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ABSTRACT: Hyperpolarized carbon-13 magnetic resonance
(HP-MR) is a new metabolic imaging method the does not
use ionizing radiation. Due to the inherent chemical specificity
of MR, not only tracer uptake but also downstream metab-
olism of the agent is detected in a straightforward manner.
HP [2-13C] dihydroxyacetone (DHA) is a promising new
agent that directly interrogates hepatic glucose metabolism.
DHA has three metabolic fates in the liver: glucose produc-
tion, glycerol production and potential inclusion into triglyc-
erides, and oxidation in the tricarboxylic acid cycle. Each pathway is regulated by flux through multiple enzymes. Using
Duhamel’s formula, the kinetics of DHA metabolism is modeled, resulting in estimates of specific reaction rate constants. The
multiple enzymatic steps that control DHA metabolism make more simplified methods for extracting kinetic data less than
satisfactory. The described modeling paradigm effectively identifies changes in metabolism between gluconeogenic and
glycogenolytic models of hepatic function.

■ INTRODUCTION
1H nuclear magnetic resonance (NMR) spectroscopy can
measure metabolite concentrations with great accuracy in serum,
urine, and in cell and tissue extracts.1,2 Magnetic resonance
methods can also be adapted to monitor metabolic changes in
different systems including in vivo. 13C NMR measurements
offer tremendous tracing capabilities3 with relatively small back-
ground signal due to the low 13C natural abundance. At the
same time, measuring conventional 13C spectra is time−
consuming due to inherently low sensitivity.
Dissolution dynamic nuclear polarization (DNP) alleviates

the lack of sensitivity by offering an NMR signal enhancement
of greater than 10,000 fold in solution.4 Additionally, DNP is
agnostic about the type of chemical species (subject to certain
spin relaxation requirements) and can be used to hyperpolarize
different substrates and study various targets including heart,
liver, and kidney. The advent of DNP has made it possible to
follow metabolic reactions in tissues with temporal resolution
of seconds using various substrates such as pyruvate,5−10

lactate,11 butyrate,12,13 acetoacetate,14 and glutamine,15 among
others.16

Recently, [2−13C] dihydroxyacetone (DHA) was used to
study liver metabolism. Results from the ex vivo model demon-
strated that DHA metabolism was profoundly sensitive to the
metabolic state of the liver.17 DHA is a substrate that is rapidly
metabolized by the liver and its first product of metabolism,
dihydroxyacetone phosphate, is ideally situated at the mid
point of the Embden−Meyerhof−Parnas (EMP) pathway.
DHA can be rapidly phosphorylated in the liver and partici-
pates in glycerogenesis, gluconeogenesis, and glycolysis thereby
generating 13C incorporation in both upstream and down-
stream metabolites including glucose-6-phosphate, fructose-
6-phosphate, and phosphoenol pyruvate.
Hyperpolarized (HP) 13C spectra that are recorded are

a function of several dynamic processes including transport

Received: October 24, 2018
Published: January 2, 2019

Article

pubs.acs.org/jcimCite This: J. Chem. Inf. Model. 2019, 59, 605−614

© 2019 American Chemical Society 605 DOI: 10.1021/acs.jcim.8b00745
J. Chem. Inf. Model. 2019, 59, 605−614

D
ow

nl
oa

de
d 

vi
a 

FL
O

R
ID

A
 S

T
A

T
E

 U
N

IV
 o

n 
A

pr
il 

1,
 2

01
9 

at
 1

8:
09

:4
4 

(U
T

C
).

 
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

 

pubs.acs.org/jcim
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jcim.8b00745
http://dx.doi.org/10.1021/acs.jcim.8b00745


phenomena (across the cellular and organelle membranes),
reaction kinetics, and nuclear spin relaxation. Several models
exist for analyzing kinetic data involving HP pyruvate.18−21

However, the reaction kinetics and relaxation considerations of
DHA are significantly more complex due to the sheer
number of metabolites observed after HP DHA injection.
In this work, we use the data presented in a prior study of
liver metabolism using hyperpolarized DHA17 to develop a
mathematical formulation to describe HP data and extract
kinetic parameters of various reactions that describe the EMP
pathway.

■ METHODS

Hyperpolarized 13C NMR Data. We used the hyper-
polarized 13C NMR data published by Moreno et al.17 for
analysis in this work. The work involved ex vivo mouse liver
perfusions in two dietary statesglycogenolytic (fed) and
gluconeogenic (fasted). Hyperpolarized [2−13C] DHA was
injected into mouse livers perfused to metabolic steady state.
NMR data acquisition was carried out using 30◦ radio-
frequency (RF) pulses at a magnetic field strength of 9.4 T.
Data Preparation. NMR spectra were processed and peak

areas were obtained by integration as discussed in the prior
publication.17 Integrated peak areas were then scaled to the
total spectral intensity of each spectrum.22 In order to have
a complete set of resonances (i.e., no missing metabolite
resonances in any spectrum), white noise was generated and
added for those metabolites that were missing in experiments
where the metabolism was not favorable for their observation.
The procedure for generating the missing values was as
follows: Integrals were obtained for the region of interest in
individual transients recorded between 117 and 147 s (a repe-
tition time of 3 s yields 10 data points) from the start of the
HP experiment. These transients can be safely assumed to
contain only noise. Mean and standard deviation values were
computed from these ten transients. Using the mean and
standard deviation, independent and identically distributed
(IID) Gaussian noise was generated and used as peak areas for
missing resonances.
Software. All the analysis was performed using R software

for statistical computing.23 An exponential matrix function
was used from the external library (Matrix). Libraries
matrixcalc and matrixStats were used to make the
computations and summaries easier. For the matrix inversion,
solve() function was initially used but upon debugging, we
found qr.solve() to be more reliable. The optimization
and model fitting was performed using built-in R function
optim().
Model Formulation in Matrix Form. The dynamic

processes involved in pyruvate−lactate exchange was modeled
by a system of linear ordinary differential equations in matrix
form.24 The system has the matrix form:

̃ = ̃ + ̃ ̃ = ̃X BX F X X
t

t t t
d
d

( ) ( ) ( ) with initial condition (0) 0

(1)

where X̃(t) is a response vector function of dimension K × 1

describing the NMR spectra recorded, X̃ t
t

d ( )
d

is a vector of

derivatives of dimension K × 1 with respect to time t, B is a
K × K matrix encompassing both reaction rate constants and
spin relaxation rates, and F̃(t) is a time-dependent vector

function that describes delivery of hyperpolarized substrates to
the perfused organ.
To account for variations in signal intensity across

experiments, each NMR spectrum is scaled to its total spectral
intensity.22 This scaling, denoted as s, implies X(t) = sX̃(t),
F(t) = sF̃(t), and the rescaled system of equations has the
form:

= + =X BX F X X
t

t t t
d
d

( ) ( ) ( ) with initial condition (0) 0

(2)

Spectra (X(t)) are collected at equally spaced time points t0,
t1, ..., tn for n = 0, 1, ..., N. To model the data accurately,
a denser set of points is defined such that Tm = T0 + mΔ
where tn+1 − tn = lΔ for some positive value of l (for the experi-
ments considered here, l = 3 and Δ = 1 s). For convenience, it
is assumed that t0 = T0 = 0 as a starting point for the
experiment and data acquisition. For simplicity of notation, the
value of system X at data points Tm is defined as X(Tm) =
XTm = Xm.
Spectra collected at each point {tn:n = 0,1,···,N} differ from

each other primarily due to chemical kinetics and NMR spin−
lattice relaxation. Therefore, NMR signal is modeled separately
for each interval of length Δ (defined above):

= + ∈ ]

=

+X BX F

X X

t
t t t t T T

T

d
d

( ) ( ) ( ) for ( ;

the initial condition ( )

m m

m m

1

(3)

The solution to the equation above comes from Duhamel’s
formula for each time point t within the defined interval and
has the form

∫= +

∈ ]

− −

+

X X Ft e T e s s

t T T

( ) ( ) ( ) d

for ( ;

B Bt T
m

T

t
t s

m m

( ) ( )

1

m

m

(4)

The data acquisition scheme employed in the HP
experiments utilizes constant small flip angle (θ) RF pulses
at each point (tn), which converts a portion of longitudinal
magnetization to observable transverse magnetization (sin-
(θ)). The remaining longitudinal magnetization (cos(θ)) is
utilized in subsequent acquisitions. In order to account for
this change in longitudinal magnetization during the course
of experiment, each measurement of X(t) at time t = tn = Tm
is adjusted at the beginning of the next time step (t = tn+1) by
multiplier cos(θ). It follows that the observed signal at t = tn
is obtained by multiplying X(t) by sin(θ). However, this
adjustment is not required for the modeled data between the
data acquisition intervals (tn and tn+1) for all n = 0, 1, ..., N.
The adjusted solutions for time t ∈ (Tm; Tm+1] have the
form:

∫

θ

= +

∈ ]

=
∈

− −

+

l
moo
noo

X X Ft e T C e s s

t T T

C
m

( ) ( ) ( ) d

for ( ;

where
cos( ) if

1 otherwise

B Bt T
m m

T

t
t s

m m

m

( ) ( )

1

m

m

(5)

The set of indices  stands for the subset from {m: m = 0, 1,
..., M} that contains the indices of the data collection points.
More rigorously, this means that ∈ ⇔ ∃ =m n T t: m n.
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Model Solution. The exact values that are produced by the
model at time points Xm+1 can be computed recursively from
Xm. The computation depends on the value of matrix B,
delivery function F(t), Cm, and the adjusted eq 5. The recursive
formula has the form:

∫= ++
− −+

+
+X X FT e T C e s s( ) ( ) ( ) dB B

m
T T

m m
T

T
T s

1
( ) ( )m m

m

m
m1

1
1

(6)

Further simplification is possible when F(t) is assumed
to be (approximately) constant on time interval t ∈ (Tm;
Tm+1]. In the simplified version of eq 6, the approximation
Fm is used for F(s) (∀s ∈ (Tm; Tm+1]) together with notations

Δ = Tm+1 − Tm and Xm = X(Tm). The values of the system 6 at
time points T1, T2, ..., Tm+1 have iterative relationships:

= + [ − ]

= + [ − ]

= + [ − ]

= + [ − ]

Δ Δ −

Δ Δ −

Δ Δ −

+
Δ Δ −

μ

X X I B F

X X I B F

X X I B F

X X I B F

e C e

e C e

e C e

e C e

B B

B B

B B

B B
m m m m

1 0 0
1

0

2 1 1
1

1

3 2 2
1

2

1
1

(7)

Under the constant small flip angle scheme (described in the
model formulation), measured spectra are related to the model
formulation via the relationship Ym = Xm sin(θ) or, equivalently

Figure 1. DHA metabolism shown with reaction rate constants. Metabolites not used in the model are encased in dashed box. Red filled
circles indicate 13C label. Metabolites are abbreviated as follows: dihydroxyacetone DHA, Dihydroxyacetone phosphate DHAP,
glycerol-3-phosphate G3P, glycerol: GLY, glyceraldehyde-3-phopshate GA3P, fructose-1,6-bisphosphate FBP, fructose-6-phosphate F6P,
glucose-6-phosphate G6P, glucose GLU, 3-phosphoglycerate 3PG, 2-phosphoglycerate 2PG, phosphoenolpyruvate PEP, pyruvate PYR, alanine
ALA, and lactate LAC.

Journal of Chemical Information and Modeling Article

DOI: 10.1021/acs.jcim.8b00745
J. Chem. Inf. Model. 2019, 59, 605−614

607

http://dx.doi.org/10.1021/acs.jcim.8b00745


Xm = Ym/sin(θ) for ∈ m . The values Ym are not measured for
all indices m but only for those ∈ m . To simplify the
notations analogously to Cm, notations for Sm are introduced:

θ
=

∈ l
moo
noo

S
msin( ) if

1 otherwise
m

The notations for collected data simplify to Ym = XmSm or Xm
= Ym/Sm and can be plugged into the equations to obtain
recursive formula in terms of recorded data. The updated
iterative relationship in terms of the recorded data have the
form:

= [ ] + [ − ]

= [ ] + [ − ]

= [ ] + [ − ]

= [ ] + [ − ]

Δ Δ −

Δ Δ −

Δ Δ −

+ +
Δ Δ −

μ

Y Y I B F

Y Y I B F

Y Y I B F

Y Y I B F

S e S C e
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S e S C e

S e S C e

/ /

/ /

/ /

/ /

B B

B B

B B

B B
m m m m m m

1 1 0 0 0
1

0

2 2 1 1 1
1

1

3 3 2 2 2
1

2

1 1
1

(8)

Algebraic manipulation of eq 8 leads to the recursive
formulas for Y1, Y2, ..., YM representing the NMR signals
produced by the model, which can be directly compared to the
recorded data (where available; only a subset of simulated data
points have corresponding experimental data as detailed
above) and used for parameter estimation procedures:

= [ ] + [ − ]

= [ ] + [ − ]

= [ ] + [ − ]

= [ ] + [ − ]

Δ Δ −

Δ Δ −

Δ Δ −

+
Δ

+
Δ −

+

μ
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Y Y I B F
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/

/

/

/

B B
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B B
m m m m m m m

1 0 0 0 1
1

0 1

2 1 1 1 2
1

1 2

3 2 2 2 3
1

2 3

1 1
1

1 (9)

Some of the K elements of the vector Y (and therefore X) may
not be observed in the experiment and measured directly (for
example, DHAP; described in subsequent sections), but they

can and should be included in the system as intermediate
processes exert complete control over the observed metabo-
lites.

Model Matrix B. The system of equations is defined by the
rate matrix B. This matrix consists of the difference between
the first order reaction rate constant matrix A1 and the spin−
lattice relaxation rate matrix A2. The relationship has the form:
B = A1 − A2.
The rate constant matrix A1 describes the conversion

between different metabolites involved in glucose metabolism
as probed using [2−13C] DHA. The relaxation matrix A2
models the signal decay due to spin−lattice relaxation. The
metabolites observed in the NMR spectra are in the following
order in equations:

i

k

jjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjj

y

{

zzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzz

DHA
DHAP
GA3P
2GluP
2Glu
5GluP
5Glu
3PG
PEP
Pyr

Lac
Ala
G3P
Gly (10)

In the 13C spectra, all the species defined in 10 were
observed except DHAP. The reaction rate matrix is built based
on the metabolic fate of each species in liver. This matrix, A1,
has the form:

=
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To account for signal decay due to spin−lattice relaxation,
diagonal matrix A2 is defined for each signal that is included in
the model. A2 takes the form shown below. The exact values
for relaxation rates can either be experimentally determined or
inferred by fitting the recorded HP data.

=
i

k

jjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjj

y

{

zzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzz
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0
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0 0 0 0 0 0 0 0 0 0 0 0

0 0
1
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1
3
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1
3
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0 0 0 0 0 0
1
3
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1
3
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1
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1
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1
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0 0 0 0 0 0 0 0 0 0 0
1
5

0 0

0 0 0 0 0 0 0 0 0 0 0 0
1
3

0

0 0 0 0 0 0 0 0 0 0 0 0 0
1
3

2

Substrate Delivery and Utilization. Introduction of
hyperpolarized dihydroxyacetone to the livers can be modeled
using the rescaled gamma distribution density.18 The delivery
of DHA has the parametric form

= α β− −t Ct eDHA( ) t1 (11)

The parameters C, α, and β are estimated from fitting
gamma curve DHA(t) to observed DHA signal intensities at
time points t0, t1, t2, ..., tN.
The delivery function models the total DHA in the system

and does not account for the fraction of DHA that is actively
metabolized by the liver. The fraction utilized by the liver acts
as the driving force for the metabolic activity involving DHA.
This driving force (F(t)), which has a single nonzero vector
component representing the DHA influx into the liver, is
defined as

=

i

k

jjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjj

y

{

zzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzz

F t

F t

( )

( )

0
0
0
0
0
0
0
0
0
0
0
0
0

1

where F1(t) represents the uptake of HP DHA by the liver.
To model values for each time point in the HP experiment,

parametric modeling of F1(t) can be utilized. With total
DHA concentration as a baseline, the driving force of DHA
metabolism for F(t) can be inferred.
Fractional utilization of DHA (F1(t)) can be estimated by

using the values of parameters C, α, and β from fitting eq 11
along with three additional parameters a1, a2, a3 in the form
given in equation below:

= + = + α β− − +F t a a t a a C a t a e( ) DHA( ) ( ) a t a
1 1 2 3 1 2 3

1 ( )2 3

(12)

Summary of Parameters. The parameters describing the
fractional utilization (a1, a2, a3) are estimated in the mini-
mization algorithm together with the reaction rate constants
(ki’s) making the total number of parameters equal to 14.
Those parameters used to describe the temporal evolution of
HP DHA signals (C, α, and β; see eq 11) are estimated prior
to the model fitting and are not included in the count of 14
parameters.

■ RESULTS AND DISCUSSION
Dihydroxyacetone is avidly consumed by the liver and has
several different metabolic fates as shown in Figure 1. The
metabolites generated by the tissue from DHA have different
spin relaxation properties, and hence, a multistep modeling
approach is needed. Steps involved in modeling DHA kinetics
and relaxation data from each mouse is shown in Figure 2.
Rescaled peak areas (estimation detailed in Methods) were
used without further modification for comparison with model
output. As the first step, it is necessary to estimate spin−lattice
relaxation rates of different metabolites involved in the reaction.
Although spin−lattice relaxation rates can be experimentally
determined in vitro, these values are often different from those of
metabolites in tissue. In this analysis, we estimate the relaxation
parameters from the NMR spectra (Figure 2).
Values for spin−lattice relaxation times used in the model

(Matrix A2) and those obtained from the data using the model
are shown in Table 1. As shown in Figure 2a, spin−lattice
relaxation rates are initial assumed for estimating the kinetic
rate constants (ki’s) and other model parameters. Using the
model estimated parameters, values for spin−lattice relaxation
times are re-estimated by comparing the model output to peak
areas from HP spectra. A comparison between initial and
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estimated spin relaxation rates for three metabolites (posi-
tioned at different branches of DHA in metabolism) is shown
in Figure 3. It is interesting that relaxation times for DHA are
very different between the initial and estimated values. This is
likely due to DHA being present both inside the liver and in
the solution surrounding it. This presents DHA from multiple
different environments during analysis. Since a large excess is

injected and only a fraction is taken up by the liver, it is likely
that the estimated values are dominated by the population of
DHA in solution and not inside the tissue. This argument is
strengthened when the relaxation rates of LAC are compared.
Since, all LAC is likely to be present inside the tissue and not
elsewhere, the relaxation values represent LAC in a single envi-
ronment. This can also be seen for most of the other metabolites.

Figure 2. (a) Flowchart describing the modeling approach. Complete forms of the matrices are detailed in the Methods section. (b) Comparison of
HP data (orange dots) and model output (blue line). (c) Kinetic rate constant, k2, estimated using model. Filled dots and squares indicate values
from individual experiments. Horizontal line indicates mean. n = 5 each for fed and fasted.
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Incorporating the estimated relaxation rates in the model
(yielding an updated matrix A2; indicated as “Estimated” in
Table 1), peak areas from NMR spectra are fit again. Model
output and fit residuals are shown in Figure 4 for lactate
(LAC), glycerol-3-phosphate (G3P), and [2−13C]glucose-
6-phosphate (GluP). It is evident from the fits that even the
lower intensity peaks such as lactate are described by the
model faithfully. Fits and residuals for all the metabolites (from
a single HP experiment) included in the model are shown in
Figures S2 and S3.
NMR measurements of dynamic processes yield signals that

are a function of chemical kinetics, RF excitation, and spin−
lattice relaxation. In the case of HP experiments, another
factor, substrate delivery, needs to be considered as well. The
delivery of hyperpolarized substrates introduces additional mod-
eling considerations. The delivery function can be described
using two major components(1) macroscopic injection of the
HP substrates and (2) the uptake of the substrates by the tissue
under consideration. Since the time taken for the macroscopic
injection is typically orders of magnitude longer than the cellular
uptake, the latter can be assumed to be instantaneous. However,
the amount of hyperpolarized substrate that is injected is in large
excess of what is utilized by the tissues. Therefore, fractional
utilization of the substrate has to be accounted for during
modeling the signal intensities. In these experiments, a large
excess of HP [2−13C] DHA is injected into the liver. It is

inconceivable that all the DHA is consumed by the liver owing
to the short duration of the experiment and hence the incon-
gruity between the observed DHA signal intensities and the
model output (Figure S1).

13C signals from the metabolites generated from HP
[2−13C] DHA can, however, be modeled accurately since
the contribution of hyperpolarized 13C signal far outweighs
natural abundance 13C signal (natural abundance of 13C is
1.1%). This can be seen from Figure 4 (top panels) and
Figure S2. Residuals (Figure 4 (bottom panels) and Figure S3),
computed as the ratio of difference between model output
and experimental values to its standard deviation, show good
agreement between the model and peak areas. Since the
residuals are not bound, the magnitude indicates variability in
the fit quality between different chemical species. It can be
seen that signal intensities of most species can be accurately
described in the model.
In addition to the spin relaxation values, reaction rate

constants of several individual reactions were also obtained
from the model. Since not all metabolic intermediates were
observed (e.g., 2-phosphoglycerate and fructose-1,6-bisphos-
phate), some of the rate constants estimated are composite
rate constants describing more than one enzymatic step, except
in the special case of DHAP. Although DHAP is not observed
in the experiment, it has multiple fates (Figure 1) and hence
the need for explicit inclusion in the model. This is done to
avoid spurious fitting of the branches in DHAP consumption
(glycerol-3-phosphate and glyceraldehyde-3-phosphate).
Kinetic rate constants obtained from the data are shown in
Figure 5. It is possible to estimate rate constants over a wide
range (2 × 10−3 s−1 for k9 (fasted) to 2.4 s

−1 for k6 (fed)) using
this approach.
Estimated kinetic rate constants show some interesting

differences between the two physiological states under com-
parison. In the gluconeogenic (fasted) state, it would be expected
that the gluconeogenic segment of DHA metabolism have higher
reaction rates. Indeed, values of the composite rate constant
describing the synthesis of glucose-6-phosphate from DHAP
and glyceraldehyde-3-phosphate (k2) is significantly higher (p
≪ 0.05) in fasted than fed state. In contrast, the rate constants
associated with precursors for fatty acid synthesis (glycerol and
G3P) have higher reaction rates in the fed state (k10 and k11).
These results are in agreement with other studies that have
reported fatty acid synthesis in perfused fed livers.25,26 Inter-
estingly, the exchange rates between pyruvate−lactate and

Table 1. Initial Spin−Lattice Relaxation Times of
Metabolites in the EMP Pathway Used in the Model

spin−lattice relaxation time (s)

metabolites initial estimated

DHA 3217 65
DHAP 32 36
GA3P 5.0 3.1
2-GluP 3.0 1.9
2-Glu 3.0 2.8
5-GluP 3.0 2.6
5-Glu 3.0 3.1
3PG 3.0 3.9
PEP 30 15
Pyr 30 16
Lac 5.5 6.8
Ala 5.0 5.5
G3P 3.0 2.4
Gly 3.0 3.1

Figure 3. Comparison of initial and estimated spin−lattice relaxation rates. R1 values of lactate (LAC), glycerol-3-phosphate (G3P) and
[2−13C]glucose-6-phosphate (2-G6P) are shown in the plots. These three metabolites represent three different segments of DHA metabolism−
glycolysis (LAC), gluconeogenesis ([2−13C] G6P), and fatty acid synthesis (G3P).
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pyruvate−alanine pairs were lower (p < 0.05) in fasted livers.
Perfusions of fasted livers were carried out in the presence of
2 mM pyruvate. This results in competition between pyruvate
from the perfusate and pyruvate generated from HP [2−13C]
DHA. However, 13C signals from unlabeled pyruvate are not
observed thereby underestimating the rates of pyruvate−
lactate and pyruvate−alanine exchange reactions.
Several approaches exist for modeling dynamic NMR data

such as those obtained from HP experiments.18−21 Two of
these approaches do not involve directly fitting peak areas and
are discussed here. A model-free formalism described by Hill
et al.27 describes the forward rate constant of a HP substrate to
one or more products as ratio of area under the curves (AUC)
of the substrate to the product. In this formalism, however, the
products undergoing subsequent reactions are not defined. It is
unclear how that affects the AUC of the products (substrates in

subsequent steps) and, hence, may not be directly applicable to
modeling DHA kinetics. In our model, we were able to include
almost all the metabolites in the pathway explicitly for kinetic
estimation. Further, we were able to model even those reso-
nances that are missing in a subset of experiments (see Methods).
Another approach to estimation of kinetic parameters involves

utilizing line width of the product resonances.28 However, an
important assumption in this model is that the reactant and
product apparent spin−lattice relaxation values are roughly
equal. In the case of DHA metabolism, spin relaxation times
range from ∼36 to ∼2s. Another complication arises from
signal-to-noise (S/N) consideration of the product resonances.
Since some metabolites from hepatic metabolism of DHA have
low S/N ratios, accurate estimation of peak widths is prob-
lematic and a likely source of error. Although S/N considera-
tions are practically universal in any modeling approach,
our results suggest that the model we have presented performs
well even for the low intensity peaks with minimal manual
intervention.
Although the model formulation presented here is applicable

for a wide range of experimental designs and metabolic probes,
in vivo measurements will necessitate inclusion of additional
parameters for accurate estimation of model parameters. For
example, in a model describing hyperpolarized pyruvate kinetics,
Zierhut et al., explicitly accounted for the rate and time of
appearance of HP pyruvate signal since these parameters are
confounded by both the injection rate and circulation.29 For
in vivo experiments, transit of the vascular bed might also be an
essential part of the model.18 Further, if spatiotemporal reso-
lution is available (e.g., HP MR imaging), extensive modeling
approaches available in the PET imaging literature30−33 can be
utilized to extend the model presented in this work to in vivo
studies.
Diseases such as diabetes have altered kinetics of various

metabolic pathways including gluconeogenesis. Suggested

Figure 4.Model output (top) and residuals (bottom) for (a) lactate (LAC), (b) glycerol-3-phosphate (G3P) and (c) [2−13C] glucose-6-phosphate
(2-G6P). In the model outputs, orange filled dots indicate experimental data (peak areas) and solid blue lines indicate model output. Residuals
were calculated as a ratio of difference between model output and experimental values to its standard deviation.

Figure 5. Comparison of reaction rate constants of various steps in
DHA metabolism between and fed and fasted states. Error bars
indicate standard deviation. Significant differences (p < 0.05) are
indicated with *. n = 5 for each group.
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treatment methods have included approaches which alter the
kinetics of specific pathways (e.g., PDH).34,35 HP [2−13C]
DHA provides the means to probe several pathways involved
in carbohydrate metabolism. Using the model presented here,
we can extract useful kinetic information thereby informing on
disease progression and efficacy of treatment.

■ CONCLUSION
In summary, we have presented a model to describe both the
relaxation and kinetic components of a metabolic reaction
of a hyperpolarized substrate that has multiple metabolic fates.
We can extract reaction rate constants corresponding to almost
all observable products. Further, we are able to differentiate the
rates between different physiological states based on the model
output. This has wide applicability in monitoring metabolic
disease progression and potentially, treatment of those disorders.
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