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Magnetic resonance spectroscopy (MRS) measurements of the
lactate methyl proton in rat brain C6 glioma tissue acquired in
the presence of an off-resonance irradiation field, analyzed
using coupled Bloch equation formalism assuming two spin
pools, demonstrated the occurrence of magnetization transfer.
Quantitative analysis revealed that a very small fraction of
lactate ( f 5 0.0012) is rotationally immobilized despite a large
magnetization transfer effect. Off-resonance rotating frame spin-
lattice relaxation studies demonstrated that deuterated lactate
binds to bovine serum albumin and the proteins present in
human plasma, thereby providing a possible physical basis for
the observed magnetization transfer effect. These results dem-
onstrate that partial or complete saturation of the motionally
restricted lactate pool (as well as other metabolites) by the
application of an off-resonance irradiation field, such as that
used for water presaturation, can lead to a substantial decrease
in resonance intensity by way of magnetization transfer effects,
resulting in quantitation errors. Magn Reson Med 41:676–685,
1999. r 1999 Wiley-Liss, Inc.
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Prominent among the proton resonances detected by in
vivo magnetic resonance spectroscopy (MRS) are those of
lactate, a metabolite indicative of brain pathology. Measure-
ment of lactate tissue levels have potential for the evalua-
tion of tumor malignancy (1–5) and brain ischemia (6,7),
whereas lactate turnover measurements have been used for
the assessment of metabolic activity (8,9). Reliable interpre-
tation of MRS-derived metabolic measurements requires
knowledge of the factors affecting lactate resonance inten-
sity.

Proper quantification of metabolite magnetic resonance
intensities necessitates that spin-lattice (T1) and transverse
(T2) relaxation times be known. Even when relaxation
effects are carefully taken into consideration, in vivo
metabolite concentrations measured by MRS may still not
reflect the actual concentration if the metabolite is engaged
in binding to slowly tumbling tissue macromolecular
species, thus rendering MRS invisible because of short-
ened relaxation times. Hence, under this circumstance it is
possible that not all molecules of a given metabolite

present in tissue contribute fully to the observed MRS
signal. Recently, the MRS visibility of some commonly
observed metabolites [choline, creatine, and N-acetyl aspar-
tate (NAA)] was evaluated. Creatine in rat brain was found
to be partially MRS invisible (10), whereas studies on brain
cells (11) and postmortem rat brain (12,13) revealed a
deficit in lactate concentration when measured by MRS
relative to the values obtained by biochemical techniques.
These observations suggested that a fraction of the lactate
signal was MRS invisible, thereby introducing complica-
tions into the quantitative interpretation of the lactate
proton resonance intensity.

The MRS visibility of a metabolite is strongly dependent
on rotational mobility. A molecule freely tumbling in
solution will have a relatively long T2 relaxation time
because intermolecular dipole-dipole interactions contrib-
uting to relaxation are largely averaged out, whereas mol-
ecules that are motionally restricted (e.g., by binding to
macromolecules), by contrast, will experience net dipole
interactions, and thus have a relatively short T2 relaxation
time, leading to a broader, potentially unobservable MRS
signal.

Magnetization transfer (14,15) and off-resonance rotating
frame spin-lattice relaxation experiments (16,17) are ex-
amples of off-resonance irradiation MRS experiments that
provide a means for establishing the presence of motion-
ally restricted metabolites. In this work, we used off-
resonance irradiation MRS experiments to examine the in
vivo occurrence of motionally restricted (and hence poten-
tially MRS invisible) lactate, in brain tumor tissue. MRS
spectral data for the lactate methyl proton in C6 glioma
tissue acquired in the presence of off-resonance irradiation
were analyzed using Bloch equations incorporating magne-
tization transfer (15) and off-resonance rotating frame
spin-lattice relaxation formalism (16). Further interpreta-
tion was accomplished using the results of model lactate
rotational diffusion studies performed in the presence of
bovine serum albumin (BSA), and the proteins present in
human plasma, by off-resonance rotating frame spin-lattice
relaxation (16), a technique sensitive to the rotational
dynamics of bound ligand molecules (17).

THEORY

We assume that tissue lactate is composed of two compo-
nents, exhibiting liquid (mobile) and solid-like relaxation
behavior (motionally restricted), respectively. The relax-
ation of the mobile metabolite protons is coupled, by way
of chemical exchange or through-space dipolar interac-
tions, to that of the less mobile (i.e., motionally restricted)
metabolite protons. Because of magnetization exchange or
transfer (cross-relaxation) between the two metabolite pools,
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alterations in the nuclear spin relaxation of one pool will
affect the relaxation in the other.

Magnetization transfer between protein protons and
solvent-water protons, mediated by cross-relaxation, has
been exploited by Wolff and Balaban (14) in off-resonance
irradiation experiments and is commonly used to enhance
contrast in MRI. The essence and theory of the off-
resonance irradiation experiment for the study of rota-
tional diffusion has been described in detail by Schleich et
al (16).

Bloch Equation Formalism

The steady-state solution of the Bloch equations incorporat-
ing magnetization transfer arising from off-resonance irra-
diation for an assumed two spin-component system is
given elsewhere (15,18).

The relevant parameters of the steady-state solution of
the Bloch equations defining magnetization transfer are as
follows: RA,B are the rate constants for spin-lattice relax-
ation of the A and B spins, respectively, in the absence of
cross relaxation where the subscripts A and B denotes the
mobile and motionally restricted spin pools, respectively;
RT is the cross-relaxation rate constant for magnetization
transfer from the A to the B spin system. By contrast, RT/f
represents the rate constant for magnetization transfer from
B to A, where f (5 M o

B/M o
A) is the ratio of the B spins to the

number of A spins. We assumed that the frequency offsets
voff,A 5 voff,B and the preparation radiofrequency (RF)
irradiation field strengths of the A and B spins, B2A,B,
respectively, were equal.

The steady-state solution of the Bloch equations incorpo-
rating magnetization transfer is equal to the steady-state
solution derived by using the formalism of off-resonance
rotating-frame spin-lattice relaxation (15).

The spin-lattice relaxation rates of the A and B spins in
the absence of cross relaxation cannot be measured di-
rectly in coupled systems because of cross-relaxation con-
tributions. Solution of the pair of coupled longitudinal
relaxation equations assuming the absence of off-reso-
nance irradiation on spin pool B, a small B spin pool size
relative to the A pool ( f , 0.3), and steady-state exchange
between the two spin pools (i.e., dM z

B/dt 5 0), yields an
expression describing the effect of exchange on the ob-
served spin-lattice relaxation rate of the A (mobile) spin
pool (14,19,20):

RA 5 RA
obs 2

RT

1 1
RT

fRB

[1]

from which the intrinsic relaxation rate RA can be indi-
rectly determined using the observed relaxation times and
relevant magnetization transfer parameters.

Assuming the absence of off-resonance irradiation on
spin pool B, a small B spin pool size relative to the A pool,
and RT/f : (RB 2 RA,obs), a more general solution can be
obtained by solving the pair of coupled longitudinal relax-
ation equations (21).

Adopting the assumptions described above for the spin-
lattice relaxation time, a somewhat different derivation
yields an analogous expression to Eq. [1] for T2, assuming

fast exchange, and a negligible difference in chemical shift
for the A and B spins (19). Because the motionally re-
stricted spin pool invariably has a very short T2 relaxation
time, typically on the order of 10 msec, the contribution of
T2 relaxation from this spin pool can be ignored when RT/f,
the rate constant for magnetization transfer from the motion-
ally restricted to the mobile spin pool, is small (,104). Eq.
[1] becomes:

T2A 5
T 2A

obs

1 2 RTT 2A
obs

. [2]

Replacing the intrinsic relaxation parameters RA and T2A in
the steady-state solution of the Bloch equations incorporat-
ing magnetization transfer with Eqs. [1] and [2], respec-
tively, allows a four-parameter fit to be performed on the
intensity ratio dispersion curve to obtain quantitative
information about RT, f, RB, and T2B.

Off-Resonance Rotating Frame Spin-Lattice
Relaxation Considerations

Off-resonance irradiation may also give rise to off-
resonance rotating frame spin-lattice relaxation effects in
the absence of chemical exchange that are manifested by a
reduction in resonance signal intensity. Under saturating
conditions (T1T2(gB2)2 : 1) and when the frequency offset
0voff 0: 1/T2 the relative magnetization (intensity ratio) can
be expressed by the following equation (14,16,22,23):

1Mz

Mo
2
off-reson

5 31 1
T1

T2
1gHB2

voff
2
2

4
21

, [3]

thus providing a particularly straightforward expression
for evaluating the occurrence of off-resonance rotating
frame spin-lattice relaxation effects. This equation is iden-
tical to the Bloch expression for z-magnetization.

Equation [3] is useful for ascertaining the presence of
magnetization transfer effects, for determining the percent-
age saturation of a spin pool at a given frequency offset
(voff) and B2 field strength (gHB2), when T1 and T2 are
known.

2H Rotating Frame Spin-Lattice Relaxation

The 2H off-resonance rotating frame spin-lattice relaxation
experiment involves measurement of the resonance signal
intensity after the application of a continuous-wave low-
power RF irradiation field at a frequency off-resonance
from the resonance(s) of interest for a time approximately
equal to 5 T1. The spectral intensity ratio (R 5 Mz/Mo) is
equal to cos2Q[T1r

off/T1], where Q is the angle between the
effective field (Beff) and the z-axis, and T 1r

off and T1 are the
spin-lattice magnetic relaxation times of the nuclear spins
in the presence and absence of the RF field, respectively.
The angle Q is dependent on both B2 and the frequency
offset (voff) of the RF irradiation field. The theoretical
expression for the relaxation rate constant describing spin
relaxation along the effective field, 1/T1r

off, of a quadrupolar
nucleus (I 5 1), assuming axial symmetry for the electric
field tensor, appears elsewhere (24). Theoretical expres-
sions for 2H T1 and T2 relaxation times, assuming a
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dominant quadrupolar relaxation mechanism, are also
given elsewhere (24).

Computer Simulations of Ligand Isotropic
Reorientational Motion

Computer simulations have demonstrated the dependence
of the 2H spectral intensity ratio dispersion curves (R vs.
voff) at constant B2 field strength) on the fraction of bound
ligand (xB), and the isotropic rotational correlation times of
the bound (to,B) and free (to,F) ligand species (17). These
simulations demonstrate the sensitivity of the intensity
ratio dispersion curves to the fraction of bound ligand at
fraction-bound values of less than 0.14 (to,F 5 0.01 nsec),
whereas at fraction-bound values above 0.2, little or no
change in dispersion curve behavior was observed.

MATERIALS AND METHODS

Tumor Induction and Animal Maintenance

C6 glioma cells (American Type Culture Collection, Rock-
ville, MD) were cultured in Eagle’s minimal essential
medium (MEME; Celex, St. Louis, MO) containing 10%
fetal bovine serum (Sigma, St. Louis, MO) and 1% penicil-
lin-streptomycin antibiotics (Gibco BRL, Life Technolo-
gies, Grand Island, NY) under an atmosphere of 5% CO2.
Monolayer cells were trypsinized using 0.25% trypsin-
EDTA (Gibco BRL, Life Technologies), harvested, and
suspended in MEME at a concentration of 105 cells/mL.

Male Fisher rats (F344) (Harlan/Sprague-Dawley, India-
napolis, IN), weighing 225–250 g, were anesthetized by
intramuscular injection (0.5 mL/250 g body weight) of a
mixture composed of 1:1:4:1 of acepromazine (10 mg/mL;
Ayerst, New York, NY), xylazine (20 mg/mL, Phoenix, St.
Joseph, MO), ketamine (100 mg/mL, Ketlar; ParkDavis,
Morris Plains, NJ), and saline. A stereotactic device was
used to maintain rat brain position. An incision was made
in the skin of the rat head through which a burr hole
situated 2 mm laterally and 2 mm posterior was drilled into
the bregma of the right hemisphere in the cortical region,
followed by injection of 10 mL of C6 glioma cell suspen-
sion. The burr hole was sealed with bone-wax (Lukens,
Lynchburg, VA) and the skin closed with skin clips.

Tumors were allowed to grow for 15–17 days to a size of
150–300 mL. Animals were anesthetized and then intu-
bated. Long-duration anesthesia was maintained by venti-
lating the animals with a 1:1 gas mixture of N2O and O2

containing 1% isoforane (Ohmeda PPD, Liberty Corner,
NJ). Capnography was performed to ensure proper ventila-
tion throughout the experiment. Body temperature was
maintained at 377C using a warm water circulation system.

Proton MRS Experiments

All in vivo MRS measurements were performed on an
Oxford 4.7 T 40 cm bore magnet interfaced to a Varian
spectrometer console. A 15 mm diameter surface coil was
used for both RF transmission and signal detection. A
spherical phantom containing aqueous lactate (15 mM in
saline) was used as a reference for the assessment of
magnetization transfer.

T2-weighted scout images were acquired using an adia-
batic spin-echo sequence to determine appropriate localiza-

tion for 1H spectroscopy. Fig. 1 shows a typical coronal
scout image with the 1H MRS voxel used. The sequence
used for 1H MRS (Fig. 2) combines iOVS-ISIS for 3D
localization (25) and gradient-enhanced multiple quantum
coherence (geMQC) for lactate editing (26,27). We have
previously shown that this geMQC editing sequence sup-
presses mobile lipid signals below detection (26). Prior to
the application of the main pulse sequence, an off-
resonance RF rectangular pulse of field strength 0.08–0.15
Gauss (gB2/2p 5 350–625 Hz) was applied for 3 sec at
different frequency offsets varying from 2100 kHz to 1100
kHz with respect to the lactate methyl resonance at 1.3
ppm. A total of 33–40 points was acquired, which were
symmetrically distributed about the lactate methyl reso-
nance.

The off-resonance irradiation field strength (gB2) applied
to the tumor was estimated by measuring the flip angle in
the region of interest generated by an RF pulse of a
particular pulse duration. The off-resonance irradiation
field strength value was taken as an average over the entire
localized tumor volume.

In vivo T1 and T2 relaxation times are required for
quantitative analysis of magnetization transfer as well as
assessment of nonspecific RF bleedover. As noted previ-
ously (27), the sequence included an optional inversion
pre-pulse for T1 measurement and an optional spin-echo
following the geMQC pulse for T2 measurement. The
observed T1 and T2 relaxation times for the methyl lactate
protons were obtained in the absence of off-resonance
irradiation and calculated using a five-point fit (TI varied
from 1 msec to 5 sec) and a seven-point fit (TE varied from
156 msec to 464 msec), respectively; the number of excita-
tions varied between 32 and 192, the sweep width was 2.5
kHz, N 5 1 K points (complex), and the repetition time was
6 sec. Measurements were performed on a total of eight
animals.

Each free induction decay (FID) was zero-filled to 4 K,
and 6 Hz line broadening was applied prior to Fourier

FIG. 1. T2-weighted (TR/TE 1500/100 msec) scout image of a
tumor-bearing rat brain. The frame delineates the representative
volume from which the localized spectra were acquired.
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transformation. After baseline correction, the lactate reso-
nance amplitude of each spectrum was measured for the
calculation of the intensity ratio, M z

A/M o
A, at different

frequency offsets, but at constant B2 field strength. M o
A was

determined from the spectrum acquired in the absence of
off-resonance irradiation.

A computer program incorporating a simulated-anneal-
ing-steepest-descents optimization algorithm (28) was used
to determine the relaxation and magnetization transfer-
related parameters by fitting the steady-state solution of the
Bloch equations incorporating magnetization into the ex-
perimental intensity ratio dispersion curves.

Deuterium MRS Experiments

2H spectra and relaxation times were obtained at 46.07
MHz using a General Electric GN-300 spectrometer (cur-
rently serviced by Bruker, Billerica, MA) equipped with an
Oxford Instruments (Oxford, UK) 7.05 T, wide-bore (89
mm) magnet. A GE 12 mm broad-band probe and 12 mm
(o.d.) tubes (nonspinning) were used. Spin-lattice relax-
ation times (T1) were measured using inversion recovery,
whereas for T2, the linewidth at half-height was used. (T2

was assumed to be <T*2.) Phase cycling was used for all
measurements. Chemical shifts were referenced to the
natural abundance HDO resonance at 4.76 ppm (257C). 2H
off-resonance rotating frame spin-lattice relaxation experi-
ments using methodology previously described (24,29)
were performed at 227C. The spectral width used was 2000
Hz, and the B2 power varied from 1.28 to 1.46 Gauss.

Blood was drawn from a healthy human adult volunteer.
Sodium fluoride/potassium oxalate was used as an antico-
agulant; red blood cells were removed by centrifugation to
yield plasma. Sodium azide (0.02%) was added to prevent
bacterial growth. Sodium DL-lactate-2,3,3,3-d4 was pur-
chased from MSD Isotopes (99.5 atom % D, MD-2273, lot
3484-0) and used for all experiments. Plasma sample
L-lactate-d4 concentrations were assayed using a kit manu-
factured by Sigma following instructions provided by the
vendor (Procedure No. 826-UV). The assay results were
doubled to account for the presumed presence of the D
enantiomorph in the racemic DL-lactate-d4 mixture.

Aliquots of stock DL-lactate-d4 solution were added
directly to 3.0 mL plasma samples yielding solutions of ca.
7, 14, 28, and 55 mM; the pH was adjusted to 7.8. Parallel
samples of plasma without added lactate were prepared

and treated in the same manner as the DL-lactate-d4-
containing samples to permit assay of endogenous lactate
levels and total lactate.

MRS experiments involving the binding of DL-lactate-d4

to bovine serum albumin and the proteins present in
human plasma were performed as previously described
(17,29).

Data Analysis

2H off-resonance rotating frame spin-lattice relaxation ex-
periment intensity ratio curves (R vs. voff) were analyzed as
described previously (21,29,30) using nonlinear regression
to obtain values for the ligand rotational correlation time
and R(`).

RESULTS

Rat Glioma MRS Studies

In all animals studied significant attenuation of the tumor
lactate resonance signal intensity was observed when RF
irradiation was applied within 30 kHz of the lactate methyl
proton resonance at 1.3 ppm. The decrease in signal
intensity was symmetrical about the resonance frequency
and power dependent. Typically at 15–20% decrease in
signal intensity was observed at a frequency offset of
approximately 10 kHz and a preparation RF field strength
of 0.08 Gauss (gB2/2p 5 350 Hz), as shown in Fig. 3. The
spectrum with no observable lactate was obtained with the
RF irradiation placed directly on the lactate methyl reso-
nance, i.e., with zero frequency offset.

A representative in vivo methyl lactate intensity ratio
dispersion curve [R(5Mz/Mo) vs. voff] is shown in Fig. 4.

Off-resonance irradiation effects were observed to be the
same within the signal-to-noise ratio of the experiment for
2 or 3 sec irradiation periods in two animals, suggesting
that the measured lactate signal represented the steady
state at the employed off-resonance field strength (e.g., 0.15
Gauss, gB2/2p 5 625 Hz) and offset frequency (10 kHz).

To assess quantitatively the effect of nonspecific off-
resonance saturation (‘‘bleedover’’) the methyl resonance
intensity of aqueous lactate in a spherical phantom was
measured in the presence of off-resonance irradiation
under identical experimental conditions. The result was

FIG. 2. Modified gradient-enhanced multiple quantum coherence (geMQC) editing sequence based on adiabatic RF pulses. Off-resonance
RF irradiation was achieved with a long, low-amplitude RF pulse preceding the sequence (shaded area). iOVS-ISIS was used for single-voxel
localization. For the determination of T1 an optional inversion pulse preceded the editing portion of the sequence. Finally, an optional selective
spin-echo (for refocusing the lactate resonance signal at 1.3 ppm) sequence followed the geMQC sequence for the measurement of T2. The
off-resonance irradiation was turned off during both relaxation time measurements.
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significantly different than found for the in vivo situation
in that a decrease in the lactate resonance intensity was
apparent only within an irradiation frequency offset of 4
kHz of the lactate resonance, as shown in Fig. 5. These

results were in excellent agreement with numerical simula-
tions of RF bleedover as depicted in this figure.

A two-compartment system consisting of a mobile pro-
ton spin pool with a Lorentzian line shape and a motion-
ally restricted solid-like pool with a Gaussian line shape
(16,18) was assumed to be applicable to rat brain lactate.

FIG. 3. 1H MRS localized spectra displaying the lactate methyl resonance signal in rat C6 glioma acquired at different off-resonance irradiation
frequencies. The localized volume was 230 mm3. The off-resonance pulse duration was 3 sec, and the field strength, gB2/2p, was 347 Hz;
TR/TE 6000/144 msec; NEX 32.

FIG. 4. Methyl lactate intensity ratio dispersion curve for rat C6
glioma (d). The solid line is the best fit curve to the experimental data
using a binary spin bath model with the following parameters: RT 5

4.15 s21, f 5 0.0014, and T2B 5 12.6 msec. The non-specific RF
bleedover effect (- - - -) for the lactate methyl proton resonance was
calculated using Eq. [3]. The B2 off-resonance field strength was 0.07
Gauss.

FIG. 5. Intensity ratio dispersion curve for aqueous lactate in a
spherical phantom (d) and the theoretically calculated non-specific
RF bleedover using Eq. [3] (- - - -). The B2 off-resonance field strength
was 0.07 Gauss. Experimentally determined T1 and T2 values of 1.43
sec and 554 msec were assumed.
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Values for T1 and T2 of the in vivo lactate methyl protons
and the off-resonance irradiation field strength (gB2A,B/2p)
are tabulated in Table 1. The symmetrical distribution of
the resonance signal decrease due to off-resonance irradia-
tion about the methyl lactate resonance implied that the
lactate from the motionally restricted pool had the same
resonance frequency as mobile pool lactate. Therefore, we
assumed gB2A 5 gB2B and voff,A 5 voff,B. A representative in
vivo magnetization transfer data set showing the fitted
curve superimposed on the corresponding experimental
data as well as the theoretical RF bleedover curve is shown
in Fig. 4. The best fit of the model (steady-state solution of
the Bloch equations incorporating magnetization transfer)
yielded unambiguous values for the following parameters:
RT, f, and T2B, which are shown in Table 2 for each animal.
Using these parameters and Eq. [2], the intrinsic T2 (T2A in
Table 2) of the tumor lactate methyl proton was obtained.
The fitted value for T1B was less well defined, i.e., RB could
assume values within a large uncertainty range (,400 s21)
without causing significant change in the root-mean-
square deviation (RMSD) (,0.001) of the fit. The values for
T1A listed in Table 2 are the values calculated using Eq. [1],
whereas the values given for T1B in Table 2 are based on the
reasonable range of values characteristic of the T1 of
motionally restricted spins (31), i.e., the motionally re-
stricted lactate pool. Comparison of the observed T1 and T2

values (tabulated in Table 1) with the intrinsic T1 and T2

values of the free pool (tabulated in Table 2) reveals that
magnetization transfer does not significantly affect the
tumor lactate spin-lattice relaxation time, whereas the
transverse relaxation time was found to be considerably
smaller than the observed value. Numerical values for

magnetization transfer parameters obtained from all data
sets acquired with different values of the off-resonance RF
field strength yielded consistent results.

2H Off-Resonance Rotating Frame Spin-Lattice
Relaxation Model Lactate Studies

To explore the origin of the magnetization transfer effect
manifested by lactate methyl protons and to provide a
foundation for interpreting the in vivo results elaborated
above, a series of 2H off-resonance rotating frame spin-
lattice relaxation studies were performed.

2H spectra of deuterated lactate at different concentra-
tions in human plasma at 227C are shown in Fig. 6. For all
samples, an average of 1.5 mM endogenous L-lactate was
present, while the remainder was exogenously added
DL-lactate-d4. Plots of experimental 2H spectral intensity
ratio (R 5 Mz/Mo) of the CDOH and CD3 deuterons for
DL-lactate-d4 plotted vs. frequency offset (voff) correspond-
ing to the concentrations above in human plasma are
shown in Fig. 7. The solid line represents the best fit curve
for the CDOH deuterons assuming isotropic tumbling.
Values ranging from 4.6 to 5.9 nsec for to,eff were obtained
and are tabulated in Table 3. A value for to,eff could not be
obtained for the CD3 resonance, indicating that the rota-
tional correlation time was less than 1 nsec.

Table 3 tabulates the total lactate concentration, experi-
mental RF field strength, and fitted to,eff and experimental
T2 values for DL-lactate-d4 in human plasma at 227C. The
value of to,eff was found to be invariant at low lactate
concentrations, indicating that to,eff is approximately equal
to to,B under these conditions.

Analogous experiments were performed using BSA in
place of plasma. The fitted to,eff value for the DL-lactate-d4

CDOH resonance in the presence of BSA was 3.5 6 0.1
nsec, whereas the correlation time for the CD3 DL-lactate-d4

resonance was less than 1 nsec and could not be accurately
determined.

The value for to,eff of the CDOH resonance of lactate in
the presence of BSA was found to be smaller than the
rotational time of the protein, which was assumed to be 37
nsec (32). However, the fitted effective rotational correla-
tion time is much longer than for the free species (ca. 0.01
nsec), indicating that the relaxation behavior of the motion-
ally restricted species is what is observed. For this ligand,
there appears to be a large degree of motion of the bound
species relative to the reorientational motion of the pro-
tein. Furthermore, the CD3 methyl group of DL-lactate-d4

Table 2
Lactate Methyl Proton Magnetization Transfer Parameters and Intrinsic Relaxation Times for Rat Glioma Tumor Tissue*

Animal no. RT (s21) f T1A (sec) T2A (msec) T1B (sec) T2B (msec)

1 3.41 0.00067 647 10.5
2 4.03 0.00129 1086 12.4
3 4.15 0.00177 711 12.6
4 4.41 0.00143 873 12.6
5 2.91 0.00143 553 13.0
6 2.88 0.00161 718 14.5
7 3.21 0.0008 523 7.92
8 3.04 0.0013 523 7.92

Mean 6 SD 3.5 6 0.57 0.00121 6 0.00051 1.73–1.74 710 6 177 0.2–5.0 11.6 6 2.0

*T1A was determined using Eq. [1], whereas T1B was based on assumed constraints (31).

Table 1
Observed Lactate Methyl Proton Relaxation Times
for Rat Glioma Tumor Tissue

Animal no.
T1Aobs

(sec)
T2Aobs

(msec)
gB2A,B/2p

(Hz)

1 — — —
2 — — —
3 1.72 180 313
4 1.72 180 347
5 1.94 212 375
6 1.53 234 313
7 — — —
8 — — —

Mean 6 SD 1.73 6 0.17 202 6 23 —
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possesses a relatively higher degree of motional freedom
than the adjacent CDOH moiety.

The value for the T2 relaxation time changed only by a
factor of 1.3 when the lactate concentration was increased
from 7 to 29 mM in the presence of human plasma. The T2

relaxation times were in the range of 25 to 29 msec, which
is compatible with the occurrence of small bound ligand
fractions (29).

DISCUSSION

Three effects potentially contribute to resonance intensity
attenuation by off-resonance irradiation of a nuclear spin
system (16): a) off-resonance rotating frame spin-lattice
relaxation effects arising from a single population of motion-
ally restricted spins; b) nonspecific RF bleedover effects
involving a single population of mobile spins; and c)
magnetization (saturation) transfer between two or more
spin populations representing mobile and motionally re-
stricted components. These effects may act singly or in
concert.

The experimentally observed relaxation time T1/T2 ratio
of 8.6 for methyl lactate protons was significantly less than
the theoretically calculated value (<100) (using Eq. [3])
expected with significant off-resonance rotating frame
spin-lattice relaxation contributions. Off-resonance rotat-
ing frame spin-lattice relaxation effects were therefore
deemed to be insignificant. The dashed line in Fig. 4

FIG. 6. 2H MRS spectra of (a) 56.9 mM, (b) 29.1 mM, (c) 12.1 mM,
and (d) 6.9 mM lactate in human plasma at 22°C. Approximately 1.5
mM endogenous L-lactate was present in each sample, whereas the
balance was exogenously added DL-lactate-d4. The spectra were
referenced to HDO at 4.76 ppm.

FIG. 7. Plots of the experimental 2H spectral intensity ratio (R 5 Mz/
Mo) vs. RF offset frequency (voff) for (a) 6.9 mM, (b) 12 mM, (c) 29
mM, and (d) 57 mM lactate in human plasma at 22°C. The CD3 and
CDOH resonances are denoted by (j) and (d), respectively. Total
DL-lactate concentrations include both endogenous L-lactate (ca. 1.5
mM) and exogenously added DL-lactate-d4. The solid line is the best
fit curve assuming isotropic tumbling. Fitted to,eff values for the CDOH
resonance were (a) 5.9 6 0.3 nsec, (b) 5.9 6 0.2 nsec, (c) 5.5 6 0.1
nsec, and (d) 4.6 6 0.1 nsec. to,eff for the CD3 resonance was less
than 1 nsec. The RF off-resonance field strengths were (a) 1.83,
(b) 1.82, (c) 1.82, and (d) 1.77 Gauss.
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denotes the nonspecific RF bleedover effect calculated for
the methyl lactate resonance using Eq. [3] as a function of
RF irradiation frequency offset. The difference between
this curve and the corresponding tissue data (Fig. 4)
(maximum at a frequency offset of 10 kHz) implies that the
observed resonance intensity attenuation produced by
off-resonance irradiation of rat glioma in vivo arises from
saturation transfer effects, thus demonstrating the occur-
rence of magnetization transfer between mobile and motion-
ally restricted lactate methyl proton pools.

Analysis of experimental intensity ratio dispersion data
provided unequivocal values for three of the four fitted
parameters (Table 2). The derived lactate magnetization
transfer parameters for rat glioma tissue, obtained assum-
ing a two-component spin bath model, are comparable to
those of other biological systems (22). The non-zero value
obtained for RT implies the occurrence of at least two
lactate spin-pools in glioma tumor tissue coupled by
magnetization transfer, which occurs by way of chemical
exchange and/or dipolar coupling. The values for RT and
T2B are consistent with the existence of a motionally
restricted lactate pool characterized by fast transverse
relaxation and magnetization transfer exchange with the
observed lactate pool. By contrast, an equivocal value was
determined for the spin-lattice relaxation rate of the motion-
ally restricted lactate pool, RB. The uncertainty in RB is a
consequence of the formalism used to obtain the magnetiza-
tion transfer parameters. The term (RT/f 1 RB), which
appears in the steady-state solution of the Bloch equations
incorporating magnetization transfer, represents the total
‘‘flow’’ of magnetization out of the motionally restricted
spin pool as a consequence of magnetization transfer (RT/f )
and spin-lattice relaxation (RB). For the situation where
RT : f and RT/f : RB, the term (RT/f 1 RB) is approximated
by RT/f; in turn, RT/f is comparable to the second term in
square brackets of the steady-state solution of the Bloch
equations incorporating magnetization transfer, which is
significantly larger than the product RBRT. Thus, the im-
pact of variations in RB on the intensity ratio M z

A/M o
A will

be minimal and most likely not detectable within the
experimental error of the measurements. We note that the
uncertainty in the determination of RB for an agar gel
system (33) is likely to be due to similar considerations. In
general, a two-component spin bath characterized by less
or comparable exchange (RT/f ) relative to the intrinsic
relaxation rate (RB) allows precise assessment of spin-
lattice relaxation of the motionally restricted spin pool by
way of the magnetization transfer-based experiment.

A motionally restricted component is characterized by a
relatively long T1 (31). Thus, it is likely that RB would
assume a value between 0.2 and 5.0 s21. Hence, the
intrinsic T1 of the mobile spin pool, obtained using Eq. [1],
would be approximately 1.73 sec assuming the experimen-
tally determined values of RA

obs, RT, and f, with a marginal
contribution from RB.

The mole fraction of motionally restricted lactate deter-
mined in this study is small (,0.2%), suggesting that the
contribution from this compartment is negligible in the
quantification of lactate when the proton spectrum is
acquired without nuclear spin perturbation of the motion-
ally restricted pool by off-resonance RF irradiation. By
contrast, Williams et al (13) reported that lactate concentra-
tion estimated from intact brain spectra was between 70
and 90% of the values obtained in vitro using extracts,
whereas Kotitschke et al (11) reported that ca. 30% of the
lactate present in rat brain cell cultures was not detected.
Their quantitative MRS measurement protocol for lactate
(at 11.75 T) included a 3 sec long presaturation RF pulse
(voff > 1.8 kHz) for water suppression. Neglecting the differ-
ence in the Larmor precessional frequencies employed in
the two studies, our results obtained at 4.7 T indicated that
low-power irradiation at voff > 1.8 kHz could lead to a
diminution in resonance intensity of ca. 20%. In another
study (12) employing presaturation for water suppression,
25% of the lactate present in hypoxic or ischemic rat brain
was observed by MRS at 5.6 T. Thus, the partial MRS
visibility of lactate observed by Kotitschke et al (11) and
others (12) may have arisen from magnetization transfer
mediated by off-resonance irradiation. The occurrence of at
least three pools of lactate, including tightly bound, in
bacterial cells each with differing MRS visibility was
demonstrated in bacterial cells (34). We conclude that the
application of long-duration RF irradiation (e.g., presatura-
tion, such as commonly employed for water suppression)
can lead to partial or even complete saturation of a
motionally restricted lactate pool (as well as other metabo-
lites), resulting in a substantial decrease in resonance
intensity by way of magnetization transfer effects. Such
effects are accentuated by increasing off-resonance irradia-
tion duration and/or field strength. Thus, when performing
quantitative metabolite measurements using 1H MRS spec-
tra acquired with presaturation for water suppression, a
significant underestimation of lactate may arise due to
magnetization transfer-related signal loss.

Binding to macromolecular species has been suggested
to account for the fraction of motionally restricted lactate
(11). To explore directly the motional behavior of lactate in
the presence of macromolecular species, rotational diffu-
sion studies using off-resonance rotating frame spin-lattice
relaxation were performed employing deuterated lactate in
the presence of BSA and the human plasma proteins.
Rydzewski and Schleich (24) recently showed that the
off-resonance rotating frame spin-lattice relaxation experi-
ment was applicable to the study of intermediate time-
scale molecular motions (correlation time range of ca.
2–500 nsec) of deuterium-labeled molecules. A subsequent
study demonstrated that the ligand rotational diffusion
data acquired in the presence of protein by means of the
off-resonance rotating frame spin-lattice relaxation experi-
ment reflected the approximate behavior of the ligand in

Table 3
DL-Lactate Concentration, B2 RF Field Strengths, Fitted to,eff, and
Experimental T2 Relaxation Times for the DL-Lactate-d4 CDOH
Resonance in Human Plasma at 22°C

[Lac]a

(mM)
B2

(Gauss)
to,eff

(nsec)
T2

b

(msec)

6.9 1.83 5.9 6 0.3 25 6 2
12 1.82 5.9 6 0.2 26 6 2
29 1.82 5.5 6 0.1 28.7 6 0.4
57 1.77 4.6 6 0.1 31 6 1

aSum of endogenous L-lactate and exogenously added DL-lactate-d4.
bEstimated from linewidth measurements (T2 < T*2).

Lactate Magnetization Transfer 683



the bound state, provided that the fraction of bound ligand
was at least 0.20 (17).

The isotropic tumbling associated with the lactate CDOH
resonance is almost twice as fast as that calculated for
TSP-d4 in plasma (17), indicating either a larger amount of
internal motion, an affinity for macromolecular species
that tumble more rapidly, or a lack of strong interactions
with the macromolecules present. This is especially true
for the adjacent CD3 moiety, which reorients at a rate
outside the motional window of the off-resonance rotating
frame spin lattice relaxation experiment, suggesting that
hydrogen bonding plays a larger role than nonpolar bond-
ing (hydrophobic interactions) in the binding interaction.

Two non-exchanging spin populations with different
relaxation characteristics yield intensity ratio dispersion
curves that exhibit biphasic behavior. Such behavior was
not observed in this study, as shown in Fig. 7. Thus, a large
portion of DL-lactate-d4 at these concentrations is most
likely to be in fast exchange between the mobile and
motionally restricted state. Analysis of intensity ratio
dispersion curves (R vs. voff) for lactate in the presence of
plasma proteins gave values for to,eff of approximately 5–6
nsec, indicating motional restriction, possibly caused by
the binding of lactate to macromolecular (protein) species.
The derived value for to,eff is somewhat smaller than that
expected for tight binding to macromolecular species,
which is most likely a consequence of ligand mobility in
the bound state (17).

Previously reported proton MRS studies involving low
concentrations of L-lactate (0.5–1.6 mM) in the presence of
human plasma proteins indicated that lactate interacts
with the high molecular weight fraction (.10 kDa), as
manifested by the loss of lactate proton signal in spin-echo
spectra (35,36). Furthermore, there appears to be two
bound species, one with a weak association and one more
tightly bound. Other studies suggest that the tightly bound
lactate is associated with transferrin and a1-antitrypsin,
and not with immunoglobulins, albumin, or lipoproteins
(35,36). Tumor lactate is primarily produced by glycolysis
(37,38) and is exported by specific transporters (39–42).
The binding of lactate to macromolecules in tumor tissue
that have long rotational diffusion times, such as lactate
dehydrogenase and monocarboxylate transporters, may
contribute to the observed lactate methyl proton magnetiza-
tion transfer.

Because the off-resonance rotating frame spin-lattice
relaxation experiment senses the motional dynamics of
primarily bound species, it has provided corroborating
evidence for the association of lactate to macromolecular
species, thereby possibly establishing a foundation to
account for the observed magnetization transfer involving
lactate protons in rat glioma tumor tissue. Macromolecular
bound lactate in tissue would be expected to have consider-
ably enhanced cross-relaxation, therefore accounting for
the observed in vivo magnetization transfer of lactate in rat
glioma tissue.
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