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Purpose: To investigate metabolic exchange between 13C1-pyruvate, 13C1-lactate, and 13C1-alanine in pre-
clinical model systems using kinetic modeling of dynamic hyperpolarized 13C spectroscopic data and to
examine the relationship between fitted parameters and dose–response.
Materials and methods: Dynamic 13C spectroscopy data were acquired in normal rats, wild type mice, and
mice with transgenic prostate tumors (TRAMP) either within a single slice or using a one-dimensional
echo-planar spectroscopic imaging (1D-EPSI) encoding technique. Rate constants were estimated by fit-
ting a set of exponential equations to the dynamic data. Variations in fitted parameters were used to
determine model robustness in 15 mm slices centered on normal rat kidneys. Parameter values were
used to investigate differences in metabolism between and within TRAMP and wild type mice.
Results: The kinetic model was shown here to be robust when fitting data from a rat given similar doses.
In normal rats, Michaelis–Menten kinetics were able to describe the dose–response of the fitted exchange
rate constants with a 13.65% and 16.75% scaled fitting error (SFE) for kpyr?lac and kpyr?ala, respectively. In
TRAMP mice, kpyr?lac increased an average of 94% after up to 23 days of disease progression, whether the
mice were untreated or treated with casodex. Parameters estimated from dynamic 13C 1D-EPSI data were
able to differentiate anatomical structures within both wild type and TRAMP mice.
Conclusions: The metabolic parameters estimated using this approach may be useful for in vivo monitor-
ing of tumor progression and treatment efficacy, as well as to distinguish between various tissues based
on metabolic activity.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

The biochemical processes observed in cancerous tissue may be
markedly different than those in anatomically similar normal tis-
sue [1,2]. A number of such processes have been investigated using
in vivo 13C magnetic resonance spectroscopy (MRS) and mathemat-
ical modeling, but have suffered from relatively low signal to noise
ratios [3,4]. With the recent development of dynamic nuclear
polarization (DNP) it has been possible to increase the 13C MR sig-
nal intensity by more than 10,000-fold [5] and to provide dramatic
improvements in the ability to study in vivo 13C metabolism [6–
10].

Pyruvate is an important end product of glycolysis that is pre-
ferentially converted in the mitochondria of healthy cells to acet-
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yl-CoA and carbon dioxide via pyruvate dehydrogenase (PDH).
Acetyl-CoA enters the tricarboxylic acid (TCA) cycle and eventually
provides cellular energy as ATP. Without oxygen, or if the TCA cycle
is running at full capacity, healthy tissue is forced to maintain
energy needs through an alternate pathway that converts pyruvate
to lactate via lactate dehydrogenase (LDH) and oxidizes NADH to
NAD+. The NAD+ is then available to aid in further glycolytic con-
version of glucose to pyruvate, providing cellular energy as ATP.
Another common pathway for pyruvate is conversion to alanine
via alanine transaminase (ALT), which is known to occur in healthy
liver and sometimes muscle. Fig. 1 shows a simplified diagram of
these biochemical pathways that follows the C1 carbon of
pyruvate.

There are a number of changes in the metabolic products of
pyruvate that may be of interest for the evaluation of tumors.
One key finding is that all tumors preferentially undergo conver-
sion of pyruvate to lactic acid, even in the presence of oxygen. This
observation is known as aerobic glycolysis, or the Warburg effect
[11,12]. Some cancer cells also show changes in transaminase
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activity, suggesting pyruvate-to-alanine exchange may be en-
hanced or suppressed, depending on tumor type [13–16]. There-
fore, it may be possible to discern healthy tissue from cancerous
tissue or to monitor cancer progression by injecting 13C-pyruvate
and monitoring the changes in 13C-lactate, 13C-alanine, and/or
the MR signals from other metabolic products.

Prostate cancer is the most prevalent form of cancer in men,
making up approximately 25% of all new male cancer diagnoses
each year in the US [17]. A transgenic model of prostate cancer
in mice (TRAMP) has been developed for its similarities to human
prostate cancer, in that the tumor occurs spontaneously and fol-
lows a similar pattern of progression [18]. By studying the TRAMP
model using hyperpolarized 13C techniques, important details
about prostate cancer may be learned, with future studies aimed
at investigating other tumor types and cancer in general.

This study uses dynamic MRS data to investigate 13C1-pyruvate
metabolism in healthy rats and mice, and in TRAMP mice. This
agent was chosen because of the relatively long T1 value of the
13C nucleus in the C1 position. Simple exponential equations were
used to model the dynamic changes in 13C1-pyruvate, 13C1-lactate,
and 13C1-alanine levels following a bolus of the hyperpolarized
agent. The goal of the study was to use a range of different doses
of hyperpolarized 13C1-pyruvate in order to assess the dose–re-
sponse and to investigate whether it could be modeled with
Michaelis–Menten-like kinetics.
Fig. 2. Examples of dynamic curves of metabolite levels in a 15 mm slice centered
on healthy rat kidney (a) and a 10 mm slice centered on TRAMP tumor (b). Pyruvate
data are represented by black diamonds (�), lactate data are represented by red
asterisks (�), alanine data are represented by green plus signs (+), and the estimated
best fit lines are represented by the blue lines. Metabolic parameters, estimated
from the model in equations 1 and 2 are also listed inside their respective plots,
along with a T2 fast spin-echo (FSE) 1H image of the slice used to acquire 13C data.
Both animals received a dose of approximately 725 lmol/kg of hyperpolarized 13C1-
pyruvate injected over 12 s.
2. Methods

Twelve healthy male Sprague–Dawley rats (median mass of
330 g) were injected with hyperpolarized 13C1-pyruvate through
a tail vein catheter. Two male wild type and ten TRAMP mice (med-
ian mass of 35.5 g) were injected with hyperpolarized 13C1-pyru-
vate through a jugular vein catheter. The TRAMP mice were
serially studied to monitor tumor progression and treatment
response, whereas healthy rats and mice were sacrificed
immediately after imaging. The TRAMP mice received up to 12
13C1-pyruvate injections over multiple studies and the healthy
mice and rats received a maximum of three 13C1-pyruvate injec-
tions. Imaging and spectroscopy were performed on a GE 3T MR
scanner (GE Healthcare, Waukesha, WI) with a dual-tuned
(1H/13C) quadrature coil, either customized for rats (8 cm inner
diameter, 9 cm length, sensitive volume: 75 mm diameter and
90 mm length) or customized for mice (5 cm inner diameter,
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8 cm length) [7]. The specifics of the animal handling procedure
have been reported previously [7,19]. All experiments were con-
ducted under a protocol approved by our institutional animal care
and use committee.

Hyperpolarized 13C1-pyruvate was generated with either a pro-
totype DNP polarizer [19] or a Hypersense� system (Oxford Instru-
ments, Abingdon, UK). Polarization levels ranged from 16% to 23%.
Animals were given a range of pyruvate concentrations and vol-
umes to assess the effects of dose on metabolite exchange. Rats re-
ceived 13C1-pyruvate at concentrations of 9.6–80 mM with
volumes of 1.0–3.4 mL, yielding a 13C1-pyruvate dose between
28.1 and 724.2 lmol/kg. In TRAMP and wild type mice, doses ran-
ged from 92.4 to 857.9 lmol/kg (10–80 mM, 300–400 lL). The
injections lasted between 4 and 13 s in rats, but were consistently
12 s in the mice.

In 12 of the rats (21 scans), dynamic spectroscopy data were ac-
quired from a single 15 mm axial slice centered on the kidneys
(Flip angle = 5�, spectral bandwidth (BW) = 5 kHz, 2048 spectral
points) using a spin-echo RF pulse sequence. Data acquisition be-
gan simultaneously with the 13C1-pyruvate injection and was re-
peated every 3 s (TR = 3 s) over a duration of 189 s (64 time
points). The same acquisition was used for six TRAMP mice (11
scans) with a 10 mm axial slice centered on the primary tumor
in the prostate. Chemical shift mis-registration between pyruvate
and lactate for the 2.8 kHz hyperbolic secant RF selection pulses
[7] was estimated at approximately 2 mm for the 15 mm slice
selection and 1.4 mm for the 10 mm slice selection. Volumes of
tumor that were estimated to be within the observed 10 mm slices
ranged from approximately 0.6–3.2 cc.

A one-dimensional flyback echo-planar spectroscopic imaging
(1D-EPSI) technique was used to acquire dynamic data in two
healthy wild type mice (3 scans) and five TRAMP mice (15 scans)
[20]. The readout gradient was applied in the superior–inferior
(SI) dimension during acquisition to allow spatial encoding with
a 10 mm slice resolution and a 160 mm field of view (FOV). The
readout trajectory was designed for a spectral bandwidth of
581.4 Hz with 288 spectral points [21]. The other acquisition
parameters remained the same.

High-resolution T2-weighted anatomical 1H images were ac-
quired to reference the spectroscopic data in both rats and mice.
Acquisition details for these images have been published previ-
ously [7,9,19].

Data were processed using an algorithm that was implemented
in the Interactive Data Language (IDL, ITT Visual Information Solu-
tions, Boulder, CO). For the single slice data, a 10 Hz Lorentzian
apodization was applied to each free-induction decay (FID) prior
to Fourier transforming the data. Zero-order phasing was applied
to maximize the value of the first point in the FID. The average
baseline signal was then subtracted and the real peak heights for
13C1-pyruvate, 13C1-lactate, and 13C1-alanine were used as input
data for the models described below. The 1D-EPSI data were pro-
cessed similarly, with additional phase corrections to account for
the time delays in the FID that result from the spatial encoding
[22]. These data were zero-filled spatially in the SI dimension to
1.25 mm resolution in order to more precisely reference the
metabolite levels to specific tissues.

A model for the change in 13C1-pyruvate signal over time was
first fit to the pyruvate peak height data according to the following
piecewise equation:

MpyrðtÞ ¼

rateinj
kpyr

1� e�kpyrðt�tarrivalÞ
� �

; tarrival 6 t < tend

MpyrðtendÞe�kpyrðt�tendÞ; t P tend

8><
>:

ð1Þ

where Mpyr(t) represents 13C1-pyruvate peak height as a function of
time. The parameters fit by this model are: kpyr, the rate constant for
pyruvate signal decay (in s�1); rateinj, the rate of pyruvate arrival (in
a.u. s�1); and tarrival, the time of pyruvate arrival (in s). The signal
was assumed to be zero for all metabolites prior to tarrival. The
variable, tend, can be calculated as the sum of the fitted arrival time,
tarrival, and the known injection duration. The three estimated pyru-
vate parameters (kpyr, rateinj, tarrival) were then used to fit the
following equation with 13C1-lactate and 13C1-alanine dynamic data:

MxðtÞ ¼

kpyr!xrateinj
kpyr�kx

1�e�kxðt�tarrivalÞ

kx
� 1�e�kpyr ðt�tarrival Þ

kpyr

� �
; tarrival 6 t < tend

MpyrðtendÞkpyr!x

kpyr�kx
ðe�kxðt�tendÞ � e�kpyrðt�tendÞÞ

þMxðtendÞe�kxðt�tendÞ; t P tend

8>>>>><
>>>>>:

ð2Þ

Here, x represents either lactate (lac) or alanine (ala), and Mx(t)
represents either 13C1-lactate or 13C1-alanine peak heights over
time. Two parameters were estimated: kpyr?lac (or kpyr?ala), the
rate constant for pyruvate to lactate (or alanine) exchange (s�1),
and klac (or kala), the rate constant for lactate (or alanine) signal de-
cay (s�1). Metabolite signal decay rate constants (kpyr, klac, and kala)
were assumed to consist of both metabolite T1 decay and signal
loss from the 5� RF flip angles. This meant that T1 values could
be estimated for lactate and alanine after accounting for RF excita-
tions and for pyruvate after also accounting for metabolic ex-
change rate constants. The robustness of parameter estimation
was assessed based upon multiple scans on a healthy rat that
was given three similar 13C1-pyruvate doses (321.4–321.9 lmol/
kg).

In addition to metabolism, T1 effects, and RF excitations, all rate
constants may be influenced by other sources of signal change or
variation, and they should be thought of as apparent, rather than
absolute, rate constants. Also note that reverse exchange of metab-
olites back to pyruvate was assumed to be negligible in this model
to allow the estimation of irreversible Michaelis–Menten kinetics.
This was further shown to be a reasonable assumption in previous
studies that used hyperpolarized 13C1-lactate as the injected sub-
strate [23].

The dose effects were represented by a Michaelis–Menten-like
model with maximum reaction velocity (Vmax) and Michaelis con-
stant (Km) according to the following equation:

kpyr!x ¼
Vmax

Km þ Dosepyr
ð3Þ

The kinetics are described here using kpyr?lac and kpyr?ala instead of
initial reaction rates (V0). This modified Michaelis–Menten equation
is simply the inverse of the Hanes–Woolf equation [24]. To adhere
to the traditional Michaelis–Menten equation, the initial reaction
rates (V0) relative to pyruvate dose were also estimated as the prod-
uct of dose (Dosepyr) and exchange rate constants (kpyr?lac and kpyr?

ala). Parameter estimates from nineteen scans (11 rats) were used to
fit Eq. (3) and estimate Vmax and Km for exchange with lactate and
exchange with alanine. The robustness of the model fit was as-
sessed via the scaled fitting error [25].

Metabolic parameters from ten TRAMP mouse tumors (26
scans) and two wild type mice (3 scans) were considered. In wild
type mice, comparison data came from the region containing nor-
mal prostate. Three TRAMP mice underwent serial studies at a con-
stant pyruvate dose (two with hormone deprivation treatment of
casodex administered immediately after the first scan, one without
treatment) to investigate how metabolic parameters change with
disease progression. Tumor stage was assessed by size and appear-
ance. Four TRAMP mice (two mid-stage tumors, two late-stage tu-
mors) received a range of three 13C1-pyruvate doses on studies
performed within a short time period (7 days for one, 4 h for the
other three); these data were used to separately fit Eq. (3) and to



Table 1
Reproducibility in the exchange parameters for a 15 mm slice centered on healthy rat
kidney. Parameters are shown with standard error (±se) estimated from the
covariance matrix of the model fitting.

Dosepyr (lmol/kg) kpyr?lac ± se (s�1) kpyr?ala ± se (s�1)

321.4 0.0235 ± 0.00041 0.0229 ± 0.00068
321.9 0.0217 ± 0.00072 0.0214 ± 0.00081
321.9 0.0255 ± 0.00052 0.0192 ± 0.00064

Mean 0.0236 ± 0.00055 0.0211 ± 0.00071
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describe the individual dose–responses. Four TRAMP mice under-
went only one dynamic spectroscopy scan.
3. Results

A normal rat that was given three similar doses of 13C1-pyruvate
showed highly reproducible parameter estimates (see Table 1). In
nineteen scans, with doses ranging from 36 to 724 lmol/kg, the
median in vivo T1 estimates (±SD) in slices centered on normal
rat kidney were 12.7 ± 4.4, 12.7 ± 1.7, and 12.1 ± 2.4 s for 13C1-
pyruvate, 13C1-lactate, and 13C1-alanine, respectively. Fig. 2a shows
an example of dynamic curves of metabolite levels in a 15 mm slice
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centered on healthy rat kidney for a dose of 725 lmol/kg, including
parameter estimates.

Fig. 3 shows the Michaelis–Menten model fit and parameter
estimates for kpyr?lac and kpyr?ala dose–response in the slice cen-
tered on rat kidney. For kpyr?lac, the estimated maximum reaction
rate (Vmax) was 11.12 ± 1.28 lmol/kg/s and the Michaelis constant
(Km) was 161.45 ± 30.03 lmol/kg. For kpyr?ala, Vmax was
10.61 ± 1.77 lmol/kg/s and Km was 279.55 ± 67.42 lmol/kg. SFE
values were less than 20% for lactate (13.65%) and for alanine
(16.75%). Traditional Michaelis–Menten curves are shown in
Fig. 4 using the value of V0 that was calculated from the product
of Dosepyr and kpyr?lac (or kpyr?ala).

Fig. 2b shows an example of dynamic curves in a 10 mm slice
centered on TRAMP prostate tumor for a dose of 725 lmol/kg.
The lactate curve is noticeably elevated compared to the results
from the rat, thus elevating the estimated value of kpyr?lac. The
estimated values of T1 were also higher in the TRAMP mouse than
in the rat. Metabolic parameters were estimated for a 10 mm slice
centered on tumor in ten TRAMP mice (26 scans) to give median T1

values (±SD) of 17.4 ± 2.8 s for 13C1-lactate and 21.3 ± 6.5 s for
13C1-alanine. In the five TRAMP mice and two wild type mice (18
total scans) for whom a dynamic 1D-EPSI acquisition was acquired,
it was possible to estimate T1 values in multiple axial slices. In the
nversion Dose Response

te Dose (μmol/kg)

nversion Dose Response

400 500 600 700 800

400 500 600 700 800

te Dose (μmol/kg)

SFE = 13.65%

SFE = 16.75%

stinUr
11.12 ± 1.28 μmol/kg/s

161.45 ± 30.03 μmol/kg

Fit ± se

stinUr
10.61 ± 1.77 μmol/kg/s

279.55 ± 67.42 μmol/kg

Fit ± se

ng doses of 13C1-pyruvate. Data are represented by the pink circles (with ±standard
les with standard error (±se) estimated from the covariance matrix of the Michaelis–
ng error (SFE) is also shown to represent how well the Michaelis–Menten model fits



Pyruvate-to-Lactate Conversion Dose Response

0

1

2

3

4

5

6

7

8

9

10

13C1-Pyruvate Dose (μmol/kg)

In
it

ia
l R

ea
ct

io
n

 R
at

e 
(V

0
=

 D
os

e p
yr

*k
py

r-
la

c
) 

( μ
m

o
l/k

g
/s

) 

Pyruvate-to-Alanine Conversion Dose Response

0

1

2

3

4

5

6

7

8

9

10

0 100 200 300 400 500 600 700 800

0 100 200 300 400 500 600 700 800
13C1-Pyruvate Dose (μmol/kg)

In
it

ia
l R

ea
ct

io
n

 R
at

e 
(V

0
=

 D
os

e p
yr

*k
py

r-
al

a
)

( μ
m

o
l/k

g
/s

) 

Fig. 4. Response of initial reaction rates (V0) to varying doses of 13C1-pyruvate. Values for V0 were calculated as the product of Dosepyr and kpyr?lac (a) and Dosepyr and kpyr?ala

(b). Error bars were calculated using error propagation (product of standard error of the estimated parameter and Dosepyr). Michaelis–Menten kinetic parameters (Vmax and
Km) from Fig. 2 were used to calculate the blue best fit line.

Pyruvate-to-Lactate Conversion Dose Response

0

5

10

15

20

25

30

35

40

0 200 400 600 800 1000
13C1-Pyruvate Dose (μmol/kg)

In
iti

al
 R

ea
ct

io
n 

R
at

e 
( V

0
= 

D
os

e p
yr

* k
py

r-
la

c
) 

( μ
m

ol
/k

g/
s)

 

MS61 (late-stage)
MS106 (mid-stage)
MS125 (late-stage)
MS129 (mid-stage)

VVmaxmax = 43.36= 43.36
KKmm = 185.52= 185.52
VVmaxmax = 42.53= 42.53
KKmm = 314.60= 314.60

VVmaxmax = 17.62= 17.62
KKmm = 46.89= 46.89

VVmaxmax = 52.68= 52.68
KKmm = 625.08= 625.08

Fig. 5. Response of initial pyruvate to lactate reaction rates in four 10 mm slices containing TRAMP tumor to varying doses of 13C1-pyruvate. All mice had developed a
transgenic prostate tumor prior to these data acquisitions. Best fit estimates of Michaelis–Menten kinetic parameters are shown next to the best fit curves (Vmax in lmol/kg/s,
Km in lmol/kg). MS61 (pink) received three injections spanning seven days. MS106 (red), MS125 (brown), and MS129 (cyan) all received three injections within a 4 h period.
MS106 and MS129 were categorized as mid-stage tumors and MS61 and MS125 were categorized as late-stage tumors.
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region containing mouse kidneys the median T1 value for 13C1-lac-
tate was 10.4 ± 0.8 s and the median value for 13C1-alanine was
6.5 ± 0.9 s. In mice, the T1 values for 13C1-pyruvate were highly
variable.

Fig. 5 shows the dose–response in four TRAMP mice that were
given three different 13C1-pyruvate doses, ranging from 92 to
833 lmol/kg. MS61 (late-stage tumor) was given a range of doses
over 1 week, while MS106 (mid-stage tumor), MS125 (late-stage
tumor), and MS129 (mid-stage tumor) received all of the doses
within the same exam (�4 h). All four mice exhibited a kpyr?lac

dose–response that could be represented by Michaelis–Menten
kinetics. The late-stage tumors appeared to have similar dose–re-
sponses and Vmax values (�43 lmol/kg/s). One of the mid-stage
tumors (MS106) showed a noticeably lower dose–response curve
(Vmax = 17.6 lmol/kg/s), while the other mid-stage tumor
(MS129) had a similar dose–response to the late-stage tumors
(Vmax = 52.7 lmol/kg/s).

Three TRAMP mice were studied serially for up to 23 days (11
total scans) and were given a dose of approximately 800 lmol/kg
(727–858 lmol/kg). The untreated mouse (MS53) showed a large
increase in kpyr?lac in a 10 mm slice containing tumor over a
23 day period, with values for kpyr?lac increasing by more than
76% (from 0.038 to 0.067 s�1). Additionally, kpyr?ala was fairly sta-
ble in the untreated mouse (decreased from 0.0058 to 0.0049 s�1)
and the ratio of kpyr?lac:kpyr?ala increased by more than 109% (from
6.5 to 13.5). These metabolic parameter estimates are in agreement
with similar estimates in lymphoma-bearing mice [10], as well as
other experimental models [4,26]. The two other TRAMP mice that
were studied serially (MS99 and MS106) were treated with hor-
mone deprivation (casodex). The ratio of kpyr?lac:kpyr?ala remained
lower for the treated mice relative to the untreated mouse, but
there did not appear to be a significant difference between the
treated mice and the untreated mouse in any of the metabolic
parameters. Fig. 6 shows how the metabolic exchange parameters
changed over time in these mice. It should be noted that these are
very preliminary data, which are meant to illustrate the potential
for applying this modeling approach to assessing response to ther-
apy rather than providing definitive assessments of the effects of
hormone therapy.

Fig. 7 shows 1D-EPSI data collected from a wild type mouse
(Fig. 7a–d) compared to a TRAMP mouse (Fig. 7e–h). In ten TRAMP
mice (18 scans) that were given 300–400 lL of 80 mM 13C1-pyru-
vate (median ± SD = 790 ± 96.7 lmol/kg) and two wild type mice
(2 scans) given 350 lL of 80 mM 13C1-pyruvate (815 ± 11.8 lmol/
kg), there were significant differences in estimated kpyr?ala values
(p < 0.02) and kpyr?lac:kpyr?ala ratios (p < 0.003) in the region con-
taining the prostate or tumor, but no statistically significant differ-
ence in kpyr?lac values (p > 0.05). In TRAMP mice that had varying
levels of disease development, all kpyr?ala values were lower and
all kpyr?lac:kpyr?ala ratios were higher compared to the two wild
type mice in the same region. Median kpyr?lac and kpyr?ala values
(±SD) for TRAMP mice were 0.044 ± 0.012 s�1 and
0.0075 ± 0.0022 s�1, ranging from 0.024 to 0.072 s�1 and 0.0028
to 0.011 s�1, respectively. Median kpyr?lac:kpyr?ala ratios (±SD)
were 5.7 ± 3.8, ranging from 4.1 to 17.0. The two wild type mice
showed values for kpyr?lac, kpyr?ala, and kpyr?lac:kpyr?ala ranging
from 0.029 to 0.047 s�1, 0.012 to 0.013 s�1, and 2.6 to 3.6, in the re-
gion containing the prostate. Additionally, differences in metabolic
parameters between anatomical structures were present, and
examples of this can be easily seen in Fig. 7.
4. Discussion

This study demonstrates the application of kinetic modeling to
the in vivo changes in 13C1-pyruvate, lactate, and alanine in Spra-
gue–Dawley rats, wild type mice, and TRAMP mice. The parame-
ters estimated by this analysis appear to be robust but are highly
dependent on 13C1-pyruvate dose, as well as tissue type and dis-
ease state. When using hyperpolarized 13C1-pyruvate to investigate
differences in metabolic activity for various tissues, it is therefore
critical to measure the time course of changes that are observed
and also to take dose into account.

The variation in estimated parameters when conducting three
identical studies on a rat was minimal. The T1 estimates in slices
centered on rat kidneys were in agreement with previously pub-
lished values obtained from the whole rat [8]. A robust fit to the
dose–response was achieved with a Michaelis–Menten-like model
(SFE < 20%) in nineteen scans from rats. While it is clear that more
complex models, which include corrections for the effects of diffu-
sion, flow and multi-exponential decay, could be considered for fu-
ture studies, the results that we have obtained suggest that the
model used here is a robust option, which may be valuable for
comparing 13C metabolism in serial studies of treatment response
and in other model systems.

The assumption of negligible reverse exchange from lactate and
alanine back to pyruvate was consistent with the results obtained
in our group using hyperpolarized 13C-lactate as the substrate [23].
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Fig. 7. One dimensional flyback echo-planar spectroscopic imaging (1D-EPSI) data from a wild type mouse (a–d) and a TRAMP mouse (e–h), each receiving 300–350 lL of
80 mM hyperpolarized 13C1-pyruvate. Spectroscopic data was zero-filled in the SI dimension to eight times the acquired resolution. (a) and (e) show the metabolite signal
along the superior-inferior (SI) dimension between 27 and 30 s post injection acquired for pyruvate (black), lactate (red), and alanine (green), with arbitrary units. (b) and (f)
are sagittal T2 FSE images that show the anatomical structures located within each 10 mm slice. Kidneys, liver, and tumor (or ‘‘no tumor”) are labeled with colored arrows. (c)
and (g) show kpyr?lac (red) and kpyr?ala (green), in s�1, along the SI dimension in the healthy mouse (c) and TRAMP mouse (g). (d) and (h) show the ratios of metabolic
exchange parameters along the SI dimension. There are noticeable differences between the TRAMP and healthy mice, as well as between their anatomical structures.
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While some circumstances may require the use of a model employ-
ing bi-directional exchange, the relatively large quantity of
pyruvate injected, the short time frame in which data are acquired,
and the use of Michaelis–Menten kinetics favor the application of
this more simplistic representation for these data. The estimated
metabolic parameters reported here for slices containing TRAMP
tumor are in good agreement with similar estimates in lym-
phoma-bearing mice that used a bi-directional exchange model
[10]. Additionally, all the reported metabolic parameters do not
conflict with other non-hyperpolarized NMR studies [4,26].

The TRAMP mouse model that was included in this study is rep-
resentative of human prostate cancer, in that the tumors occur
spontaneously and follow a similar pattern of progression. Single
slice dynamic 13C spectroscopy was applied to demonstrate the po-
tential for assessing dose–response and for monitoring tumor pro-
gression and treatment effects. The 1D-EPSI technique was equally
effective at monitoring dose–response and disease state with the
added advantage of being able to show differences in anatomy
within multiple slices from the animal.

Serial studies on three TRAMP mice showed how kinetic model-
ing of dynamic 13C spectroscopy may be valuable in monitoring dis-
ease state. One of the TRAMP mice was untreated, and the estimated
metabolic parameters showed a noticeable change which was much
larger than the reproducibility error observed in rats. The 76% in-
crease in kpyr?lac and the 109% increase in kpyr?lac:kpyr?ala may
therefore be attributed to tumor progression, suggesting that
TRAMP tumors produce more lactate in later stages. The two TRAMP
mice that were treated with hormone deprivation (casodex) showed
similar progression in kpyr?lac with values that continually increased
with each exam but the kpyr?lac:kpyr?ala values appeared to be rela-
tively stable (CV = 10% and 21%). If tumor volume was used as a mea-
sure of tumor progression, the prostate tumors in the two treated
animals did not seem to progress as aggressively as the untreated
mouse. However, this is a heterogeneous model of prostate cancer,
and it is not clear if hormone deprivation or phenotype was respon-
sible for slower growth. The model technique described in this paper
will be valuable in future serial studies of response to therapy.

In the region containing prostate, the estimated pyruvate-to-
alanine exchange rate constants (kpyr?ala) were lower in TRAMP
mice and the ratio of rate constants (kpyr?lac:kpyr?ala) were high-
er compared to wild type mice who received a similar dose of
approximately 800 lmol/kg. In an earlier 2D 13C spectroscopic
imaging study, Golman, et al. showed high lactate with low ala-
nine levels in engrafted rat tumors, but the opposite in normal
skeletal muscle [6]. These results suggest that the exchange of
pyruvate with lactate may not only increase in tumors, but that
it may increase more significantly relative to pyruvate-to-alanine
exchange.
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T1 values for 13C1-lactate and 13C1-alanine that were estimated
in slices containing TRAMP prostate tumor were on average higher
compared to slices containing TRAMP mouse kidney and normal
mouse and rat kidney. The T1 values for 13C1-pyruvate were quite
variable in these regions, which may be attributed to the form of
the expression used to fit the function and the fact that it requires
correction for multiple metabolic exchange rate constants. The T1

values for 13C1-lactate and alanine are obtained from a simpler
equation and were less variable. The range of metabolite T1 values
that were observed using 1D-EPSI suggests that there are distinct
T1 values for lactate, alanine, and pyruvate in various tissues. The
estimated arrival time (tarrival) also varied throughout the mouse
anatomy, with the earliest arrival times being near the upper abdo-
men and heart.

Differences in estimated metabolic parameters were observed
in different anatomical regions (Fig. 7). Slices containing kidneys
in wild type and TRAMP mice produced the largest signal, while
slices containing liver appeared to produce relatively low signal
but exhibited the highest metabolic exchange rate constants.
While the slice selection profiles and spatial encoding point spread
function allow for some mis-registration and signal overlap, the
large variations in the observed signals suggest that the changes
observed are indeed physiologic in nature. This suggests that anat-
omy is a determinant of metabolic behavior and that these meta-
bolic differences can be measured with hyperpolarized 13C
techniques. Studies are underway to investigate variations in
metabolism across anatomical regions using 2D and 3D dynamic
spectroscopic imaging protocols which will more accurately de-
scribe distinct metabolic activity in specific tissue types [27].
5. Conclusion

This study applied a kinetic model of changes in 13C metabolism
to analyze dynamic in vivo spectroscopy of murine systems. As ex-
pected from Michaelis–Menten kinetic theory, the substrate dose
had a critical influence on metabolic parameters. The parameters
estimated using this approach may be useful for monitoring tumor
progression and treatment efficacy, as well as for distinguishing
metabolic activity among different tissues.
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