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ORIGINAL RESEARCH • MUSCULOSKELETAL IMAGING

A continuous supply of adenosine triphosphate is re-
quired for contracting skeletal muscle. Aside from 

transient buffering by the phosphocreatine pool, ade-
nosine triphosphate must be generated either with sub-
strate-level phosphorylation during metabolism of glu-
cose to lactate or with oxidative phosphorylation, which 
depends on the metabolism of acetyl coenzyme A in the 
tricarboxylic acid cycle. Pyruvate dehydrogenase (PDH) 
regulates carbohydrates, as opposed to fatty acids, as the 
source of acetyl coenzyme A during exercise (1), and it 
determines the fraction of energy derived from glycogen 
and/or glucose and fatty acids. Dephosphorylation of 
PDH generates the active form after the onset of exer-
cise (2,3), but the PDH activation rate in vivo remains 

poorly determined. Consequently, the early effect of ex-
ercise on PDH flux in human muscle is unknown and 
presumably depends on allosteric modulators. PDH 
plays a central role in normal physiologic findings and 
displays altered activity as the physiologic characteris-
tics change. For example, PDH flux capacity diminishes 
with age (4). PDH decreases in type 2 diabetes skeletal 
muscle (5). PDH activity in skeletal muscle is disrupted 
in congenital defects of the PDH complex (6–8) and in 
mitochondrial myopathies.

Intermediary metabolism in skeletal muscle has been in-
vestigated in isolated preparations or tissue biopsies (3,9). In 
vivo studies of fuel utilization are feasible but require invasive 
arterial and venous blood samplings. The hyperpolarized 

Background: Pyruvate dehydrogenase (PDH) and lactate dehydrogenase are essential for adenosine triphosphate production in skel-
etal muscle. At the onset of exercise, oxidation of glucose and glycogen is quickly enabled by dephosphorylation of PDH. However, 
direct measurement of PDH flux in exercising human muscle is daunting, and the net effect of covalent modification and other 
control mechanisms on PDH flux has not been assessed.

Purpose: To demonstrate the feasibility of assessing PDH activation and changes in pyruvate metabolism in human skeletal muscle 
after the onset of exercise using carbon 13 (13C) MRI with hyperpolarized (HP) [1-13C]-pyruvate.

Materials and Methods: For this prospective study, sedentary adults in good general health (mean age, 42 years 6 18 [standard devia-
tion]; six men) were recruited from August 2019 to September 2020. Subgroups of the participants were injected with HP [1-13C]-
pyruvate at resting, during plantar flexion exercise, or 5 minutes after exercise during recovery. In parallel, hydrogen 1 arterial spin 
labeling MRI was performed to estimate muscle tissue perfusion. An unpaired t test was used for comparing 13C data among the 
states.

Results: At rest, HP [1-13C]-lactate and [1-13C]-alanine were detected in calf muscle, but [13C]-bicarbonate was negligible. During 
moderate flexion-extension exercise, total HP 13C signals (tC) increased 2.8-fold because of increased muscle perfusion (P = .005), 
and HP [1-13C]-lactate2to-tC ratio increased 1.7-fold (P = .04). HP [13C]-bicarbonate2to-tC ratio increased 8.4-fold (P = .002) 
and returned to the resting level 5 minutes after exercise, whereas the lactate-to-tC ratio continued to increase to 2.3-fold as com-
pared with resting (P = .008).

Conclusion: Lactate and bicarbonate production from hyperpolarized (HP) [12carbon 13 {13C}]-pyruvate in skeletal muscle rapidly 
reflected the onset and the termination of exercise. These results demonstrate the feasibility of imaging skeletal muscle metabolism 
using HP [1-13C]-pyruvate MRI and the sensitivity of in vivo pyruvate metabolism to exercise states.
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in the supine position with one leg in a 13C–hydrogen 1 (1H)  
dual-frequency radiofrequency coil for imaging the calf muscle 
(Fig 1, A–C). The cylindrical radiofrequency coil consisted of 
quadrature 1H transmit-receive, 13C quadrature transmit, and 
eight-channel 13C array receiver coils (20). After resting MRI 
examinations, participants performed plantar flexion exercise  
(Fig 1, D), which activates PDH within 1 minute (3). HP ex-
aminations for exercising state involved plantar flexion exercise 
of calf muscle in the magnet using resistance bands (18,19). 
This protocol was chosen because PDH is rapidly activated with 
aerobic exercise (3). The participant began plantar flexion 1 min-
ute before injection of HP pyruvate with a 3-second cycle for 3 
minutes. For 13C imaging with exercise, the participants were 
instructed to stop the exercise 3 seconds before the scanning 
started to suppress the motion artifacts. The 13C images were 
obtained when the product HP signals peaked (ie, 33 seconds 
from the start of pyruvate injection) (Fig 2, E) to maximize the 
signal-to-noise ratio of products. For postexercise recovery ex-
aminations, the participant stood with the ball of the left foot on 
a 5-cm-thick block of wood and lifted himself or herself using 
plantar flexion and then returned to the resting position with the 
heel on the ground in a 2–3-second cycle for 60 seconds. Im-
mediately after the exercise, participants were placed back in the 
scanner for postexercise scanning. Both exercise protocols were 
to activate the soleus and gastrocnemius (16,17).

Study participants were imaged using a 13C-1H integrative 
MRI protocol, which consists of a series of 1H MRI scans, 
including arterial spin labeling, and up to two sequential  
injections of HP [1-13C]-pyruvate at rest, during exercise, or 
5 minutes after exercise (recovery). The second HP injection 
was performed 30 minutes after the first injection. Note that 
three HP 13C data from participant 3 were acquired during two 
separate visits. A clinical dynamic nuclear polarization system 
(Spinlab, GE Healthcare) was used to produce HP [1-13C]-
pyruvate (approximately 250 mmol/L) and the final injection 
was administered (0.4 mL/kg body weight) at a rate of 5 mL/
sec, followed by a flush with 25 mL of saline. The general pro-
cedures were similar to those used in previous HP studies in 
human participants (10,11,21,22), and details of the protocol 
and data analysis are included in Appendix E1 (online). For 13C 
MR spectroscopy, time-resolved free-induction-decay data were 
acquired using a section-selective pulse-and-acquire sequence. 
For 13C MRI, a metabolite-selective multi-echo spiral imaging 
sequence was used to image [13C]-bicarbonate, [1-13C]-lactate, 
[1-13C]-pyruvate, and [1-13C]-alanine in an interleaved man-
ner using a spectral-spatial radiofrequency pulse that selectively 
excites the labeled metabolites (23). The acquisition parameters 
are summarized in Table 2.

Statistical Analysis
All data analyses were performed with software (Excel, version 
16.16.25, Microsoft). Data are reported as means 6 standard 
errors. Significance testing was conducted using the P value with 
two-tailed testing; P , .05 was considered a statistically signifi-
cant difference. A paired t test was performed for comparing per-
fusion maps among the muscle states, and an unpaired t test was 
used for comparing 13C data among the states.

(HP) carbon 13 (13C) technique has been introduced to detect 
enzyme-catalyzed reactions, such as PDH and lactate dehydro-
genase in human prostate cancer and the heart, using [1-13C]-
pyruvate (10,11). Unlike the highly oxidative tissues of the heart 
and brain, adenosine triphosphate demand and flux through 
energy-generating pathways is very low in skeletal muscle at rest 
(1). During modest exercise, glycogen oxidation and PDH flux in-
crease dramatically. PDH is a key contributing enzyme to energy 
production. The contribution of blood-borne substrates is highly 
variable and depends on nutritional state, duration and intensity 
of exercise, and other factors (12,13). HP studies have followed 
the rapid activation of PDH in rodent muscle using a pyruvate 
dehydrogenase kinase inhibitor or electrical stimulations (14,15), 
but applications in human skeletal muscle have not been explored. 
This study demonstrates that production of [13C]-bicarbonate and 
[1-13C]-lactate from HP [1-13C]-pyruvate in human skeletal mus-
cle is sensitive to brief exercise using validated protocols for MRI 
studies of human muscle energetics (16–19).

Materials and Methods

Study Protocol
The protocol of this prospective study was approved by the local 
institutional review board (institutional review board no. STU-
2018–0227) and was performed from August 2019 to Septem-
ber 2020. Nine volunteers (mean age, 42 years 6 18 [standard 
deviation]; six men, three women) (Table 1) were recruited by 
word of mouth. Informed written consent was obtained from 
all participants. The study participants were sedentary adults in 
good general health with no history of peripheral vascular, sys-
temic, cardiac, or musculoskeletal disease. The study was compli-
ant with the Health Insurance Portability and Accountability Act 
and was conducted under an investigational new drug approval 
by the U.S. Food and Drug Administration (investigational new 
drug application no. 133229). All participants rested for 1 hour 
before the study and moved to the scanner by means of a wheel-
chair. All MRI studies were performed with a 3.0-T MRI scanner 
(750w Discovery, GE Healthcare). The participant was placed 

Abbreviations
HP = hyperpolarized, PDH = pyruvate dehydrogenase, tC = total HP 
carbon 13 signals

Summary
This study demonstrates the feasibility of imaging skeletal muscle 
metabolism using hyperpolarized carbon 13 pyruvate MRI and the 
sensitivity of in vivo pyruvate metabolism to exercise states.

Key Results
 n In a prospective study of nine healthy adults undergoing MRI, 

total hyperpolarized carbon 13 (13C) signals (tC) in calf muscle 
increased 2.8-fold during plantar flexion exercise due to increased 
perfusion (P = .005) compared with resting.

 n [1-13C]-Lactate-to-tC ratio increased 1.7-fold during exercise (P 
= .04) and 2.3-fold during recovery (5 minutes after exercise, P = 
.008) compared with resting.

 n [13C]-Bicarbonate-to-tC ratio increased 8.4-fold during exercise (P 
= .002), returning to resting level (P = .21) during recovery.
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Results
Examples of time-averaged 13C spectra and the time courses 
of HP metabolites from the three exercise conditions of par-
ticipant 3 at rest, during exercise, and 5 minutes after exercise 
are shown in Figure 2. HP [13C]-bicarbonate, [1-13C]-lactate, 
[1-13C]-alanine, [1-13C]-pyruvate hydrate, and [1-13C]-pyruvate 
were detectable. The larger linewidth of 13C peaks in exercising 
muscle is probably due to the motion. The peak at 172.7 ppm is 
from natural abundance of 13C lipids and was confirmed with a 
baseline scan obtained without HP pyruvate injection (baseline 

spectrum in Fig 2, A). Perfusion increased markedly after the 
exercises. Increased perfusion was confirmed with arterial spin 
labeling, which was performed at rest and immediately after 
postexercise HP scanning. Mean tissue perfusion increased from 
17.1 mL/100 g/min 6 0.9 (standard error) at the resting state  
(n = 6) to 24.0 mL/100 g/min 6 2.1 (n = 4, P = .02) with exercise 
and to 27.6 mL/100 g/min 6 2.4 (n = 3, P = .03) during recov-
ery (Fig 3, A). Total HP 13C signals (tC), adjusted with polariza-
tion parameters, increased to 2.8-fold of that of the resting state  
(n = 3) with exercise (n = 3, P = .005) and to 3.2-fold during recov-

Table 1: Study Participant Demographic Information

Participant  
No./Age (y)/Sex Ethnicity

BMI  
(kg/m2)

Height  
(cm)

Weight  
(kg)

Modality  
Used at Rest

Modality Used  
during Exercise

Modality Used  
at Recovery

1/28/M Nonhispanic White 21.6 188.8 76.2 MRS NA MRS
2/65/F Nonhispanic White 27.1 165.1 73.9 MRS NA MRS
3/62/M Hispanic 26.4 160.0 67.5 MRS MRS MRS
4/18/F Hispanic 24.2 154.9 58.1 ASL MRS, ASL NA
5/33/M Hispanic 22.6 165.1 61.5 ASL MRS, ASL NA
6/34/M Nonhispanic White 26.2 177.8 82.7 ASL MRI, ASL ASL
7/37/M Nonhispanic White 20.3 173.0 60.9 MRI, ASL MRI, ASL NA
8/38/F Nonhispanic White 18.4 172.7 54.9 ASL NA ASL
9/66/M Nonhispanic White 26.4 185.4 90.0 ASL NA ASL

Note.—ASL = arterial spin labeling, BMI = body mass index, MRS = MR spectroscopy, NA = not available.

Figure 1: Experimental set-up and study protocol. A, Photograph depicts positioning of calf muscle in carbon 13 (13C)–hydrogen 1 (1H) dual-frequency radiofrequency 
coil before connecting anterior part of coil. B, Illustration shows how calf muscle was wrapped with flexible posterior 13C array receiver coils (channels 1–4). TR = transmit 
and receive. C, Localized single-shot fast spin-echo 1H MRI scans obtained using radiofrequency coil. Blue region indicates prescribed axial slab for 13C MR spectroscopy 
(10-cm thick). A = anterior, I = inferior, L = left, P = posterior, R = right, S = superior. D, Diagram shows how dynamic 13C MR spectroscopy (MRS) was performed at three 
metabolic states—rest, exercise, and recovery. ASL = arterial spin labeling.
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ery (n = 3, P = .10). Total [1-13C]-pyruvate signals, normalized 
with tC, at rest (mean, 0.66 6 0.03) were higher than those mea-
sured during exercise (mean, 0.41 6 0.03; P = .003) or recovery  
(mean, 0.45 6 0.02; P = .005). Total [1-13C]-lactate signals 
(lactate-to-tC ratio) produced from HP [1-13C]-pyruvate were 

higher during the recovery period (mean, 0.42 6 0.03) than 
during rest (mean, 0.18 6 0.04; P = .008) and during exercise 
(mean, 0.31 6 0.02; P = .04). Normalized alanine production 
(alanine-to-tC ratio) was highest during exercise (mean, 0.22 
6 0.02) than during recovery (mean, 0.11 6 0.02; P = .03) 

Figure 2: Carbon 13 (13C) spectra and time courses of 13C metabolites acquired at rest and with exercise using hyperpolarized (HP) [1-13C]-pyruvate. a.u. = arbitrary 
units. A–C,13C spectra were averaged during the first 90 seconds after a bolus injection of HP [1-13C]-pyruvate in 62-year-old man (participant 3), A, at rest, B, during 
plantar flexion exercise, and, C, during postexercise recovery. Peak at 172.7 ppm is from natural abundance of 13C lipids. D–F, Time courses of HP 13C metabolites. Time-
resolved [1-13C]-pyruvate (dashed line), [1-13C]-lactate (3), [1-13C]-alanine (open circle), and [13C]-bicarbonate (gray circle) from participant, D, at rest, E, during exer-
cise, and, F, during postexercise recovery.

Table 2: MRI Acquisition Parameters

Parameter
Three-dimensional 1H 
PCASL

Two-dimensional 1H T2-
weighted FSE Dynamic 13C MRS Two-dimensional 13C MESI

Image orientation Axial Axial Axial Axial
Repetition time (msec) 5366 5000 3000 117
No. of echoes 1 2 NA 6
Echo times (msec) 9.9 11.3, 65.0 NA 12.2, 18.2, 24.1, 30.1, 36.1, 42.1
Echo train length 1 8 NA 1
No. of signals acquired 3 1 80 1
Flip angle (degrees) 111 160 11.25 20, 90, 90, 90
Section thickness (mm) 6 10 100 80
Field of view (mm) 240 240 NA 240
Acquisition matrix 512 points per spiral  

arm 3 8 arms
192 3 192 2048 (spectral) 3  

80 (time)
1492 point per spiral arm 3 

1 arm per metabolite 3 4 
metabolites

Reconstruction matrix 128 3 128 256 3 256 8192 3 80 64 3 64 per metabolite 3 4 
metabolite

Sections 21 8 1 1
Acquisition time 6 minutes15 seconds 6 minutes 10 seconds 4 minutes ,0:01 minute
Other parameters Postlabeling  

delay = 3025 msec
NA Spectral  

width = 10 000 Hz
Acquisition order: bicarbonate, 

lactate, alanine, and pyruvate

Note.—13C = carbon 13, FSE = fast spin echo, 1H = hydrogen 1, MESI = multi-echo spiral imaging, MRS = MR spectroscopy, NA = not 
applicable, PCASL = pseudocontinuous arterial spin labeling.
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or rest (mean, 0.14 6 0.02; P = .06). Exercise produced more 
bicarbonate (bicarbonate-to-tC ratio) (mean, 0.036 6 0.004) 
than rest (mean, 0.004 6 0.002; P = .002) or recovery (mean, 
0.002 6 0.001; P = .001). The alanine-to-lactate ratio further 
decreased during recovery (mean, 0.28 6 0.07) from that mea-
sured during exercise (mean, 0.72 6 0.12; P = .03). The bicar-
bonate-to-lactate ratio during exercise (mean, 0.036 6 0.004) 
was higher than that in resting (mean, 0.004 6 0.002; P = 
.004) and recovering (mean, 0.002 6 0.001; P = .002) states.

To confirm the source of HP 13C signals, two-dimensional 
images of calf muscle were obtained in two healthy participants 
(participants 6 and 7) during exercise as shown in Figure 4. From 
both participants, [1-13C]-pyruvate, [1-13C]-lactate, [1-13C]-
alanine, and [13C]-bicarbonate maps were obtained with the ex-
ercise, and the HP signals were primarily from the medial and 
lateral gastrocnemius. High [1-13C]-pyruvate signals were also 
detected from the blood vessels. At rest, the product images were 
at the noise level.

Discussion
In this study, we demonstrated that hyperpolarized (HP) 
[12carbon 13 {13C}]-pyruvate is sensitive to the exercise state 
of skeletal muscle in humans. Using in-magnet plantar flexion 
exercise, real-time pyruvate dehydrogenase (PDH) and lactate 
dehydrogenase activities could be monitored. Separate scan-
ning with HP pyruvate evaluated pyruvate metabolism at rest 
or during recovery. As a fraction of total HP 13C signals (tC), 
both protocols were associated with an increase in HP [1-13C]-
lactate2to-tC ratio (1.7-fold increase during exercise, P = .005; 
2.3-fold increase during recovery, P = .008). The increase of 
bicarbonate during exercise (P = .002) directly indicates activa-
tion of PDH, and the disappearance of bicarbonate after exer-
cise suggests rapid deactivation of PDH during the recovery 

period. These patterns were highly reproducible from different 
participants (Fig 3, D, F).

Intravenously injected HP pyruvate is rapidly distributed to 
each organ by means of arterial inflow and subsequently enters 
the interstitial space, followed by transport into the cytosol. In 
skeletal muscle, approximately 15% of tissue volume is occupied 
by interstitial and vascular compartments (24). Consequently, the 
majority of the observed products must originate from intracellu-
lar metabolites. Although lactate is often described as a product of 
metabolism during hypoxic or ischemic conditions, it is normally 
present in low concentration in muscle under resting and well-
oxygenated conditions. Because of its low concentration, lactate is 
not detected in skeletal muscle at rest with 1H MR spectroscopy, 
yet lactate was readily observed in resting skeletal muscle in this 
study, indicating exchange of [1-13C]-pyruvate into the existing 
lactate pool and the high sensitivity of HP methods. A substantial 
increase in HP [1-13C]-lactate was detected during exercise and 
recovery and correlated with an increase in perfusion, consistent 
with earlier results from 1H MR spectroscopy (25). Similarly, ala-
nine production regulated by alanine aminotransferase is affected 
by the intrinsic alanine pool size and also by the balance between 
lactate dehydrogenase and alanine aminotransferase activities. The 
decreased postexercise HP [1-13C]-alanine level relative to the 
[1-13C]-lactate level suggests the use of alanine as an index of intra-
cellular delivery of pyruvate in skeletal muscle.

Unlike products of exchange reactions, such as [1-13C]-lactate 
and [1-13C]-alanine, [13C]-bicarbonate directly indicates py-
ruvate flux into acetyl coenzyme A by means of PDH, and the 
amount of HP bicarbonate from HP pyruvate is proportional 
to PDH flux. The short in-magnet exercise before HP injection 
activated PDH flux in skeletal muscle, as would be expected if  
glycogen provided all necessary acetyl coenzyme A. Because of  
intracellular compartmentation of glycogen and relevant enzymes, 

Figure 3: Bar graphs show effect of exercise in hyperpolarized carbon 13 (13C) MR spectroscopy. Data are means 6 standard errors. * indicates P , .05, and ** 
indicates P , .01. A, Spatially averaged perfusion measured with hydrogen 1 (1H) arterial spin labeling from participants at rest (n = 6), during exercise (n = 4), and during 
recovery (n = 3). B, Total 13C signals (tC) after adjusting difference in polarization and experimental parameters (three participants per group). a.u. = arbitrary units. C–F, 
Area under the curve (AUC) for, C, [1-13C]-pyruvate, D, [1-13C]-lactate, E, [1-13C]-alanine, and, F, [13C]-bicarbonate, normalized with tC area under the curve. G, H, Area 
under the curve (AUC) of, G, alanine and, H, bicarbonate, normalized with lactate area under the curve.
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glycogen is the predominant source of energy production early in 
exercise (12,26). The contribution of blood-borne substrates to 
energy production is quite difficult to study in human participants 
because of the requirement for invasive measures of arteriovenous 
content differences plus measurements of perfusion, which are dif-
ficult to achieve in exercising muscle. Because PDH is integral to 
carbohydrate metabolism, the HP method enables the investiga-
tion of both normal physiologic findings and exercise training and 
study of numerous disorders. Furthermore, the HP examination 
is relatively brief. Thus, integration with 1H and phosphorus 31 
(31P) MR spectroscopy is practical. The negligible [13C]-bicarbon-
ate during the recovery can arise from the accumulation of high 
concentrations of acetylcarnitine during exercise, which now buf-
fers the acetyl coenzyme A demand during recovery, as described 
earlier (17). The muscle does not need additional acetyl coenzyme 
A to support energy production. HP experiments can readily test 
such a hypothesis involving acetylcarnitine (14).

Our study had limitations. First, spatial heterogeneity of the 
skeletal muscle was not considered. Muscle compartments, such 
as those in the gastrocnemius and soleus, consist of different dis-
tributions of fast-twitch glycolytic fibers and slow-twitch oxidative 
fibers, which present wide ranges of enzyme activities and con-
tractile properties (27,28). The distinct metabolic profiles between 

the medial and lateral gastrocnemius suggest that compartmental-
ized comparison is necessary for accurate metabolic assessment of 
exercising muscle. More quantitative assessment can be achieved 
by distinguishing muscle fiber distributions in 1H MRI or by ob-
taining volumetric 13C images. Second, discrepancies in duration, 
timing, and types of the plantar flexion exercise between the stud-
ies (eg, exercising vs recovery and MR spectroscopy vs MRI) po-
tentially contribute as additional variables to the results. Third, the 
13C images were acquired immediately (approximately 3 seconds) 
after the exercise to minimize the motion artifacts. The image ac-
quisition was instantaneous (,0.5 second), but the imaging data 
were acquired technically during the early phase of recovery. Be-
cause the acute metabolic changes after termination of exercise are 
crucial elements for quantitative interpretation of skeletal muscle 
physiologic findings, future studies need to consider imaging dur-
ing the exercise to avoid potential complication.

The HP approach complements other MR methods in  
examining the enzymatic response to exercise and recovery in 
skeletal muscle and, in principle, should be useful in understand-
ing conditions associated with ischemia. In contrast to dynamic 
contrast-enhanced MRI or arterial spin labeling, which assesses 
oxygen delivery according to images of blood perfusion, HP py-
ruvate MR spectroscopy focuses on the enzyme activity in critical 

Figure 4: Metabolic imaging of calf muscle with exercise. A, Diagram shows how hyperpolarized (HP) carbon 13 (13C) MRI was performed in exercising muscle. 
ASL = arterial spin labeling, 1H = hydrogen 1. B, 1H T2-weighted (T2w) fast spin-echo (FSE) MRI scan of 8-cm axial section in study participant 6 (34-year-old man). 
Blue region in sagittal MRI scan indicates prescribed axial section for 13C MRI. Yellow arrows indicate arteries. A = anterior, I = inferior, P = posterior, S = superior. C, 
Time-averaged metabolite maps of hyperpolarized [1-13C]-pyruvate, [1-13C]-lactate, [1-13C]-alanine, and [13C]-bicarbonate. A = anterior, L = left, P = posterior, R = 
right. D, 13C metabolite maps, normalized with peak [1-13C]-pyruvate signal and overlaid on corresponding hydrogen 1 fast spin-echo image of section. E, Metabolite 
ratio maps of carbon 13 products—lactate-to-bicarbonate ratio, alanine-to-bicarbonate ratio, and lactate-to-alanine ratio.
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metabolic steps controlling oxidative phosphorylation, such as 
PDH activity. For example, 31P phosphocreatine recovery kinetics 
after exercise reflect the overall mitochondrial bioenergetics un-
der exercise conditions and specifically help detect carbohydrate 
oxidation. Combining different MR techniques would lead to a 
more comprehensive understanding of exercise, muscle ischemia, 
and other conditions.

In conclusion, the experiments demonstrated the feasibility 
of measuring pyruvate metabolism of skeletal muscle using hy-
perpolarized (HP) [12carbon 13 {13C}]-pyruvate in response 
to exercise. Imaging the products of HP [1-13C]-pyruvate, such 
as lactate, alanine, and bicarbonate, during exercise provides 
a direct assessment of pyruvate metabolism and flux in key en-
zymes. In particular, HP MRI presents then a unique approach 
to measure pyruvate dehydrogenase (PDH) flux directly in skel-
etal muscle under different physiologic conditions. Hence, the 
HP approach offers a way to study PDH activation and regula-
tion in human skeletal muscle, thus opening a new frontier for 
noninvasive assessment of muscle physiologic characteristics. 
Practical applications of HP [1-13C]-pyruvate include periph-
eral vascular (arterial) disease and myopathy that may result in  
muscle ischemia or excessive anaerobic metabolism for early non-
invasive diagnosis and follow-up after treatment. For this, quan-
titative imaging biomarkers that reflect physiologic conditions of 
the skeletal muscle need to be identified, and proper analytical 
methods should be established.
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