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A multisample magnetic resonance imaging (MRI) method was used to measure the
effects of a range of paramagnetic metal ions and chelating ligands on the T1 and T2

values of the protons of water over the pH range of 2 to 12. Copper sulfate and manganese
chloride were combined with one or more of the following chelating agents:- ethylenedi-
amine, ethylenediaminetetraacetic acid, diethylenetriaminepentaacetic acid, ethylene gly-
col-bis-tetraacetic acid, D-penicillamine, or triethylenetriamine; Gd(III)DTPA was used
as purchased. The multisample MRI method was also used to determine the sensitivity of
aqueous MnEDTA to pH of carrots to demonstrate how the medium under investigation
causes an offset to the calibration acquired in vitro. That calibration enabled null-point
T1 imaging and maps of T2 values to track the change in pH as acetic acid diffused into the
carrot tissue. © 2005 American Institute of Chemical Engineers AIChE J, 51: 1541–1547, 2005
Keywords: pH, MRI, diffusion, mass transfer, food

Introduction

The ability to measure pH is fundamental to the control of
numerous processes in chemistry and biology. Although con-
ventional methods for measuring pH, which have traditionally
included titration and electrical probes, can be extremely ac-
curate, they are generally invasive, thereby destroying or alter-
ing the process under investigation. Importantly, they provide
little or no information about the spatial or temporal heteroge-
neity of a process; this current lack of understanding limits the
optimization of many processes and can result in wastage of
materials, time and energy. Hence, there is a need for an
analytical method that is noninvasive and nondestructive and
which has good temporal and spatial resolution; one such
method that could fulfil these requirements is magnetic reso-
nance imaging (MRI). Although pH cannot generally be mea-
sured directly by MRI, this study demonstrates that the chem-
ical potential of a system can be ‘probed’ noninvasively using
“MR-active chemical indicators.”

A “molecular amplifier” is a substance which at high dilution
significantly influences the magnetic resonance (MR) proper-

ties of the protons of water or lipids; its “gain” can be con-
trolled by varying either its chemical or magnetic properties. If
the “gain” of that amplifier is sensitive to the chemical potential
of its molecular environment, then it can be used as an “MR-
active indicator of chemical potential” via spin-spin coupling1

or by its effects on the relaxation times of the protons of
water.2,3,4 For example, Magnetic resonance spectroscopy
(MRS) can measure pH using molecules with pH sensitive
resonances, such as those of 31P5,6,7 13C8 or 19F.9,10 It is also
possible to use novel MRS pulse sequences to detect very low
and otherwise undetectable resonances from NH protons that
are typically in fast exchange with water solvent.11,12

However, in order to map the spatial distribution of pH it is
necessary to exploit the 1H nucleus since it offers the highest
sensitivity. For example, it is possible to image the spatial
distribution of pH in vivo using magnetic resonance spectro-
scopic imaging (MRSI) in combination with imidazole, due to
the pH sensitive resonance of the protons on the C-2 carbon in
the imidazole ring.13,14,15 MRS and MRSI techniques have the
advantage that the measurement is independent of the concen-
tration of the pH probe, but compared to MRI, they have a
lower spatial resolution.

With MRI, it is possible to measure extracellular and intra-
cellular pH using pH-sensitive gadolinium complexes and gad-
olinium containing pH sensitive polyion complexes13,16–25. For
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nonclinical applications the simplest way to map pH is via the
relationship between metal ion solubility and pH; the presence
of more, or less, paramagnetic material in aqueous solution
causes an inversely proportional change in the observed nu-
clear relaxation times of the water protons.26 Alternatively,
metal ions can be chelated with ligands that bind to the metal
ion depending on the pH. For chelated metal ions, the variation
of relaxation times of water protons with pH does not rely on
precipitation of the paramagnetic species. Instead, multidentate
ligands form protonated or mixed complexes with hydroxides,
which alter the access of water to the paramagnetic core. At
extreme pH values, ligand protonation and metal hydroxide
formation are major drivers for the dissociation of metal com-
plex.27,28 Thus, the relaxivity of the solvent protons varies with
pH which, in simple cases, can be simulated and put to use as
NMR active pH indicator.29 In principle, the large number of
possible combinations of ligands and paramagnetic metal ions
could provide a specific indicator to cover individual sectors of
the entire pH range.26 The optimal pH range of a particular
indicator can be fine-tuned toward lower pH values by adding
excess ligand.30 The indicator range can also be altered by the
addition of competing ligands and diamagnetic cations; for
example, depending on the pH, the addition of small mono-
dentate ligands can replace residual co-ordinated water,27 or
destabilize the metal chelate.31

The prediction of the pH-sensitivity of a specific combina-
tion of metal ion and ligand requires knowledge of the molar
relaxivities of each species and of the formation constants of
the complexes involved. The latter can be taken from the
literature32,26 as can some values for molar relaxivity of metal
ions.33,34

The indicators chosen for this study used the paramagnetic
ions, manganese (II), copper (II) or gadolinium (III) in com-
bination with the ligands ethylenediaminetetraacetic acid
(EDTA), ethylenediamine (en), diethylenetriaminepentaacetic
acid (DTPA), ethylene glycol-bis-tetraacetic acid (EGTA), D-
penicillamine (Pen) or triethylenetriamine (Tri). In principle,
those metal-ligand combinations should cover a wide range of
pH values.

It has been previously demonstrated that null-point MRI
imaging can be used to visualize and measure the change in pH
associated with sulfuric acid diffusing through polyacrylamide
gels doped with Cu EDTA.35,36,37 A range of indicators for
mapping a pH range of 3 to 5 in food systems has also been
developed.38 However, for future applications, it is important to
develop pH indicators for the entire pH range; that develop-
ment requires evaluation of an almost limitless combination of
metal ions and ligands and of environments in which to use
these indicators. Using conventional bulk MR methods that
enable only one sample to be placed in the magnet at one time
could make such evaluations very time-consuming. Instead, we
propose to use a more efficient multiple-sample MRI method39

to enable large numbers of samples to be measured in a single
imaging session. This study demonstrates that approach to
determine the pH sensitivity of 11 different metal-ligand com-
binations via measurements of both the spin-lattice (T1) and
spin-spin (T2) relaxation times of the protons of the water
solvent.

However, it is important to note that molar relaxivities are
affected by the particular system under investigation and they
need to be determined for each environment.40,41,42 Hence, once

the general sensitivity of a particular metal-ligand combination
has been determined in vitro, a specific calibration has to be
made for each specific system of interest. Again, the multiple-
sample method can be used efficiently to determine that cali-
bration curve. In this study, an example is given of tracking
changes in pH during the pickling of carrots via null-point T1

imaging, which was developed using the multisample ap-
proach.

Materials and Methods
MRI hardware

All images were acquired at room-temperature (ca. 22°C)
using a 2.35 Tesla 31 cm, horizontal bore superconducting
magnet, connected to a Bruker BMT imaging console (Bruker
Medzintechnik Biospec II, Karlsruhe, Germany). A 9.4 cm i.d
radiofrequency (RF) probe was based on a cylindrical eight
strut ”birdcage” design operating in quadrature mode inside a
16 cm i.d. gradient set. All gradient sets and RF probes were
built “in-house.”

Experimental protocol

Each well counter plate (Sterilin, Ltd., UK) was trimmed
from 12 by 8 wells (Figure 1) to an array of 6 by 5 wells, each
of which could contain 0.5 cm3 of an MRI-indicator solution.
Magnetic susceptibility effects which would have been caused
by the air gaps between adjacent wells were eliminated by
filling the spaces with 2% (w/v) agar gel doped with 5 mM
MnCl2, which reduced the relaxation time of the water protons
in the gel so that their contribution to the total MRI signal was
negligible. It also improved the ease with which the automated
software located the wells within the images.

The magnetic resonance parameters were acquired sequen-
tially from each multi-well plate. The four well plates were
stacked vertically in the probe (y-axis) and oriented so that five
wells were aligned along the bore of the magnet (z-axis) with
six wells oriented horizontally (x-axis). All images had a field
of view of 70 mm, 4 mm slice thickness, 128 pixels in the read
direction (z-axis) with a field of view extension factor of four,
and a phase reduction of two; this gave images with 512 by 64
pixels which were later processed to give 128 by 128 pixels
with a resolution of 0.547 mm per pixel. That protocol was
chosen to give the optimum pixel resolution and signal-to-noise

Figure 1. Multiwell plate containing 8 by 12 wells (96
wells in total).
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ratio (SNR of approximately 150) necessary for the automated
image analysis, with the minimum time for the full acquisition
of the MR parameters.

Data Acquisition

T1 and T2 images were acquired from the plates by varying
the repetition (TR) and echo time (TE) in the multiecho Carr
Purcell Meiboom Gill MRI sequence (43). T1 values were
calculated from images with TR values of 100, 200, 300, 400,
500, 750, 1,000, 1,250, 1,500, 1,750, 2,000, 2,500, 5,000,
7,500, 10,000 ms. T2 values were quantified by varying TE (16
images, inter-echo time of TE 12, 24, 36, 48, 60, 72, 84, 96,
108, 120, 132, 144, 156, 168, 180, 192 ms, TR 10,000ms).
Total image acquisition time was ca. 71 min for T2 and T1

images.
The raw data were transferred from the Bruker Aspect 3000

computer via a fast data transfer board (designed by A.A.
Wilkinson and Dr. N. Dillon) to a Unix workstation. The image
data were zero-padded in the phase direction, base line cor-
rected and a Gaussian filter applied before Fourier transforma-
tion. The fitting of the data was performed using a curve-fitting
program written by Dr. J. J. Attard and visualized using image
display software “Cmrview” written by Dr. N. J. Herrod in the
Herchel Smith Laboratory.

Equations 1 and 2 were used to quantify the T1 and T2 rates,
respectively

Mxy � M0��1 � e��TR/T1�� (1)

Mxy � M0e
��TE/T2� � C (2)

where Mxy is the magnetization at a particular pixel, � and C are
the average noise in the images, and Mo, T1 and T2 are initial
estimates for starting points in the curve-fitting process, which
is based on the Levenberg-Marquardt method (44). Mo was
quantified by back-projection of the T2 decay curve to where it
intersected the y-axis at time zero.

The T1 and T2 data for each pH indicator were also normal-
ized using Eq. 3 to enable the sensitivity of a particular pH
indicator to be more clearly seen compared to plotting actual T1

and T2 values against pH (30)

Robs � Rmin

Rmax � Rmin
(3)

where Robs is the observed relaxation time and Rmin and Rmax

are the minimum and maximum relaxation time for a particular
pH indicator.

Automatic edge detection

Estimation of the mean values of the MR parameters for
each well was achieved by a fully automated computerized
analysis. The location of the circular boundaries of the wells
was determined by an edge-detection program based on a
recursive filtering algorithm originally developed for auto-
mated measurements of the thickness of finger joint cartilage.45

The development of this technique for delineating multiwell
plates has been previously demonstrated.39

pH Indicators

Eleven different combinations of metal ion and ligand were
investigated (Table 1). The samples were taken from a titration
of the indicator solution with suitably diluted acid or base (0.05
M sulfuric acid, 0.1 M sodium hydroxide). Since the diluting
acid (or base) had the same concentration of metal ion and
ligand, the concentration of each MRI indicator was kept
constant. The pH was adjusted in approximately 0.5 pH units
and a small sample transferred from the solution to the multi-
well plates with a pipette. The pH of all samples was measured
with a digital pH/mV meter (Ciba Corning Diagnostics, Sud-
bury, U.K.) using a combination glass electrode (Russel,
Auchtermuchty, Scotland) which was calibrated with standard
buffers, pH 7, 4 and 2 (BDH, Poole, U.K.) and appropriate
temperature correction via an auxiliary temperature sensor. All
chemicals were supplied by Sigma-Aldrich, U.K.

pH mapping in carrots

Carrots were obtained fresh from a local market and sliced
into sections of approximately 1 cm3. Manganese chloride was
combined with ethylenediamenetetraacetic acid (EDTA) in a
ratio of 1:1 at a concentration of 0.2 mM. That indicator
solution was formulated in 1 L volumetric flasks, and the pH
adjusted to make the solution acidic (pH 1.9) by the addition of
5 cm3 1 M sulfuric acid, or alkaline (pH 12.2) with 10 cm3 1
M sodium hydroxide. Sodium azide (0.01 M) was added to the
solutions to prevent microbiological spoilage.

The pH was adjusted by titrating the acidified solution with
the alkaline solution into a glass jar (ca. 200 cm3 capacity) that
was constantly mixed by a magnetic stirrer. A new glass jar
was used for each value from pH 6 to 2 in ca. 0.25 pH units,
giving 16 different pH values. The pH was measured with a pH
electrode (phase electrode, Merck, U.K.) and meter (Model No.
220, Corning, USA); at each incremental change in pH, three
sections of carrot were placed into the glass jars. The samples
were then left for 2 days at ca. 20 °C, and then the pH of each
solution was again measured prior to placing the carrot sections
into multiwell plates. The same MRI protocol detailed above
was then used to acquire T1 and T2 images; the average T1 and
T2 values for each carrot section was determined by manually

Table 1. List of MR-Active Indicators Investigated

Acronym Indicator Composition

MnEDTA 0.25 mM MnCl � 0.25 mM Ethylenediaminetetraacetic
acid (EDTA)

MnEDTA 0.4 mM MnCl � 0.4 mM Ethylenediaminetetraacetic acid
(EDTA)

MnDTPA 0.4 mM MnCl � 0.4 mM Diethylenetriaminpentaacetic
acid (DTPA)

Mn(Pen) 0.4 mM MnCl � 0.4 mM Penicillamine (Pen)
Mn(Tri) 0.4 mM MnCl � 0.4 mM Triethylenetriamine (Tri)
Mn(en) 0.4 mM MnCl � 0.4 mM ethylenedimine (en)
CuEGTA 2 mM CuSO4 � 2 mM ethylene glycol-bis-tetraacetic

acid (EGTA)
Cu(en) 2 mM CuSO4 � 2 mM ethylenediamine (en)
Cu(Tri) 2 mM CuSO4 � 2 mM Triethylenetriamine (Tri)
CuDTPA 2 mM CuSO4 � 2 mM Diethylenetriaminetetraacetic acid

(DTPA)
GdDTPA 2 mM GdDTPA � 2 mM Diethylenetriaminpentaacetic

acid (DTPA)
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drawing a mask around each section using “Cmrview” soft-
ware.

From the calibration between T1 and pH, or T2 and pH, it
was possible to determine the T1 or T2 value associated with a
particular pH value in the carrot tissue. The T1 calibration was
used to determine the inversion time (�) of an inversion recov-
ery scan protocol (Eq. 4) so that any pixels with a T1 value
associated with a pH value of 3 will have no signal

� � T1loge�2 � e�TR/T1� (4)

where TR is the repetition time.40

Once the calibrations between pH and MR parameters had
been determined, sections of carrot were soaked in 0.2 mM
MnEDTA at pH 7 for 2 days. The labeled carrot sections were
then immersed in 5% acetic acid (v/v) that had also been doped
with the same MRI-indicator, just prior to starting the image
acquisition. The MRI scanner was programmed to acquire
null-point T1 images and then T2 maps from the same carrot
section every 30 min during the diffusion of the acetic acid;
FOV 30 mm, 3 mm imaging slice thickness, 128 pixels in the
read axis and 64 phase encode steps, TR of 2100 ms, TE 10 ms,
� 270 ms for null-point images; TR 2200, TE 12 ms, 16 echo
images (interecho time 12 ms) for T2 images. The images were
subsequently processed to give images 128 by 128 pixels with
a resolution of 0.234 mm per pixel. Maps of T2 values were
determined using Eq. 2. Time for image acquisition was ca. 5
min for the null-point T1 image and ca. 5 min for the T2 images.

Results and Discussions

Table 2 summarizes the T1 and T2 values associated with the
change in pH values. The sensitivity of each indicator, defined
by the slope dT1/dpH, is dependent on the difference between
the molar relaxivity of the two indicator forms present at the
two extremes of the useful indicator range. In general, this
means that the useful pH range of all indicators was approxi-
mately two units. However, for Cu(en) and CuDTPA, there is
an additional sensitivity to pH values between 7 and 10; this is
because ethylenediamene and DTPA undergo further com-
plexation at higher pH levels, which causes T1 values to de-
crease as the pH increases above pH 7. With MnPen and
Mn(en), there is also a dual sensitivity, with a sensitivity to pH
ranges of 7-8 and 10-11 for MnPen and 8-9.5 and 11-12 for
Mn(en), but for these there is no protonation at higher pH
levels as T1 (and T2) values continue to increase above pH 7.

The only indicators that showed a change in T2 values with
pH were those based on manganese ions (Figure 2a), of which
MnTri gave the largest change in T2 values (ca. 35 fold
difference). MnPen followed by Mn(en) also had a large dy-
namic range (ca. 32 and 28 fold difference, respectively).
Although, MnEDTA and MnDTPA did not give such a large
change in T2 values, they still gave a useful 6 – 8 fold change
in T2 values.

Figure 2b demonstrates that by normalizing the T2 values the
pH sensitivity of the indicators based on manganese is more
apparent. For the indicators used in this study, manganese ions
have a pH sensitivity ranging from pH 3 – 12. Mn(en) and
MnPen are unusual in that there is a “plateau” of about 2 pH
units where the T2 values do not change and they have two
sensitive pH ranges (Figure 2b).

Compared to T1 mapping, the ability to map pH via T2

imaging could enable the measurement of pH values with very
good temporal and spatial resolution. T2 mapping would also

Table 2. Effects of pH on T1 and T2 Values

Indicator
Change in
T1 (msec)

pH Sensitivity
via T1

Change in
T2 (msec)

pH Sensitivity
via T2

MnEDTA 660–1340 3.5–5.5 60–380 3.5–5.5
MnEDTA 239–540 3.5–5.5 25–158 3.5–5.5
MnDTPA 241–586 4–6 24–190 4–6
Mn(Pen) 315–1615 6–8 26–780 7–8, 10–11
Mn(Tri) 356–3400 2–9 25–900 6–9
Mn(en) 530–3000 2–9 50–700 8–9.5, 11–12
CuEGTA 800–1750 6–8
Cu(en) 550–1700 4–6, 7–10
Cu(Tri) 550–1500 2–6
CuDTPA 500–1950 3.5–6, 8–9
GdDTPA 475–1000 2–3.5

Figure 2. (a) Effect of pH on T2 values using MnEDTA,
MnDTPA, MnTri, MnPen and Mn(en) in vitro; (b)
Normalized T2 values from MnEDTA, MnTPA,
MnTri, MnPen and Mn(en); (c) Effect of pH on
T1 values with MnEDTA, MnDTPA, MnDTPA,
MnTri, MnPen and Mn(en) in vitro; (d) Normal-
ized T1 values from MnEDTA, MnDTPA, MnTri,
MnPen and Mn(en); (e) Effect of pH on T1 val-
ues with CuEDTA, CuDPTA, Cu(en), CuEGTA
and GdDTPA; and (f) Normalized T1 values
from CuEDTA, Cu(en), CuTri, CuEGTA and Gd-
DTA.
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enable the measurement of a range of pH values in one image,
rather than the visualization of one specific pH value via an
optimized null-point T1 imaging protocol.

For manganse ions, the change in T1 values associated with
changes in pH is not as large as that for T2 values; MnTri and
Mn(en) gave the biggest difference (ca. 9 fold), followed by
MnPen (ca. 5 fold) both of which are far smaller than the
differences observed in T2 values for the same pH ranges.
MnEDTA and MnDTPA only gave a two-fold difference in T1

values between pH 3 and 5 compared to ca. 6 to 8 fold
difference in T2 values. Again, normalization of the T1 values
enables the pH sensitivity of indicators, based on manganese
ions to be more clearly demonstrated (Figure 2d). Compared to
the pH sensitivity observed with T2 values, the dynamic range
of pH values with T1 is slightly different, with a useful pH
sensitivity from pH 2 – 9.

Indicators based on copper or gadolinuim ions also gave a
wide range of sensitivities to pH vs. T1 values. As can be seen
in Figure 2e, CuDTPA gave the biggest change (ca. 4 fold
difference) followed by Cu(en), CuEGTA, CuTri, and then
GdDTPA. For CuEGTA, the chelating agent becomes increas-
ingly insoluble above pH 8. The normalized T1 results in
Figure 2f show that for these indicators, there is a pH sensi-
tivity from pH 2 - 10.

These results are for metal-ligand combinations in aqueous
solutions. In order to use these indicators in heterogeneous
systems, it is necessary that a calibration be carried out for each
combination of the indicator and the system of interest. Fortu-
nately, the multisample method enables the determination of
those calibrations to be made very efficiently. To illustrate how
important it is to do this calibration and to demonstrate how the
multisample method was used to determine this calibration, we
present an example of MnEDTA as a pH indicator in carrot
tissue. That indicator was selected as it is the best indicator for
the pH range of 3 to 5 (Figure 2e) to correspond with the pH
of diluted acetic acid (pH 3). It can be seen in Figure 3a that
there was a difference in the calibrations between T1 and pH in
vitro compared to that in carrot tissue. Similarly, Figure 3b
shows that there was also a difference in the calibrations
between T2 values and pH for carrot compared to in vitro. Once
these calibrations had been determined, it was possible to
optimize a T1 inversion recovery scan protocol so that the
null-point corresponded with a T1 value of 250 ms, or pH 4.
The null-point can be seen as a dark band in the carrot tissue

that moves into the carrot section (Figure 4). The time taken for
the null-point to pass to the center of the carrot was about 15 h;
hence it took about 15 h for the pH of the entire carrot to reach
a pH value of 4. Close examination of the null-point images in
Figure 4 also reveal that the diffusion of the acid is not uniform
across the carrot section; it appears to diffuse faster through the
inner cortical tissue of the carrot root.

Figure 4 also shows the corresponding T2 maps alongside
the null-point T1 images. The use of T2 maps to measure pH is
a potentially more powerful method than null-point imaging as
it enables a range of pH values to be measured in one image,
rather than just one pH value. Although it would appear in
Figure 4 that the T2 values have become uniform after 9 h,
there is in fact a distribution of T2 values that are not clearly
revealed in the greyscale images.

The example of acetic acid diffusion into carrot sections
demonstrates that MRI could be a potential tool for ensuring
the microbiological safety of foodstuffs. Once the basic science
of the spatial heterogeneity of any process is understood, the
current high cost of MRI could be reduced for subsequent
applications by using a low-cost, “bench-top” MR instrument
to acquire “bulk” MR measurements. Alternatively, MRI could
be used to gain a better understanding of a process and that
information then used to develop mathematical models for
subsequently industrial scale-up. If the process under study

Figure 3. Effect of pH on T1 values (a) and T2 values (b)
with 0.2 Mm MnEDTA in carrot tissue and in
vitro.

Figure 4. T2 maps and null-point T1 images of carrot
tissue during the diffusion of acetic acid.
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involves friable, opaque materials that change in time and
space, then MRI is uniquely the only analytical tool available.

Conclusions

This study has demonstrated that there are a variety of
chelate complexes of paramagnetic metal ions which are suit-
able as MRI indicators for measuring a range of pH values.
Importantly, the automated multisample MRI methodology
used in this study enabled a survey of different metal ion
complexes to be made efficiently and quickly. That same
method has also been used to determine the effect of different
environments on the calibration of those indicators and to
develop novel applications for pH mapping. In this study,
null-point imaging of acetic acid diffusion into carrot is given
as an example of how pH may be measured using MRI-active
pH indicators. The disadvantage of null-point imaging is that
only one pH value can be tracked in each experiment. From the
survey of indicators carried out, it is clear that those using
manganese ions provide the possibility of mapping pH values
in two and three dimensions via MRI measurements of the
spatial distribution of T2 values with good spatial and temporal
resolution in systems which are friable. The number of samples
that can be measured with the multisample method is only
limited by the B1 homogeneity of the magnet.
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