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Metabolic modeling of 13C NMR spectroscopy (13C
MRS) data using two-compartment neuronal-glial models
enabled non-invasive measurements of the glutamate-
glutamine cycle rate (VNT) in the brain in vivo. However,
the reliability of such two-compartment metabolic model-
ing has not been examined thoroughly. This study uses
Monte-Carlo simulations to investigate the reliability of
metabolic modeling of 13C positional enrichment time
courses measured in brain amino acids such as gluta-
mate and glutamine during [1-13C]- or [1,6-13C2]glucose
infusion. Results show that the determination of VNT is
not very precise under experimental conditions typical of
in vivo NMR studies, whereas the neuronal TCA cycle
rate VTCA(N) is determined with a much higher precision.
Consistent with these results, simulated 13C positional
enrichment curves for glutamate and glutamine are much
more sensitive to the value of VTCA(N) than to the value of
VNT. We conclude that the determination of the gluta-
mate-glutamine cycle rate VNT using

13C MRS is relatively
unreliable when fitting 13C positional enrichment curves
obtained during [1-13C] or [1,6-13C2]glucose infusion. Fur-
ther developments are needed to improve the determina-
tion of VNT , for example using additional information
from 13C-13C isotopomers and/or using glial specific sub-
strates such as [2-13C]acetate. VVC 2007 Wiley-Liss, Inc.
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Carbon-13 NMR spectroscopy (13C MRS) is a
unique tool to measure metabolic fluxes non-invasively
in the brain (Gruetter, 2002; Henry et al., 2006). NMR
measurements during infusion of a 13C-label substrate
(e.g., [1-13C]glucose) enables detection of time courses
of 13C label incorporation into brain amino acids such
as glutamate, glutamine, and aspartate (de Graaf et al.,
2003b; Gruetter et al., 2003a). Analysis of these 13C
time courses using metabolic models has the potential to
yield quantitative metabolic fluxes such as the rate of
TCA cycle or the rate of glutamate-glutamine cycle
between neurons and astrocytes (Rothman et al., 2003;
Garcia-Espinosa et al., 2004; Shen, 2006).

Metabolic modeling was carried out initially using
single-compartment models to fit glutamate turnover

curves (Chance et al., 1983; Mason et al., 1992, 1995).
Because most glutamate is located in neurons (Ottersen
et al., 1992), such one-compartment models reflect
mostly neuronal metabolism. These experiments permit-
ted measurement of the neuronal TCA cycle flux as well
as the exchange flux VX between 2-oxoglutarate and
glutamate (Mason et al., 1992, 1995; Henry et al.,
2002). In the 1990s, glutamine became measurable also
by NMR (Gruetter et al., 1994), and models were
developed to fit not only glutamate but also glutamine
turnover curves. This led to the landmark proposal that
the glutamate–glutamine cycle between neurons and
astrocytes could be measured in vivo (Sibson et al.,
1997). Initial two-compartment models did not include
a full astrocytic compartment, but expanded models
were proposed soon afterward to include astrocytic TCA
cycle activity and pyruvate carboxylase activity in glia
(Gruetter et al., 1998, 2001; Shen et al., 1999). Even
more complex models have been proposed recently to
measure not only the glutamate–glutamine cycle, but
also the GABA-glutamine cycle (Patel et al., 2005). Sur-
prisingly, however, the precision with which metabolic
fluxes can be measured using such complex metabolic
models has not been examined thoroughly.
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The objective of this study was to investigate the
reliability of existing two-compartment neuronal-glial
models used to determine metabolic fluxes from 13C
MRS data. Nearly all metabolic modeling studies with
two-compartment models have been carried out using
[1-13C]glucose or [1,6-13C2]glucose as a substrate. The
measured turnover curves used for the fitting typically
correspond to the total 13C enrichment at each carbon
position (positional 13C enrichment) such as the C4, C3,
C2 positions of glutamate and glutamine. We focused
our simulations on the use of two-compartment models
to fit positional 13C enrichment curves obtained during
[1-13C]glucose or [1,6-13C2]glucose infusion. We carried
out Monte-Carlo simulations under different simulated
experimental conditions, varying parameters such as the
number of experimental data points per turnover curve,
the number of fitted turnover curves, or the noise level.
In addition, we studied the sensitivity of turnover curves
to changes in the value of specific metabolic fluxes. This
allowed us to determine the reliability of each fitted
metabolic flux in the model depending on simulated ex-
perimental conditions.

MATERIALS AND METHODS

All simulations were carried out in Matlab (The Math-
Works Inc., Matick, MA) using a two-compartment model
similar to those already published (Gruetter et al., 1998, 2001;
Shen et al., 1999). The actual metabolic model used for this
study is essentially identical to (Gruetter et al., 2001) and is
shown in Figure 1. Metabolic fluxes were assumed as follows
(in lmol g�1 min�1): VTCA(N) ¼ 1, VTCA(A) ¼ 0.1, VNT ¼
0.3, VPC ¼ 0.1, VX ¼ 1, VOUT ¼ 0.3 (see Fig. 1 for a defini-
tion of these metabolic fluxes). These values are representative
of metabolic fluxes in the resting human brain or in the anes-
thetized rat brain. Metabolite concentrations were assumed
as follows: [GLU]N ¼ 9 mM, [GLU]A ¼ 1 mM, [GLN]N ¼
0.4 mM, [GLN]A ¼ 3.6 mM, [Lac] ¼ 1.0 mM, [Asp]N ¼
2.0 mM, and [OAA]N ¼ [OAA]A ¼ [2OG]N ¼ [2OG]A
¼ 0.1 mM.

The metabolic model consists of 25 differential equa-
tions (Gruetter et al., 2001). This system of coupled differen-
tial equations was solved numerically using a fourth order
Runge Kutta method for stiff systems. Solving differential
equations yields positional 13C enrichment curves for gluta-
mate C4, C3, C2, glutamine C4, C3, C2, and AspC23 (aver-
age of aspartate C2 and aspartate C3) during an infusion of
[1-13C] or [1,6-13C2]glucose. All simulations reported in the
present study were carried out assuming [1-13C]glucose infu-
sion (using [1,6-13C2]glucose infusion leads to approximately
two-fold higher signal-to-noise ratio due to the generation of
two molecules of [3-13C]pyruvate instead of one).

The Monte-Carlo simulation procedure was carried out
as follows: synthetic turnover curves for Glu C4, C3, C2, glu-
tamine C4, C3, C2, and AspC23 were generated by solving
differential equations and adding Gaussian white noise with
mean zero and standard deviation (SD) r. These synthetic
turnover curves were characterized by the following parame-
ters: number of points per curve, noise level (r) and total du-

ration of time courses (tmax). Figure 2 shows an example of
such synthetic turnover curves with 40 data points, tmax ¼
160 min and a noise level r ¼ 0.1 lmol g�1 that is a typical
noise level for in vivo 13C NMR studies.

These synthetic turnover curves were then fitted using
the metabolic model shown on Figure 1 to obtain best fit val-
ues for each of the six free parameters VTCA(N), VTCA(A), VPC,
VNT, VX, and VOUT. Minimization was carried out using ei-
ther the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm
or the Simplex algorithm. The BFGS algorithm was faster,
and Simplex was used when the BFGS algorithm failed. Dif-
ferent starting values for the fit were chosen randomly around
the true (nominal) value of metabolic fluxes parameters to
ensure that the results of the simulation were not dependent
on the initial conditions of the fit. The fit was repeated at
least 500 times with a different noise realization (but the same
noise level r), so that a distribution of fitted values was
obtained for each of the six free parameters (Fig. 2 shows an
example of distribution obtained for VNT after carrying out
500 fits). Because noise realization is the only variable that dif-
fers from one fit to the next, such distributions directly reflect
the uncertainty on each fitted parameter under the specific ex-
perimental conditions used in the simulation. Distributions
were characterized by their SD r. Other output statistics (not

Fig. 1. Two-compartment metabolic model used for Monte-Carlo
simulations in the present study. This metabolic model comprises six
free parameters: VTCA(N) (neuronal TCA cycle), VTCA(A) (glial TCA
cycle), VNT (glutamate-glutamine cycle), VX (exchange between 2-
oxoglutarate and glutamate), VPC (rate of pyruvate carboxylase), and
VOUT (lactate dilution flux). Glucose is taken up both by neurons
and astrocytes and is oxidized through the TCA cycle in both cell
types. The anaplerotic enzyme pyruvate carboxylase (PC) is specific
of the glial compartment. The total PDH flux in astrocytes is the
sum of VTCA(A) and VPC. Glutamate is linked to the TCA cycle
through exchange (VX) with the TCA cycle intermediate 2-oxoglu-
tarate. On glutamatergic neurotransmission, glutamate is released by
presynaptic neurons, taken up by astrocytes, converted to glutamine
through the astrocytic enzyme glutamine synthetase (GS) and sent
back to neurons to regenerate glutamate. Aspartate is assumed to be
located in neurons only, and VX also represents the exchange rate
between oxaloacetate and aspartate. See Gruetter et al. (2001) for
additional details on this metabolic model.
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reported here) include confidence intervals (CI) (useful in the
case of asymmetric distributions), probability density functions
and cross-correlation between free metabolic parameters.

RESULTS

Monte-Carlo simulations were carried out while
varying one experimental parameter at a time: the num-

ber of data points per curve (keeping the total duration
tmax constant) (Fig. 3), the total duration of turnover
curves tmax (keeping the temporal resolution constant)
(Fig. 4), the number of fitted turnover curves (Fig. 5),
and the noise level of turnover curves (Fig. 6). Results
are described in more detail in the paragraphs below.
For the sake of clarity, in the following paragraphs, we
focus on describing the results for two metabolic fluxes
of particular interest: VTCA(N) and VNT. We refer to the
figures for results regarding the other fitted metabolic
fluxes: VPC, VTCA(A), VX, and VOUT.

The relative SD on metabolic fluxes increased
when the number of time points per turnover curve
decreased while the duration of experiment was kept
constant (tmax ¼ 150 min) (Fig. 3). Although the relative
SD of all fitted metabolic fluxes increased as the number
of data points per curve decreased, some of the fitted
fluxes seemed more reliable than others. In this Monte-
Carlo simulation carried out with seven turnover curves
fitted (Glu C4, C3, C2, Gln C4, C3, C2, and AspC23)
and a noise level r ¼ 0.2 lmol g�1, the relative devia-
tion on VTCA(N) was 10% for 50 experimental points per
curve (corresponding to a temporal resolution of 3 min)
and increased slightly to 17% for 20 experimental points
per curve (corresponding to a temporal resolution of
7.5 min). In contrast, the determination of VNT was less
precise. The relative SD on VNT was 45% for 50 data
points per curve, and increased sharply in a non-linear
fashion when the number of points was decreased,
reaching 96% for 30 data points per curve and 670% for
20 points per curve.

A similar simulation was carried out while keeping
the temporal resolution constant (5 min), and increasing
tmax (Fig. 4). The SD on VTCA(N) was 12% for tmax ¼
250 (50 data points per curve) and 15% for tmax ¼ 100
min (20 data points per curve). VNT was again less reli-
able, especially at shorter tmax, with a relative SD equal
to 41% at tmax ¼ 250 min and reaching 96% at tmax ¼
150 min and >3,000% at tmax ¼ 100 min. Regardless of
the relative precision of VTCA(N) and VNT, this also sug-
gests that fitting turnover curves acquired over a longer
time period leads to a more precise determination of
metabolic fluxes.

Simulations carried out while varying the number
of fitted turnover curves (Fig. 5) also showed that VNT

was less reliable than other fluxes. In 13C metabolic
modeling studies, the number of fitted turnover curves
typically ranges from two curves (fitting glutamate C4
and glutamine C4 turnover only) or three curves (fitting
glutamate C4, glutamine C4, and the sum of glutamate
and glutamine C3, referred to as Glx C3) to seven
curves (fitting turnover curves for glutamate C4, C3,
C2, glutamine C4, C3, C2, and AspC23). Monte-Carlo
simulations showed again that VTCA(N) was the most
reliable flux, with a standard SD decreasing from 10%
for seven curves fitted to 20% for three curves fitted. In
contrast, the relative SD on VNT was increased from
49% for seven curves fitted to 64% for four curves fitted
(Glu C4, C3 and Gln C4, C3) and to 266% for three

Fig. 2. Schematic description of the Monte-Carlo simulation proce-
dure. ‘‘Synthetic’’ 13C turnover curves are generated by solving the
differential equations describing the model with nominal values of
metabolic fluxes, and adding gaussian white noise. As an example,
the six 13C turnover curves shown here (top) were simulated for Glu
C4, C3, C2 and glutamine C4, C3, C2 with tmax ¼ 160 min, 40
data points per curve, and a noise SD r ¼ 0.1 lmol g�1, during an
infusion of [1,6-13C2]glucose. This

13C turnover curves are then fit-
ted with the metabolic model to obtain the value of the six free pa-
rameters for this particular dataset. The procedure is then repeated at
least 500 times, and a probability distribution is obtained for each
free parameter in the model. An example of probability distribution
is shown for VNT (bottom). Nominal values for the six free parame-
ters were chosen as follows (in lmol g�1 min�1): VTCA(N) ¼ 1, VNT

¼ 0.3, VTCA(A) ¼ 0.1, VX ¼ 1, VPC ¼ 0.1, VOUT ¼ 0.3. These val-
ues are representative of the awake human brain and a-chloralose
anesthetized rat brain.
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curves fitted (Glu C4, Gln C4, and Glx C3). When fit-
ting only two turnover curves (Glu C4 and Gln C4),
the relative SD on VNT increased to the very high value
of 10,000% (not shown), indicating that this flux could
not be determined reliably under these conditions.

Finally, simulations carried out while varying the
noise level of turnover curves also indicated that VNT

was less reliable than other fluxes, particularly when the
noise level increased (Fig. 6). The relative SD on
VTCA(N) remained <16% even for a noise level equal to
0.3 lmol g�1, whereas the relative SD on VNT increased
sharply in a non-linear fashion as the noise level
increased, reaching 45% for r ¼ 0.2 lmol g�1, 179%
for r ¼ 0.25 lmol g�1 and more than 5,000% for r ¼
0.3 lmol g�1.

Results obtained with Monte-Carlo simulations
were consistent with sensitivity analysis. We examined
the sensitivity of 13C turnover curves for glutamate and
glutamine to changes in the value of VTCA(N) or VNT

(Fig. 7). Changing the value of VTCA(N) by 650%
resulted in large changes in simulated 13C turnover

curves for glutamate C4 and glutamine C4 (Fig. 7, top).
In contrast, changing the value of VNT by 650%
resulted in very little change in simulated 13C turnover
curves (Fig. 7, bottom), indicating that these curves are
not very sensitive to the value of VNT.

Constraining some of the six unknown metabolic
fluxes improved the determination of the remaining fit-
ted fluxes (Table I). For example, when fitted seven
turnover curves with 20 data points per curve and a
noise level r ¼ 0.2 lmol.g�1, the relative SD on VNT

dropped from 670% with no constrained parameters to
99% when constraining VX, VPC and VTCA(A) to their
nominal value. However, even with these constraints,
the relative SD on VNT (99%) remained much higher
than the relative SD on VTCA(N) (10 %) and the estima-
tion of the mean value of VNT was biased compared to
the nominal value (0.3 lmol g�1min�1).

DISCUSSION

In the present study, we investigated the reliability
of two-compartment modeling as it has been carried out

Fig. 3. Relative SD of fitted metabolic fluxes depending on the number of data points per turn-
over curve. Left: Relative SD for VTCA(N) and VNT. Right: Relative SD for VTCA(A), VX, VPC,
and VOUT. Note that the SD on VNT increases sharply as the number of data points per curve
decreases. This simulation was carried out with seven turnover curves fitted (Glu C4, C3, C2, Gln
C4, C3, C2, and AspC23) and a noise level r ¼ 0.2 lmol g�1. The total duration of turnover
curves was kept constant (tmax ¼ 150 min).

Fig. 4. Relative SD of fitted metabolic
fluxes depending on tmax. Left: Rela-
tive SD for VTCA(N) and VNT. Right:
Relative SD for VTCA(A), VX, VPC,
and VOUT. This simulation was carried
out with seven turnover curves fitted
(Glu C4, C3, C2, Gln C4, C3, C2,
and AspC23) and a noise level r ¼ 0.2
lmol g�1. The temporal resolution was
kept constant (5 min) so that tmax ¼
100 min corresponded to 20 data
points per turnover curve and tmax ¼
250 min corresponded to 50 data
points per turnover curve.
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in the past 10 years to determine compartmentalized
neuronal-glial metabolic fluxes. The present study shows
that metabolic modeling of 13C positional enrichment
curves measured during an infusion of [1-13C] or
[1,6-13C2]glucose using a two-compartment neuronal-
glial model may not be sufficient to obtain a precise
determination of VNT. The error on VNT was generally
much higher than the error on VTCA(N) and increased
dramatically in a non-linear fashion when experimental
conditions became less favorable (lower number of data
points per turnover curve, lower total duration of turn-
over curves, lower signal-to-noise, lower number of
turnover curves fitted) as is often the case for in vivo
studies. Consistent with these results, 13C turnover
curves for glutamate and glutamine were found to be
relatively insensitive to the value of VNT.

Reliability of Two-Compartment Modeling
Depending on Experimental Conditions

Experimental conditions simulated here are represen-
tative of many in vivo studies. Typical in vivo experimental
conditions lead to 13C time courses measured with 60–120
min total duration (sometimes longer in animals studies) and
a temporal resolution of 5–10 min with a noise SD ranging
between 0.1–0.3 lmol g�1. Another experimental aspect to
consider is the number of turnover curves fitted. Most stud-
ies have used only two turnover curves (glutamate C4 and
glutamine C4) or three turnover curves (glutamate C4,
glutamine C4, and Glx C3) (de Graaf et al., 2004) to deter-
mine VNT. To the best of our knowledge, only two studies
in vivo have used six or seven turnover curves (Gruetter
et al., 2001; Choi et al., 2002). Our Monte-Carlo simula-
tions suggest that metabolic modeling with two-compart-

Fig. 5. Relative SD of fitted metabolic fluxes depending the number
of turnover curves fitted. Left: Relative SD for VTCA(N) and VNT.
Right: Relative SD for VTCA(A), VX, VPC, and VOUT. The number
of turnover curves fitted corresponded to the following: two curves
(Glu C4 and Gln C4), three curves (Glu C4, Gln C4, and Glx C3),
four curves (Glu C4, C3 and Gln C4, C3), six curves (Glu C4, C3,
C2, and Gln C4, C3, C2), and seven curves (Glu C4, C3, C2, and
Gln C4, C3, C2, and Asp23), where Glx C3 is the sum of Glu C3

and Gln C3, and Asp23 is the average of Asp C2 and Asp C3. This
simulation was carried out with a noise level r ¼ 0.2 lmol g�1, 50
data points per turnover curve and tmax ¼150 min. When fitting
only two curves (Glu C4 and Gln C4), the resulting SD on VNT was
extremely high (10,000%) and this value is therefore not shown on
the graph. Such a high SD suggests that fitting only two curves
(Glu C4 and Gln C4) is not sufficient to obtain a reliable measure-
ment of VNT.

Fig. 6. Relative SD of fitted metabolic
fluxes depending on the noise level
(noise standard deviation r in
lmol g�1). Left: Relative standard devi-
ation for VTCA(N) and VNT. Right:
Relative SD for VTCA(A), VX, VPC, and
VOUT. This simulation was carried out
with seven turnover curves fitted (Glu
C4, C3, C2, Gln C4, C3, C2, and
AspC23), 50 data points per turnover
curve, and tmax ¼ 150 min.
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ment models becomes more reliable when using at least
four turnover curves (Glu C4, C3 and Gln C4, C3). The
number of curves that can be measured simultaneously
largely depends on the NMR detection method and pulse
sequence used. For example, direct detection allows separate
measurement of Glu C3 and Gln C3, but these two reso-
nances are very difficult to separate with indirect detection
methods (Pfeuffer et al., 1999; De Graaf et al., 2003a).

Monte-Carlo simulations reported in the present
study suggest that particular caution is warranted when
using two-compartment models to fit few turnover
curves (for example only two curves Glu C4 and Gln
C4). Caution is also warranted when fitting curves with
very few points (e.g., time courses obtained cross-sec-
tionally from brain extracts) or with a low signal-to-
noise ratio. Constraining some of the free parameters in
the model (e.g., constraining VPC, VTCA(A), and VX, and
leaving the other three parameters VNT, VTCA(N) and
VOUT as free parameters) may significantly improve the
reliability of the fit (Table I), but this requires making
assumptions on the constrained metabolic fluxes. Incor-
rect assumptions may lead to biased estimation of the
remaining metabolic fluxes. Furthermore, even with
additional constraints, the glutamate-glutamine cycle flux

VNT remains relatively unreliable, especially when fitting
only glutamate C4 and glutamine C4 turnover curves.

In addition to VTCA(N) and VNT, four other meta-
bolic fluxes were estimated in the model. Results of
Monte-Carlo simulations showed that the lactate dilution
flux VOUT had a precision similar to that of VTCA(N) (10–
15% under most simulated experimental conditions). The
anaplerotic flux VPC was also relatively reliable with a
standard deviation around 20–30% under most simulated
experimental conditions. The astrocytic TCA cycle VTCA(A)

had a high relative standard deviation (typically 100%)
although the absolute error was low, due to low absolute
value of this flux in the model (0.1 lmol g�1 min�1). The
exchange rate VX between 2-oxoglutarate and glutamate
showed a large relative error (*50%), and was therefore
much less reliable than VTCA(N), a fact that was already
noted in previous studies with one-compartment and two-
compartment models (Mason et al., 1992; Gruetter et al.,
2001; Choi et al., 2002; Henry et al., 2002).

Insensitivity of 13C Turnover Curves
to the Value of VNT

Consistent with Monte-Carlo simulations, we show
that glutamate and glutamine 13C positional enrichment
curves obtained during an infusion of [1-13C] or
[1,6-13C2]glucose are not very sensitive to the value of
VNT. This insensitivity of 13C labeling curves to the
value of VNT results directly from 1) the relative pool
sizes of glutamate and glutamine in glia and neurons,
and 2) the fact that most 13C label is taken up by neu-
rons. Therefore, quantitatively, most 13C label flows into
the big pool of neuronal glutamate before labeling
the smaller pool of glial glutamine. The consequence of
this is best understood when considering a simplified
version of the two-compartment model (Fig. 8) that
assumes that all label flows from glucose into the neuro-
nal glutamate pool, which is in ‘‘exchange’’ with the glial
glutamine pool [this model is similar to that used by Sib-
son et al. (1997, 1998) in the first VNT measurements].
When the neuronal glutamate pool is much larger than
the glial glutamine pool ([GLU] >> [GLN] in the sim-
plified model in Fig. 8), simulations indicate that 13C

Fig. 7. Sensitivity of 13C turnover curves for glutamate C4 and glu-
tamine C4 to the value of VTCA(N) and VNT. Top:

13C turnover
curves for glutamate C4 and glutamine C4 when VTCA(N) is varied
by 650% around its nominal value (VTCA(N) ¼ 0.5, 1, and 1.5
lmol g�1 min�1). Bottom: 13C turnover curves for glutamate C4
and glutamine C4 when VNT is varied by 650% around its nominal
value (VNT ¼ 0.15, 0.3, and 0.45 lmol. g�1 min�1).

TABLE I. Standard Deviation on VNT Determined With and

Without Constraints on Some of the Other Fitted Parameters*

Parameters

fixed

No. of

curves

Mean

VNT

Absolute

SD VNT

Relative SD

VNT (%)a

None 7 0.56 2.01 670

VTCA(A), VPC 7 0.42 0.52 173

VTCA(A), VPC, VX 7 0.41 0.30 99

None 3 Unreliable Unreliable Unreliable

VTCA(A), VPC 3 0.98 7.88 2,630

VTCA(A), VPC, VX 3 0.98 2.01 670

*This simulation was carried out with tmax ¼ 150 min, 20 data points

per turnover curve, and a noise level r ¼ 0.2 lmol g�1.aWith respect to

nominal value VNT ¼ 0.3 lmol g�1 min�1.
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positional enrichment curves are to a large extent inde-
pendent of the value of VNT (Fig. 8). In contrast, in the
hypothetical case where the glial glutamine pool would
be much larger than the neuronal glutamate pool
([GLN] >> [GLU]), simulated 13C positional curves for

glutamine become very sensitive to the value of VNT

(Fig. 8).
Therefore, the fact the 13C labeling curves are rela-

tively insensitive to value of VNT (when using [1-13C]
or [1,6-13C2]glucose as a substrate) is not dependent on
particular assumptions used in the two-compartment
metabolic model. Rather, it is a consequence of the fact
that a large metabolic pool gets labeled more slowly than
a small metabolic pool. Therefore, when labeling a small
metabolic pool (glial glutamine) from a larger metabolic
pool (neuronal glutamate), enrichment curves of the
small pool reflect that of the larger precursor pool, with
little dependence on the value of the metabolic flux
between the two pools. Although the difference in pool
sizes is relatively large in the above example (10 mM
and 1 mM), additional simulations show that, as long as
the precursor pool (e.g., glutamate) is larger than the
product pool (e.g., glutamine), labeling of the product
pool remains relatively insensitive to the value of the
metabolic flux between the two pools (not shown). This
illustrates the usefulness of Monte-Carlo simulations and
sensitivity analysis to predict how precisely metabolic
fluxes can be determined for specific infused substrates,
metabolic models, and experimental conditions.

Future Directions to Improve the Reliability
of Metabolic Modeling: Acetate

Most dynamic metabolic modeling studies have
used [1-13C] or [1,6-13C2]glucose infusion as a substrate.
One way to alleviate the uncertainty in metabolic mod-
eling may be to use 13C-labeled substrates that are taken
up by a specific compartment. Acetate has been shown
to be taken up almost exclusively by astrocytes
(Waniewski and Martin, 1998). Because 13C-labeled ace-
tate is taken up only by the glial compartment, the main
glial glutamine pool becomes labeled before the large
neuronal glutamate pool. Therefore glutamate and gluta-
mine labeling curves are expected to be more sensitive
to the value of VNT than with [1-13C] or [1,6-13C2]glu-
cose. A few studies have reported the use of [1-13C]ace-
tate or [2-13C]acetate to study compartmentalized brain
metabolism in vivo (Bluml et al., 2002; Lebon et al.,
2002; Patel et al., 2005). None of these 13C-acetate
studies have attempted dynamic metabolic modeling
with a two-compartment neuronal-glial model for quan-
titative measurement of VNT, however, in part because
the kinetics of 13C-acetate uptake and its conversion to
acetyl-CoA (in competition with the glycolytic pathway)
are not well characterized.

In previous [2-13C]acetate studies, analysis of iso-
tope distribution at isotopic steady-state was used to
determine the ratio VNT/VTCA(N) (Lebon et al., 2002).
Using this approach, a recent study carried out metabolic
modeling (three-compartment model) using data from
two separate experiments (Patel et al., 2005). In a first
step, [2-13C]acetate was infused to determine the ratio
VNT/VTCA(N) using analysis at isotopic steady-state. In a
second step (in separate animals), [1,6-13C2]glucose was

Fig. 8. Illustration of the impact of glutamate and glutamine pool sizes
on the 13C positional enrichment time course of glutamate C4 and glu-
tamine C4. Top: Simplified version of the two-compartment model in
which all 13C label flows from pyruvate to neuronal glutamate, which
is in ‘‘exchange’’ with glial glutamine. Although simple, this model
reflects the dominant pathway for the flow of 13C label when using
[1-13C]glucose or [1,6-13C2]glucose. Most 13C label flows from glucose
(or pyruvate) into a big pool (neuronal glutamate), followed by labeling
of a smaller pool (glial glutamine). Middle: Glutamate C4 and gluta-
mine C4 13C labeling curves for three different values of VNT (0.15,
0.30, and 0.45 lmol g�1 min�1) with [GLU(N)] ¼ 10 mM and
[GLN(A)] ¼ 1 mM. The rate of glutamine labeling is nearly independ-
ent of VNT. Bottom: Glutamate C4 and glutamine C4 13C labeling
curves for three different values of VNT (0.15, 0.30 and 0.45 lmol g�1

min�1) with [GLU(N)] ¼ 1 mM and [GLN(A)] ¼ 10 mM. The rate
of glutamine labeling depends strongly on the value of VNT.
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infused and the resulting 13C glutamate C4 and gluta-
mine C4 turnover curves were fitted with a two-com-
partment metabolic model, but using the constrained ra-
tio determined in the first step. Not surprisingly,
Monte-Carlo simulations show that the determination of
VNT becomes much more reliable when using the addi-
tional constraint on the ratio VNT/VTCA(N) (not shown).
However, the precision on VNT using this approach is
dependent on the precision of the first step (isotopic
analysis at isotopic steady-state). A straightforward error
calculation on the formula used to calculate the ratio
VNT/VTCA(N) (Lebon et al., 2002) shows that, with
errors on isotopic enrichment as reported in the same
study, the error on VNT is *75%. Therefore, even
though this two-step approach certainly improves the
reliability of VNT determination (Patel et al., 2005), it
may not be sufficient to yield a very precise measure-
ment of VNT.

One drawback of using [2-13C]acetate as a substrate
is that it leads to much lower enrichments in the C2,
C3, and C4 resonances of glutamate and C2, C3 reso-
nances of glutamine than enrichments achieved with
[1-13C] or [1,6-13C2]glucose infusion, with makes it
more difficult to detect signals with sufficient sensitivity
in vivo using NMR. In addition, infusion of large
amounts of acetate is likely to alter brain physiologic
conditions (e.g., increased pyruvate recycling). Nonethe-
less, we expect that dynamic modeling of turnover
curves obtained during [2-13C]acetate infusion may lead
to a more robust determination of VNT than when using
[1-13C] or [1,6-13C2]glucose.

In another study (Sibson et al., 2001), infusion of
[2-13C]glucose also resulted in 13C label being incorpo-
rated specifically through the glial compartment via py-
ruvate carboxylase (metabolism of [2-13C]glucose via py-
ruvate dehydrogenase complex leads to 13C label being
incorporated into glutamate and glutamine C5, which
are not detected typically with in vivo NMR detection
methods). Metabolic modeling of 13C positional enrich-
ment curves measured during [2-13C]glucose infusion
was carried out under hyperammonemic conditions
(Sibson et al., 2001). Dynamic metabolic modeling was
not possible under normoammonemic conditions in that
study, however, due to low signal-to-noise ratio
(resulting from the low isotopic enrichment in glutamate
and glutamine).

Future Directions to Improve the Reliability
of Metabolic Modeling: Dynamic
Isotopomer Analysis

Another way to make the metabolic modeling
more reliable would be to use the additional information
from 13C isotopomers. For example, during infusion of
[1-13C] or [1,6-13C2]glucose, the glutamate C4 reso-
nance (GluC4total) appears as the superposition of a sin-
glet (GluC4S corresponding to glutamate labeled at the
C4 position, but not at the C5 or C3 positions) and a
doublet (GluCD43 corresponding to glutamate labeled

both at C4 and C3 positions). We have shown recently
that dynamic isotopomer time courses can be measured
in the brain in vivo (Henry et al., 2003a,b). Jeffrey et al.
(1999) have shown in the heart that using this additional
information from isotopomers leads to improved deter-
mination of VTCA. In the brain, however, current meta-
bolic models used to analyze 13C turnover curves in the
brain consider only the total amount of 13C label at each
carbon position (13C positional enrichment), but do not
take advantage of the additional information available
from 13C-13C multiplets. For example, positional models
fit the 13C positional enrichment curve for glutamate C4
(GluC4total), but does not take advantage of the addi-
tional information from the singlet GluC4S and the dou-
blet GluC4D43. We are developing currently a new
metabolic model to fit additional 13C turnover curves
corresponding to multiply labeled 13C-13C isotopomers.

Usefulness of Monte-Carlo Simulations
to Evaluate the Precision of Metabolic Models

As metabolic models become more complex, with
a higher number of free parameters and more assump-
tions, it is useful to increasingly evaluate the reliability of
such models. Monte-Carlo simulations are a widely
accepted mathematical procedure to evaluate the reliabil-
ity of models with respect to noise in experimental data,
and we expect that they will become an indispensable
component of 13C metabolic modeling studies. Note
that the present study only addressed the precision of
metabolic fluxes using existing two-compartment meta-
bolic models. Although we used the most up to date
metabolic model in use currently, we did not attempt to
verify whether all assumptions in this model are correct.
Our question was simply: given existing two-compart-
ment models, what precision can be expected on the
determination of metabolic fluxes?

Metabolic models will undoubtedly still be refined
with time as more prior knowledge becomes available.
For example, current models do not consider the possi-
bility of net glutamate oxidation into the astrocytic TCA
cycle. Studies by McKenna et al. (1996) show that gluta-
mate oxidation occurs in astrocytes in culture. It is
unclear whether net glutamate oxidation occurs in vivo.
Extracellular glutamate concentration is normally very
low, but it does increase to high levels for brief periods
during excitatory neurotransmission (Matsui et al.,
2005). Note that if there is net glutamate oxidation (net
glutamate influx into TCA cycle), then there should be
net efflux of carbons somewhere else in the TCA cycle.
One possible mechanism for this is pyruvate recycling.
There is evidence, however, that pyruvate recycling is
very small in the brain in vivo when infusing glucose.
This is because infusion of [1,6-13C2]glucose does not
result in significant labeling of glutamate and glutamine
C5 even after several hours of infusion (Gruetter et al.,
2003b). If there was significant pyruvate recycling, gluta-
mate and glutamine C5 would become labeled, which
was not the case. In contrast, a high rate of pyruvate
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recycling has been reported during acetate infusion
(Cerdan et al., 1990). We also observed that, when
infusing [2-13C]acetate, glutamate and glutamine C5
become highly labeled, which suggests a high rate of py-
ruvate recycling under these conditions (not shown). In
addition to pyruvate recycling, another possibility for
loss of TCA cycle intermediates is direct efflux of gluta-
mine. We expect that future work will address the possi-
bility of net glutamate oxidation in vivo.

Our finding that VNT is relatively unreliable may
seem surprising in view of the significant number of 13C
studies carried out using [1-13C]glucose or [1,6-13C2]
glucose infusion and two-compartment models to mea-
sure VNT in the past decade (Sibson et al., 1997, 1998;
Shen et al., 1999; Gruetter et al., 2001; Choi et al.,
2002; de Graaf et al., 2004; Oz et al., 2004; Patel et al.,
2004, 2005; Yang and Shen, 2005). It is worth noting,
however, that one study reported a very high standard
deviation on VNT (Chhina et al., 2001), which is con-
sistent with our Monte-Carlo simulations. We suggest
several possibilities to explain why the VNT flux seemed
more reliable in many studies than would be expected
based on Monte-Carlo simulations. First, the fitting
algorithm may stop at a local minimum, so that the fit-
ted values obtained after least-square minimization do
not correspond to the best fit. One way to circumvent
this problem is to repeat the fit with very different initial
conditions and to verify that fitted parameter values do
not depend on initial conditions. Another explanation
for the apparent reliability of VNT in previous studies is
that the investigator may introduce some ‘‘prior knowl-
edge’’ by expecting ‘‘reasonable’’ values for metabolic
fluxes. For example, the investigator may expect 0 < VNT

< VTCA(N) (even if this constraint is not implemented ex-
plicitly in the fitting algorithm, the investigator may be
tempted to repeat the fit with slightly different condi-
tions if the fitted value of VNT is ‘‘unreasonable’’). With
such a constraint, if VNT is so unreliable that the values
of VNT are evenly spread in the interval [0; VTCA(N)],
then on average the determination of VNT is expected
to yield VNT ¼ 0.5 3 VTCA(N). This could potentially
explain the apparent correlation between VNT and
VTCA(N) in previous studies. Finally, uncertainty on
fitted parameters may be underestimated by the software.
Most fitting software give an estimate of the uncertainty
for each fitted parameter based on the fitting algorithm
itself (calculated from inversion matrix). However, this
determination is based on specific assumptions to calcu-
late so-called asymptotic or approximate standard errors.
These assumptions are most likely not verified when
fitting ‘‘noisy’’ in vivo data, leading to an underestima-
tion of the true error. Monte-Carlo simulations avoid
this problem and are considered the ‘‘gold standard’’ for
determination of uncertainties with non-linear models.

CONCLUSION

We conclude that 13C turnover curves for gluta-
mate and glutamine obtained during [1-13C] or

[1,6-13C2]glucose infusion are much more sensitive to
the value of neuronal TCA cycle rate VTCA(N) than to
the value of the glutamate-glutamine cycle rate VNT. As
a result, metabolic modeling of 13C turnover curves
using two-compartment neuronal-glial metabolic models
yields relatively precise estimates of VTCA(N), whereas
the determination of VNT is relatively unreliable under
experimental conditions typical of in vivo studies. Our
study underscores the importance of evaluating the reli-
ability of metabolic modeling under experimental condi-
tions specific for each study. We suggest that Monte-
Carlo simulations become a standard component of any
metabolic modeling study to evaluate the degree of con-
fidence in each fitted metabolic flux in the model.
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