separation (Figure 1B). The SLR pulse, 
generated in Matlab (MathWorks, Inc., Natick, MA) using 
MATPULSE v2.4,33 produces a minimal excitation of the 
water signal (<0.1% rejection band ripples; Figure 1B), thus 
bypassing the need for water suppression. Because the H2, 
H3, and H6 chemical shifts are not positioned symmetrically 
relative to the water signal, the frequency of the SLR pulse 
was offset by −4930 Hz relative to the water frequency to 
ensure the full excitation of TmDOTP5− protons on both 
sides of the water resonance (Figure 1B). In addition, to 
further reduce the signal loss attributable to transverse T2 
relaxation, an excitation‐only RF pulse sequence was used 
instead of a spin‐echo sequence. A 3D‐CSI sequence was 
preferred to a more commonly used 2D‐CSI sequence,  
because of the large chemical shift spread of more than 
200 ppm for the TmDOTP5− protons, which would result in 
a significant spatial displacement of CSI signals during the 
2D slice selection gradient. A recycle time of 8 ms was used 
to ensure that the specific absorption rate does not exceed 
the limits allowed on a clinical scanner. Other parameters 
used for the 3D‐CSI acquisition were: a FOV of 20 × 20 × 
25 cm3, 20 averages, 13 × 13 × 13 rectangular encoding 
steps, and 6 minutes total acquisition time. The CSI data set 
was reconstructed to 25 × 25 × 25 resolution, with a voxel 
size of 8 × 8 × 10 mm3.

2.3  |  MRI and CSI data processing
The global signal Sk for TmDOTP5− proton number k, where 
k is 2, 3, and 6 in our experiments, was calculated in each 
voxel from the weighted contribution of the signal from each 
channel (Equation 1):

(1)Sk =

∑NC

n=1
wk,nSk,n

�

∑NC

n=1
w2

k,n

T A B L E  1   Longitudinal T1 and transverse T2 and T∗

2
 relaxation 

times for the H2, H3, and H6 protons of TmDOTP5− at 3T and room 
temperature

Relaxation times H2 H3 H6

T1 (ms) 1.81 ± 0.03 1.82 ± 0.04 3.25 ± 0.06

T2 (ms) 1.84 ± 0.04 1.90 ± 0.05 2.89 ± 0.07

T
∗

2
 (ms) 1.80 ± 0.02 1.89 ± 0.02 2.80 ± 0.07

Notes: The T1 and T2 values were calculated using inversion recovery and 
spin‐echo experiments, respectively. The T∗

2
 values were calculated from the line 

widths of the H2, H3, and H6 resonances according to Equation 4.
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where NC = 15 was the number of channels, Sk,n was the signal 
for proton k and channel n, and wk,n was its corresponding sig-
nal intensity (height). This reconstruction approach maximizes 
the contribution of channels with high signal intensity and was 
applied separately to each TmDOTP5− resonance.

The pH was calculated in each CSI voxel from the chem-
ical shifts δ2, δ3, and δ6 of H2, H3, and H6 TmDOTP5− pro-
tons, respectively, as described in our previous work.12,13 
Briefly, a multiparametric second‐order polynomial equation 
was used to describe the pH dependence on the TmDOTP5− 
chemical shifts (Equation 2):

where the parameters a0, ak
1
, and akj

2
 (k = 2, 3, 6; j = 2, 3, 6) 

were obtained as previously described from the nonlinear least‐
squares fit of pH as a function of H2, H3, and H6 chemical 
shifts.13

2.4  |  pH error versus SNR
The goal of pHe mapping with BIRDS is to obtain pre-
cise pH measurements at high spatiotemporal resolution. 
With increasing resolution, the peaks will have lower 
SNR. Therefore, we studied how SNR affected the preci-
sion of pH determination. We calculated the SNR as the 
ratio between the height of a resonance and the noise in the 
spectrum. The noise was calculated as 3 standard devia-
tions (SDs) measured in a spectral region devoid of any 
resonances. We chose to use 3 SDs for the noise estimation 

because 87% of the data in a normal distribution are within 
±1.5 SDs of the mean, whereas only 68% of the data are 
within ±1 SD of the mean. However, the choice of how 
we defined the noise will not change the estimation of 
pH accuracy as long as the noise is calculated similarly 
for all in vitro and in vivo situations. We used an in vitro 
TmDOTP5− spectrum from a CSI voxel with high SNR 
(>100) to which we added uniformly distributed random 
noise with 200 different amplitudes. This procedure gen-
erated SNR values for the TmDOTP5− protons between  
1 and 100. For each noise amplitude, we repeated the same 
procedure 1000 times, each time adding different random 
noise of the same amplitude, followed by fitting the H2, 
H3, and H6 signals with a Lorentzian function, measur-
ing their chemical shifts (from the Lorentzian fit) and their 
SNR, and then calculating the pH according to Equation 2. 
Because the 3 TmDOTP5− protons have similar SNR val-
ues, with H6 having only slightly higher SNR than H2 and 
H3 protons (Figure 1A), we used the average SNR for these 
3 protons for our calculations. Finally, at each noise am-
plitude, an average SNR and the corresponding SD in pH, 
σpH, were calculated from the individual values obtained 
for each of the 1000 simulations.

To obtain a more detailed picture of the pHe distribution 
inside the tumor and at tumor edge and compare it to normal 
tissue, a pHe voxel fraction N was calculated as the number 
of voxels with pHe values within every 0.02 interval between 
6 and 8, divided by the total number of voxels, in all VX2 
tumor and liver voxels from all the animals investigated. A 
voxel was considered “inside” the tumor if its “inside” partial 
volume, measured using the T1 VIBE image, was larger than 

(2)pH=a0+

∑

k=2,3,6

ak
1
�k +

∑

k=2,3,6

∑

j=2,3,6

a
kj

2
�k�j

F I G U R E  1   Chemical structure and 1H spectrum of TmDOTP5− at 3T. The MRS signals for the H1, H2, H3, and H6 TmDOTP5− protons 
are indicated together with the water signal (A). The frequency profile of the dual SLR pulse used for excitation is also shown below the 1H NMR 
spectrum (B) to demonstrate how the MRS signals of H2, H3, and H6 protons were selectively excited, at the same time providing minimum water 
excitation (<0.1% rejection band ripples). Because the H2, H3, and H6 chemical shifts are not positioned symmetrically relative to the water signal, 
the frequency of the SLR pulse was offset by −4930 Hz relative to the water frequency to ensure the full excitation of TmDOTP5− protons on both 
sides of the water resonance
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50%. The voxel fraction was then fitted to a Gaussian distri-
bution (Equation 3):

which provided pHm (or the mean of the pHe distribution), the 
SD B of the distribution and the voxel fraction N0 at pHe = pHm. 
Note that the SD B of the Gaussian distribution of pHe values is 
different than the SD in pH, σpH, used for estimation of the error 
in pH determination.

2.5  |  Relaxation measurements
T1 was measured using inversion recovery, where each 
TmDOTP5− resonance was selectively inverted using a 180° 
Gaussian pulse, and each intensity was measured at various 
inversion times. T2 was measured using spin echo, where 
each TmDOTP5− resonance was selectively excited and 
refocused with Gaussian 90° and 180° pulses, and each in-
tensity was measured at various echo times. T1 and T2 were 
calculated from the nonlinear least‐squares fit of intensities 
as function of inversion time or echo time, respectively, to 
a single exponential. The T∗

2
 values were calculated from the 

line widths of the TmDOTP5− protons, Δv1/2, measured in 
Hz, according to Equation 4:

2.6  |  Histopathological and 
immunochemistry staining
Upon completion of scanning, the animals were sacrificed 
by intravenous injection of euthasol (0.5 mL/kg). Tumor 
and surrounding tissues as well as contralateral liver were 
immediately harvested, sectioned in slices of 3 to 5 mm, 
fixed with 10% buffered formalin overnight, and embedded 
with paraffin for radiological histopathological correlation. 
The tissue was sliced in 2‐μm sections, deparaffinized using 
xylene, and rehydrated with a descending ethanol dilu-
tion series. After the samples were washed with deionized 
water, they were permeabilized in boiling retrieval solution 
for 40 minutes at 95°C. Hematoxylin/eosin (H&E) staining 
was used according to standard protocols for general histo-
pathology and quantification of tumor viability and necrosis 
of all tumors. Immunohistochemistry (IHC) was performed 
also on selected tumor samples. Tumor sections were evalu-
ated for GLUT‐1 (Thermo Fisher Scientific Cat# PA1‐46152, 
RRID:AB_2302087; 1:200; Thermo Fisher Scientific, 
Waltham, MA) and LAMP‐2 (Abcam Cat# ab13524, 
RRID:AB_2134736; 1:100; Abcam, Cambridge, MA) targets. 
The specimens were incubated with ∼100 μL of peroxidase 

quenching solution for 5 minutes and with blocking solu-
tion (Invitrogen, Carlsbad, CA) for 20 minutes. The in-
cubation with primary antibodies was done in hydration 
chambers at room temperature for 50 minutes. Subsequent 
incubation with biotinylated secondary antibody, streptavi-
din‐peroxidase, and 3,3‐diaminobenzidine chromogen were 
performed as previously described.34 Hematoxylin was 
used as a counterstain. The histology samples were digi-
talized and visualized at various magnification levels using 
Aperio and ImageScope software (v12.3; Leica Biosystems 
Imaging, Inc., Vista, CA).

2.7  |  Statistical analysis
All results are expressed in terms of mean ± SD, and all com-
parisons were assessed by Student’s t test with 2 tails, where 
P values < .05 were considered to be significant.

3  |   RESULTS

3.1  |  In vitro pH mapping
A 100‐mL glass bottle containing 10 mM of TmDOTP5− 
(Figure 2A) was used to show an example of pH mapping 
with BIRDS in a CSI slice, where the H2, H3, and H6 sig-
nals of TmDOTP5− were visible in the voxels located inside 
the bottle (Figure 2B). A T1 VIBE image (Figure 2A) was 
used to draw the outline of the glass bottle (shown with the 
orange contour in Figure 2). Examples of H2, H3, and H6 
signals are shown in Figure 2C, from the voxel indicated by 
a black rectangle in Figure 2B. For this voxel, the pH cal-
culated from the chemical shifts of H2, H3, and H6 protons 
(Equation 2) was 7.78. A pH value of 7.75 was measured in 
the bottle before the acquisition with a Mettler‐Toledo S220 
pH meter (Mettler‐Toledo International Inc, Columbus, OH), 
confirming the accuracy of the pH measured by BIRDS. 
For CSI voxels positioned at the edge of the bottle, a voxel 
was considered “inside” the bottle if its “inside” partial vol-
ume, measured using the intensity from the T1 VIBE image, 
was greater than 50%. Using this approach, a pH map of the 
bottle was constructed (Figure 2D). The average pH value 
measured using the voxels positioned inside the bottle in this 
CSI slice was 7.77 ± 0.01, which was consistent with the pH 
value of 7.75 measured using the pH electrode.

3.2  |  Accuracy of pH measurement
The accuracy of pH determination depends on how precisely 
the H2, H3, and H6 chemical shifts are measured. A low SNR 
for these resonances would decrease the accuracy of chemical 
shift determination, and which in turn would result in greater  
error in pH measurement. Repeated measurements of the 
same variable (pH) under the same conditions (added random 

(3)N
(

pHe

)

=N0e
−
(pHe−pHm)

2

2B2

(4)T∗

2
=

1

�Δ�1∕2

info:x-wiley/rrid/RRID:AB_2302087
info:x-wiley/rrid/RRID:AB_2134736
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noise of the same amplitude) can provide an estimation of 
the measurement accuracy (see Materials and Methods). A 
plot of SD in pH (σpH) versus average SNR indicates that σpH 
increases significantly as the SNR of the TmDOTP5− pro-
tons decreases (Figure 2E), suggesting a linear relationship 
between σpH and 1/SNR (Equation 5):

Indeed, a plot of σpH versus 1/SNR (Figure 2F) demon-
strates a strong linear relationship (R = 0.998), with a slope  
C = 0.0504 calculated from the linear least‐squares fit according 
to Equation 5. This relationship is very useful for pH mapping 
with BIRDS, providing a way to estimate the error in pH mea-
surement at various SNR values. For example, for SNR > 5,  
the error in pH determination is σpH < 0.01 (Figure 2E,F).

3.3  |  In vivo pH mapping in a rabbit liver 
tumor model
Tumor growth was demonstrated to be reproducible in all an-
imals (n = 9). Examples of pHe mapping using BIRDS with 
TmDOTP5− in a rabbit liver with a VX2 tumor are shown in 
Figure 3. The VX2 tumor was localized by its hypointensity 
in the T1‐weighted VIBE images (Figure 3A) and is shown 
using a red contour. The whole liver was also localized using 
the T1‐weighted VIBE images (blue contour in Figure 3). 
For referencing/localization purposes, the profile of the rab-
bit body is also shown (orange contour in Figure 3). The 2 
corresponding CSI slices (Figure 3C,D) are shown adjacent 
to the T1‐weighted images. High SNR signals were visible 
for the H2, H3, and H6 TmDOTP5− protons inside the VX2 
tumors, but also in the neighboring liver regions and in other 
regions of the body (e.g., blood vessels, muscles) where 

(5)�pH =
C

SNR

F I G U R E  2   In vitro pH mapping with BIRDS at 3T in a glass bottle containing 10 mM of TmDOTP5− and accuracy of pH determination as 
a function of SNR of TmDOTP5− protons. A T1 VIBE MR image (A) was used to draw the outline of the glass bottle (orange). The CSI signals 
of H2, H3, and H6 protons of TmDOTP5− are visible in each voxel inside the orange contour (B). Examples of 1H resonances of the H2, H3, and 
H6 signals from TmDOTP5− in the voxel indicated by a black rectangle in (B) are shown in (C). In this voxel, the pH measured by BIRDS was 
7.78. The pH map (D) of the CSI slice shown in (B) indicates an average pH value of 7.77 ± 0.01, which is consistent with the pH value of 7.75 
measured using a pH electrode. All pH values measured by BIRDS were calculated using Equation 2. To quantify how accurately we can measure 
the pH, we used the TmDOTP5− spectrum shown in (C), and we added random noise of various amplitudes to obtain spectra with variable SNR 
(see Materials and Methods). A plot of the SD σpH versus SNR (E) indicates an inverse relationship; low SNR corresponds to a significant increase 
in σpH. Interestingly, a strong linear relationship (R = 0.998) was observed between σpH and 1/SNR (F), with a slope of 0.0504 calculated from the 
linear least‐squares fit of σpH versus 1/SNR, according to Equation 5. The solid line in (E) represents Equation 5 with C = 0.0504, obtained from 
the linear fit shown in (F)
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TmDOTP5− diffused and/or accumulated during infusion. 
Examples of H2, H3, and H6 signals from 2 voxels, 1 local-
ized inside the VX2 tumor and the other in the normal liver 
are shown in Figure 3E,F, respectively. The pHe in these vox-
els, calculated according to Equation 2, were 6.80 and 7.23, 
respectively. For the 2 CSI slices shown in Figure 3C,D, the 
corresponding pHe maps were also generated (Figure 3G,H). 
For this rabbit, the average pHe is lower inside the VX2 
tumor (6.77 ± 0.03), but also in the tumor’s adjacent regions 
(6.89 ± 0.09), compared to that measured in the normal liver 
(7.22 ± 0.04).

The presence of VX2 tumor cells localized in the liver was 
recognized by their hypointensity in the T1‐weighted VIBE 
images, and their lower pHe (Figure 4A) was confirmed with 
histopathology and immunochemical staining. H&E staining 
of VX2 tumors revealed in the majority of tumors a necrotic 
tumor core and a viable tumor rim with densely packed tumor 
cells (Figure 4B). IHC staining confirms overexpression of 
GLUT‐1 in cancer cells (Figure 4C), consistent with their hy-
perglycolytic phenotype. IHC staining for LAMP‐2 indicated 
surface staining of cancer cells (Figure 4D), revealing expo-
sure to chronic acidosis.

In all rabbits, an intratumoral/peritumoral pHe gradient 
was observed, with the lowest pHe measured inside the VX2 
tumors, a slightly higher pHe in the regions adjacent to the tu-
mors, and the highest pHe in the liver regions further removed 
from the tumor (Figure 5). To better understand and com-
pare the pHe distributions in these 3 liver regions, a pH voxel 
fraction was calculated for each of these regions by counting 

the number of voxels with pHe values within every 0.02 pH 
interval from 6 to 8, relative to the total number of voxels 
(Figure 5A). A fit of the pHe voxel fraction to a Gaussian 
distribution (Figure 5A) provided pHm, which represents the 
mean of the pHe distribution, and the SD B, according to 
Equation 3. Calculating the means and the SDs directly from 
the measured pHe values yielded almost identical values as 
those obtained by fitting to Gaussian distributions. Therefore, 
to avoid presenting redundant results, we chose to show the 
results in the form of Gaussian distributions and their fits. 
Moreover, a Gaussian distribution visually conveys more in-
formation about the heterogeneity of the region investigated 
than just the mean and the SD values (i.e., we can visualize 
how symmetric the distributions are  or if the distributions 
show a single or multiple peaks). The pHm values inside the 
tumor, at tumor edge, and in normal liver were 6.79 ± 0.08, 
6.88 ± 0.09, and 7.19 ± 0.04, respectively (Figure 5B). The 
pHm values inside the tumor and at tumor’s edge were sig-
nificantly lower (P < 10−9 for tumor; P < 10−7 for tumor’s 
edge) than in normal liver. Moreover, the pHm value inside 
the tumor was also significantly lower than that at tumor’s 
edge, although the calculated P value of 0.045 was only mod-
erately significant.

4  |   DISCUSSION

In this work, we report pHe mapping with BIRDS in an or-
thotopic tumor model for liver cancer on a human‐sized MRI 

F I G U R E  3   In vivo pHe mapping using BIRDS with TmDOTP5− in a rabbit liver at 3T. T1 VIBE MR images (A,B) were used to localize the 
VX2 tumor (red contour) within the liver (blue contour), while the profile of the rabbit body is shown with an orange contour. Two different CSI 
slices from the same animal were used to show the H2, H3, and H6 MR signals of TmDOTP5− in each voxel, in a part of the liver containing the 
VX2 tumor (C) and in a part of the liver devoid of any tumor (D). 1H spectra containing the H2, H3, and H6 resonances from tumor (E) and normal 
liver (F) indicate a high SNR in these voxels (>10), allowing accurate pHe determination (6.80 for the tumor and 7.23 for the normal liver). The 
pHe maps corresponding to the 2 CSI slices shown in (C) for the liver region with a VX2 tumor and in (D) for a normal liver region are shown in 
(G) and (H), respectively. The measurements indicate lower average pHe values inside the tumor (6.77 ± 0.03) and in the immediate vicinity of the 
tumor (6.89 ± 0.09), compared to those for the normal liver (7.22 ± 0.04). All pHe values measured by MR were calculated using Equation 2
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F I G U R E  4   Confirmation of tumor pHe with histology. (A) pHe maps overlaid on T1 VIBE images show regions of lower pHe inside the VX2 
tumor (red contour) and higher pHe outside the tumor in the rest of the liver (blue contour) surrounded by the rabbit’s abdomen (orange contour). 
(B) H&E staining shows the VX2 tumor in the lower left and normal liver parenchyma in the upper right corner. (C) IHC staining confirms 
overexpression of GLUT‐1 in cancer cells indicative of their hyperglycolytic phenotype. (D) IHC staining for LAMP‐2 demonstrates positive 
surface staining of cancer cells indicative of exposure to chronic acidosis. The black arrows in (C) and (D) indicate examples of positively stained 
tumor cells

F I G U R E  5   Distribution of pHe values in the rabbit liver with VX2 tumors. The voxel fraction with pH values within every 0.02 pH interval 
(A) was calculated for all voxels inside the VX2 tumors (red), at the tumor edge (orange), and for normal liver (blue). The mean pH value, pHm (B), 
and the corresponding SD (indicated by the error bars) were calculated from the fit of the pH voxel fraction to a Gaussian distribution (A) inside 
the VX2 tumors (red), at the tumor edge (orange), and in the normal liver (blue) according to Equation 3. Significantly lower pHe values were 
measured inside the tumor (pHm = 6.79 ± 0.08; P < 10−9) and at tumor edge (pHm = 6.88 ± 0.09; P < 10−7), compared to the pHe values measured 
in the normal liver (pHm = 7.19 ± 0.04). The pHe values inside the tumor are also significantly lower than those in the immediate vicinity of the 
tumor (P < .05)
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scanner. Implementation of BIRDS on a clinical scanner 
(Siemens) at lower magnetic field (3T) opens up the possi-
bility of conducting a multitude of novel MRI/MRS experi-
ments with direct clinical translation and relevance. Several 
modifications of a standard Siemens CSI sequence were 
necessary to accommodate the ultra‐short relaxation times of 
TmDOTP5– (Table 1). A pulse sequence with a short prepa-
ration time and fast acquisition was required. To circumvent 
the requirement for water suppression (which is usually sev-
eral hundred milliseconds long), we used a dual‐band SLR 
pulse, in which the resonances on both sides of the water 
were excited while the water signal was minimally affected 
(Figure 1A). The SLR pulse was a good option because of 
its flexibility in choosing the amplitude of pass and rejection 
band ripples.33,35 For this work, we chose a value of 0.1% 
for the rejection band ripples, which resulted in a signifi-
cantly reduced water excitation (<1%). Moreover, the usage 
of a large acquisition bandwidth (50 kHz or 406 ppm at 3T) 
required by the large chemical shift spread of TmDOTP5− 
resonances (more than 200 ppm) was beneficial, resulting 
in a reduced dwell time (20 µs) and therefore allowing an 
increased number of data points over acquisition duration of 
several milliseconds. We chose to use a 3D‐CSI sequence 
with encodings in all spatial directions because a 2D‐CSI se-
quence with a slice selection gradient would result in a sig-
nificant spatial displacement between the H2/H3 signals and 
H6 signal (Figure 1A) attributable to chemical shift displace-
ment artifact. BIRDS was acquired for the first time using a 
multiple channel RF coil, which provided increased SNR by 
a signal weighted reconstruction (Equation 1).

A somewhat unexpected result was that for the H2 and H3 
protons, T1 < T2 (Table 1). For the overwhelming majority of 
NMR signals, T1 is longer than T2, although there are some 
exceptions to this general trend.36 However, we believe that 
these small differences in T1 and T2 values are within exper-
imental error of our relaxation measurements on the scan-
ner, and in addition, for all 3 TmDOTP5− protons, the ratio 
T2/T1 was close to 1, indicating an improved SNR compared 
to most other diamagnetic molecules detected by MRS, for 
which the ratio T2/T1 is usually much smaller than 1.

The 3D‐CSI in vitro data with a 10‐mM TmDOTP5− 
glass bottle (Figure 2A–D) showed that most of the H2, H3, 
and H6 signals have SNR values higher than 20, allowing 
a very accurate pH determination, with an error of <0.003 
(Figure 2E,F). Note that SD is a measure of how random 
errors (simulated here by random noise) affect the accu-
racy of pH determination. However, systematic errors in 
pH cannot be determined by the random noise addition ap-
proach, but it can be validated by pH measurements using 
alternative methods. The validity of pH measurements 
with BIRDS was confirmed previously in rat brain with 
31P‐MRS15 using inorganic phosphate and phosphocreatine 
resonances. Moreover, in the current work, the average 

pH value (7.77 ± 0.01) measured in the glass bottle with 
BIRDS (Figure 2) was confirmed by the pH electrode mea-
surement (7.75).

SNR values larger than 10 were measured in most of the 
voxels in rabbit liver and in VX2 tumors for the H2, H3, and 
H6 TmDOTP5− resonances (Figure 3E,F). According to our 
σpH versus SNR relationship (Figure 2E,F), this corresponds 
to an error in pH measurement smaller than 0.005. The large 
SNR values measured in most of the normal liver tissue regions 
are a direct consequence of excellent blood perfusion in the 
liver, although somewhat smaller SNR (approximately 5–10) 
was measured in some liver regions (e.g., the liver dome in 
Figure 3C,D). However, despite its lower SNR, the pH accu-
racy in these voxels remains high, as indicated by a pH error 
smaller than 0.01 (Figure 3E,F). This is attributed to the fact the 
pH readout by BIRDS is purely based on the chemical shift of 
the detected peak, not its amplitude. Using the in vitro SNR of 
~90 (measured in the phantom with 1 average) and the in vivo 
SNR of ~20 (measured in the liver with 20 averages), we esti-
mated that the TmDOTP5− concentration in liver is ~0.5 mM.  
Because SNR also depends on the position of the voxel rel-
ative to the 15‐channel RF coil, the conversion from in vitro 
to in vivo concentrations based purely on SNR and without 
accounting for the coil sensitivity is not quite accurate. Several 
experiments done in separate animals using lower doses (data 
not shown) indicate in vivo SNR values lower than 10 and 5,  
which correspond to doses of 0.25 and 0.125 mmol/kg of 
TmDOTP5−, respectively. Because in our experiments we tar-
geted a pH accuracy of 0.01 or higher (SNR > 5), we deter-
mined that the lowest dose that can potentially be used without 
significantly decreasing the pH accuracy is 0.25 mmol/kg.

The line widths of the TmDOTP5− resonances in vivo 
were slightly larger (20–40%) compared to those measured 
in vitro, suggesting heterogeneity in the pHe distribution in-
side each voxel. This was also supported by the larger line 
widths (10–20%) measured in the tumor voxels compared to 
those of normal voxels, which was likely a consequence of a 
more heterogeneous tumor environment. CSI acquisition was 
achieved without respiratory gating, supporting our hypothe-
sis that, because of its very short T2 relaxation times, BIRDS 
is not prone to B0   inhomogeneities produced by rhythmic 
breathing. However, for increased accuracy of BIRDS‐based 
pHe mapping respiratory gating, breadth hold and motion 
correction can be used, especially for clinical translation, al-
though this might decrease the temporal resolution slightly.

A limitation of this study was the relatively large voxel 
size (8 × 8 × 10 mm3). Thus, the CSI voxels and anatomi-
cal borders of the tumor were not perfectly “aligned,” and 
thus for voxels at the edge of the tumor, there was partial 
volume occupied by “outside the tumor” tissue, according to 
the T1 VIBE images used for anatomical registration. In this 
case, the most appropriate choice was to consider the voxel 
a “tumor voxel” if more than 50% of its volume was inside 
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the tumor. Another potential limitation of the study was the 
heterogeneity in the size of tumors. However, the SD of av-
erage tumor pH values was very small (0.08), underscoring 
the reproducibility of the pHe measurements with BIRDS. 
Moreover, the 3D‐CSI data were acquired by evenly spaced 
cubical encoding of k‐space, requiring long acquisition times. 
We have previously shown that using reduced spherical en-
coding of k‐space instead would allow a major increase in 
SNR.14 This k‐space sampling modification of 3D‐CSI data 
will be implemented in the future to further improve the SNR 
and thus reduce the aforementioned partial volume effects.

Given the  ultra‐short relaxation times of agents like 
TmDOTP5− even at 3T and which are not significantly differ-
ent from their 11.7T values,13 BIRDS sensitivity is sufficiently 
high at clinically relevant magnetic fields. Paramagnetic 
agents like TmDOTP5− and similar trivalent lanthanide metal 
ion probes show significant clinical promise,37 but only Gd3+ 
agents remain US Food and Drug Administration approved. 
However, efforts are underway for clinical compatibility of 
non‐Gd3+ agents with increased BIRDS sensitivity. One ap-
proach is the addition of methyl groups,12,21 as in TmDOTMA− 
(12 protons) versus TmDOTP5− (4 protons). Another approach 
is liposomal encapsulation of agents.38 Both approaches have 
been shown to increase BIRDS sensitivity by almost an order 
of magnitude, thereby reducing the agent’s dose and toxicity. 
Furthermore, there are several divalent transition metal ion 
probes with Fe2+, Ni2+, or Co2+39 that could also be promis-
ing candidates. Thus, we envision that these types of lantha-
nide and/or transition metal ion probes for pHe imaging with 
BIRDS would be clinically available in the near future.

The significantly lower pHe (P < 10−9) measured inside 
the VX2 tumors (pHm = 6.79 ± 0.08) compared to normal 
liver (pHm = 7.19 ± 0.04) was consistent with our previous 
pH measurements in rat brain tumors.15 This intratumoral/
peritumoral pHe gradient is a consequence of the Warburg ef-
fect and is a metabolic signature of the tumor microenviron-
ment. Moreover, significantly low pHe (pHm = 6.88 ± 0.09; 
P < 10−7) was also measured in adjacent regions outside of 
the tumor core, suggesting that the diffuse areas of low pHe 
could possibly indicate invading tumor cells.15 A similar re-
sult was observed in rat brains containing 9L and RG2 tu-
mors, with the more aggressive RG2 tumors demonstrating 
diffuse areas of low pHe in the neighboring regions compared 
to the less aggressive 9L tumors.15 Given that VX2 tumors 
are also known to be fairly aggressive, invasive, and locally 
destructive,23-27 the areas of low pHe observed outside the 
tumor margins were consistent with the tumor’s aggressive 
phenotype. Furthermore, there is evidence that the immune 
response in the peritumoral regions is affected by acidic 
pH.40,41 Thus, a more thorough investigation of these regions 
is necessary, involving also the development of CSI meth-
odologies that will allow pH mapping at even higher spa-
tial resolution. As discussed above, this can be achieved by 

implementation of a 3D‐CSI sequence with reduced spherical 
encoding of k‐space in clinical scanners, as was previously 
demonstrated for preclinical scanners.14 Alternatively, a  
2D‐CSI sequence with separate excitation of H2 and H3 pro-
tons followed by excitation of the H6 proton can also be con-
sidered, where the 2 separate excitations would provide a way 
to avoid the chemical shift displacement artifact. Moreover, 
a 2D sequence would allow more time for signal averaging, 
to obtain sufficient SNR for higher resolution pH mapping.

The ability to measure the acidification of tumor micro-
environment may help to better understand the underlying 
tumor biology, but also to monitor its metabolic activity. 
Increased expression levels of GLUT‐142 contribute to tumor 
acidification measured quantitatively with BIRDS. Moreover, 
a newly established histological marker, LAMP‐2, for which 
translocation and expression on cell membranes is associated 
with chronic acidosis of cancer cells,43 was utilized here for 
confirmation of in vivo pHe measurements.

5  |   CONCLUSION

In conclusion, in the current work we establish BIRDS as a 
noninvasive CSI method for pHe mapping on a clinical scan-
ner, and we use it to compare pHe of VX2 tumors with normal 
liver pHe. The pHe measurements with BIRDS may poten-
tially complement cancer diagnosis not only for tumor detec-
tion, but also as a functional biomarker to monitor metabolic 
activity of different tumor types, susceptibility to treatment, 
and response to therapy. While this study only investigates 
pHe mapping in liver with tumors, BIRDS may potentially 
be used as a noninvasive pHe mapping tool for other organs 
where TmDOTP5− can gain access (i.e., kidney, pancreas, 
heart, and brain), for diagnosis and treatment monitoring of 
pH‐related diseases or conditions beyond cancer.
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