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Yoshihara HA, Bastiaansen JA, Berthonneche C, Comment
A, Schwitter J. An intact small animal model of myocardial
ischemia-reperfusion: Characterization of metabolic changes by
hyperpolarized 13C MR spectroscopy. Am J Physiol Heart Circ
Physiol 309: H2058 –H2066, 2015. First published October 9,
2015; doi:10.1152/ajpheart.00376.2015.—Hyperpolarized carbon-13
magnetic resonance spectroscopy (13C MRS) enables the sensitive
and noninvasive assessment of the metabolic changes occurring dur-
ing myocardial ischemia-reperfusion. Ischemia-reperfusion models
using hyperpolarized 13C MRS are established in heart preparations
ex vivo and in large animals in vivo, but an in vivo model in small
animals would be advantageous to allow the study of reperfusion
metabolism with neuroendocrine and inflammatory responses intact
with the option to perform a greater number of experiments. A novel
intact rat model of ischemia-reperfusion is presented that incorporates
hyperpolarized 13C MRS to characterize reperfusion metabolism.
Typically, in an in vivo model, a tissue input function (TIF) is
required to account for apparent changes in the metabolism of injected
hyperpolarized [1-13C]pyruvate resulting from changes in perfusion.
Whereas the measurement of a TIF by metabolic imaging is particu-
larly challenging in small animals, the ratios of downstream metabo-
lites can be used as an alternative. The ratio of [13C]bicarbonate:[1-
13C]lactate (RatioBic/Lac) measured within 1–2 min after coronary
release decreased vs. baseline in ischemic rats (n � 10, 15-min
occlusion, controls: n � 10; P � 0.017 for interaction, 2-way
ANOVA). The decrease in oxidative pyruvate metabolism
[RatioBic/Lac(Ischemia)/RatioBic/Lac(Baseline)] modestly correlated with
area at risk (r � 0.66; P � 0.002). Hyperpolarized 13C MRS was also
used to examine alanine production during ischemia, which is ob-
served in ex vivo models, but no significant change was noted; metrics
incorporating [1-13C]alanine did not substantially improve the dis-
crimination of ischemic-reperfused myocardium from nonischemic
myocardium. This intact rat model, which mimics the human situation
of reperfused myocardial infarction, could be highly valuable for the
testing of new drugs to treat reperfusion injury, thereby facilitating
translational research.

hyperpolarization; heart; dynamic nuclear polarization; magnetic res-
onance spectroscopy; carbon-13

NEW & NOTEWORTHY

For the first time in an intact rat model, hyperpolarized 13C
spectroscopy is used to follow changes in myocardial energy

metabolism in ischemia-reperfusion. This model can explore
ischemia-reperfusion metabolism with preserved neuro-endo-
crine and inflammatory responses, and in translational re-
search it can test novel treatment strategies in acute reperfused
myocardial infarction.

CARDIOVASCULAR DISEASES REMAIN a leading cause of death in the
industrialized world (1). Of these, the most prevalent is coro-
nary artery disease, which can cause acute restriction of blood
supply to the myocardium. In the setting of acute myocardial
infarction (AMI), the most successful treatment today is to
revascularize the tissue within hours to stop ongoing necrosis
(34, 44). However, the so-called reperfusion injury itself adds
additional tissue damage to the infarct region (46). Several
strategies have been tested to mitigate this reperfusion damage
in large clinical trials with varying success (5, 6, 42). Hyper-
polarized 13C magnetic resonance spectroscopy and imaging
techniques (MRS and MRI) (2, 20, 21) offer the unique
possibility to assess noninvasively metabolic changes in the
myocardium during ischemia and reperfusion. A better under-
standing of metabolic alterations occurring during ischemia-
reperfusion would aid the design of new treatment strategies in
patients with AMI undergoing acute revascularizations. To
develop such strategies and to test their efficacy, animal mod-
els incorporating hyperpolarized 13C-magnetic resonance are
highly desirable. Such models should test metabolic changes
immediately and noninvasively upon reperfusion and should be
established in small animals. It is crucial to probe ischemia-
reperfusion metabolism in an intact animal, as that allows one
to assess metabolism and test therapeutic metabolic interven-
tions while other important mechanisms such as neuroendo-
crine activation and reactive inflammation remain active. Thus
an intact animal better models AMI in humans and represents
an important complement to models based on isolated heart
preparations in facilitating translational research. In addition, it
is desirable to establish such an intact model in a small animal
to address questions with a sufficient number of experiments
while keeping costs at a reasonable level. Currently, in models
of myocardial ischemia-reperfusion, hyperpolarized 13C MRS
and MRI are implemented in either ex vivo preparations of
small animal hearts (10, 28, 38, 41) or in intact large animal
models (3, 4, 21, 25). The aims of this study were twofold, first,
to develop an intact small animal model that uses hyperpolar-
ized 13C MRS, and second, to characterize its metabolism
during ischemia-reperfusion, examining the changes in bicar-
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bonate, lactate, and alanine production from pyruvate injected
during reperfusion.

The application of hyperpolarized 13C MRS in a small intact
animal model faces a major challenge. Whereas metabolic
studies in chronic heart diseases can be performed under the
assumption that tissue perfusion remains stable during the
experiments (8, 17, 18, 39, 40, 43), substantial changes in
perfusion are anticipated in the setting of ischemia-reperfusion.
Therefore, a tissue input function (TIF) is required to take into
account changes in metabolite signals resulting from changes
in the myocardial delivery of the 13C-labeled substrate, and not
from tissue metabolic changes per se. This is not an issue with
global ischemia in ex vivo perfused heart preparations, as the
delivery of substrates is uniform and controllable (28, 38, 41).
On the other hand, the TIF can be derived by an imaging
approach in an intact large animal model; however, the benefit
is not clear, as the TIF for hyperpolarized [1-13C]pyruvate
could not improve the calculation of fluxes to [13C]bicarbonate
and [1-13C]lactate (25). The measurement of the TIF might be
even more challenging in small animal hearts, which require
higher-resolution imaging, limiting reproducibility and requir-
ing larger sample sizes. Therefore, we decided to test the
hypothesis that the ratio of metabolites can be used as an
indicator of metabolic changes without the need to measure a
TIF. This strategy was already explored in ex vivo small heart
preparations, and the [13C]bicarbonate:[1-13C]lactate ratio is
sensitive to metabolic changes during ischemia-reperfusion, as
reported by Merritt et al. (28) and others (9).

Some studies in perfused isolated hearts report an increase in
alanine production during ischemia, likely resulting from in-
creased anaplerosis (15, 36, 37). Because hyperpolarized [1-
13C]pyruvate probes the alanine pool size via its reversible
conversion with alanine aminotransferase, we therefore ad-
dressed a second question with this study, whether the addi-
tional quantification of alanine production during ischemia-
reperfusion allows for a better discrimination of ischemic-
reperfused myocardium from normal healthy myocardium in
the presented intact small animal model.

MATERIALS AND METHODS

Materials. [1-13C]pyruvic acid and deuterium oxide were purchased
from Sigma-Aldrich (Buchs, Switzerland). Formulations of [1-13C]pyru-
vic acid with trityl radical OX063 (tris(8-carboxy-2,2,6,6-tetrakis(2-
hydroxyethyl)benzo[1,2-d:4,5-d=]bis([1,3]dithiole)-4-yl)methyl sodium
salt) were prepared by Albeda Research (Copenhagen, Denmark).

Animals. Experiments involving animals were performed in accor-
dance with local and federal regulations (Swiss Federal Act on
Animal Protection) and were authorized by the Service de la consom-
mation et des affaires vétérinaires (SCAV - EXPANIM) of the Canton
of Vaud, Switzerland. Male Wistar rats (n � 34; 267.1 � 18.5 g)
(mean � SD) were obtained from Charles River (Châtillon-sur-
Chalaronne, France). Experiments were started and performed at the
same time of day to control for any potential metabolic differences
related to the circadian rhythm.

Experimental protocol. Before surgery, rats were anaesthetized
with isoflurane (5%), intubated, and mechanically ventilated (MRI-1;
CWE, Ardmore, PA) with air, 50% oxygen, and 2% isoflurane. Both
femoral arteries were catheterized to allow blood sampling and mon-
itoring of blood pressure and heart rate. One femoral vein was
catheterized for infusions. A left thoracotomy was performed, and the
fourth intercostal space was entered to access the heart. A 5.0 suture
thread was passed under the left coronary artery (LCA) 3–8 mm from

the tip of the left auricle. The ends of the thread were passed through
a short piece of polyethylene tubing with flared ends, forming a loose
snare around the LCA. Rats in both the ischemia group and the control
group underwent the same surgery to install the occluding thread. The
thoracotomy was stitched up, leaving the ends of the thread and tube
protruding. The rat was placed supine in a holder tray, and a surface
coil with a single 16-mm loop for 1H and two 16-mm loops for 13C in
quadrature was placed over the heart. A rectal temperature probe,
pneumatic respiration sensor, and blood pressure sensor (Small Ani-
mal Instruments, Stony Brook, NY) were installed for physiological
monitoring. Heating was provided by warm water circulating through
tubing placed next to the rat. Before loading the rat into the scanner,
0.2 mg/kg of pancuronium bromide was administered intravenously to
suppress any spontaneous breathing motion of the diaphragm, facili-
tating reliable acquisition gating and shimming.

Hemodynamic monitoring. The rate of respiration was maintained
between 60 and 70 breaths/min, and body temperature kept between
37.5 and 38.5°C. Blood samples were taken periodically throughout
the experiment to monitor PCO2, O2 saturation, and pH, and normal
levels were maintained by adjusting ventilation rate, tidal volume, and
O2 content. Additionally, blood lactate was measured before the
baseline [1-13C]pyruvate infusion, before the period of ischemia, and
after 10 min of ischemia.

Polarization. Neat [1-13C]pyruvic acid containing 21 mM OX063
(17 �l) was transferred to a polytetrafluoroethylene sample cup and
frozen using liquid nitrogen. A stoichiometric equivalent of 10 M
NaOH for neutralization was added to the cup and frozen separately.
The pyruvic acid sample was negatively polarized at 7 T and 1.0 K
with microwave irradiation at 196.80 GHz in a custom-built dissolu-
tion-dynamic nuclear polarization polarizer (13), then dissolved with
6 ml of D2O containing 47 mM sodium phosphate, 100 mM NaCl, 2.7
mM KCl, 0.3 mM EDTA, pH 7.4, and rapidly transferred to a
remote-controlled phase separator/infusion pump yielding a polariza-
tion of 45–55% (14, 16).

Anatomic imaging and hyperpolarized 13C spectroscopy. MRI and
MRS were performed in a 9.4-T, 31-cm horizontal bore magnet
(Magnex Scientific, Oxford, UK) with a VNMRS console (Varian,
Palo Alto, CA). Gradient echo 1H imaging was used to ensure the
correct placement of the coil over the heart and to localize the voxel
used for shimming and localized spectroscopy. Shimming was per-
formed using the FAST(EST)MAP gradient shimming routine (22)
with a voxel placed above and including the ventral side of the left
ventricle (LV), to a water line width of 35–50 Hz by stimulated echo
localized spectroscopy using the same voxel. The metabolism of
infused hyperpolarized [1-13C]pyruvate (at a dose of 0.3 mmol/kg in
1.8 ml) was monitored by 13C MRS. The acquisition of a series of 40
respiration and cardiac-gated spectra (30° BIR-4 adiabatic pulse,
transmitter at �175 ppm, spectral width: 20,161 Hz, acquisition time:
205 ms, WALTZ-16 1H decoupling, repetition time �3 s) was started
at the beginning of the infusion. After the second infusion, late
gadolinium enhancement (LGE) was performed with 0.12 mmol/kg
gadoteridol administered intravenously and T1-weighted inversion-
recovery gradient echo imaging performed 20 min later (12).

Baseline and postischemia metabolism. An infusion of hyperpolar-
ized [1-13C]pyruvate was performed after shimming to establish the
baseline metabolic state of the heart (Fig. 1). Another polarization was
started immediately following this first hyperpolarized [1-13C]pyru-
vate infusion. After 90–120 min, myocardial ischemia was induced.
Another dose of pancuronium bromide (0.1 mg/kg) was infused to
ensure regular breathing and proper acquisition gating. With the rat
outside the scanner bore, but still positioned in the holder, the LCA
was occluded by tightening the occluding suture thread and clamping
it in place against the polyethylene tubing using a titanium clip. In
control experiments, the thread was not tightened. After 15 min, the
occlusion was released. This occlusion time was chosen to minimize
the risk of inducing necrosis. The rat was then returned immediately
to its prior position in the scanner, and the second infusion of
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hyperpolarized [1-13C]pyruvate was performed without delay, i.e.,
75–120 s after occlusion release. This short interval was chosen
because the largest changes in lactate and bicarbonate production
occur immediately after reperfusion studied in isolated rat hearts (28),
and these events normalize upon further reperfusion.

Upon completion of scanning, the rats were removed from the
magnet and euthanized with pentobarbital sodium (100 mg/kg). The
heart was immediately removed, rinsed with PBS, and perfused with
Evans Blue after tying the occluding thread tight. The stained heart
was then rinsed, cut into 1-mm-thick axial slices, and photographed.
Unstained areas were calculated from the images of the slices using
ImageJ (U. S. National Institutes of Health, Bethesda, MD). The area
at risk was expressed as a percentage of total ventricular surface. An
example is given in Fig. 1D.

Data analysis. Data sets with irregularly shaped or broad spectral
peaks �80 Hz wide at half maximum were excluded (controls: 2;
ischemia group: 2) due to difficulties with their accurate quantitation,
as were incomplete experiments (control group: 1; ischemia group: 2).
Experiments with physiological irregularities were also excluded,
specifically those in which blood lactic acid levels exceeded 45 mg/dl
and pH was below 7.35 (control group: 3; ischemia group: 2),
indicating lactic acidosis (26); those in which blood glucose levels
differed by more than two standard deviations from the mean (con-
trols: 1), or those in which the systolic blood pressure did not partially

recover after LCA occlusion (ischemia group: 1). Spectral peaks were
quantified by FID fitting using Bayes (Washington University, St.
Louis, MO) and visually inspected for goodness of fit. The area under
the curve (AUC) for each metabolite was calculated using the fitted
peak area and the time interval between each respiration and cardiac
gated spectral acquisition. The following metabolite ratios were cal-
culated from the AUC values: RatioBic/Lac � AUCBic/AUCLac; Ra-
tioBic/Lac�Ala � AUCBic/(AUCLac � AUCAla); RatioBic/Ala �
AUCBic/AUCAla; RatioLac/Ala � AUCLac/AUCAla; RatioBase � Ra-
tioBic/Lac, RatioBic/Ala, RatioLac/Ala, or RatioBic/Lac�Ala measured at
baseline; RatioIsch � RatioBic/Lac, RatioBic/Ala, RatioLac/Ala, or Ratio-
Bic/Lac�Ala measured upon reperfusion; RatioMetabolite/total signal �
AUCMetabolite/(AUCLac � AUCHydrate � AUCAla � AUCPyr �
AUCBic).

Statistics. Results are reported as means � SE. Statistical and linear
regression analyses were performed using GraphPad Prism (v. 5.04;
GraphPad Software, La Jolla, CA). The influence of intervention
(ischemia-reperfusion vs. sham) on the change of RatioBase and
RatioIsch was assessed by using a two-way ANOVA for repeated
measures. The influence of intervention (ischemia-reperfusion vs.
sham) on the change in RatioIsch/RatioBase was assessed by using a
two-tailed Student’s t-test. A P value �0.05 was considered statisti-
cally significant.
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Fig. 1. A: timeline of hyperpolarized myocar-
dial ischemia-reperfusion experiment. After
preparation, shimming, and positioning, hyper-
polarized [1-13C]pyruvate was infused to estab-
lish baseline metabolism. Myocardial metabo-
lism during early reperfusion was assessed by a
hyperpolarized infusion immediately following
15 min of left carotid artery occlusion. The
occlusion was omitted in control experiments.
B: typical time course of 13C magnetic reso-
nance spectroscopy spectra of heart metabolism
of infused polarized [1-13C]pyruvate. Stacked
spectra acquired at �3-s intervals show evolu-
tion of metabolite signals [1-13C]lactate (lac,
185.0 ppm), [13C]bicarbonate (bic, 162.8 ppm),
and [1-13C]alanine (ala, 178.4 ppm), as well as
signal decay of infused [1-13C]pyruvate (pyr,
172.9 ppm) and its hydrated form (hyd, 181.2
ppm). C: evolution of metabolite signals over
time, scaled to fraction of maximum pyruvate
signal. D: example of Evans blue-stained heart
slices (1 mm thick). Occluding thread was
tightened before injecting stain, and the mod-
erate area at risk appears unstained in the apical
region of the heart.

H2060 REPERFUSION METABOLISM IN A NOVEL INTACT SMALL ANIMAL MODEL

AJP-Heart Circ Physiol • doi:10.1152/ajpheart.00376.2015 • www.ajpheart.org
Downloaded from journals.physiology.org/journal/ajpheart (083.076.070.110) on June 24, 2020.



RESULTS

The hyperpolarized metabolites [1-13C]lactate, [1-13C]ala-
nine, and [13C]bicarbonate were detected within seconds after
the infusion of hyperpolarized [1-13C]pyruvate, with lactate
being the predominant metabolite signal (Fig. 1, B and C).
Occlusion of the LCA to create an ischemic area in the LV
myocardium was accompanied by a drop in both systolic and
diastolic blood pressure (	34.8 � 5.5 and 	13.1 � 3.8
mmHg, respectively; Table 1), which partially recovered over
several minutes. The set of completed experiments with good
spectral data and without lactic acidosis consisted of 10 con-
trols and 10 ischemic rats. Controls were “sham-occluded” in
that they underwent the same preparation and experimental
protocol, except that the occluding thread was not tightened.

RatioBic/Lac to detect ischemic metabolism. The ratio of hy-
perpolarized [13C]bicarbonate to [1-13C]lactate (RatioBic/Lac), an in-
dicator of oxidative pyruvate metabolism of the myocardium,
decreased from baseline (RatioBase) to ischemia-reperfusion
(RatioIsch) in the ischemia group (n � 10), but not in the
controls (n � 10; P � 0.017 for the interaction Ratio-inter-
vention, 2-way ANOVA for repeated measures) as shown in
Fig. 2. Using RatioBic/Lac, a decrease of RatioIsch/RatioBase

indicates a shift toward anaerobic metabolism as shown in
Fig. 3. RatioIsch/RatioBase was lower in the ischemic group than
in the control group (0.74 � 0.06 vs. 1.16 � 0.10 in controls,
P � 0.002, Fig. 3A).

The size of the area at risk, determined by Evans Blue
staining (Fig. 1D) in 9 of the 10 experiments with ischemia,
ranged from mild to severe (4.4–47.5% of the LV, respec-
tively) with a mean of 28.6 � 4.7%. Plotting RatioIsch/Ratio-
Base against the area at risk shows a clear trend toward a greater
metabolic change with a larger area at risk (Fig. 3C). Linear
regression analysis including the control experiments with zero
area at risk yields a negative slope, indicating a greater de-
crease in RatioIsch/RatioBase with larger area at risk. The re-
gression line intersects the y-axis at 1.11 � 0.08, consistent
with no change or a slight improvement in RatioBic/Lac in
animals with no area at risk. With only two points between 0
and 20% area at risk, the correlation is no longer significant
(P � 0.18) with the control points excluded.

With a 15-min period of occlusion followed shortly by LGE
MRI, the area at risk was expected to remain viable, and
necrosis was not anticipated. However, tissue damage resulting
from the surgery 5 h earlier could result in necrosis. LGE was
negative in all surviving cases, indicating that little if any
necrotic myocardium resulted from the surgical preparation
and experimental procedure. As it was not possible to perform

LGE in the animals dying during the experiments (n � 2),
necrosis in these animals cannot be excluded.

[1-13C]alanine production. As there is evidence that alanine
is produced by the ischemic myocardium through anaplerotic
pathways, the ratio of bicarbonate to lactate plus alanine
(RatioBic/Lac�Ala) was also evaluated. Examining the change in
RatioBic/Lac�Ala between baseline and ischemia conditions, we
found a P value for the interaction of intervention-ratio of
0.015 (Fig. 2B, 2-way ANOVA for repeated measures), indi-
cating that taking the alanine signal into account marginally
improved the ability to detect ischemic myocardium, as using
RatioBic/Lac yielded a P Value for interaction of 0.017. Con-
versely, the difference in RatioIsch/RatioBase calculated using
RatioBic/Lac�Ala (0.76 � 0.07 vs. 1.15 � 0.07 in controls, P �
0.001, Fig. 3B) closely resembles the result using RatioBic/Lac.
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Fig. 2. A: ratio of hyperpolarized [13C]bicarbonate to [1-13C]lactate (RatioBic/Lac) is
shown as a measure of oxidative pyruvate metabolism of the myocardium for the
ischemia and control groups at baseline (shaded bars) and ischemia-reperfu-
sion (hashed bars). A decreasing ratio indicates less pyruvate oxidation or more
lactate production and a shift toward anaerobic metabolism. The ratio is
independent of the tissue input function, as both metabolites originate from the
same substrate. In controls, RatioBic/Lac did not change between baseline and
ischemia-reperfusion measurements, whereas it decreased in the ischemic groups
(P � 0.017 for the interaction of ratio intervention, 2-way ANOVA for repeated
measures). B: ratio of hyperpolarized [13C]bicarbonate to the sum of [1-13C]lactate
and [1-13C]alanine (RatioBic/Lac�Ala) at baseline (shaded bars) and ischemia-
reperfusion (hashed bars). For RatioBic/Lac�Ala the P value for interaction of ratio
intervention is 0.015 (2-way ANOVA for repeated measures).

Table 1. Summary of animal physiological parameters for
rats in control and ischemia groups

Parameter Control Ischemia

n 10 10
Heart rate, beats/min 420 � 6 454 � 8
Body weight, g 269.3 � 6.3 264.3 � 3.4
Body temperature, °C 37.5 � 0.1 37.9 � 0.1
Blood lactic acid, mg/dl 20.6 � 1.1 22.4 � 1.0
Blood glucose, mg/dl 171.6 � 7.3 157.1 � 8.0

 Systolic BP upon occlusion, mmHg — 	34.8 � 5.5

 Diastolic BP upon occlusion, mmHg — 	13.1 � 3.8

Values are means � SE. BP, blood pressure.
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The lower P value obtained by using RatioBic/Lac�Ala likely
results from the smaller range of values in the control group
(Fig. 3, A and B). Similarly, the plot of RatioIsch/RatioBase

calculated using RatioBic/Lac�Ala vs. area at risk (Fig. 3D)
closely resembles that using RatioBic/Lac, and the correlation by
linear regression approached statistical significance (P �
0.072) with the control points excluded.

Alternatively, in looking at the hyperpolarized [13C]bicar-
bonate and [1-13C]lactate signals relative to [1-13C]alanine, the
changes in the lactate-to-alanine and bicarbonate-to-alanine
ratios before and after ischemia showed no significant differ-
ences. RatioIsch/RatioBase calculated using RatioLac/Ala was
0.97 � 0.08 in the ischemia group vs. 0.94 � 0.14 in controls,
whereas the corresponding values for RatioBic/Ala (0.75 � 0.08
and 1.07 � 0.14, P � 0.088) showed the same trend as
RatioBic/Lac.

DISCUSSION

A novel intact small animal model of ischemia-reperfusion
is presented, in which the metabolic conversion of infused
hyperpolarized [1-13C]pyruvate into [13C]bicarbonate and [1-
13C]lactate is quantified by 13C MRS. In the first minutes of
reperfusion in this model of LAD ischemia, RatioBic/Lac was
consistently lower upon reperfusion vs. baseline by �23%,
whereas it did not change in the controls. These findings are
consistent with studies on ex vivo perfused heart preparations,
which reported increased lactate production and decreased
pyruvate dehydrogenase (PDH) activity immediately following

a period of global ischemia (28, 38). Although hyperpolarized
13C MRS allows the simultaneous measurement of the pyru-
vate metabolites bicarbonate, lactate, and alanine, the change
in alanine production during early reperfusion was minimal in
this model, and, consequently, the integration of the alanine
signal did not improve the sensitivity of the method to detect
ischemia-reperfusion.

Metabolic alterations during early myocardial reperfusion
in the intact small animal model. In the presented model of
myocardial ischemia-reperfusion in the intact rat, RatioBic/Lac

decreased from 0.22 � 0.09 at baseline to 0.17 � 0.10 within
the first minutes after the release of the coronary artery occlu-
sion as shown in Fig. 2, whereas it did not change in the control
group with RatioBic/Lac at baseline and during reperfusion of
0.20 � 0.03 and 0.21 � 0.02, respectively (P � 0.017, 2-way
ANOVA with repeated measures). This change in RatioBic/Lac

was reliably measured in this model of intact rats exposed to a
moderate size of ischemic-reperfused myocardium with an area
at risk of �30% of the LV mass. RatioBic/Lac decreased by
�23% vs. baseline, which is in agreement with a shift toward
anaerobic metabolism in the ischemic region, with a reduction
of PDH activity and an increase in the lactate pool. The fact
that RatioBic/Lac was measured within the first minutes after
release of the coronary artery occlusion might be an important
factor in the sensitivity to detect a change in metabolism, as
bicarbonate production was shown by Merritt and coworkers in
a Langendorff heart preparation to recover within minutes
upon reperfusion (28). In that study, an AUC of the bicarbon-
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Scatter plot of RatioIsch/RatioBase using Ra-
tioBic/Lac for the control (Œ) and ischemia (�)
groups. In the ischemia group, this ratio was
lower than in the controls, indicating a shift
toward anaerobic metabolism in the myocar-
dium of these animals. In the controls, this ratio
was slightly positive, which could be explained
by a trend of the myocardium to recover from
the initial coronary surgery during the course of
the experiment. Horizontal lines and bars indi-
cate means � SE. B: scatter plot of RatioIsch/
RatioBase for the control (�) and ischemia (�)
groups using RatioBic/Lac�Ala. C: scatter plot of
RatioIsch/RatioBase using RatioBic/Lac vs. area at
risk. RatioIsch/RatioBase correlates with the size
of area at risk as determined by Evans blue
staining in the ischemia group (n � 9). Control
experiments (Œ, n � 10) were assigned 0% area
at risk. Solid line is the best-fit linear regression
with dotted lines showing 95% confidence inter-
val. Slope: 	0.014 � 0.004; y-intercept: 1.16 �
0.08. D: scatter plot of RatioIsch/RatioBase vs. area
at risk using RatioBic/Lac�Ala. Linear regression
slope: 	0.013 � 0.003; y-intercept: 1.10 � 0.06.
Ischemia group n � 7; control group n � 9.
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ate-to-lactate spectral peak ratio during reperfusion of the
entire rat heart of �0.10 of baseline was reported (Fig. 5 in
their publication), translating to a ratio of 0.73 for a heart with
a 30% area at risk, which is in line with the value of 0.66
observed in the current study with an area at risk of 28.6 �
4.7%. The current results suggest that RatioBic/Lac can be used
in the intact rat model of ischemia-reperfusion to quantify the
metabolic changes occurring immediately upon reperfusion.
The correlation between the size of the area at risk and the
decrease in RatioBic/Lac indicates that this technique is probing
the metabolism in the ischemic-reperfused myocardium. In this
context, it is important to note that no infarcts were produced
with this protocol, and thus the myocardium assessed by this
technique in principle represents salvageable myocardium.
Therefore, this model might be useful to assess novel cardio-
protective treatments in an intact animal, thereby testing their
impact on metabolism while preserving the neuroendocrine
and inflammatory responses activated during reperfusion (35).
Such a noninvasive technique to measure metabolism in vivo
may therefore also facilitate the translation of animal studies
into humans because the presented intact model closely mimics
reperfusion of AMI in patients and because clinical studies
have been performed using hyperpolarized [1-13C]pyruvate
(31).

The metabolite RatioBic/Lac to solve the problem of TIF.
Besides serving as a sensitive metric for the opposing changes
in the conversion of pyruvate to bicarbonate and lactate,
RatioBic/Lac, as suggested by Merritt et al. (28) and later by
others (9), can be used to control for changes in perfusion at
baseline vs. reperfusion. As both metabolites are produced
from a single substrate, i.e., the infused hyperpolarized pyru-
vate, this metabolite ratio is an elegant means to eliminate the
need for a TIF. Supporting this idea, in the current study, the
change of RatioBic/Lac could differentiate the animals subjected
to ischemia-reperfusion from the sham-occluded control ani-
mals, and this was achieved by using a relatively small sample
size of 20 animals. An alternative approach to directly measure
the TIF by imaging would be a demanding task in a small
animal model.

Changes in the [1-13C]lactate and [13C]bicarbonate signals
reflect the changed metabolic state of the heart. Ischemic
myocardium is well known to produce and accumulate lactate
(30, 36, 37), as the glycolysis of stored glycogen increases in
response to the decreased fuel supply, and NADH accumulates
under hypoxic conditions, favoring the reduction of pyruvate to
lactate. This change in redox potential has also been detected
by the increased NADH fluorescence on the surface of isch-
emic regions of the heart (11, 32). The rapid interconversion of
pyruvate and lactate by lactate dehydrogenase results in the
distribution of the labeled hyperpolarized pyruvate into these
endogenous metabolite pools, with the observed [1-13C]lactate
signal reflecting the tissue lactate levels (24, 45).

The [13C]bicarbonate signal, on the other hand, is due to
oxidative decarboxylation of [1-13C]pyruvate by PDH (27) and
the pH-dependent equilibration of the resulting 13CO2 by
carbonic anhydrase (19). The direct relationship between the
hyperpolarized [13C]bicarbonate signal and PDH activity has
been shown by Atherton (7, 8), Dodd (17, 18), and coworkers,
where PDH activity was modulated by diet, disease state, or
treatment with thyroid hormone or dichloroacetate. Pyruvate
dehydrogenase kinase inhibits PDH by phosphorylation and is

in turn regulated by the [NADH]/[NAD�] and [acetyl-CoA]/
[CoA] ratios such that high NADH inhibits PDH activity (23).

The opposing effects of increased NADH levels in ischemic
tissue on the oxidation and reduction of [1-13C]pyruvate lead to
a lower RatioBic/Lac by either or both a decrease in [13C]bicar-
bonate and an increase in [1-13C]lactate production. In prior rat
ex vivo and pig in vivo myocardial ischemia studies using
hyperpolarized [1-13C]pyruvate, one or both of these effects
have been reported, depending on the model. Ex vivo, Merritt
et al. (28) note both a dramatic increase in lactate and decrease
in bicarbonate signal in early reperfusion, whereas Ball et al.
(9) note an increase in lactate (normalized to pyruvate signal)
in the ischemic region. In pigs, Golman and coworkers ob-
served a 41 � 7.8% reduction in bicarbonate signal in stunned
myocardium after 2 h of reperfusion, with a variable but
insignificant change in lactate (21). Similarly, in pigs, Lau and
coworkers (25) reported a significant reduction in pyruvate-
normalized bicarbonate signal in the anterior wall of the LV 45
min after a 60-min period of anterior ischemia along with an
increase in normalized lactate. More recently in another pig
model, Aquaro and coworkers (4) reported a significant in-
crease in lactate signal and a significant decrease of bicarbon-
ate signal comparing affected and unaffected regions 5 min
following 10 min of LAD occlusion.

While each of these prior studies used different experimental
protocols and data acquisition methods, the common metabolic
changes of decreased bicarbonate signal and/or increased lac-
tate further support the idea that RatioBic/Lac is an appropriate
and likely more sensitive metric of the metabolic state of
postischemic tissue than either metabolite alone. Among the
studies using hyperpolarized 13C MRS to follow metabolism in
ischemic-reperfused myocardium in vivo, the current study is
notably the first performed in intact rats, as well as the first to
apply the RatioBic/Lac metric in vivo. This study also shows that
coil-localized MRS is sufficient to detect metabolic changes in
such a model, and it probes energy metabolism immediately
upon reperfusion, i.e., at an earlier stage of reperfusion than
previous in vivo studies.

The alanine signal does not contribute to characterization of
ischemia-reperfusion. Hyperpolarized [1-13C]alanine was also
considered as a potential metabolic marker because alanine
levels have been reported by Peuhkurinen and coworkers (36)
to increase twofold in the rat heart after 10 min of global
ischemia, and Pisarenko and coworkers (37) reported a three-
to fourfold increase in the guinea pig heart after 15 min of
global hypoperfusion (37). On the other hand, in a large animal
model of localized ischemia, Golman and coworkers (21)
reported a 5.8% decrease of hyperpolarized alanine signal in
the diseased area in pigs following 15 min of ischemia and a
decrease of 56% after 45 min of ischemia (21). In the current
model of localized ischemia, [1-13C]alanine peaks could be
quantitated in all but three experiments, but no significant
changes (vs. controls) were observed for [1-13C]alanine, which
was on average 6% higher in the ischemia group (Fig. 4). By
comparison, [13C]bicarbonate was 20% lower, and [1-13C]lac-
tate 24% higher in the ischemia than in controls. This finding
is in line with the aforementioned experiments of Peuhkurinen
and Pisarenko, which found lactate to increase during no-flow
and low-flow ischemia by more than 12-fold, whereas alanine
increased by up to 4.6-fold. Considering the relatively modest
increase of 20% observed for the hyperpolarized [1-13C]lactate
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signal in the current study, one would expect the correspond-
ingly smaller changes in [1-13C]alanine. A recent study by
Chouchani and coworkers (15) also notes small changes in
heart alanine levels during ischemia. In ex vivo heart prepara-
tions with global ischemia, they found a greater than twofold
increase in alanine using liquid chromatography-mass spec-
trometry. However, no increase in alanine was observed by
Chouchani and coworkers in localized myocardial ischemia
induced by LAD occlusion in intact mice. These findings
illustrate the importance of testing metabolism in various ex
vivo but also in in vivo intact animal models.

From a diagnostic point of view, adding data on alanine to
the RatioBic/Lac did not substantially improve the sensitivity of
our experiments to detect differences between control and
ischemia-reperfusion animals. Conversely, the similar trend
between RatioBic/Ala and RatioBic/Lac, as well as the minimal
changes in RatioLac/Ala, indicate that, as expected, alanine and
lactate levels both change in the same direction during isch-
emia-reperfusion.

Limitations. Surface-coil localized pulse-acquire spectros-
copy has the advantage in dynamic hyperpolarized experiments
of being technically uncomplicated and offering the highest
sensitivity, which is an important consideration for measuring
lower-intensity metabolite signals such as [13C]bicarbonate.
However, this spectroscopic approach comes at the expense of
the spatial information that imaging experiments provide.
Given that the ischemic area was in the anterior wall of the LV,
it was well placed within the most sensitive region of the coil.
Nonetheless, the acquired spectra integrate, not only signals
from the myocardium, but also those from the blood in the
ventricles, the atria, vasculature, and even parts of the lungs.
Hyperpolarized metabolites observed in the liver, such as
[1-13C]aspartate and [1-13C]malate, were not detected, indicat-
ing no contaminating liver signal. It was assumed that the
contribution of hyperpolarized metabolite signals from the
blood was comparable for baseline and reperfusion conditions.
In fact, in our experiments, no significant change in the blood
lactate levels was observed after 10 min of ischemia vs.
baseline. Furthermore, the coil position was kept unchanged
between the baseline and reperfusion acquisitions, so any

extraneous signals would be largely constant throughout the
experiment.

The postoperative, physiologically weakened state of the
rats is a significant limitation of this open-chest model of
myocardial ischemia-reperfusion. A recently described closed-
chest model of myocardial ischemia-reperfusion in rats using
an implanted balloon occluder (33) offers an attractive alter-
native that would appear to overcome many of the limitations
of open-chest models.

The ratiometric approach of hyperpolarized signals pre-
sented in this study avoids the need to determine a tissue input
function and provides useful quantitative but relative metabolic
measurements. While the lactate pool size and PDH flux have
the greatest influence on the conversion of pyruvate to lactate
and bicarbonate, other factors such as fatty acid oxidation can
have a marked effect (10, 27, 29). To minimize these influ-
ences, all animals were studied in the fed state at the same time
of day.

Finally, the area at risk was used as a rough surrogate for the
mass of ischemic-reperfused myocardium. Microsphere injec-
tions would yield more precise measures of hypoperfusion
within the area at risk but were deemed too challenging to
perform within the magnet.

Conclusions. An intact small animal model of ischemia-
reperfusion is presented, which allows for the noninvasive,
near real-time assessment of metabolic alterations that occur
immediately upon myocardial reperfusion. The RatioBic/Lac

discriminates ischemic-reperfused from normal myocardium
without the need to determine an input function at the tissue
level. Information on alanine production does not substantially
improve the sensitivity of the technique to detect metabolic
alterations immediately upon reperfusion in this intact small
animal model. This study establishes the model as a useful
complement to ex vivo heart preparations and represents a
promising platform to investigate reperfusion metabolism non-
invasively in an intact animal, thereby preserving activated
neuroendocrine axis and inflammation processes. In the setting
of translational research, this model may also be most useful to
evaluate novel treatment strategies targeted to reduce reperfu-
sion injury of the heart.
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Fig. 4. Changes in pyruvate metabolism from baseline to ischemia. The means
of [RatioMetabolite/total signal(Ischemia)/RatioMetabolite/total signal(Baseline)] are plotted
as the percentage difference from the control values for each of [1-13C]alanine,
[1-13C]lactate, and [13C]bicarbonate. Compared with the control group, small
changes for alanine were observed for the ischemia group. Conversion to
lactate tended to increase in the ischemic groups, whereas a decrease was
observed for bicarbonate, consistent with a shift to anaerobic metabolism.
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