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3RM Ntra. Sra. del Rosario, Madrid, Spain
4Department of Chemistry, University of Texas at Dallas, Richardson, Texas 75083
5Advanced Imaging Research Center, University of Texas Southwestern Medical Center, 5323
Harry Hines Blvd., Dallas, Texas 75390

Abstract
The extracellular pH (pHe) of solid tumors is acidic, and there is evidence that acidic pHe is
related to invasiveness. Herein, we describe an MRI single infusion method (SIM) to measure pHe
in gliomas using a cocktail of contrast agents (CA). The cocktail contained Gd-DOTA-4AmP and
Dy-DOTP, whose effects on relaxation are sensitive and insensitive to pH, respectively. The Gd-
CA dominated the spin-lattice relaxivity, ΔR1, whereas the Dy-CA dominated the spin-spin

relaxivity, . The  effects were used to determine the pixelwise concentration of [Dy]
which, in turn, were used to calculate a value for [Gd] concentration. This value was used to
convert ΔR1 values to molar relaxivity, Δr1 and hence, pHe maps. Development of the method
involved in vivo calibration and measurements in a rat brain glioma model. The calibration phase

consisted of determining a quantitative relationship between the ΔR1 and  induced by two pH-
independent CAs, Gd-DTPA and Dy-DOTP, using Echo Planar Spectroscopic Imaging (EPSI) and
T1 weighted images. Intensity and linewidths of the water peaks in EPSI images were affected by
CA and were used to follow pharmacokinetics. These data showed a linear relationship between
inner- and outer-sphere relaxation rate constants that were used for CA concentration
determination. Non-linearity in the slope of the relationship was observed and ascribed to
variations in vascular permeability. In the pHe measurement phase, Gd-DOTA-4AmP was infused
instead of Gd-DTPA, and relaxivities were obtained through the combination of interleaved T1-

weighted images (R1) and EPSI for ( ). The resulting r1 values yielded pHe maps with high
spatial resolution.
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Introduction
The extracellular pH (pHe) of tumors is acidic, and there is evidence that this acidity
stimulates local invasion (1,2), and plays a role in metastases (3). This low pHe is a product
of elevated metabolism combined with perfusion limitations. To fully characterize the nature
and anatomical extent of this aspect of the altered tumor microenvironment, there is a need
for further advances in the ability to accurately map the extracellular pHe at high spatial
resolution. Furthermore, noninvasive measures of pHe have been limited to pre-clinical
animal models and there is a real need to develop methods that may eventually be used in
humans.

Various approaches have been developed to measure pHe maps in tumors with MRI and
MRSI. Advances have involved low-resolution single voxel 31P MRS to medium resolution
pHe maps using 19F, 1H, or 13C labeled tracers (4–7). However, methods exist to render pHe
maps with a spatial resolution that is on the same scale as MRI, such as magnetization
transfer methods (8–10) or pH-sensitive relaxivity agents (11). Relaxivity-based methods
offer the advantage of lower RF energy deposition, which is a significant consideration in
the clinical setting. However, a challenge in relaxometric methods is the determination of
contrast agent (CA) concentration, which is required to convert relaxation data to pHe maps.
Methods to date have used sequential injections of pH-insensitive and pH-sensitive agents
(12,13). Although these can provide high spatial resolution maps, they lack high temporal
resolution and would be impractical in a clinical setting.

Numerous MRI applications require the determination of CA concentrations, such as
dynamic contrast enhanced (DCE) MRI. Historically, this has been achieved with either T1-

weighted (dynamic contrast) or  -weighted (dynamic susceptibility) pulse sequences (14–

16). T1 sequences yield contrast and enhancement based on inner sphere relaxation while 
contrast is based on outer sphere mechanisms. Although it is slower, 1H Echo Planar
Spectroscopic Imaging (EPSI) can be highly linear with CA concentration and has been used
to measure spectra in both water-suppressed (17–19) and non-water-suppressed mode

(20,21). One of the advantages of using EPSI in vivo is the ability to determine R2 (or )
and ΔB0 simultaneously (22). In addition, one may examine the complexity of the lineshape
to reveal underlying sub-voxel heterogeneities.

In the current work, we investigate the use of EPSI to measure simultaneously the pH-
dependent inner sphere effects and the pH-independent outer sphere effects in order to
generate quantitative values of pHe. This involved infusion of a cocktail containing both
DyDOTP5- and GdDOTA-4AmP5-. While the effects of the Gd-CA on T1 and T2 exhibited

similar pHe-dependence, the Dy-CA induced strong outer sphere effects on  that were pH-
independent with negligible effects on T1. The entire protocol is diagrammed in Fig. 1 and

involved measurement of [Dy-CA] through its effects on  and subsequently
extrapolating the [Gd-CA] from the known ratio of [Dy-CA] to [Gd-CA]. This relationship
assumed that Gd-CA and Dy-CA distributed to the tumors with identical pharmacokinetics.
The calculated [Gd-CA] was then used to yield the spin lattice molar relaxivity (r1) and
hence, a pHe map was generated based on an in vitro relaxivity titration curve. We have
investigated these relationships in vivo in a pharmacokinetic time-series in intracranial rat
gliomas, which is the first application of a CA cocktail single infusion method (SIM) for the
determination of spin lattice and susceptibility induced transverse relaxation rates.
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Materials and Methods
Cell lines and In Vivo Tumor Model

C6 glioma cells were stereotactically injected into female Wister rats with 105 C6 glioma
cells in the right caudate nucleus to a depth of 5.5 mm (N = 8). Tumor growth was
monitored with MRI to determine when the gliomas were of substantial volume of
approximately 50% of the right hemisphere. Typically, the tumors were mature enough to
observe enhancement from 10 to 14 days after injection.

Data Acquisition
Experiments were performed with a Bruker Biospec 4.7 T MRI scanner, with a preemphasis
unit. The gradients are capable of 20 mT m−1 strength, with a maximum slew rate of 110 T
m−1 s−1. A 73 mm ID volume coil was used for excitation, and an 18 mm diameter surface
coil was used for signal reception. The surface coil was placed 1–2 mm above the rat brain,
and active decoupling was used for switching between transmit and receive coils.

In vitro measurements were carried out on 96-well plates cut in half. GdDOTA-4AmP,
DyDOTP, and GdDTPA were characterized at various concentrations and pH values in
order to determine a titration curve between r1 and pH. Both PBS (Phosphase Buffered
Saline) and FBS (Fetal Bovine Serum) were used as buffers for relaxation studies. Spin-
lattice relaxation measurements were performed in imaging mode to determine spatially
localized T1 values in each well of the plate. An ROI was drawn for each well where the
mean value was used to generate a titration curve.

For the pH sensitive contrast agent, in vitro relaxation experiments were accomplished with
variable GdDOTA-4AmP concentrations and pH values. Inversion recovery or progressive
saturation experiments were performed to determine a parametric T1 value. After confirming
agreement between the two, only progressive saturation was done. The data were fit to a 3
parameter equation I(tD) = M(1 − Ve−tD/T1), were V is the inversion (saturation) parameter
and tD is the variable delay after the initial 180° inversion pulse or the repetition time in the
case of progressive saturation.

In vivo T1-weighted images were scanned with a TR = 200 ms, and a TE = 6.4 ms. Proton
density images were acquired with a TE = 6.4 ms and a TR = 7000 ms. T2-weighted images
were acquired using a RARE pulse sequence with a RARE factor of 8, giving an effective
TE = 72 ms. Fat suppression was not used. The EPSI experiments were performed with a
single RF excitation pulse and trapezoidal echo planar readout (23), where the TE = 5 ms.
The receiver bandwidth was 123–152 kHz, resulting in a spectroscopic bandwidth of 1.2 to
1.5 ppm. The data were collected with a matrix size of 128×128×128. The resulting in-plane
resolution for all of the imaging and spectroscopic imaging experiments was 250 µm/pt on
with a Field of View (FOV) of 3.5 cm on each side. A slice thickness of 1.25 mm was used
throughout. The isotropic spectroscopic resolution was 1.8–2.3 Hz/pt.

MR Experimental Structure
Once the animal was placed in the magnet and under anesthesia, a series of pre-infusion
images and spectroscopic images was acquired. These included: a scouting FLASH, RARE
axial and coronal, proton density, T1-weighted spin echo, and EPSI. As a CA cocktail
consisting of Magnevist: DyDOTP5- at a 1:2 ratio was gradually infused, an interleaved
series of two separate pulse sequences, T1-weighted images and EPSI, was collected until a
steady state was reached (50 – 100 minutes). The rate of i.v. infusion was 0.2 – 0.4 mmol
kg−1 hr−1 (0.4 – 0.8 mmol kg−1 hr−1 for DyDOTP), although it was necessary to lower the
infusion rate after 30 minutes to reach a steady state. In a subset of calibration animals,
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CPMG was interleaved with T1-weighted and EPSI scans. The parameters used for CPMG
were: TR = 3 s, TE = 10.5 ms, a matrix size of 128 × 128, and 128 echoes. CPMG was not

run on all animals. Instead, a correlation between R2 and  was used to estimate R2 values.

In the pH measurement experiments, the same sequence of experiments was acquired except
without CPMG. The CA cocktail in that case was GdDOTA-4AmP5-:DyDOTP5-1:2. The
infusion was performed as mentioned above.

Data Processing and Analysis
Reconstruction of T1-weighted images, proton density images and EPSI spectroscopic
images were performed with in-house programs written in MATLAB (The MathWorks,
Inc., Natick, MA). All other images were reconstructed in ParaVision (Bruker BioSpin MRI
GmbH, Ettlingen, Germany). T1-weighted images were reconstructed by direct Inverse Fast
Fourier Transform (IFFT) of the k-space data in two dimensions. Volumes (V) of tumors
were obtained by measuring the area (A) of the tumor in a single slice and using V =
4A3/2/3π1/2. EPSI data sets were processed by reducing the data in the spectroscopic
dimension into odd echoes and even echoes. This yielded two separate 3D data sets that
were independently apodized with a Hanning filter in the k-space, and a decaying
exponential in the time domain; however, the even echo planar echoes were time reversed
preceding apodization. Reconstruction was accomplished with a 2D IFFT and a 1D FFT to
yield two spatial- and one spectroscopic dimensions. Zero order auto phasing was performed
along the spectroscopic dimension. Finally, the odd-echo and even-echo experiments were
added together to form a final data set.

The quantity νFWHM is the full width at half maximum of the water peak and is directly

proportional to . νFWHM was determined by fitting EPSI spectra with a Lorentzian

lineshape on a pixel-by-pixel basis.  was calculated directly from the linewidth according

to: . R2 values were obtained by a two-parameter fit of pixel intensity in the
CPMG experiment to the equation: I(TE) = I0e−TER2, where I0 is the proton density.
Smoothing of all data sets and parameter maps was accomplished using a 5 × 5 convolution
kernel with a center value of 4 (the rest were ones).

Calculation of pHe

The spin lattice relaxation rate constant R1 was determined, as in previous work (12,13),
from the proton density and T1-weighted images so that its measurement was accomplished
throughout the course of the infusion with high temporal resolution. In the current, work we
have empirically determined that TE is not much less than T2. However T2 was incorporated
into the repetition time dependent signal equation to compensate for the apparent saturation
of the intensity at higher concentrations of CA:

(1)

where I is the T1-weighted intensity at any time, I0 is the intensity of the proton density
image, TR is the repetition time, and TE is the echo time. Rearranging eqn. (1), we obtain the
relaxation rate constant R1:

(2)

The relaxation rate is a function of the [CA] and is given by:
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Table 1

Relevant lanthanide CA relaxivities (r1 and r2) in this study performed at 7 T and 37 °C.

Contrast Agent r1 (mM−1 s−1) r2 (mM−1 s−1)

GdDTPA 2.95 –

GdDOTP 3.17 4.75

DyDOTP 0.16 0.19

NMR Biomed. Author manuscript; available in PMC 2013 June 26.
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