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Abstract

The aim of this study was to compare the diffusion characteristic of lactate and alanine in a brain tumor model to that of normal
brain metabolites known to be mainly intracellular such as N-acetylaspartate or creatine. The diffusion of 13C-labeled metabolites
was measured in vivo with localized NMR spectroscopy at 9.4 T (400 MHz) using a previously described localization and editing
pulse sequence known as ACED-STEAM (�adiabatic carbon editing and decoupling�). 13C-labeled glucose was administered and the
apparent diffusion coefficients of the glycolytic products, {1H–13C}-lactate and {1H–13C}-alanine, were determined in rat intracere-
bral 9L glioma. To obtain insights into {1H–13C}-lactate compartmentation (intra- versus extracellular), the pulse sequence used
very large diffusion weighting (50 ms/lm2). Multi-exponential diffusion attenuation of the lactate metabolite signals was observed.
The persistence of a lactate signal at very large diffusion weighting provided direct experimental evidence of significant intracellular
lactate concentration. To investigate the spatial distribution of lactate and other metabolites, 1H spectroscopic images were also
acquired. Lactate and choline-containing compounds were consistently elevated in tumor tissue, but not in necrotic regions and sur-
rounding normal-appearing brain. Overall, these findings suggest that lactate is mainly associated with tumor tissue and that within
the time-frame of these experiments at least some of the glycolytic product ([13C] lactate) originates from an intracellular
compartment.
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Diffusion NMR spectroscopy of cerebral metabolites
is difficult to perform in vivo due to the limited spectral
separation and signal-to-noise ratio. Diffusion coeffi-
cients are determined from the metabolite signal mea-
sured as a function of increasing diffusion weighting,
which attenuates the already weak signal of metabolites
(at concentrations in the order of 1–10 mM). Therefore,
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previous in vivo diffusion NMR spectroscopy experi-
ments have been performed mainly with protons,
although a couple of studies used other nuclei such as
31P and 19F, see [1,2] and references therein. Substantial
improvements in sensitivity and spectral resolution in
localized 1H NMR spectroscopy have been demonstrat-
ed recently using high magnetic fields [3,4], by which the
number of detectable metabolites and the range of mea-
surable diffusion coefficients were expanded significantly
[5,6].

The signals from cerebral metabolites measured with
large diffusion weighting were shown to provide valu-
able information about their distribution between the in-
tra- and extracellular space of the rat brain in vivo [6].
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With diffusion NMR spectroscopy, the intracellular sig-
nal has been previously separated from the extracellular
signal at large diffusion weighting (large b values), be-
cause the apparent diffusion coefficient (ADC1 Dapp) in
the intracellular compartment is one order of magnitude
lower at large diffusion weighting [7]. Water and metab-
olites experience restrictions in their self-diffusion by
membranes [8], as demonstrated by NMR measure-
ments at large diffusion weighting in immobilized cells
and the rat brain [9–11]. Thus, intracellular molecules
show a restricted diffusion characteristic, where the mean
displacement of molecules is constrained and limited at
sufficiently large diffusion times [1,2]. The signal from
an intracellular metabolite such as N-acetylaspartate
(NAA) was shown to be non-monoexponential [10]. In
another type of experiment using a glial tumor cell line,
the extracellular water signal contribution was eliminat-
ed by a contrast agent and residual water signal from the
intracellular space exhibited multiple components with
diffusion coefficients being one to two orders of magni-
tude lower than free and hindered diffusion [12]. In gen-
eral, the intracellular diffusion attenuation in vivo is
influenced by shape and size of cells and their heterogen-
ic distributions in the tissue, which in vivo is observed as
a non-monoexponential attenuation. Often a multi-ex-
ponential analysis containing two to four components
has been used to describe the measured signal decay
empirically; a Laplace analysis, however, has shown that
a distribution of components more accurately describes
the non-monoexponential attenuation in the rat brain
in vivo [5] as it is expected from theoretical modeling
and evidence from porous media, see, for example [9,13].

In the extracellular space of in vivo brain, a hindered

diffusion characteristic is observed, in which molecules
have to move around obstacles and the diffusion path
length is prolonged compared to free diffusion [14].
The apparent diffusion coefficient is thereby decreased
by the so-called tortuosity factor. To a first approxima-
tion, the decay of signal from the extracellular space can
be modeled to be mono-exponential with a reduced
Dapp; random-walk simulations in a spherical cell model,
however, indicated that a deviation from a strictly
mono-exponential decay can be observed at large diffu-
sion weighting [15].

Only few studies of diffusion 13C spectroscopy were
reported in vitro [16–18]. The long acquisition times
and techniques used in these previous studies were not
targeted for in vivo application, and thus were not opti-
mal for our studies. In this work, indirect 1H detection
of 13C label with the �adiabatic carbon editing and
1 Abbreviations used: NAA, N-acetylaspartate; Ala, alanine; ADC,
apparent diffusion coefficient; Cho, choline-containing compounds; Cr,
creatine; Glc, glucose; Gln, glutamine; Glu, glutamate; Gly, glycine;
Ins, myo-inositol; Lac, lactate; MM, macromolecule; PCr, phospho-
creatine; PE, phosphorylethanolamine; Tau, taurine.
decoupling� (ACED) sequence [9,19] was used to mea-
sure, for the first time, signals of 13C-labeled lactate
(Lac) in vivo at very large diffusion weighting. In gener-
al, indirect detection of 13C label via 1H, denoted by
{1H–13C}, is more sensitive compared with direct 13C
detection due to the higher gyromagnetic ratio of 1H
compared to 13C. 13C-labeling provides more specific

information, since the natural abundance 13C signal is
low and thus the measured 13C label originates mainly
from the metabolism of the infused exogenous substrate.
The infusate, e.g., 13C-labeled glucose (Glc), is detected
together with its metabolic products. In healthy brain
metabolism, label of [13C] Glc is incorporated into gluta-
mate (Glu) and glutamine (Gln) via the TCA cycle; in a
tumor, non-oxidative glucose consumption leads to 13C-
labeled Lac and alanine (Ala) [20–26].

In addition to their metabolic specificity, 13C methods
are advantageous because unwanted proton signals (e.g.,
from compounds lacking the 13C label) can be eliminat-
ed. In studies of tumors that typically have intense mo-
bile lipid signals such as breast cancer, the latter
advantage is particularly important since intense reso-
nances from mobile lipids overlap the Lac resonance
at 1.32 ppm, which is the most intense Lac resonance be-
cause it arises from the three magnetically equivalent
protons of the methyl group. The above mentioned met-
abolic specificity with the 13C label also provides a spa-
tial selectivity and localizes the measured signal directly
in the metabolically active site in the tissue of interest.
ACED-STEAM acquires 1H spectral information simul-
taneously with 13C signals. This is important because in
the tumor 1H signals from other metabolites of interest,
like choline (Cho), Glu, glycine (Gly), taurine (Tau), and
phosphorylethanolamine (PE), are measurable. The
concentration of Lac, an end-product of non-oxidative
glucose metabolism, is often elevated in neoplasms.
Likewise, other important 1H metabolites, such as Cho
and mobile lipids, are elevated in malignant tumors.

Diffusion experiments with 13C-labeled Lac are expect-
ed to provide further information regarding the compart-
mentation of the metabolically active Lac in a rat brain
tumor model in vivo. Complementary information was
acquired using 1H spectroscopic imaging (CSI) of Lac
and Cho in the tumor to assess the spatial distribution
in primary tumor tissue, surrounding, and necrotic areas.
Since the voxel used for diffusion {1H–13C} spectroscopy
contained inhomogeneous tissue contribution, 1H CSI of
pure Lac and Cho could help to clarify the location and
spatial distribution of the metabolite signals in the
{1H–13C} data. An objective of this study was to compare
the multi-exponential diffusion characteristic of Lac in a

tumor to that of metabolites known to be mainly intracel-
lular like NAA, creatine (Cr + PCr), glutamate,myo-ino-
sitol (Ins), or Tau. The detection of a Lac signal at very
large diffusion weighting could provide direct experimen-
tal evidence of intracellular Lac in a tumor.
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Preliminary results of this work have been published
in abstract form [27,28].
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Fig. 1. Adiabatic carbon editing and decoupling (ACED) sequence
with diffusion gradients. Single voxel localization and signal acquisi-
tion is done with a STEAM scheme (1H); the localizing gradients are
omitted here for better clarity. On the 13C channel, an adiabatic
inversion pulse is applied in interleaved scans during the middle period
TM. 13C decoupling was applied during acquisition. The echo time TE
was set to 3/JCH (23 ms, optimized for lactate). For diffusion
weighting, gradients in x, y, z-direction were applied during the first
and second TE/2 period with constant duration of 8 ms, separation
122 ms, and varying amplitude.
2. Methods

2.1. Animal preparation

Eight male Fisher rats (300–400 g, 5 in the 4.7 T and 3
in the 9.4 T studies) were measured 12–14 days after inoc-
ulation with 9L glioma into the right hemisphere, 3 mm
from the midline and 1 mm posterior to the bregma
(10 lL of cell suspension at 1 · 105 cells/lL). Voxels of
60–180 lL volume were chosen to include most of the tu-
mor tissue. For theMRexperiment, the ratswere anesthe-
tized with 2% isoflurane in 60%/40% O2/N2O, and
ventilated at physiological conditions. Oxygen satura-
tion,maintained above 95%,was continuouslymonitored
with an infrared sensor clipped to the tail (NoninMedical,
Minneapolis, MN). A rectal thermosensor (Cole-Parmer,
VernonHills, IL) was used to verify that the body temper-
ature was at 37 �C, which was maintained by placing the
rats on a heated water blanket. A femoral venous line
was used for infusion of 100% enriched [1-13C] D-glucose
(Isotec, Miamisburg, OH). In all studies, a bolus of
200 mgGlc was given in the first 5 min, followed by a con-
stant-rate Glc infusion of 16 mg/min, which typically led
tomodestly elevated plasmaGlc concentrations on the or-
der of 16 mM, similar to previous animal studies [9,19]. A
steady state of [1-13C] D-Glc turnover into [3-13C] Lac was
achieved in the tumor voxel after approximately 1 h of
continuous i.v. infusion.

2.2. MR hardware

{1H–13C} NMR spectroscopy was performed with a
Varian INOVA spectrometer (Varian, Palo Alto, CA)
interfaced to a 31-cm horizontal bore, 9.4 T magnet
(Magnex Scientific, Abingdon, UK). The 11-cm actively
shielded gradient insert was capable of switching
300 mT/m in 500 ls in each direction (Magnex Scientif-
ic, Abingdon, UK). More details of hardware and meth-
ods used for indirect 13C detection were described
previously [6,19]. A quadrature 400 MHz 1H surface
RF coil, combined with a linearly polarized, three-turn
100 MHz 13C coil with a diameter of 12 mm, was used
for transmission and reception [19].

1H CSI experiments were performed on an Oxford
4.7 T/40-cm bore magnet interfaced to a Varian INOVA
spectrometer. A 15-mm diameter surface coil was used
for RF transmission and detection at 200 MHz.

2.3. 1H MR spectroscopy

The localization for in vivo MR spectroscopy was
based on a short echo time STEAM sequence combined
with VAPOR water suppression and interleaved outer
volume suppression [29]. Shimming of all first- and sec-
ond-order shim coils was done with FASTMAP [30],
typically resulting in 18–26 Hz linewidth (0.045–
0.065 ppm) of the water resonance in voxels with 60–
180 lL volume covering most of the tumor.

2.4. 13C editing

The localizing ACED-STEAM sequence is illustrated
in Fig. 1. For 13C editing, a 15-ms long adiabatic full
passage (AFP) pulse of the HS8 type [31] with a
12 kHz bandwidth for 99% inversion efficiency was ap-
plied during the middle period TM on the 13C channel.
Broadband adiabatic decoupling [19] or WALTZ-16
decoupling with 1 kHz width (10 ppm) was applied in
the carbon channel during the entire acquisition. Switch-
ing the carbon editing pulse on and off alternately result-
ed in two 1H spectra that were recorded separately,
denoted ACEDON and ACEDOFF. Inherently, the
ACEDOFF spectrum, obtained in the absence of the edit-
ing pulse, contains the total 1H signals bound to 12C and
13C, which is expressed by the nomenclature {1H-
[12C + 13C]}. The ACEDON spectrum, obtained in the
presence of the editing pulse, contains the 1H signals
bound to 12C and the inverted 1H signals bound to13C,
indicated by {1H-[12C–13C]}. Subtraction of the spec-
trum ACEDON from ACEDOFF filters the signal from
protons bound to 13C only, thus resulting in the edited
{1H–13C} signals. The theoretical signal dependence
with respect to JCH coupling is proportional to co-
s (pTE Æ JCH). Our minimum TE was determined by the
duration of the diffusion gradients and chosen to be
TE = 3/JCH with the couplings constant JCH � 127 Hz
for Lac.
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2.5. Diffusion weighting

In addition to ACED-STEAM, unipolar gradients
for diffusion weighting of the 1H–13C NMR signals of
metabolites were placed during the TE/2 periods in the
STEAM sequence [5,6]. The strength of the diffusion
attenuation was characterized by the parameter
b = (c2 Æ G2 Æ d2) Æ tD, where G is the gradient strength, d
is the duration of the gradient pulses, and tD = D � d/
3 is the diffusion time, where D is the time separating
gradient pulses. Diffusion coefficients [D] are expressed
in units of lm2/ms (= 10�9 m2/s) and the b values [b]
have units of ms/lm2 (= 109 s/m2). Experiments were
performed with constant diffusion time tD, whereby
the gradient strength was varied. In the first type of
experiments, a b range from 0 to 5 ms/lm2 was covered,
linearly increasing G (eight points). In the second type of
experiments, four b values were chosen, at b = 0 as a ref-
erence and at 15, 30, and 50 ms/lm2. In both types of
experiments, the signals at different b values were
recorded in an interleaved manner, with d = 8 ms,
D = 122.3 ms, and tD = 119 ms. Gradients were applied
in all three directions simultaneously.

2.6. Processing

Data analysis, modeling, and fitting were performed
similarly as described recently [6]. The FID data from
each scan were stored separately. The sensitivity was suf-
ficient to permit automated correction of the phase and
frequency of single-scan metabolite spectra at all b values
despite a fully suppressed water signal. The apparent dif-
fusion coefficients (ADC, Dapp) of the metabolites were
determined from the negative slope of the signal attenu-
ation versus b value, i.e., ln S/S0 = �b Æ Dapp. Log-linear
regression was used to fit the data in the b range of 0–
5 ms/lm2. The apparent diffusion coefficient was termed
ADC at small b values as it is common in the literature.
The data of the full b range of 0–50 ms/lm2 were
analyzed by bi-exponential fitting according S=S0 ¼
papp1 expð�b � Dapp

1 Þ þ papp2 expð�b � Dapp
2 Þ, constraining

the sum of the volume fractions to one ðpapp1 þ papp2 ¼ 1Þ.
The population fractions papp1 and papp2 are �apparent,� be-
cause they are not straightforward to interpret and do
not directly correspond to extracellular and intracellular
compartment fractions (see Section 3).

2.7. 1H chemical shift imaging

Two-dimensional spectroscopic imaging of Lac, Cho,
and lipids in intracerebral 9L gliomas was done with a
water-suppressed, homonuclear-edited 1H CSI sequence
at 4.7 T (N = 5).With a double spin-echo pulse sequence,
as described previously [28], Lac editing and water sup-
pression were performed simultaneously by a pair of
asymmetric frequency-selective pulses capable of
producing an extremely sharp transition band on one side
of the inverted region. The asymmetric AFP pulse was
generated by splicing twodifferent adiabatic passage puls-
es together as described previously [32]. Separation of Lac
from other metabolites was based on J-difference editing,
which required a minimum of two excitations. Lac was
edited by subtracting alternate FIDs, whereas a normal
1Hmetabolite spectrumminus the Lac resonance was ob-
tained by adding alternate FIDs.

Metabolite maps of the CSI data were generated using
the Varian CSI data processing tool. The raw CSI data
with a nomial voxel size of 1.6 · 1.6 · 2 mm3 (16 · 16ma-
trix) were processed through spatial and spectral recon-
struction. In the spatial domain, a DC correction and a
Gaussian filter was applied; in the spectral domain, phase
and baseline correction, and linebroadening with 10 Hz
were performed globally.After peak picking and curve fit-
ting with Gaussian/Lorentzian lines, the metabolite spa-
tial information was taken from the integral. For final
display, the 16 · 16 metabolite maps were spatially
smoothed by interpolation to 256 · 256. To produce the
anatomical outline background for the metabolite maps,
the spin-echo image was blurred and filtered with an edge
detection kernel. The metabolite map was then superim-
posed over the anatomical outline.
3. Results and discussion

3.1. Phantom experiments

Experimental performance of the diffusion-weighted
{1H–13C} ACED-STEAM sequence was tested and cal-
ibrated in phantoms using a 20 mM [3-13C] Lac solution
(60% enriched). Two series of spectra are shown in Figs.
2A and B with the 13C editing pulse switched on
(ACEDON) and off (ACEDOFF), respectively, with
13C-decoupling turned off in both experiments. Subtrac-
tion of these alternately recorded spectra yielded the
doublet of 13C-labeled Lac. With 13C-decoupling
switched on (Figs. 2C and D), single resonance proton
spectra of Lac (doublet at 1.32 ppm) were obtained rep-
resenting either total (12C + 13C-labeled) Lac (Fig. 2C)
or solely 13C-labeled Lac (Fig. 2D). With diffusion
weighting up to 1.9 ms/lm2, strictly mono-exponential
attenuation curves were found for {1H–12C} and
{1H–13C} signals (Fig. 2). The diffusion coefficient was
(1.20 ± 0.06) lm2/ms at 23 �C and was attributed to free
diffusion of Lac in water solution [6,33]. For in vivo con-
ditions at 37 �C, the free diffusion coefficient for Lac is
expected to be further increased.

3.2. Localized NMR spectroscopy in 9L glioma

Single voxel spectroscopy of intracerebral tumor (9L
glioma) was performed with the diffusion-weighted
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Fig. 2. ACED-STEAM spectra of Lac at 1.32 ppm ([3-13C]-labeled,
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1.9 ms/lm2. (A and B) The {1H–13C} signals of Lac were inverted
(ACEDON) when 13C inversion pulse was switched on (A) and non-
inverted (ACEDOFF), when the 13C inversion pulse was off (B).
Decoupling during acquisition was switched off in (A and B) for
demonstration of the method to separate {1H–12C} and {1H–13C}
signals at 1.32 and 1.26/1.37 ppm, respectively. (C and D) With
decoupling, {1H–12C} and {1H–13C} signals of Lac are superimposed
at 1.32 ppm. Subtraction of ACEDOFF and ACEDON spectra yields
the 13C-filtered signal {1H–13C} (D). The additional applied diffusion
gradients encode a strictly mono-exponential signal decay due to free
diffusion of Lac in water solution (23 �C). Acquisition parameters:
single-voxel spectroscopy using ACED-STEAM with VAPOR water
suppression, voxel size 7 · 3 · 7 mm3, NA 8, SW 5 kHz, TE 23.4 ms,
TM 20 ms, TR 4 s. Diffusion-weighted ACED with AFP inversion
(HS8 type, 15 ms duration), adiabatic decoupling with HS8-pattern,
diffusion parameters d = 5 ms and D = 122.3 ms, Gaussian windowing
gf = 0.2 s.
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ACED-STEAM sequence in the rat brain at 9.4 T. Ana-
tomical spin-echo images in transverse and coronal ori-
entation are shown in Figs. 3A and B with the voxel
indicated. The dark region in the center of the tumor
was attributed to necrosis. The outer boundaries of the
tumor tissue were also discernible in contrast to the sur-
rounding healthy tissue. The CSF of ventricles was visi-
ble as bright signal in the MR images. On the right
hemisphere of the brain, the mass effect from the growing
tumor compressed the ventricle and corresponding tissue
to the posterior regions. Fig. 3C shows the localized 1H
spectrum of metabolites from the 132-lL voxel in the tu-
mor. The spectral linewidth measured from the 1H water
signal in the voxel was 0.065 ppm (26 Hz). The neuro-
chemical profile was different from 1H spectra in the
healthy rat brain. NAA and Cr + PCr levels in the tumor
were decreased considerably in comparison with normal
brain. In contrast, contributions of Lac (1.32 ppm), Ala
(1.47 ppm), Cho (3.21 ppm), and Gly (3.56 ppm) were
clearly detectable and elevated in the tumor. Further
detected metabolites were Glu (2.35 and 3.75 ppm),
Tau (3.42 ppm), and PE (3.98 ppm). Also, contributions
from macromolecules—visible at the short echo time of
23 ms—could be assigned at 0.9 and 2.0 ppm based on
peak positions and their broad linewidths.

3.3. Diffusion {1H–13C} spectroscopy

Lac (1.32 ppm) and Ala (1.47 ppm) peaks obtained
with diffusion-weighted 13C ACED-STEAM spectra in
the rat glioma in vivo are shown in Fig. 4. Pairs of
13C-inverted and non-inverted 1H spectra are plotted
in Fig. 4A as indicated by the brackets. Similar to the
phantom data in Fig. 2, the 13C inversion pulse was
switched on (ACEDON) and off (ACEDOFF), and the
data were acquired in an interleaved manner. As indicat-
ed by the dotted lines, the indirectly detected 13C signal
{1H–13C} arose from the difference of the non-inverted
{1H-[12C + 13C]} and the 13C-inverted {1H-[12C–13C]}
spectra. In Fig. 4B, the difference {1H–13C} signals are
shown with an amplification factor of four, in which
only protons bound to 13C were observed (edited for
JCH = 127 Hz). The ACED-STEAM spectra of Lac
and Ala were measured with a diffusion weighting from
b = 0 to 4.9 ms/lm2. Diffusion time was constant at
119 ms. The apparent diffusion coefficient (ADC) was
calculated from the mono-exponential signal decay of
Ala and Lac resonances at these relatively low b values.
The results from three studies are summarized in Table
1; in study #1, the Ala signal was not detectable. The
ADC values were (0.13 ± 0.02) lm2/ms for {1H–13C}-
Lac (N = 3, mean ± std) and (0.16 ± 0.02) lm2/ms for
{1H–13C}-Ala (N = 2).

In the second part of the sessions, ACED-STEAM
spectra of 9L glioma were additionally measured at very
large diffusion-weighting from b = 15 to 50 ms/lm2. The
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Table 1
Apparent diffusion coefficients of {1H–13C}-alanine and {1H–13C}-
lactate in rat 9L glioma in vivo derived from the signal attenuation at
small b values

Study ADC (Ala)a (lm2/ms) ADC (Lac) (lm2/ms)

#1 —b 0.11 ± 0.01
#2 0.16 ± 0.02 0.14 ± 0.01
#3 0.16 ± 0.02 0.15 ± 0.01

Mean ± stdc 0.16 ± 0.02 0.13 ± 0.02

a Apparent diffusion coefficients were fitted from mono-exponential
signal decay in the range of b = 0–5 ms/lm2 for Ala and Lac
resonances, respectively.
b No Ala signal was detectable in study #1.
c For calculation of the standard deviation (std), the square root of

the sum of the squares of the individual errors was taken.
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diffusion-attenuated signal of {1H–13C}-Lac revealed a
fast and a slow decaying diffusion components
(Fig. 5). The signal-to-noise ratio of the {1H–13C}-edited
spectra of Lac was still reasonable given the low abun-
dance and sensitivity of 13C; signals were well detectable
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Fig. 5. ACED spectra (13C-edited Lac) of 9L glioma at large diffusion-
weighting. The diffusion attenuated signal of {1H–13C} Lac revealed a
fast and a slow diffusion component, which were fit by a bi-exponential
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very good signal-to-noise ratio and are well detectable even at large
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diffusion-weighted ACED-STEAM with VAPOR water suppression
similar as in Fig. 4, voxel size 4.1 · 3 · 4.7 mm3, NA 160 (at low b) and
224 (at large b).
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even at very large diffusion weighting (see Fig. 5, inset).
A nonlinear fit to a bi-exponential decay curve (Fig. 5,
solid line) revealed the apparent diffusion coefficients
Dapp

1 ¼ ð0.36� 0.06Þ lm2=ms and Dapp
2 ¼ ð0.014�

0.003Þ lm2=ms, respectively (see also Table 2). The fast
and slow apparent diffusion coefficients differed by more
than an order of magnitude. The apparent volume frac-
tion p2 of the slow component was (52 ± 4)%. A similar
bi-exponential decay was found in a second study with
Dapp

1;2 of 0.20 and 0.005 lm2/ms, respectively (see Table
2). The corresponding apparent volume fraction p2 of
18% was significantly lower compared to study #1; the
{1H–13C}-edited spectra of Lac were more attenuated
at large diffusion weighting. In study #3, {1H–13C}-
Lac signal was not detectable at large b values and thus
could not be used for multi-exponential analysis.
Table 2
Apparent diffusion coefficients (Dapp) and volume fractions (papp) of
{1H–13C}-lactate in rat 9L glioma in vivo derived from the signal
attenuation at large b values

Study Dapp
1

a (lm2/ms) Dapp
2 (lm2/ms) papp2 (%)

#1 0.36 ± 0.06 0.014 ± 0.003 52 ± 4
#2b 0.20 ± 0.04 0.005 ± 0.01 18 ± 9

a Dapp
1;2 and papp2 were fitted from a bi-exponential decay in the range

of b = 0–50 ms/lm2 for Lac ðpapp1 þ papp2 ¼ 1Þ. In all studies, Ala signal
was not detectable at large b values. In study #3 (see Table 1), Lac
signal was not detectable at large b values.
b Tumor size was more progressed and a factor of three larger

compared to study #1.
{1H–13C}-Ala signals were not detected in any of the
studies at large b values.

The feasibility of diffusion {1H–13C} spectroscopy
was shown here as a new technique in vivo. Specifically,
the diffusion characteristic of [3-13C] Lac and [3-13C] Ala
in rat glioma could be measured during infusion of
[1-13C] Glc. ADC values of Lac and Ala (0.13 and
0.16 lm2/ms) as evaluated in Table 1 were comparable
to that of intracellular metabolites in normal rat brain
(0.09–0.14 lm2/ms) [6]. This data summarized in Table
1 already indicates that a significant portion of the
metabolized 13C label can be attributed to the intracellu-
lar compartment within the tumor tissue. If Lac would
be in CSF, extracellular space, or the necrotic core, its
ADC would be more similar to free diffusion and would
be significantly increased to values in the range of 0.3–
1.0 lm2/ms. In addition, no or only little signal would
be found at large b values.

The ADC of Lac reported here (0.13 lm2/ms) is sim-
ilar to a previous lactate diffusion measurements in tu-
mors using a double-quantum coherence-transfer
(DQCT) technique on a H-MESO-1 line [34–36], which
reported values of (0.23 ± 0.02) and (0.21 ± 0.03) lm2/
ms. Since the diffusion time was considerably shorter
(17.7 ms) [34] than that used in the current study
(119 ms), the ADC of Lac is expected to be increased
compared to our study due to the reduced exposure to
restricting boundaries at shorter diffusion times. It can-
not be excluded that also anisotropic effects could be
found in these types of experiments, which would be
possibly reflected in different ADC values of Ala and
Lac in different directions. In our study, we used only
a single diagonal direction.

Considering that we were not able to detect an Ala
signal at large b values in any of the studies, one could
model different compartmentation of Ala compared to
Lac giving rise to different contributions to the ADC
values. In this case, the diffusion characteristics could
be different for tumor Lac versus tumor Ala and in com-
parison to metabolites measured in the healthy rat
brain. We, however, attribute the absence of Ala signal
at large b values at first hand to technical issues as op-
posed to potential physiological and biophysical inter-
pretations of different compartmentation. As can be
seen in Fig. 4B, the limits of signal-to-noise were nearly
reached for Ala at a b value of 5 ms/lm2. In this way, a
comparison of Lac and Ala diffusion might be valid only
for the ADC at smaller b values.

The clearly detectable {1H–13C}-Lac signal at b val-
ues of 50 ms/lm2 (shown in Fig. 5 and Table 2) is direct
evidence that some detectable fraction of Lac undergoes
highly restricted diffusion and thus is localized inside the
cells. In a previous study of healthy rat brain, the bi-ex-
ponential diffusion characteristic and apparent volume
fractions papp2 of cerebral metabolites were very similar
for intracellular metabolites, such as NAA and Cr,
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and the values of these parameters differed from those of
metabolites known to have extracellular fractions, such
as Glc and Lac [6]. Our diffusion data of study #1 mea-
sured in 9L glioma (see Table 1) show that the fitted
parameters Dapp

2 and papp2 are very similar to that of
intracellular metabolites. In study #2, the signals at
large b values were relatively low and papp2 was corre-
spondingly lower, which indicated that this tumor could
have a smaller fraction of intracellular Lac. On the other
hand, a reduced lactate signal at large b values could
also be caused by increased intra/extracellular exchange
and corresponding signal attenuation. The differences
between the two studies #1 and #2 may be explained
by differences in heterogeneity and histologic features
in the tumors; the tumor in study #2 appeared to have
progressed to a more advanced stage and was threefold
larger than the tumor in study #1. Information about
the lactate pool sizes (intra- versus extracellular) in tu-
mors has implications for determining metabolic rates
and lactate transport kinetics from modeling 13C
NMR data [25,37–40].

Due to the complexity of the in vivo situation, and
considering the limited SNR and number of data points,
we have analyzed the experimental diffusion attenuation
by bi-exponential fitting, being aware of the limitations
of this simplified analysis. Our reference was a previous
study with similar setup and diffusion weighting of 1H
metabolite signal [6], which was performed in the
healthy rat brain to separate intra- and extracellular dif-
fusion components using the measured characteristics of
NAA metabolite diffusion in the intracellular space as a
reference. Based on this study, the signals at lower diffu-
sion weighting ðpapp1 Þ are expected to contain contribu-
tions from both extra- and intracellular signal, whereas
a detectable signal at large diffusion weighting ðpapp2 Þ
can be taken as evidence for a predominately intracellu-
lar signal. Caution has to be taken, however, when inter-
preting the volume fraction of the component at large
diffusion weighting ðpapp2 Þ in terms of �absolute� fraction
of intracellular versus extracellular signal, since it con-
tains only a part of the intracellular signal [6].

3.4. 1H chemical shift imaging of 9L glioma

To image the spatial distribution of Lac in the tumor,
a homonuclear-edited 1H CSI sequence [28] was used for
spectroscopic imaging. The chemical shift image of Lac
in intracerebral 9L glioma is shown in Fig. 6B (red)
superimposed on a T2-weighted spin echo image
(Fig. 6A). In all cases, Lac was detected in the tumor re-
gion only, which is consistent with previous findings
[41]. Cho was also elevated in and around the tumor
(Fig. 6C), whereas Cr and NAA levels were generally
below detection in the tumors, similar to Fig. 3C. A
common finding was that both Lac and Cho were
non-uniformly distributed in the tumors. Lac was
generally found in tumor areas that also exhibited high
Cho levels (see Fig. 6, Lac and Cho CSI map). Specifi-
cally, in the necrotic areas in the center of the glioma,
no Lac was found. This observation is consistent with
the complementary {1H–13C} metabolite diffusion data,
which indicate that Lac is predominantly found intracel-
lularily in the tumor tissue only. With this homonuclear
editing method [28], Lac was edited and separated from
overlapping resonances, which allowed the simultaneous
detection of other 1H metabolites, including mobile
lipids (Fig. 6D). A further advantage was the built-in
water suppression, i.e., additional RF pulses were not
required to suppress water signal.

3.5. Features of diffusion {1H–13C} spectroscopy

13C-labeling captures specific information about tis-
sue metabolism and distinguishes oxidative from non-
oxidative glucose consumption based on the metabolic
products. In several respects, the use of [1-13C] Glc infu-
sion is advantageous for the detection of Lac in a tumor
model. Only signal from metabolically active tissue (Glc
converted to Lac and Ala) is observed giving an intrinsic
selectivity and localization in the tumor. The 13C-editing
technique eliminates unwanted lipid signals often found
concomitant with the Lac signal in 1H NMR spectra of
tumors. The high concentration and 13C-fractional
enrichment of Lac in vivo is advantageous for spectro-
scopic methods. Simultaneous 1H spectral information
from other metabolites like Cho, Cr, Glu, Gly, and PE
can be used to additionally characterize, classify, and
distinguish healthy and tumor tissues. For both meth-
ods, 13C and 1H, diffusion weighting can be applied:
multi-exponential diffusion attenuation can be used to
distinguish intra- from extracellular signals due to a
different diffusion characteristic (restricted and hindered
diffusion). Based on a comparison with metabolites
known to be intracellular as a reference, the intra/extra-
cellular compartmentation of Lac in a tumor can be
assessed. Finally, it is feasible to utilize not only stea-
dy-state information as performed in the current study,
but also gain dynamic information from the labeling
time course and 13C turnover. In the case where 13C la-
bel changes compartments, e.g., CSF, extracellular or
intracellular space, this could possibly be detected
dynamically by changes in the diffusion coefficients of
metabolites during the time course of the study or in
longer term.

To conclude, we have demonstrated the feasibility of
diffusion {1H–13C} spectroscopy in vivo, even at very
large diffusion weighting of 50 ms/lm2. To the best of
our knowledge, we provided the first measurement of
ADC values of 13C Lac and 13C Ala in the brain. This
new technique was able to provide simultaneous infor-
mation about metabolite diffusion and compartmenta-
tion in vivo. For intracerebral 9L glioma in the rat, we
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Fig. 6. Chemical shift images of Lac, Cho, and lipid in a 9L tumor in the rat brain compared to an axial T2-weighted spin-echo image (A). Lac (B),
Cho (C), and lipid CSI maps (D) are overlayed to an outline sketch of the anatomical image (A). Acquisition parameters: spin-echo sequence, FOV
2.5 · 2.5 cm2, slice thickness 2 mm, TE 80 ms, TR 1.5 s, NA 1. CSI, J-difference edited, FOV 2.5 · 2.5 cm2, slice thickness 2 mm, matrix size 16 · 16,
TE 144 ms, TR 2.5 s, NA 4.
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found that Lac is the major metabolic product of glycol-
ysis and that at least some part of the metabolically ac-
tive lactate is located in the intracellular space of tumor
tissue. Spectroscopic maps of Lac and abnormally ele-
vated Cho levels were consistently found only in tumor
tissue and not in the surrounding and necrotic areas.
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