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Abstract

The extracellular pH (pHg) 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 pH,
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, AR, whereas the Dy-CA dominated the spin-spin
relaxivity, AR;. The AR; 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 A R values to molar relaxivity, Ary and hence, pHe maps. Development of the method
involved /n vivo calibration and measurements in a rat brain glioma model. The calibration phase

consisted of determining a quantitative relationship between the A/ and AR induced by two pH-
independent CAs, Gd-DTPA and Dy-DOTP, using Echo Planar Spectroscopic Imaging (EPSI) and
71 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 pH, measurement phase, Gd-DOTA-4AmP was infused
instead of Gd-DTPA, and relaxivities were obtained through the combination of interleaved 7-

weighted images (R;) and EPSI for (AR5). The resulting r; values yielded pHe maps with high
spatial resolution.
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Introduction

The extracellular pH (pHg) 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 pHg 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 pH, at high spatial
resolution. Furthermore, noninvasive measures of pH, 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 pH 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 77-

weighted (dynamic contrast) or 7 -weighted (dynamic susceptibility) pulse sequences (14—

16). 73 sequences yield contrast and enhancement based on inner sphere relaxation while 77
contrast is based on outer sphere mechanisms. Although it is slower, H 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 /n vivo is the ability to determine £ (or R%)
and A By 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 pH.. This involved infusion of a cocktail containing both
DyDOTP®" and GADOTA-4AmMP>-. While the effects of the Gd-CA on 7; and 75 exhibited

similar pH¢-dependence, the Dy-CA induced strong outer sphere effects on R} that were pH-
independent with negligible effects on 7;. The entire protocol is diagrammed in Fig. 1 and

involved measurement of [Dy-CA] through its effects on AR5 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 (r;) and
hence, a pH map was generated based on an /n vitro relaxivity titration curve. We have
investigated these relationships /n 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 10° 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~1s71. 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. GdADOTA-4AmP,
DyDOTP, and GADTPA were characterized at various concentrations and pH values in
order to determine a titration curve between r; 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 77 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 GdADOTA-4AmP concentrations and pH values. Inversion recovery or progressive
saturation experiments were performed to determine a parametric 7; value. After confirming
agreement between the two, only progressive saturation was done. The data were fittoa 3
parameter equation /p) = M(1 — Ve D' T1) were V is the inversion (saturation) parameter
and tp is the variable delay after the initial 180° inversion pulse or the repetition time in the
case of progressive saturation.

In vivo 71-weighted images were scanned with a 7 =200 ms, and a 7g = 6.4 ms. Proton
density images were acquired with a 7g =6.4 ms and a 7g = 7000 ms. 7,-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 7z =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 128x128x128. The resulting in-plane
resolution for all of the imaging and spectroscopic imaging experiments was 250 pm/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, 7;-weighted spin echo, and EPSI. As a CA cocktail
consisting of Magnevist: DyDOTP®- at a 1:2 ratio was gradually infused, an interleaved
series of two separate pulse sequences, 7;-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™ hr~1 (0.4 — 0.8 mmol kg1 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 7;-weighted and EPSI scans. The parameters used for CPMG
were: 7gr =3, 7g = 10.5 ms, a matrix size of 128 x 128, and 128 echoes. CPMG was not

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

In the pH measurement experiments, the same sequence of experiments was acquired except
without CPMG. The CA cocktail in that case was GADOTA-4AmP>:DyDOTP51:2. The
infusion was performed as mentioned above.

Data Processing and Analysis

Reconstruction of 7;-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). 71-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 =
4A3213 12 EPS] 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 veywnm is the full width at half maximum of the water peak and is directly
proportional to R;. vewHm Was determined by fitting EPSI spectra with a Lorentzian
lineshape on a pixel-by-pixel basis. R was calculated directly from the linewidth according

to: R;=n x LW. R values were obtained by a two-parameter fit of pixel intensity in the
CPMG experiment to the equation: A 7g) = ke 7ER2, where /y is the proton density.
Smoothing of all data sets and parameter maps was accomplished using a 5 x 5 convolution
kernel with a center value of 4 (the rest were ones).

Calculation of pHg

The spin lattice relaxation rate constant /2; was determined, as in previous work (12,13),
from the proton density and 7;-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 7g is not much less than 7,. However 7, was incorporated
into the repetition time dependent signal equation to compensate for the apparent saturation
of the intensity at higher concentrations of CA:

I(T)=Ip(1 — & kR TeRe ()
where /is the 77-weighted intensity at any time, / is the intensity of the proton density
image, 7R is the repetition time, and 7g is the echo time. Rearranging eqn. (1), we obtain the

relaxation rate constant /;:

Ri=—In[1 - I/(Ipe”"E*H)T, (@

The relaxation rate is a function of the [CA] and is given by:
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Ri=R1o+ri[CA] (3)
where 7 is the spin lattice molar relaxivity in units mM=1s71,

This rearranges to a form where we can experimentally obtain r; given that we have /7y, and
Ry, and [CA]:

r=(R; = Ri0)/[CA] (4

Combining eqgns (2) and (4), the in vivo contrast agent concentration is given by:

1 =1, [(oe™ ™
[CAl= — g L fee [0 2 )
Ter 1 - Ip,-g/(loe_ E 2)

®)

where /fy, fpre, and /pogt are the proton density, pre-infusion 7;-weighted signal, and post-
infusion 71-weighted signal, respectively. A calibration was established between the two

quantities AR and [Gd] for a CA cocktail of two pH insensitive agents GADTPA/DyDOTP

(1:2). It should be noted that in vivo calibration was chosen because the R; effect is highly
dependent on the presence of mesoscopic field inhomogeneities in the tissue of interest
(24,25). The R; is determined independently of 7y by measuring the linewidth of the water
peak in an EPSI experiment. The calibration that was obtained is applicable to the current
study assuming GADOTA-4AmP and DyDOTP both perfuse and extravasate equivalently,
which is based upon the fact these two molecules are of similar size and have identical
charges at physiological pH values. This assumption then yields a linear relationship

between [GADOTA-4AMP] and AR5,

The relaxometric pH, imaging method requires knowledge of /; to yield pHe. Data from in
vitro phantoms (FBS) were fit using a Hill-modified Henderson-Hasselbach equation for
multiple titratable groups. In Fig. 2a, a non-linear least squares fitting routine was used to fit
the following relation for pHeg:

pH=pK, — logo((r1 = rivase) / (rL.acia — r1))"  (6)

Overall, the 71-weighted experiment yields the relaxation rate through eqgn. 2, while EPSI
yields [GADOTA-4AmP] from the water linewidths. Based on the apparent linear
relationship between tumor volume and the slope of the relationship between concentration

and AR (p = 2.2x1074), a slope was determined (with zero offset) in order to calculate the
concentration. The resulting values have been combined to yield the spin lattice molar
relaxivity. Based on eqn. 4 and knowledge of the relaxivity, pHe was determined through
eqn. 6 as outlined in Fig. 1.

Calculation of Error

The overall error in pH values was determined by propagating the error of individual
measurements according to the error propagation equation (26). In images, the standard
deviation of an ROI outside of the image was used, whereas the standard deviation of a
homogeneous part of a parameter map was used to estimate the error for that image. The
calculation of error in 1 in each point in the time-series was accomplished by including all
error contributions in quadrature according to the variances in the independent variables in a
numerical fashion, rather than using individual analytical error propagation formulae. As the
mean value of 11, averaged over various time points in the series, was used to calculate pH, a
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mean-weighted error was used to calculate the error in ;. However, for the final error in pH
due to the various parameters in eqn. 6, an analytical error formula was used as the
computational method did not yield accurate values. The nonlinear least squares fit yielded
the best fit parameters and their corresponding errors: pKa, opk,, N, O, '1 acids Or1,acids

1 bases aNd o1 pase- The overall error is expression is:

O-PH:O-pKa-’-O—g[]Og]O((rl — Fibase)/(PLacid — r)]*
+07, (1) ((r1acia — 71 )In10))*
o zl.base(n/ ((r1 pase — r1)In10))* o)
+02 (n/((r1 = 1 pase)In10))

— (1/((r1.acia — r1)In10))>

The error surface in Fig. 2b, was constructed using best fit parameters while varying r; and
or1- In all computations, covariances were not included in the error calculations. The overall
scheme is depicted in Fig. 2c.

In vitro calibrations

In vitro relaxivities (r; and ) for CAs in this study are summarized in Table 1. Gd showed
greater r; and 7, relaxivities than Dy. GADOTP is shown for reference.

Spin-lattice relaxation data for Gd-DOTA-4AmP as a function of pH were fit to equation (6)
and yielded the parameters: /1 a¢cig = 5.39 £ 0.27, A pase = 3.68 £ 0.10, pK, = 6.56 + 0.15,
and n = 0.88 + 0.28, where the square of the correlation coefficient (r2) was 0.99. The fit is
shown in Fig. 2a. Fig. 2b shows the surface of the total pH error generated by the Hill-
modified Henderson-Hasselbach equation as a function of r; and o1, where the individual
errors of all of the fitting parameters were included: oy1, oy, Opka, Or1,acids Or1,base- 1 he total
pH error was sensitive to 71 and a1, in that the error is smallest in the part of the titration
curve that is steepest, but also depended the value of oy;. Notably, the opy is smallest in the
region where tumor pixels are expected to be, which corresponds to pH 6 — 7.

In vivo studies

In vivo calibration studies were necessary because the effect of CA on R’ cannot readily be
recapitulated /n vitro. Calibration experiments were performed with the CA cocktail
GdDTPA/DyDOTP (1:2). In Fig. 3, the 7;-weighted images showed an increase in intensity
due to infusion of the CA cocktail into the glioma. Concomitant increases in transverse

relaxation (A%, R;, and AR>) were also observed in Fig. 3 as a result of CA cocktail infusion.

Fig. 4 shows a spectrum from a single EPSI redundant voxel prior to and after infusion of
the CA cocktail. The CA caused an increase in the linewidth of the peak. These data could
be fit with a Lorentzian lineshape model to yield veywym. The change in veywnm was
directly proportional to AR;. Thus, fits of these data in each voxel were used to generate
parametric maps of R; and AR; (Fig. 3).

The analysis of the data was performed where CA breached the blood-brain barrier (within
the glioma), in a contralateral ROI (control) and in the jaw muscle (ROIs depicted Fig. 5a).
The glioma showed the largest relative enhancement, the jaw showed an intermediate
enhancement, and the contralateral side showed almost no enhancement (Fig. 5b). This trend

NMR Biomed. Author manuscript; available in PMC 2013 June 26.
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is mirrored in the response of the other parameter maps: /,, R;, [GADTPA], [DyDOTP], and
AR;,. The enhancement was largely contained within the glioma. The effect of 7, on the
intensity of 7;-weighted images was significant. If the 7, was not used to correct the signal
equation, there was an apparent saturation of the intensity as the apparent [CA] reached ca.
0.2 mM.

Figures 6 and 7 show data from the same ROIs depicted in Fig.5. Fig. 6 shows the response
of different parameter maps compared to relative enhancement from 7;-weighted images:
Ry, Ry, AR5, and [GADTPA and DyDOTP]. These plots establish the linearity of these
parameters with relative enhancement. Of particular significance is the cross correlations of
R,-derived parameters (Fig. 6a) and R; -derived parameters (Fig. 6b and 6c) with relative
enhancement ( 7;-weighted spin echo) within the glioma. The linearity of the contrast agent

concentration and the change in the transverse relaxation rate constant, AR, is fundamental
to this method. Given that /; and [CA] have been calculated from the same data set, a linear
dependence was expected and was observed. In some experiments, /7, was extracted from
CPMG and showed a linear dependence with [CA] in pixels within the glioma. Linearity

was also observed for the dependence of /5, with R} in Fig. 6e and was of particular
importance as this relationship was used to estimate /2, values in experiments where CPMG
experiments were not conducted. Further correlations were observed between [GADTPA and

DyDOTP] with AR5 in Fig. 6f. The most significant of these was between [GADTPA,

DyDOTP cocktail] and AR; since this relationship allowed [CA] to be calculated from EPSI
spectroscopic imaging experiments.

The Gd concentration remained relatively low throughout the course of the experiment (<
0.1 mM) (Fig. 6). It was consistently observed that for the first few points in the infusion,
changes in AR’ were observed prior to any change in /;. We interpret this apparent
discrepancy to be due to the intravascular localization of the CA in the early time points. If
the CA were primarily intravascular, then the inner sphere (7;) effects will be confined to
the vascular water and that water that can exchange during the MR lifetime. In contrast, the
outer sphere effects are not spatially limited to direct contact and thus influences a much
larger number of spin systems through direct susceptibility effects and spin diffusion. As the
CA begins to extravasate, the influenced volumes become similar and the relationship is
linear.

The images and parameter maps that have been used to determine the relaxivity are
summarized in Fig. 7a — f: 7;-weighted, proton density, R,, Ry, AR5, and [CA] determined
from EPSI. That the two observables can be combined to yield an experimental r;, with the
use of egn. 4, is demonstrated in Fig. 7g & h, where the numerator was determined from ~;

(pre-and post contrast) and the denominator was calculated from the AR5,

The variability in the fitting parameters for the relationship between [GADTPA] and AR}
was analyzed for the calibration cohort (Table 2). The correlation coefficient between tumor
volume and slope was 0.91 with a p-value of 0.0002, indicating that there was a statistically
significant relationship between tumor burden and slope.

The pH measurement was acquired with the single infusion method. In this case, all of the
data were acquired in the presence of GADOTA-4AmP instead of GADTPA. The
combination of 7;-weighted- (Fig. 8a) and proton density images (Fig. 8b), was used to
determine /; (Fig. 8c), where the range of CA concentrations, in which the relaxivity was
constant in the [CA] range 0.02 to 0.1 mM. Hence, the /7, map was calculated using only
data when the concentration was in this range. This also corresponds to the linear regime for

NMR Biomed. Author manuscript; available in PMC 2013 June 26.
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the response of the relaxation rate /y. Fig. 8d is the AR, map that was used to obtain the
concentration map in Fig. 8e. The maps in Figs. 8c and 8e were used to calculate the
relaxivity in Fig. 8f. The values of relaxivity within the ROIs depicted in Fig. 8a were used
to generate a histogram in Fig. 8g. These relaxivity values are shown to be within a
reasonable range from the pH titration. The values of GADOTA-4AmP relaxivities are in
agreement with phantom measurements of relaxivity (Fig. 2a). Equation (6) is sensitive to
pixel drop-out as values outside the limiting relaxivities yielded complex values. The ROI
fractions of pixels were calculated, as described in Materials and Methods, and are
summarized in Table 3.

From Fig. 8, a pH map was obtained (Fig. 9). The histograms of values within three
different gliomas are shown in Fig. 9A, C, and E and are distributed about a mean pH of 6.6.
Figs. 9B, D, and F are histograms of uncertainties in the pH values determined by
propagation of error from r, values on a pixel-by-pixel basis, where 1, from different time
points was used to calculate the uncertainty, which was typically 0.5 or less. Table 3 shows
that the mean pH, values within the glioma are acidic relative to healthy tissue, and have
relatively consistent mean values.

Discussion

In vivo calibration

From the array of images and parameter maps in Fig. 3, it is clear that the blood-brain
barrier has been breached allowing CA to extravasate into the extracellular space of the
tumor. The most obvious example of this is the 7;-weighted enhancement. This has been

corroborated by /7, and R; parameter maps. It is also clear from the images that not much
CA entered the brain outside of the glioma, yet enhancement was noticeable in the jaw
muscle.

EPSI was chosen for this study because the spatio-temporal resolution is very high for a
slow infusion. In addition, EPSI was selected over a multiple gradient echo relaxation
experiment because it has better time resolution along the FID due to rapid switching of the
gradients in the echo planar readout. It also allowed for the interrogation of the complexity

of the water lineshape. The transverse relaxation rate constant R is affected by both
mesoscopic and macroscopic magnetic field heterogeneity (24,25), as in regions of variable
magnetic susceptibility. These two factors affect the relaxation and hence the linewidths.
The R; maps from EPSI demonstrate an increase in linewidth over the time-series (Fig. 3).
Upon closer inspection of spectra from individual pixels, it is clear that the CA had a
dramatic effect on the width of the line (Fig. 4). It is this direct relationship between [CA]

and R, that is the essence of the SIM.

The infusion of the CA cocktail was slow and constant. The response of relative

enhancement, /7, and R; was linear over the course of the experiment within the glioma
(Fig. 5) where [CA] increased at a rate proportional to the total amount infused. The
contralateral side showed negligible build-up, while the muscle showed some enhancement.

Notably, the AR} for both the glioma and muscle were on a similar scale over time whereas
the muscle showed less relative enhancement compared to the glioma. This was probably
due to differences in the extracellular volume fractions and relative vascular permeabilities
of the two tissues (27,28). The change in mesoscopic heterogeneity was also mirrored by the
bulk magnetic susceptibility changes caused by the CA. However, those changes were
dominated by the static contributions, especially the air in the nasal passages, which masked
any changes in the glioma.

NMR Biomed. Author manuscript; available in PMC 2013 June 26.
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In the calibration phase of the experiment, correlation of the imaging parameters with
relative enhancement showed a correspondence with inner sphere relaxation, which is a
function of concentration. A, and R correlations in Fig. 6 show that CPMG and EPSI may
be used to determine concentration of a pH-insensitive CA. However, previous in vitro
experiments with CPMG showed that /2, tracked closely to /; when using

GdDOTA-4AmP. Since R; operates on an outer-sphere mechanism, it is independent of £}
in the presence of GADOTA-4AmP and may be used to determine concentration based on
the linear response to [CA] in the glioma as observed in Fig. 6, and in particular, Fig. 6f. It is

clear that in a rat glioma, AR, yielded useful concentrations based on its relationship to [Gd].

The effects of transcytolemmel exchange on the intensities and spin lattice relaxation rates
have been extensively studied (29,30). The effect of multiple compartments may have
profound implications upon CA injection thereby affecting the relaxometric properties of
water exchanging between compartments. However, it is important to note that this series of
experiments was performed at CA concentrations low enough to remain within the fast
exchange limit (29). Thus, the relaxation rates were not significantly affected by
transcytolemmel water exchange.

R1-R;-Permeability Surface

Tumor burden had a linear dependence on the slope of the relationship between /7 and AR}
(Table 2). This dependence was statistically significant with a p-value of 2.2x1074
(correlation value of 0.91). Experiments were conducted several days after the blood-brain
barrier had been breached leading to visual enhancement of the glioma upon infusion of CA.
The fact that the tumor burden played a role is probably due to the observation that glioma
vascular permeability increases with size (27). In the present study, permeability was not
explicitly measured, but is considered to be the likely explanation. We can construct a view
where the slope of the line is increasing as the tumor grows due to increased permeability,

and hence decreased R; effect, leading to a useful relationship that is sensitive to AR’ vs.
[CA] slope.

pH measurement

The r; measurement of Fig. 8 demonstrated that this approach yielded consistent results
when using GADOTA-4AmP, where the range of relaxivities was within the pH titration
range (Fig. 2). The relaxivities fell in the range where the pH may be obtained according to
equation 6.

The pH maps in Fig. 9 reported a mean pH of 6.7 in this tumor, with a range of values from
6.0 to 7.2. The uncertainty in the pH values is typically below the range of pH values in the
glioma. The majority of the pixels within the glioma were acidic relative to normal tissue
pH. Other tumors have showed a similar mean and distribution of pH values. The standard
error of measurement indicated the uncertainty in the mean value. Propagation of error from
n to pH measurement showed that the error was typically smaller than the standard
deviation of pH values. This tightness in the error distribution is required for meaningful pH
values.

The pH could not be reliably measured for some pixels within the central core of the tumor.

This was probably due to necrosis where the lack of intact cells largely affected the R} such
that it was well below that observed in tissue. Decreased perfusion of CA to the necrotic
core may also be responsible. This is an unfortunate drawback of this approach but,
nonetheless, this can be addressed by obtaining an MRI diffusion map prior to infusion of
CA that can assess cellularity, or a DCE-MRI map to assess contrast agent perfusion. In any
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case, the accurate determination of pH in a necrotic core is not of much interest, since pH
plays a role in tumor progression by acidifying the surrounding tissue as it grows. Hence, we
are primarily interested in measuring the pH in the viable parts of the tumor. Additionally
pixel dropout in the calculation of pH may have been adversely affected where op is large,
which are expected to be closer to either of the plateau regions of the titration curve.

Overall the mean pH values from all of these tumors is 6.5. Most of these tumors fell into a
relatively tight range of volumes when compared to the set used for the calibration. Likewise
the slopes showed a relatively small range in the pH group. Because of these small ranges,
these results could not be used to assess a relationships between tumor burden, permeability,
and the mean pH value. The approach of using volume as a criterion to localize tumors in

the [CA]-AR;-burden space is justified. It yielded consistent mean pH values across the
cohort. The 3-D relationship was useful, yet a greater understanding of the role that vascular
permeability plays may be obtained with additional work.

The pH maps shown by this work are consistent with the general view that the tumor
microenvironment is acidic, which may confer a competitive advantage to cancer cells. The
further study of various tumors or pH sensitive CA with this method may provide additional
details in cancer invasion and proliferation.

Conclusions

A single infusion protocol consisting of slow infusion of a CA cocktail has yielded high-
resolution pH, maps of tumors. The current method is based on a calibration between [Gd]
derived from 7;-weighted SE and AR;. The linear correlation is also a function of
permeability. The primary advantage of this protocol over previous studies (4-6,9,10,12) is
the rapidity of generating the pH, measurement, after the calibration curve has been
obtained. The time-resolution of these experiments is the fastest thus far for a matrix size of
128 x 128. The time required for pre-infusion and infusion give rise to a total time of
approximately 1 hour. The measured relaxivity in this method is a hybrid determination
from two separate measurements, whereby /; values are determined from 7;-weighted
intensities and [Gd] is determined from EPSI linewidths (AR2*). The linearity in these two
separate observable quantities during the infusion indicates that the value of 7 is applicable
to the determination of pH,, which is the crux of this approach. This high-resolution pH,
map was achieved with a relatively modest concentration of GADOTA-4AmP, which is ca.
0.10 — 0.20 mM at 16 minutes after infusion. This method is capable of yielding pHe maps
within practical times in a clinical setting.
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Concentration map of
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A schematic overview of the Single Infusion Protocol. In vitro calibrations (upper panel) are
used to define a relationship between the molar relaxivity of GdADOTA-4AmP and pH. In
vivo calibrations (lower panel) involve co-injection of pH-independent Gd- DTPA and Dy-
DOTP. These data are used to define an in-vivo relationship between [Gd] and the EPSI-
measured linewidth. In the in vivo pH, experiment (middle panel), the linewidth induced by
the co-injected [Dy] is used to calculate the per-pixel [Gd-DOTA-4AmP], which is then
combined with 77 values to calculate a molar relaxivity and hence, pH.
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(a) in vitro relaxivity titration of GADOTA-4AmP fit to a Hill-modified Henderson-
Hasselbach equation, (b) the corresponding total pH error as a function of r and o1, and (c)
the error propagation analysis scheme, giving rise to (b). It is based on eqgn. 4, where the
rounded rectangles represent the numerator and rectangles represent the denominator, and
eqn. 6, where the five rounded shapes in the third row represent the five-fit parameters.
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Fig. 3.
Time-series of images and parameter-maps following the GADTPA/DyDOTP infusion. The
time from left to right are: 0, 13, 23, 33, 43, 53, 63, 73, 83, and 93 minutes.
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Fig. 4.
Representative Lorentzian curve-fits to a pixel of EPSI data before (a) and at a late stage (b)
in the CA infusion. A concomitant drop in the intensity is seen in the peak.

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



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Martinez et al.

a)

C) 35
- [
30
= 25
mr»l 20
15 ____...:gl
olL_eee® oo o
0 50 100 150
time / min
e) 0.08 - 016
0.06 a 0.12
= ® 2
E =
=004 ° o | 008>
z . :
= 0.02 ° 004
g ¢ ¢+ ¢ Q
S . ° o 8
- 0 ¢ . 0
. ' m u m g = .
-0.02 _0.04
0 50 100
time / min
Fig. 5.

Page 17

b) 0.7
@
0.6 s @
- ®
“ 05 . - ¢
= . ’
- I " ' & : : n "
04 ’ ‘
03
0 50 100
time / min
3 &
35 . ¢
&
oo *?
T 300 P
’xﬁ‘l 25 .
@
20 . o0 ®
15’ a ® | " " mgmu®
0 50 100
time / min
f) 10
.
. Vo
” ve®
xf‘ ‘ .
< 0¢ ¢ [ [ B T -
L
>0 50 100

time / min

(a) Depiction of three different ROIs in the head: the glioma (red filled circles), contralateral
side (green squares), and jaw muscle (blue diamonds). (b) /7y vs. time, (c) 7, vs. time, (d) R;
vs. time, (e) [GADTPA or DyDOTP] vs. time, and (f) AR} vs. time.
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Various parameters for the three different ROIs in Fig. 5 denoted as: the glioma (red filled
circles), contralateral side (green squares), and jaw muscle (blue diamonds). Parameters in
(@) — (d) are versus relative enhancement: (a) A, (b) R5, () AR5, (d) [GADTPA/DYDOTP]
(1:2), () R> and R; (CPMG, EPSI), and (f) [GADTPA or DyDOTP] vs. AR; ( 71-Weighted -
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Calibration data overview: (a) 7;-Weighted, (b) proton density, (c) 2 Map, (d) 2, Map (e)
AR}, Map, (f) [GADTPA] from AR, (9) 1 Map from (d) & (f), and (h) in vivo 7 histogram.
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pH data overview: (a) 7;-Weighted (b) proton density (c) 71 Map (d) AR, Map (e)
[GADOTA-4AmMP] from AR (f) r1 Map from (c) & (), (9) 1 histogram.
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(@) pH maps calculated from Fig. 2 (a) and Fig. 8 (f). (b) and (c) are pH maps from two other
subjects. (A), (C), and (E) are histograms of pH values, while (B), (D), and (F) are pH
uncertainty histograms calculated by propagation of error from 1, averaged over several
time-points. Pixels that had unreasonable r; values yielded pH values that were complex and
considered to be unreasonable and thus were set to 0. The percentage of pixels within the
glioma that yielded reasonable pH values for these tumors were: 65%, 63%, and 67%
respectively.
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Table 1

Relevant lanthanide CA relaxivities (1 and £) in this study performed at 7 T and 37 °C.

Contrast Agent  r; (mM™s?t) r,(mM™1s?)

GdDTPA 2.95 -
GdDOTP 3.17 475
DyDOTP 0.16 0.19
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