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Abstract

The goal of this study was to investigate the origin of brain lactate (Lac) signal in the

healthy anesthetized rat after injection of hyperpolarized (HP) [1-13C]pyruvate (Pyr).

Dynamic two-dimensional spiral chemical shift imaging with flow-sensitizing gradi-

ents revealed reduction in both vascular and brain Pyr, while no significant depen-

dence on the level of flow suppression was detected for Lac. These results support

the hypothesis that the HP metabolites predominantly reside in different compart-

ments in the brain (i.e., Pyr in the blood and Lac in the parenchyma). Data from high-

resolution metabolic imaging of [1-13C]Pyr further demonstrated that Lac detected in

the brain was not from contributions of vascular signal attributable to partial volume

effects. Additionally, metabolite distributions and kinetics measured with dynamic

imaging after injection of HP [1-13C]Lac were similar to Pyr data when Pyr was used

as the substrate. These data do not support the hypothesis that Lac observed in the

brain after Pyr injection was generated in other organs and then transported across

the blood–brain barrier (BBB). Together, the presented results provide further

evidence that even in healthy anesthetized rats, the transport of HP Pyr across the

Abbreviations used: Ala, alanine; ANOVA, analysis of variance; BBB, blood–brain barrier; Bic, bicarbonate; CSI, chemical shift imaging; EDTA, ethylenediaminetetraacetic acid; ETL, echo train

length; FOV, field of view; FSE, fast spin-echo; HP, hyperpolarized; HSD, honestly significant difference; Lac, lactate; MRI, magnetic resonance imaging; MRS, magnetic resonance spectroscopy;

NEX, number of excitations; PE, phase encoding; Pyr, pyruvate; RF, radiofrequency; ROI, region of interest; spCSI, spiral chemical shift imaging; SW, spectral width; TE, echo time; TR, repetition time.
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BBB is sufficiently fast to permit detection of its metabolic conversion to Lac within

the brain.

K E YWORD S

blood–brain barrier, brain metabolism, hyperpolarized 13C, lactate, pyruvate, rat

1 | INTRODUCTION

Metabolic imaging of hyperpolarized (HP) 13C-pyruvate (Pyr) has been applied in multiple rodent studies to investigate brain metabolism in healthy

animals1–6 and disease models such as brain tumor,7–12 traumatic brain injury,13–15 and neuroinflammation.16–18 In these studies, conversion of the

injected pyruvate into lactate (Lac) was used to provide information on glycolytic brain metabolism. However, a report by Miller et al.19 concluded

“that earlier reports of whole-brain metabolism in anaesthetized animals may be confounded by partial volume effects and not informative enough

for translational studies”, after the authors failed to observe HP 13C-lactate in the brain of healthy rats or in normal-appearing brain tissue of animals

with brain tumor. The goal of the current study was to further investigate the origin of the lactate signal in the anesthetized rat brain after injection

of HP [1-13C]pyruvate. Using a model based on previously reported cerebral transport kinetics, Hurd et al.2 demonstrated that metabolite kinetics in

dynamic metabolic imaging of HP [1-13C]Pyr are consistent with Pyr-to-Lac conversion being limited by blood–brain barrier (BBB) transport. Conse-

quently, Pyr and Lac predominantly would originate from different compartments within the brain (i.e., Pyr in the blood and Lac in the parenchyma).

In this study, we used a dynamic two-dimensional (2D) spiral chemical shift imaging (spCSI) sequence that was modified to include a bipolar gradient

pulse prior to data acquisition to suppress signal components from flowing spins.20,21 This approach has been successfully applied in abdominal and

cardiac imaging of HP Pyr to suppress the large vascular signal of the injected substrate.22–24 The method was used to test the hypothesis that signal

from brain Lac will be less affected by flow suppression than Pyr. The experiments with flow suppression after HP [1-13C]Pyr injection were comple-

mented by high-resolution metabolic imaging, as well as three-dimensional (3D) metabolic imaging after injection of HP [1-13C]Lac.

2 | EXPERIMENTAL

2.1 | Animal handling and polarization

Six healthy male Wistar rats were included in the experiments. Five rats (240–284 g body weight) received injections of HP [1-13C]Pyr, while the

sixth animal (215 g body weight) received an injection of HP [1-13C]Lac. The animals were anesthetized with isoflurane (1.5%–2% in 1–1.5 L/min

O2) during tail vein catheterization and throughout the imaging session. Samples consisting of �60 mg [1-13C]pyruvic acid and 15 mM trityl radi-

cal were hyperpolarized for at least 2.75 h in a 5-T GE SPINLab (Research Circle Technology, Niskayuna, NY, USA), as previously described.14 The

pyruvic acid was then quickly dissolved in water and neutralized with sodium hydroxide to produce a target solution of 125 mM [1-13C]Pyr with

pH � 7 and a liquid-state polarization at the time of dissolution of 30%–40%.

A 74.4 mg sample of 1.7 M [1-13C]sodium lactate in 37.5:62.5 w/w water: glycerol with 15 mM OX063 and mixed with approximately 7 μL

of a 1:50-solution of Dotarem was polarized using a HyperSense system (Oxford Instruments Molecular Biotools, Oxford, UK) operating at 3.35 T

and 1.4 K, as previously described.25 Dissolving the sample with 4 g of 40 mM Tris pH 7.6 containing 100 mg/L disodium

ethylenediaminetetraacetic acid (EDTA) produced a final solution of 33 mM lactate with a polarization of approximately 25% at the time of disso-

lution. Each sample was transferred to the imaging magnet in a syringe within 36 s, and a bolus was injected by hand into the catheterized tail vein

followed by a 0.5 mL saline flush. With an injection rate of approximately 0.4 mL/s, each injection plus flush took approximately 9–10 s. The dose

for pyruvate and lactate was approximately 1 and 0.4 μmol/g, respectively. All procedures were approved by the respective Institutional Animal

Care and Use Committees.

2.2 | MR hardware and acquisition parameters

The experiments with Pyr as the substrate were performed on a clinical 3-T GE 750w MR scanner (GE Healthcare, Waukesha, WI, USA) using a

dual-tuned 1H/13C quadrature radiofrequency (RF) coil (50 mm inner diameter; USA Instruments Inc., Aurora, OH, USA) for both excitation and

signal reception. The gradient system had a maximum amplitude of 33 mT/m and a slew rate of 120 mT/m/ms. The experiments with Lac as the

substrate were performed on a clinical 3-T GE Signa MR scanner (GE Healthcare) equipped with a high-performance insert gradient coil operating

at a maximum amplitude of 500 mT/m with a slew rate of 1865 mT/m/ms. The RF coil was of the same design as described above.
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To add flow suppression, the existing dynamic 2D spCSI sequence26 was modified by inserting a bipolar trapezoidal gradient of variable dura-

tion 2 W between RF excitation and the spiral readout gradients (Figure S1). In the presence of the bipolar gradient along the x-axis, signal from

flowing spins (assuming flow velocity in the x-axis only) will be attenuated due to the phase accumulation according to the voxel-dependent veloc-

ity profile v xð Þ by a factor

αsup ¼
ð
voxel

exp �iγm1v xð Þð Þdv: ð1Þ

Here, γ is the gyromagnetic ratio and m1 is the first moment of the bipolar gradient. The amplitude along the z-direction of the flow-

suppression gradient was 30mT/m. Because of the pulse sequence implementation, the amplitude along the x- and y-directions was limited toffiffiffiffiffiffiffi
0:5

p
times the maximum gradient strength (i.e., 23.3mT/m). To achieve different levels of flow suppression, each animal was scanned with W of

0, 6, and 9.568ms (in the following referred to as 9.6ms) in a randomized order. These durations correspond to first moments (m1) of 0, 773, and

2025mT�ms2/m along the x- and y-axes, and 0, 995, and 2607mT�ms2/m along the z-axis, respectively. The corresponding echo times (TEs)—that

is, start of the spiral gradients and data acquisition—were 5.296, 16.0, and 23.136ms. These TEs were chosen so that each dataset included data

from 19 spiral gradient echoes, starting at a TE of 23.136ms. The remaining sequence parameters were: 40 mm field of view (FOV),

2.5�2.5 mm2 nominal in-plane resolution, eight spatial interleaves, and 280 Hz spectral width (SW). The spiral waveforms were designed using

an optimal control theory-based algorithm27 with the rewinder part calculated using a convex optimization method.28 For four animals the data

were acquired using a constant 5.625� flip angle excitation for 16 datasets every 3 s starting 6 s after the start of the pyruvate injection. For one

animal (rat 2), the data acquisition started 9 s after the start of the pyruvate injection, acquiring six datasets every 3 s with a variable flip angle

scheme, ending in 90�29 applied across the total 48 individual excitations. One animal (rat 5) underwent a second magnetic resonance imaging

(MRI) session after 1week to acquire metabolic imaging data at higher resolution without additional flow suppression (36 mm FOV, 24�24

matrix size, 24 spatial interleaves, 24 spiral echoes at a 264 Hz SW, TE=2.5ms, 3 s temporal resolution); first injection: 5.625� flip angle, 16 time

points starting 15 s after the start of injection; second injection: variable flip angle scheme, three time points starting 24 s after the start of injec-

tion. Time-resolved metabolic imaging after the injection of HP lactate was performed using 3D spCSI30 with the following parameters:

FOV=43.5�43.5�64.8mm3, 16�16�12 matrix, single spiral interleaf, 32 spiral echoes, SW=280Hz, and TE=2.5ms. A total of 16 datasets

were acquired every 3 s, beginning 9 s after the start of the substrate injection. The variable flip angle scheme ending in a 90� was applied across

the total 192 excitations (16 time points, 12 phase-encoding [PE] steps per time point).

In all imaging sessions, single-shot fast spin-echo (FSE) proton MR images were acquired in axial, sagittal, and coronal orientations as anatomi-

cal references for prescribing the 13C-CSI experiments. In each direction, up to 13 3 mm slices were acquired with 0 mm separation and a nominal

in-plane resolution of 0.47 mm (256 � 128 matrix, TE/repetition time [TR] = 82/2134 ms). Additionally, 1H multislice 2D axial dual TE 1H-FSE

images were obtained for overlay of the metabolic images. The parameters of the overlay scan for the five rats with HP [1-13C]Pyr injection were:

1 mm thickness, 8 � 8 cm2 FOV, 256 � 192 matrix, TR/TE1/TE2 = 3000/41.9/83.7 ms, echo train length (ETL) = 8, and number of excitations

(NEX) = 4. For the rat with HP [1-13C]Lac injection, the parameters were: 1.35 mm thickness, 6.4 � 6.4 cm2 FOV, 256 � 256 matrix, TR/TE1/

TE2 = 5000/11.3/56.7 ms, ETL = 8, and NEX = 2.

2.3 | Data processing and statistical analysis

The dynamic 2D and 3D spCSI data were reconstructed with custom software written in MATLAB, as described in26 and,30 respectively. The

spatial k-space dimensions were apodized with a Hanning window and zero-filled by a factor of two, while the temporal dimension was apodized

with 15 Hz Gaussian line broadening and zero-filled by a factor of four. Metabolic maps for Pyr, Lac, and alanine (Ala) were calculated by

integrating the signal within a 44 Hz interval around each peak in absorption mode. When comparing datasets with different levels of flow

suppression, only the k-space data of the 19 echoes starting at a TE of 23.136 ms were used in order to remove differences in T2 weighting.

For each experiment, three regions of interest (ROIs)—brain, vascular, and muscle—were drawn based on the metabolic maps and 1H images.

The muscle region was selected based on the anatomical structure corresponding to rat tongue and the observation of alanine signal from the

metabolic maps.

The effects of flow suppression were analyzed using a repeated measures analysis of variance (ANOVA) with the Greenhouse–Geisser

correction for lack of sphericity. Follow-up between group differences was conducted with Tukey's honestly significant difference (HSD) test.

For each dissolution, variations in the level of polarization and concentration of the final solution can affect the absolute signal intensity of

pyruvate and its metabolic products, and hence, mask potential effects of flow attenuation. To remove the effect of differences in polariza-

tion, the analysis was repeated with each dataset normalized to the respective muscle Ala. Additionally, the same ANOVA was applied to the

concentration of the Pyr solution for each injection estimated from the amount of pyruvic acid in the sample vial and the total volume of the

final solution. The statistical analysis was performed using the Real Statistics Resource Pack add-in to Microsoft Excel. The investigators were

not blinded.
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3 | RESULTS

Figure 1A shows the 1H MRI indicating the slice location and position of ROIs in brain, vasculature, and tongue muscle. Metabolic maps of Pyr

and Lac with different levels of flow suppression from a representative animal are shown in Figure 1B,C. The metabolic maps for Pyr clearly show

the signal decrease in the vascular and, to a lesser degree, brain ROIs with an increasing level of flow suppression. At the same time, no systematic

decrease in brain Lac is discernable. The quantitative analysis for both Pyr and Lac from vascular and brain ROIs is shown in Figure 2. Vascular Pyr

decreased from 4.0 ± 1.7 (mean ± standard deviation) at W = 0 ms to 2.7 ± 0.6 at W = 6 ms and to 1.6 ± 0.5 at W = 9.6 ms. The ANOVA rev-

ealed a statistically significant difference of the Pyr intensity between at least two W values (F[1.52, 6.08] = 7.13, p = 0.0295). Follow-up tests

showed significant differences between W = 0 ms and W = 9.6 ms (p = 0.0134). However, only a trend for a similar dependence on flow sup-

pression was found for Pyr in the brain ROI, which decreased from 2.1 ± 1.0 at W = 0 ms to 1.6 ± 0.6 at W = 6 ms and 1.0 ± 0.3 at W = 9.6 ms

(F[1.45, 5.80] = 5.14, p = 0.0583). No significant dependence on the level of flow suppression was detected for Lac in brain (0.5 ± 0.2 at W = 0

ms, 0.4 ± 0.1 at W = 6 ms, 0.4 ± 0.1 at W = 9.6 ms; F[1.48, 5.93] = 0.32, p = 0.6756) or vascular ROIs (0.43 ± 0.19 at W = 0 ms, 0.33 ± 0.09 at

W = 6 ms, 0.22 ± 0.05 at W = 9.6 ms; F[1.57, 6.29] = 3.8, p = 0.0865). No difference in concentration of the injected Pyr solution was found

(122 ± 15 mM at W = 0 ms, 115 ± 12 mM at W = 6 ms, 131 ± 38 mM at W = 9.6 ms; F[1.42, 5.69] = 0.50, p = 0.57).

Variation in substrate polarization could mask effects on the metabolite signal. Because the SPINlab was designed for clinical applications, it

does not provide a reliable measure of polarization for sample volumes as small as those used in this preclinical study. Ala generated in the tongue

muscle tissue can be considered stationary compared with signal in blood. Because it did not show any dependence on flow suppression (0.3

± 0.1 at W = 0 ms, 0.3 ± 0.05 at W = 6 ms, 0.3 ± 0.1 at W = 9.6 ms; F[1.60, 6.40] = 0.74, p = 0.4832), it was used as a normalization factor to

remove the effects of varying polarization. Metabolic maps after normalization to muscle Ala are shown in Figure 3 and the statistical analysis

results are shown in Figure 4. In addition to vascular Pyr (12.5 ± 3.3 at W = 0 ms, 8.4 ± 3.1 at W = 6 ms, to 6.1 ± 2.0 at W = 9.6 ms; F[1.66,

6.64] = 15.86, p = 0.0036), brain Pyr also showed a significant effect of flow suppression (6.9 ± 3.0 at W = 0 ms, 5.2 ± 2.6 at W = 6 ms, to 4.1

± 1.7 at W = 9.6 ms; F[1.76, 7.03] = 8.46, p = 0.0149). Follow-up tests showed significant differences between W = 0 ms and W = 6 ms

(p = 0.0181), as well as between W = 0 ms and W = 9.6 ms (p = 0.0014) for vascular Pyr and between W = 0 ms and W = 9.6 ms (p = 0.0087)

F IGURE 1 1H MRI and time-averaged metabolic maps at three levels of flow suppression (W = 0, 6, and 9.6 ms) from a representative
animal. (A) 1H MRI indicating the slice location and ROIs in brain, vasculature, and tongue muscle. Metabolic maps of (B) Pyr (signal threshold of
the metabolic maps 8%), (C) Lac (signal threshold 20%), and (D) Ala (signal threshold 20%). Pyr intensity in the vascular ROI decreased significantly
with increasing level of flow suppression. Less variation was observed for brain Lac and muscle Ala. Ala, alanine; Lac, lactate; Pyr, pyruvate; ROI,
region of interest.
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for brain Pyr. As in the case of absolute metabolite intensities, no significant dependence on the level of flow suppression was detected for brain

Lac (1.6 ± 0.8 at W = 0 ms, 1.4 ± 0.5 at W = 6 ms, 1.7 ± 1.0 at W = 9.6 ms; F[1.33, 5.33] = 1.38, p = 0.31). Although not statistically significant,

a trend of decreasing vascular Lac was observed (1.4 ± 0.5 at W = 0 ms, 1.0 ± 0.3 at W = 6 ms, 0.9 ± 0.1 at W = 9.6 ms; F[1.09, 4.37] = 6.29,

p = 0.0598).

Metabolic maps of Pyr and Lac, as well as the Lac-to-Pyr ratio acquired at the higher nominal in-plane resolution of 1.5 mm, are shown in

Figures 5 and S2. The high-resolution images show clearly different signal distributions for Pyr and Lac. The Pyr maps have the highest intensity

in the vascular structures such as the arteries of the Circle of Willis and, to a lesser degree, the sagittal sinus. Only very little Pyr is detected in the

brain. By contrast, while Lac is highest in the tongue, it also shows high signal throughout the whole brain.

Metabolic maps of Lac at eight time points from an animal after injection of HP [1-13C]Lac are shown in Figure 6A. Signal from potential met-

abolic products Pyr, Ala, and bicarbonate (Bic) was below the detection threshold. The corresponding time series of Pyr and Lac maps of an animal

F IGURE 3 Time-averaged metabolic maps for (A) Pyr, and (B) Lac from the animal shown in Figure 1 after normalization to mean Ala intensity
in muscle ROI. After normalization, the trend of decreasing vascular Pyr with increasing level of flow suppression was more pronounced, while
even less variation in brain lactate can be observed among three levels of suppression. Ala, alanine; Lac, lactate; Pyr, pyruvate; ROI, region of
interest.

F IGURE 2 Mean and standard deviation (n = 5) of time-averaged Pyr, Lac, and Ala in vascular, brain, and muscle ROIs. Signal intensities (sig.
int.) are in absolute units (i.e., without any normalization), with each metabolite on the same scale. Data points for each individual animal are
shown in dashed lines. Pyr intensity in vasculature and brain was significantly lower with high flow suppression (W = 9.6 ms) compared with no
suppression (W = 0 ms). Differences in vascular and brain Lac as well as muscle Ala were not statistically significant for each pair of W values.
*p < 0.05 for correlated samples. Ala, alanine; Lac, lactate; Pyr, pyruvate; ROI, region of interest.
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after injection of HP [1-13C]Pyr are shown in Figure 6B,C. The Lac maps acquired after injection of HP [1-13C]Lac show similar distribution and

dynamic patterns as the Pyr maps when [1-13C]Pyr was used as the substrate. Signal of the respective substrate was highest in the vasculature

and decayed quickly, with little signal appearing in the brain. By contrast, high signal of the product lactate was detected in the brain and its inten-

sity remained high for several time frames.

4 | DISCUSSION

The presented data from the experiments with flow-sensitizing gradients demonstrate distinctively different signal behavior for Pyr and Lac in

brain and vascular ROIs that cannot be caused by any systematic differences in the substrate concentration. Pyr in the vascular, as well as in the

brain ROI, decreased with increase in flow suppression. The mean velocity of blood in the interior carotid arteries is of the order of 40 cm/s,31–33

while in the capillaries it is lower by two orders of magnitude.34,35 Assuming a laminar flow profile, the suppression factor for the gradients used

in this study as a function of peak flow velocity is shown in Figure S3. Based on these estimates, metabolite signal in the arteries should be

suppressed by approximately 80%, whereas in vessels with velocities of less than 1 cm/s the suppression is less than �10%, even for the case of

F IGURE 4 Mean and standard deviation (n = 5) of time-averaged Pyr and Lac in vascular and brain ROIs. Signal intensity (sig. int.) is
normalized to the mean Ala intensity in muscle ROI for each imaging experiment. Data points for each individual subject are shown in dashed

lines. Significant differences are found in vascular Pyr (W = 9.6 vs. W = 0 ms and W = 6 vs. W = 0 ms), as well as for brain Pyr (W = 9.6
vs. W = 0 ms). Neither differences in vascular nor brain Lac were statistically significant for any pair of W values. *p < 0.05; **p < 0.01 for
correlated samples. Ala, alanine; Lac, lactate; Pyr, pyruvate; ROI, region of interest.

F IGURE 5 High-resolution 2D spCSI of healthy rat brain after a single [1-13C]Pyr injection. Time-averaged metabolic maps of (A) Pyr (signal
threshold 8%), (B) Lac (signal threshold 20%), and (C) Lac-to-Pyr ratio masked on an ROI with pyruvate intensity threshold of 12% and ratio
threshold larger than 0.11. The highest Pyr signal was observed in the major vascular structures (Circle of Willis and sagittal sinus), whereas the
high Lac signal was detected in the tongue muscle as well as in the brain. The high Lac/Pyr ratio throughout the brain provides more evidence
that the lactate signal is from the brain itself rather than due to partial volume effects from major vessels. 2D spCSI, two-dimensional spiral
chemical shift imaging; Lac, lactate; Pyr, pyruvate; ROI, region of interest.
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W = 9.6 ms. The fact that brain Pyr was also affected by flow suppression was most likely predominantly due to partial volume effects from vas-

cular signal because of the limited resolution, as discussed below in the comparison with the high-resolution data. However, it is also consistent

with transport across the BBB being the rate-limiting step in the conversion of HP Pyr to Lac,2 that is, any Pyr that has crossed the BBB is quickly

converted to Lac, and Pyr signal detected in a brain ROI is predominantly from the blood pool, hence, more sensitive to flow-suppression gradi-

ents. By contrast, no change in brain Lac was detected with increasing levels of flow suppression. These results suggest that Lac and Pyr signals in

the brain predominantly reside in different compartments, providing further evidence that the majority of the Lac in brain was a consequence of

cerebral metabolism.

As was demonstrated by applications for cardiac and abdominal imaging, adding flow-sensitizing gradients to pulse sequences for brain

imaging studies significantly reduces Pyr contributions from vascular compartments to the brain. Although there was no direct signal reduction

for brain Lac due to flow effects, the additional gradients extended the minimum possible TE, hence, reducing Lac signal due to T2* decay and

evolution of J-coupling. With an estimated effective T2* of �30 ms, the addition of flow-sensitizing gradients led to a reduction of brain Lac of

approximately 33% for W = 6 ms and 47% for W = 9.6 ms. Although the duration of the gradients can certainly be reduced when using

dedicated animal scanners with stronger and faster gradient systems, the signal reduction due to extended TE needs to be taken into

consideration when deciding whether flow suppression would overall be beneficial in preclinical studies of HP Pyr in the brain.

Comparison of the metabolic maps acquired at low and high in-plane resolution reveals significant partial volume effects for Pyr in the lower-

resolution maps. High signal in vascular structures superior and posterior to the brain, which were better resolved in the high-resolution data, con-

tributed to the signal in the brain ROI at lower resolution. At the same time, similar to the lower-resolution maps, Lac is detected throughout the

whole brain, even at the higher resolution. Although Lac generated in organs such as the heart and liver is released into the circulation,36–39

the high-resolution data suggest that vascular Lac is at about the same level as brain Lac and, hence, at the lower resolution it is not a large vascu-

lar component contributing to the lactate signal in the brain ROIs in the same way as is the case for Pyr.

When using Lac as the substrate its metabolic map and time course are similar to the low-resolution Pyr data, with the signal predominately

in the vasculature. The lack of any signal of Pyr and its metabolic products Ala and Bic is consistent with the results of abdominal imaging of HP

[1-13C]Lac in healthy rats40 because the conversion between Pyr and Lac is dominated by isotopic exchange.41,42 As the physiological tissue con-

centration of Pyr is smaller than Lac by at least an order of magnitude,43 the Pyr pool size is usually too small for significant exchange with the

injected HP Lac, hence, Pyr and its metabolic products Ala and Bic were below the detection threshold.

Furthermore, at the concentration levels present in HP 13C experiments, the transport across the BBB in adult rats is slower for Lac compared

with Pyr. Considering both the active (saturable) and the passive diffusion (unsaturable) contributions to the transport, it has been shown that only

at concentrations larger than approximately 35 mM, measured in the right carotid artery, does the transport rate across the BBB for lactate

exceed that of pyruvate.44 Therefore, it is rather unlikely that the Lac observed in the brain after Pyr injection was generated in other organs such

as the heart and then transported across the BBB into the brain.

As substrate transport across the BBB is the rate-limiting step in brain pyruvate metabolism, higher conversion is indeed more likely “in dis-

eases in which the blood brain barrier is expected to be focally disrupted”, as posed by Miller et al.19 Additionally, it has been shown in multiple

F IGURE 6 Metabolic maps from eight time points at 3-s temporal resolution for two healthy rats. (A) Lac maps from 3D spCSI for the animal
with HP [1-13C]Lac as substrate. (B) Pyr, and (C) Lac maps for an animal with HP [1-13C]Pyr as substrate. In (A) and (B), the substrate signal was

highest mostly in the vasculature at earlier time frames and then quickly decayed. In (C), the product lactate in brain appeared approximately 3 s
after the arrival of substrate bolus, and its intensity remained high for several time frames. 3D spCSI, three-dimensional spiral chemical shift
imaging; HP, hyperpolarized; Lac, lactate; Pyr, pyruvate.
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studies that the level and type of anesthesia and carrier gas affect the metabolic conversion in HP 13C MRI/MRS.4,45–48 Nevertheless, altogether

the presented results provide further evidence that, even in healthy anesthetized rodents, the transport of HP Pyr across the BBB is sufficiently

fast to permit detection of its metabolic conversion within the brain when using appropriate acquisition protocols. Therefore, we propose that

metabolic imaging of HP pyruvate is a viable noninvasive tool for probing rodent brain pyruvate metabolism in preclinical studies.
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