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I
n mammalian tissues, intra- and extracellular pH are regu-
lated in a dynamic steady state driven by metabolic acid
production, export of H+ from cells, and diffusion of these
H+ equivalents from the site of production to the blood,

where they are buffered by an open and dynamic CO2/HCO−
3

system. Although this balance is quite robust, it can be altered
in many pathological states, notably cancers, renal failure,
ischemia, or chronic obstructive pulmonary disease. Current
methods to assess acid-base balance in patients are limited to
systemic monitoring (e.g., blood gasses, urine pH, etc.) and
cannot assess regiospecific imbalances that may occur. In
recent years, noninvasive measures of tissue pH have been
developed that can assess the intra- and/or extracellular pH of
tissues. These are primarily magnetic resonance (MR) based,
and their spatiotemporal resolution has continuously
improved. MR-based methods are on the horizon to measure
intra- or extracellular pH with imaging (ca. 0.1 mm) resolution
in vivo. Although this article primarily focuses on the mea-
surement of pH in cancers, the applicability of these methods
to other pathologies will also be discussed.

Regulation of Tissue pH
The end-products of energy metabolism are invariably acids.
This is true whether metabolism ends with anaerobically pro-
duced lactic acid, or aerobically produced CO2, which is
hydrated to form carbonic acid that dissociates into bicarbon-
ate plus a free proton (Figure 1). The carbons in these com-
pounds originate from sugars, amino acids, or lipids. Sugars,
such as glucose, are transported into cells via specific perme-
ase transporters, such as the GLUT1-GLUT12 family of glu-
cose transporters (System 2 in Figure 1). Once inside the cell,
sugars are metabolized to pyruvate. In the absence of oxygen,
this is reduced to lactate in order to recycle the NADH that is
required at an earlier step in glycolysis. This anaerobically
produced lactate is exported from cells via the monocarboxy-
late transporter, illustrated as System 4 in Figure 1 [1]–[3].
The proton, H+, is produced during oxidation of glyceralde-
hyde phosphate and contributes to cytosolic acidification.
Lowering of intracellular pH stimulates the export of protons
via a number of carrier systems (System 3 in Figure 1) includ-
ing Na+/H+ exchange (NHE) [4]–[6], vacuolar H+ ATPases
[7]–[9] and Na+ -dependent HCO−

3 exchangers [10]–[13].

While NHE is commonly accepted as the major proton
exporting system in mammalian cells, all three systems are
present and perform overlapping functions. Hence, there is
some redundancy in this system and activities of these trans-
porters can substitute for one another in the presence of
inhibitors. Table 1 lists the proton exporting systems
observed in mammalian cells. All cells express NHE and
anion exchange activities to varying degrees, and both have
been implicated in altered pH regulation [4], [14]. Vacuolar-
type ATPases are thought to exert their effects through the
export and recycling of acidic vesicles to the cell surface
[15], and this activity is not universally seen. In addition to
these, carbonic anhydrases also participate in pH regulation,
either through providing HCO−

3 to anion exchange or by the
net transport of protons [16]. Figure 2 shows an activity plot
for NHE as a function of intracellular pH under basal and
serum-stimulated conditions. This illustrates that the activity
of NHE is regulated by the intracellular pH, thus, the pHi is
highly regulated to reach a “set point.” Hence, alterations in
intracellular pH are not caused by metabolic overload but,
instead, are highly regulated by the activities of proton
exporting systems.

In the presence of oxygen, pyruvate can be oxidized by mito-
chondria (“M” in Figure 1) to CO2. Similarly, in many obligato-
rily aerobic organs, e.g., cardiac muscle, free fatty acids or
ketone bodies (FFA/KB), are oxidized by mitochondria to CO2.
FFA are carried in the blood associated with albumins. Most
cells have fatty acids stored as tri-acyl glycerol microdomains,
which can be observed in 1H-MRS [17], [18]. The FFA can be
released through activation of cyclic AMP-dependent lipases.
FFA and KB are free to diffuse across the plasma membrane on
demand, provided to cells via specific carrier proteins [19], [20].
The CO2 is produced oxidatively by the Krebs cycle. Although
it can cross the membrane rapidly, its transport rate is greatly
facilitated by water channels, or aquaporins [21]. Once outside
the cell, CO2 is hydrated by carbonic anhydrases (I–XII) to
form bicarbonate plus a proton. Proton production rates are on
the order of 1–20 nmol min−1 mg protein−1. “Free” protons do
not exist in tissues. Instead, they are in equilibrium bound to
buffers species. Diffusion of H+-equivalents from the site of
production to the blood occurs in associate with mobile buffers,
such as phosphate and bicarbonate [22], [23]. This occurs on a
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background of immobile buffers, primarily histidines in 
proteins, and sulfates in glycoseaminoglycans. These immobile
buffers, as well as phosphate in bone, play a major role in main-
taining acid-base balance, especially in response to ingested
acids or alkali. Passive buffering capacity is limited, hence,
active physiologic responses are also required to maintain the
acid-base balance at the cell and tissue level. These physiologic
processes can be at the cellular level, such as through feedback
changes in metabolism, and at the systemic level, involving
adaptive changes to the excretion of volatile acids by the lungs
and fixed acids by the kidneys [24]. Bicarbonate accounts for
about 86% of extracellular buffering, but only about 36% of
intracellular buffering, with nonbicarbonate buffers (proteins,
inorganic phosphate) making up the rest [25], [26].

Why Measure pH?
Alterations in acid-base homeostasis are common in pathology.
For example, tumor interstitial fluid has a reduced buffering

capacity compared to normal tissue and this, in combination
with poor perfusion and increased lactic acid secretion by
tumors [27], is believed to result in an acidic extracellular pH
(pHe) in tumors [28]. This situation is exacerbated by the low-
ered buffering capacity of bicarbonate, the primary extracellu-
lar buffer, at more acidic pH. This acidic pHe in tumors has a
significant number of important consequences, listed in Table
2. From this list, it can be seen that low pH plays a role in
tumor initiation, progression, and therapy.

Pathologically altered renal or pulmonary physiology can
also manifest with perturbations in systemic and renal pH. The
generation of 50–100 mEq/day of acid in the typical adult diet
is normally excreted by the resorbtion of filtered HCO−

3 in the
proximal tubule and the secretion of H+ in the distal tubule. In
the clinical setting there are three general mechanisms that
lead to metabolic acidosis: addition or overproduction of acid,
failure of normal renal acid secretion, and loss of bicarbonate
or alkaline equivalents [29]. Renal tubular metabolic acidosis
(RTA) syndromes can involve the proximal tubule (Type 2) or
the distal tubule (Types 1 and 4). Impaired proximal tubule
acidification may result from a defect in the apical Na+/H+

antiporter, the basolateral Na+/HCO−
3 symporter, the apical

H+-ATPase, or the intracellular or luminal isoforms of car-
bonic anhydrase [30]. Distal RTA can be due to defective pro-
ton pumps (H+ -ATPase or H+ -K+ -ATPase) [7], [31] or
defects in Cl−/HCO−

3 exchange [32]. The renal tubular H+-
ATPase is regulated by aldosterone, and aldosterone deficien-
cy (or resistance) can also cause distal RTA [33]. Chronic
obstructive pulmonary disease (COPD) is a common ailment
and results in lower lung tidal volumes, retention of CO2, and,
hence, chronic respiratory acidosis. The effects of chronic sys-
temic acidosis on disease progression and etiopathology are
not well understood.

Measurements of In Vivo pH
with 31P MRS
Several techniques have been proposed for the measurement
of tissue pH by MR spectroscopy (MRS) and MRI. Some of
these techniques exploit endogenous MR resonances while
others require the administration of exogenous agents. Tissue
pH, particularly in tumors, can be estimated from the 31P MR
resonance of inorganic phosphate (Pi) [27]. Because intracel-
lular Pi concentrations are 2–3 mM, compared to ca. 1.0 mM
for extracellular, and because the intracellular volume frac-
tions are generally greater than 50%, the chemical shift of the
endogenous Pi resonance is generally assumed to reflect intra-
cellular pH. However, in some pathological states, such as
necrosis, the extracellular Pi can also be visible, giving rise to
a complex set of resonances [34]. The pH-sensitive 

31 P MR resonance of 3-aminopropylphos-
phate (3-APP) has been used by us and others
to measure extracellular pH of tumors in mice
[35]. This compound is nontoxic, membrane
impermeant, and has a chemical shift depen-
dence of ca. 1 ppm pH unit−1. Figure 3(a) is a
31P spectrum of an MCF-7 tumor in a mouse
injected with 3-APP, illustrating the phospho-
nate resonances downfield of the endogenous
phosphates. Figure 3(b) shows the effect of
bicarbonate on the chemical shift of 3-APP,
indicating tumor alkalinization and Figure
3(c) shows the structure of 3-APP, highlight-

Fig. 1. Acid-producing metabolism. Blood supplies glucose
(Glc), free fatty acids and keytone bodies (FFA/KB), and oxy-
gen on hemoglobin (HbO2), which diffuse to target cells
within 0.2 mm of capillaries. Glc is transported into cells via
hexose-specific permeases (System 2) where it is oxidized to
pyruvate (Pyr) and a proton (H+) via glycolysis. The H+ is
exported from the cell via a number of transporters (System
3), iterated in Table 1. In the absence of oxygen, Pyr is
reduced to lactate (Lac), which is transported out of the cell
via monocarboxylate transporters (MCT, System 4) where-
upon it enters the blood via passive diffusion. In the presence
of oxygen, Pyr is oxidized to CO2, whose exit from the cell is
facilitated by aquaporins (system 5), whereupon it is hydrat-
ed by carbonic anhydrases to HCO−

3 and an H+. FFAs and
KBs enter cells (System 1) and are also oxidized to CO2 in the
presence of oxygen. The extracellular protons diffuse into the
blood in association with mobile buffers, such as HCO−

3 and
phosphate.

Table 1. Proton-equivalent transporters in mammalian cells.

Family Human Isoforms Inhibitors

Na/H exchange NHE1-NHE3 amilorides
HCO3 transport AE1-5 (electroneutral) stilbenes

NBC1-4 (electrogenic)
Vacuolar-ATPases 13+ subunits with variable bafilomycins,

expression concanamycins
Carbonic Anhydrases CA I- CA XII acetazolimides
H+/K+ ATPases Renal, Stomach omeprazoles
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ing the ionizable hydroxyl group. It has been used by a num-
ber of groups who have consistently observed that the pHe is
lower than the pHi in tumor xenografts, whereas this “gradi-
ent” is reversed in normal tissues (Table 3). 

Measurements of In Vivo pH with 19F MRS
Molecules with pH-sensitive 19F resonances have also been
developed. The spin 1/2 resonance of 19F has advantages in
that it has a high gyromagnetic ratio, relatively large chemi-
cal shift dispersion, and an almost total lack of endogenous
resonances in normal tissues. Hence, resonances from
exogenous agents are readily resolved. Drawbacks of 19F
approaches can include instability of fluorinated compounds
and the inability to measure simultaneously other metabolic
compounds. These drawbacks are being addressed with
improved halogenation chemistries and the development of
double tuned 19F-1H probes and electronics. Early during
development of this approach, Deutsch and Taylor devel-
oped a series of fluorinated alanines that distributed across

cell membranes and yielded pH-sensitive resonances
[36]–[39]. However, this approach was limited to perfused
cells and was not applied in vivo. Mason and his coworkers
have developed a fluorinated derivative of vitamin B6, 6-flu-
oropyridoxol, which readily enters cells. They have mea-
sured both the intracellular and extracellular pH in rodent
tumors by resolving the pH-sensitive 19F resonance arising
from the two compartments [40]. They have recently shown
that the triflouromethylated derivative of pyridoxal is mem-
brane impermeant and insensitive to temperature, with a pKa
of 6.82 [41]. Griffith’s group has investigated the application
of the extracellular 19F pH probe ZK-150471 [34], [42]. The
performance of this probe was systematically compared to
31P MRS of 3-APP and was found to have superior signal-
to-noise and resolvable pH-dependent chemical shifts. Both
3-APP and ZK-150471 are cell-impermeant and report only
the extracellular pH, although 31P MRS of 3-APP offers the
possibility of simultaneous measurement of intracellular pH
from the Pi resonance.

Fig. 2. Set-point of Na/H exchange, NHE. The recovery rate of
intracellular pH from an ammonium induced acid load is
measured using intracellularly-loaded fluorescent dyes, such
as SNARF-1[70] and is converted to a scalar rate (nmole H+

min−1 mg protein−1 after correction for the intracellular pas-
sive buffering capacity, β . Results show recovery rates as a
function of pHi for NIH-3T3 fibroblasts under basal unstimulat-
ed conditions (•) and following stimulation with epidermal
growth factor, EGF (O).
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Table 2. Consequences of tumor acidity [69].

➤ Spontaneous transformation
➤ Radio resistance
➤ Hyperthermic sensitization
➤ Ion trapping of weak base drugs
➤ Increased in vivo metastasis
➤ Increased invasion
➤ Increased mutation rate
➤ Increased chromosomal rearrangements
➤ Altered gene expression

Fig. 3. 31P MRS Measurement of pH. Mice bearing MCF-7
tumor xenografts were injected with 3-APP (c) and 31P spec-
tra acquired 30–50 min later (a). Intra- and Extracellular pH
values can be estimated from the chemical shifts of inorgan-
ic phosphate, Pi, and 3-APP, respectively. (b) illustrates the
effect of acute oral bicarbonate on the chemical shift of 3-
APP, indicating an alkaline shift of tumor pHe.
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Measurements of In Vivo pH with 1H MRS
The 1H nucleus offers the highest inherent sensitivity, and it
is possible to image the spatial distribution of tissue pH in
vivo by the use of probes with pH-sensitive 1H resonances.
We and others have employed an exogenously administered
imidazole, IEPA, developed by Cerdan, Ballesteros, and col-
leagues [43], [44]. This compound has a pH-dependent
chemical shift of the H-2 resonance in the 7–9 ppm range, is
nontoxic, and membrane-impermeant (Figure 4). This has
been used for imaging pHe in orthotopic breast cancer [45],
[46] and brain tumors [47] in rodents by MR spectroscopic
imaging (MRSI). An advantage of this approach is that this
downfield region of the in vivo 1H MR has few interfering
background resonances. In fact, endogenous aromatic imida-
zoles like histidine also have pH-sensitive 1H resonances in
this region of the spectrum, but most of these species occur

at concentrations that are too low to exploit. Vermathen et al.
[48] have overcome this problem by orally loading human
subjects with histidine and have been able to measure brain
pH a few hours later by localized 1H MRS. MRS and MRSI
approaches are generally dependent on measuring the pH-
dependent chemical shifts. Hence, such measurements are
theoretically independent of the concentration of the pH
probe. However, the spatial resolution is limited to 1–2 mm,
which is lower spatially than other techniques based on
imaging. This is illustrated in Figure 5, which shows a 2-mm
slice from an MDA-mb-435 breast cancer tumor in a severe
combined immunodeficient (SCID) mouse. The right side of
this illustration is the pHe map generated from MRSI of the
IEPA resonance, which was followed by a dynamic contrast
enhancement series using Omniscan [46]. A drawback to this
approach is the relatively insensitivity of chemical shift to
pH, since there is only ca. 0.7 ppm shift over the entire titra-
tion range. While this may be appropriate for higher field
studies, it likely precludes the use of this approach on clini-
cal scanners at 1.5 T.

pH Imaging with Magnetization Transfer
Water in biological systems exists as bulk phase H2O and in
association with the macromolecules and metabolites that make
up tissues. Associated, or “bound,” water generally has a short-
ened T2, hence, is not visible in a typical MR experiment.
However, these two states of water are in dynamic equilibrium,
hence, irradiation, or saturation, of the magnetization of the
bound water can be transferred to the bulk phase. This is the
basis of the conventional magnetization transfer (MT) effect,
first described for imaging by Balaban and Ward [49]. Water
interacts with macromolecules and solutes through either dipo-
lar coupling, e.g., through hydrogen bonds, or through chemi-
cal exchange, wherein the hydrogens of water exchange with
hydrogens on ionizable groups, X ∼ H. All such exchanges
will be acid or base-catalyzed and thus have pH dependence.
The majority of magnetization transfer from macromolecules
to bulk water is most likely due to dipolar coupling and not

Table 3. Intra- and extracellular pH of tumors measured with 31P MRS [69].

Tumor Species Type Extracellular pH Intracellular pH
(pHe)ex (pHi)

C3h Mouse Breast c. 6.95 ! 0.18 7.19 ! 0.11

RIF-1 Mouse Fibrosarcoma 6.87 ! 0.03 7.02 ! 0.01

Ehrlich Mouse Breast c. 6.69 ! 0.05 6.92 ! 0.05

CaNT Mouse Adenocarcinoma 6.70 ! 0.05 7.08 ! 0.06

9618a Rat Hepatoma 6.70 ! 0.03 7.12 ! 0.02

Walker Rat Sarcoma 6.30 ! 0.04 7.04 ! 0.04

MNU-induced Rat Breast 6.80 ! 0.07 7.16 ! 0.07

Normal Rat Liver 7.34 ! 0.03 7.26 ! 0.02

Normal Rat Muscle 7.39 7.39 ! 0.10

MCF-7 Human Breast c. 6.99 ! 0.11 7.15 ! 0.08

MDAmb-435 Human Breast c. 6.80 ! 0.11 7.37 ! 0.07

HT-29 Human Colon Ado 6.79 ! 0.05 7.02 ! 0.05

Fig. 4. pH-dependent chemical shift of IEPA. The chemical
shift of the H2 of (±) 2-imidazole-1-yl-3-ethoxycarbonyl-propi-
onic acid, IEPA (*, inset), is pH-dependent, as shown here
with in vitro titration.
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chemical exchange [50], although contrary viewpoints exist
[51], [52]. However, there are particularities of chemical
exchange dependent effects that allow it to be selectively inter-
rogated [53]. This is the case when the exchangeable reso-
nances can be distinguished in MR spectra, i.e., those in slow
exchange on the MR time scale. This is not the case for the
solid-like structures causing the conventional MT effect, but it
is the case for exchangeable amide protons in small mobile
peptides and proteins in the tissue [52]. Specifically, chemical
exchange saturation transfer (CEST) can be distinguished from
dipolar coupling in that CEST is inherently pH dependent and
occurs at specific frequencies that are asymmetric with respect
to the water resonance, whereas dipolar coupling manifests pri-
marily as a shortening of T2 and, thus, is symmetric about the
water resonance.

In an MT experiment, irradiation of the sample at the exact
frequency of the bound hydrogen will reduce the net magnetic
moment of those spins during their bound lifetimes. This
reduction in magnetization (saturation) is transferred to bulk
water as the hydrogens exchange. Saturation-transfer phenom-
ena have been described for decades (e.g., [54]) and the for-
malism for such processes is well developed [55], [56]. For
chemical exchange processes, the reduction in bulk water sig-
nal intensity depends on the T1, the exchange rate constants
(kon and koff) and the concentrations of each species [52], [57]: 

PTR = k

R1w

[Hx]

[Hw]

(
1 − e−R1w tsat

)
,

where PTR is the proton transfer rate, k is the normalized
first-order rate constant for exchange, R1w is the relaxation
rate for water protons, tsat is the saturation time and [Hx] and
[Hw] are the concentrations of carrier and water hydrogens,
respectively. Hydrogens bound to carrier groups resonate at
frequencies different from that of bulk water by an amount,
+�ω. If +�ω is small, irradiation will also generate a direct
saturation of the water resonance in dipolar exchange.
However, this direct saturation is symmetric, whereas the
carrier-bound hydrogen resonances are asymmetrically dis-
placed with respect to water. Consequently, saturation irradi-
ation at +�ω will provide a signal that is distinct from that
at −�ω. With high B1 and B0 homogeneity, the difference
between signals (images) obtained at +�ω and −�ω will
be sensitive to CEST effects, and pH dependence can be
empirically determined.

CEST approaches can be applied using exchange of hydro-
gens with ionizable groups that are either endogenous or
exogenous. In all cases, CEST effects have to be separated
from conventional MT effects, which are approximately (but
not completely) symmetric. Endogenous groups can include
the amide hydrogens of proteins that resonate downfield of
water [58]. The region of the 1H MR spectrum around 8.3

ppm contains several very low and undetectable resonances
from N-bound protons, which are in fast exchange with sol-
vent water. This fast exchange with water protons renders
these resonances problematic to detect with pulse sequences
which employ water presaturation. Zijl and his colleagues
have devised a pulse sequence to permit visualization of these
resonances, and have demonstrated that it is possible to mea-
sure pH from the pH-sensitive rate of exchange with water
protons of one or more of these protons [57]. Figure 6 shows a
resulting pH map that can be calculated using the asymmetric
amide proton exchange in mouse brain following regional

Fig. 5. pHe maps from IEPA. IEPA was injected i.p. into SCID
mice bearing MDA-mb-435 tumors and the pHe was estimat-
ed from the chemical shift of H-2 using magnetic resonance
spectroscopic imaging, MRSI. Following this, perfusion was
estimated using dynamic contrast enhancement in response
to bolus i.v. injection of Gd(DOTA).

Fig. 6. pH image from amide proton exchange. The asym-
metry of magnetization transfer at ± 3–4 ppm centered
about the water resonance can be used to calculate the
amide proton exchange rate, which is pH dependent. This
has been used to generate pH maps in rodent brain follow-
ing regional ischemia, indicated by the arrow [57].
(Courtesy of PCM van Zijl).
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ischemia. Similar work has also been performed in experimen-
tal gliomas [59].

On the other hand, more specific CEST effects can be
obtained with exogenous agents. Ward and Balaban [49]
demonstrated that the use of a compound such as 5,6-dihy-
drouracil with multiple proton exchange sites each with differ-
ent pH dependencies allows for the possibility of a
“ratiometric” calculation of solution pH which would be inde-
pendent of variations in water proton T1 times and the concen-
trations of sites exchanging protons with water. The use of
polypeptide gene-carriers for such pH studies has also been
proposed [60]. A disadvantage of these techniques is the need
to inject large amounts of the pH-sensitive agent in order to be
able to image pH with acceptable sensitivity and spatial reso-
lution. A possible solution to the large concentration require-
ment has been proposed independently by Aime and Sherry,
who have synthesized Europium-containing pH-dependent
chelates that imparts large (> +50 ppm) contact shifts on
water protons [61], [62]. The magnitude of this chemical shift
imparts a greater MT effect and significantly reduces the
direct saturation of the bulk water resonance. These effects are
typically shown in a z-plot, which plots the magnitude of the
bulk water resonance as a function of the frequency of satura-
tion. A challenge to the development of these agents is the
optimization of the exchange rate. Too fast an exchange rate
makes it more difficult to fully saturate the bound spins within
energy deposition (SAR) limits. If spins are not fully saturat-
ed, the effects are nonsteady state and more difficult to quanti-
fy. However, too slow an exchange rate will significantly

reduce the CEST effect. A strength of these MT approaches is
the internal control of acquiring an image without saturation,
yielding direct and robust quantification of effect. However, as
below, the quantification is critically dependent on knowing
the concentration of contrast reagent.

pH-Dependent Relaxation Agents
Recent years have seen the development of gadolinium-
based contrast agents whose relaxivity is dependent on pH
[63]–[65]. Like CEST, these agents provide the possibility of
imaging pH with spatial resolution comparable to that of
standard MRI. As in CEST, the magnitude of the effect is
dependent on the local concentration of contrast reagent
(CR), as well as the pH. Hence, accurate methods must be
developed with which to determine the spatial- and time-
variant CR concentrations, in order to convert the observed
relaxivity to a molar relaxivity and thus, pH. Figure 7 shows
the structure of Gd(DOTA)-4AmP5− , which contains four
ionizable phosphonate groups that catalyze the pH-depen-
dent hydrogen exchange to the Gd-bound water, as well as
the pH-dependent molar relaxivity [63]. This compound is
nontoxic and membrane-impermeant and distributes with
pharmacokinetics similar to that of the identically charged,
but pH-independent, Gd(DOTP)5− . Hence, one approach to
uniquely compute a pH using such agents is by sequential
administration of Gd(DOTP)5− and Gd(DOTA)-4AmP5− ,
calculating the time- and spatially variant concentrations of
Gd(DOTP)5− from T1-weighted images and then using these
values to correct for the time- and spatially variant concentra-
tions of Gd(DOTP)5− [66]. Such an approach has been suc-
cessfully applied to the measurement of renal pH [67], [68].
Kidneys provide good systems to develop these methods as
the pharmacokinetics of these agents are rapid and repro-
ducible. Also, as most of the extracellular fluid in the kidney
is tubular, the calculated values can be validated with
measurements of urine pH. With their leaky vasculature and
slower washout, however, tumors have less favorable phar-
macokinetics and present a greater challenge. Despite these
challenges, the dual injection protocol has been successfully
applied to small brain tumors [Garcia-Martin, in preparation].
Although the dual-injection protocol may be appropriate for
imaging of pH in animal models, it will be difficult to per-
form such an operation in the clinic. Hence, there is a need to
develop methods that can simultaneously measure relaxation
and concentration in a single injection.

Summary
Acid-base balance is altered in a variety of common patholo-
gies, including COPD, ischemia, renal failure, and cancer.
Because of robust cellular pH homeostatic mechanisms, most
of the pathological alterations in pH are expressed as changes

Fig. 7. Titration of the water-proton longitudinal relaxivity of
GdDOTA-4AmP in phosphate-buffered saline at 37◦C, 4.7 T
[67]. (Inset) Hyperchem™ structure of GdDOTA-4AmP.
(Courtesy of A. Dean Sherry.)
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in the extracellular, systemic pH. There are data to indicate
that altered pH is not simply an epiphenomenon of metabolic
or physiologic imbalance but that chronic pH alterations can
have important sequelae.

MRSI and MRI measurements indicate that pH gradients
of up to 1.0 pH unit can exit within 1-cm distance. Although
measurement of blood pH can indicate systemic problems, it
cannot pinpoint the lesion or quantitatively assess the magni-
tude of excursion from normal pHe. Hence, there is a need to
develop pHe measurement methods with high spatiotemporal
resolution. The two major approaches being investigated
include magnetization transfer methods and relaxation meth-
ods. pH-dependent MT effects can observed with endoge-
nous signals or exogenously applied CEST agents. While
endogenous signals have the advantage of being fully nonin-
vasive and relatively straightforward to apply, they lack a
full biophysical characterization and dynamic range that
might be afforded by future CEST agents. pH-dependent
relaxivity also requires the injection or infusion of exoge-
nous contrast reagents. In both MT and relaxographic
approaches, the magnitude of the effect, and, thus, the ability
to quantify pHe, depends on a spatially and temporally vary-
ing concentration of the CR. A number of approaches have
been proposed to solve this problem and, once it is solved,
pH imaging methods will be applicable to human clinical
pathologies.
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