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Abstract

Hypoxic-ischemic encephalopathy (HIE) is a common neurological syndrome in new-

borns with high mortality and morbidity. Therapeutic hypothermia (TH), which is

standard of care for HIE, mitigates brain injury by suppressing anaerobic metabolism.

However, more than 40% of HIE neonates have a poor outcome, even after TH. This

study aims to provide metabolic biomarkers for predicting the outcomes of hypoxia-

ischemia (HI) after TH using hyperpolarized [1-13C] pyruvate magnetic resonance

spectroscopy. Postnatal day 10 (P10) mice with HI underwent TH at 1 h and were

scanned at 6–8 h (P10), 24 h (P11), 7 days (P17), and 21 days (P31) post-HI on a

14.1-T NMR spectrometer. The metabolic images were collected, and the conversion

rate from pyruvate to lactate and the ratio of lactate to pyruvate in the injured left

hemisphere (kPL(L) and Lac/Pyr(L), respectively) were calculated at each timepoint. The

outcomes of TH were determined by the assessments of brain injury on T2-weighted

images and behavioral tests at later timepoint. kPL(L) and Lac/Pyr(L) over time between

the good-outcome and poor-outcome groups and across timepoints within groups

were analyzed. We found significant differences in temporal trends of kPL(L) and

Lac/Pyr(L) between groups. In the good-outcome group, kPL(L) increased until P31

with a significantly higher value at P31 compared with that at P10, while the level of

Lac/Pyr(L) at P31 was notably higher than those at all other timepoints. In the poor-

outcome group, kPL(L) and Lac/Pyr(L) increased within 24 h. The kPL(L) value at P11

was considerably higher compared with P10. Discrete temporal changes of kPL(L) and

Lac/Pyr(L) after TH between the good-outcome and poor-outcome groups were seen

as early as 24 h after HI, reflecting various TH effects on brain anaerobic metabolism,

which may provide insights for early screening for response to TH.

Abbreviations: bpm, breaths per minute; Cho, choline; Cr, creatine; CSI, chemical-shift imaging; DNP, dynamic nuclear polarization; EPP, exchangeable phosphate pool; FID, free induction decay;

FOV, field of view; FSE, fast spin echo; GABA, gamma-aminobutyric acid; HI, hypoxia-ischemia; HIE, hypoxic-ischemic encephalopathy; HP, hyperpolarized; kPL, conversion rate from pyruvate to

lactate; Lac, lactate; Lac/Pyr, ratio of lactate to pyruvate; MD, mean diffusivity; NAA, N-acetylaspartate; NOR, novel object recognition; NTP, nucleotide triphosphate; PCr, phosphocreatine; Pi,

inorganic phosphate; PI, preference index; RCT, randomized controlled trial; SNR, signal-to-noise ratio; T2WI, T2-weighted imaging; TCA, tricarboxylic acid; TE, echo time; TF, exploration time

for the familiar object; TH, therapeutic hypothermia; TN, exploration time for the new object; TR, repetition time.
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1 | INTRODUCTION

Neonatal hypoxic-ischemic encephalopathy (HIE), characterized by inadequate blood flow (ischemia) and oxygen (hypoxia) to the brain and other

organs, affects 1.5–2 per 1000 live births in developed countries.1 HIE to the developing brain contributes significantly to mortality and long-term

morbidity, with at least 25% of surviving children exhibiting long-term neurodevelopmental sequelae ranging from mild to severe, including devel-

opmental delay intellectual disability, cerebral palsy, and epilepsy.2 Previous studies have described the evolution of brain injury secondary to

hypoxia-ischemia (HI) in four phases: (i) the acute phase, also known as “primary energy failure”, occurring within the first 6 h after injury and

characterized by anaerobic metabolism, oxidative stress, neuronal cell death, and excitotoxicity; (ii) the latent phase, characterized by neu-

roinflammation and the continuation of activated apoptotic cascades occurring within 6–48 h; (iii) the secondary phase, also known as “secondary
energy failure”, occurring within 48 h–7 days and characterized by cytotoxic edema, excitotoxicity, and cerebral hyperperfusion; and (iv) the

tertiary phase, occurring in the weeks or months following primary energy failure, involving remodeling of injured brain, astrogliosis, and late cell

death.3–5

Therapeutic hypothermia (TH) is currently the standard of care for moderate to severe neonatal HIE. TH can ameliorate or lessen further

brain injury during secondary energy failure if applied within 6 h after birth and continued for 72 h.1 However, in multiple randomized controlled

trials (RCTs) and in clinical practice, a significant number of neonates (40%–50%) suffered the composite outcome of death or disability despite

receiving TH.6 At present, it is unclear why some infants have a good response to TH while others do not.

NMR spectroscopy is a useful technique that measures temporal changes in cellular metabolite levels and offers a snapshot of cerebral meta-

bolic status in vivo.7 A few studies have utilized 1H or 31P magnetic resonance spectroscopy (MRS) to evaluate the status of brain metabolites

and neurotransmitters in neonatal HI and the effects of TH on brain injury. 1H MRS studies showed early elevations of lactate (Lac)/creatine

(Cr) and Lac/N-acetylaspartate (NAA) at 24 h after the insult which continued to worsen for 5–7 days in HI animal models and HIE neonates.8,9

The deep gray matter Lac/NAA is regarded as the strongest predictor for neurodevelopmental outcome after HIE, regardless of whether they

received TH.10 The neuroprotective role of TH on brain injury results from changes in glucose metabolism (glucose and lactate concentration

reduced) and neurotransmitters (glutamate, aspartate, and gamma-aminobutyric acid [GABA]) in neonates with HIE.11 A previous animal 31P MRS

study demonstrated that the phosphocreatine (PCr)/inorganic phosphate (Pi) and nucleotide triphosphate (NTP)/exchangeable phosphate pool

(EPP) were significantly higher in the hypothermic group compared with the normothermic group between 24 and 48 h after the HI insult and no

further fall existed in either PCr/Pi or NTP/EPP up to 64 h in the hypothermic group, suggesting that TH after HI ameliorated secondary

energy failure.12

Hyperpolarized 13C MRS (HP 13C MRS) is a new method enabling an entirely different avenue to study metabolism in real time. Dynamic

nuclear polarization (DNP) is based on polarizing the nuclear spins of a molecule in the solid state, which is able to increase the 13C NMR signal

more than 10,000-fold, allowing investigation of the glucose metabolic pathway in vivo.13 Once HP [1-13C] pyruvate is injected into a living ani-

mal, a real-time metabolic image can be performed to visualize the process of the pyruvate to lactate conversion within a short period of time.13

The measurements of the conversion rate from pyruvate to lactate (kPL) and the ratio of lactate to pyruvate (Lac/Pyr) demonstrate the anaerobic

metabolic rate (metabolic status) and the lactate levels in brain tissue. Our previous studies have described the anaerobic metabolic profile via the

measurements of kPL and lactate levels during brain development in normal and HI mouse using HP [1-13C] pyruvate MRS.13,14 Additionally, TH

preserves glucose reserves in the brain and lowers lactate levels, which has been proposed to be implicated in the beneficial effect of TH on the

brain.15 In this study, we investigated the temporal changes of kPL and Lac/Pyr following TH in HI mice using HP [1-13C] pyruvate MRS, aiming to

provide metabolic biomarkers for predicting the outcomes of HI after TH.

2 | MATERIALS AND METHODS

2.1 | HI model establishment and therapeutic hypothermia intervention

A total of 35 male and female CD-1 mice were subjected to HI, as previously described according to the Vannucci model,16 at postnatal day

10 (P10). Mice were anesthetized with 2%–2.5% isoflurane. A midline neck incision was performed to separate and permanently ligate the left

common carotid artery via electrical coagulation. After the procedure, mice were allowed 1-h recovery with the dam. Global hypoxia was

induced by placing the pups in chambers submerged in a water bath at 36.5!C, into which a hypoxia atmosphere of 10% O2/90% N2 was
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introduced via inlet and outlet tubing controlled by a flow meter for 1 h and then the pups were returned to the dam for 1 h. Subsequently,

TH was performed by placing the mice in chambers submerged in a water bath at 30!C for 3.5 h.17–19 The body temperature range of mice

was 29.0–30.5!C during this procedure. After TH, the mice were allowed to rewarm for 15 min before being returned to the nest. The body

temperature range of mice recovered to 35.5–36.5!C. All procedures and MR scans were approved by the Institutional Animal Care and Use

Committee at the University of California San Francisco, in accordance with the National Institutes of Health guidelines for the Care and Use

of Laboratory Animals.

2.2 | MRS acquisition

Mice were scanned at 6–8 h (P10) or 24 h (P11), 7–12 days (P17–P22) and 21–29 days (P31–P39) post-HI. These timepoints were chosen

to span murine brain maturation, with P10 and P11 being equivalent to human infants at term, P17 being representative of early childhood,

and P31 being representative of adolescence.20 Forty-eight microliters of C-1 labeled 13C pyruvic acid was polarized in an Oxford Hypersense

DNP instrument at 3.5 T under 1.4 K for "1 h. Before injection, the HP C-1 labeled 13C pyruvate was mixed with 4.5 mL of NaOH buffer,

resulting in a 160 mM pyruvate solution with "pH 7. Mice were anesthetized with 2%–2.5% isoflurane and tail vein cannulation was performed

before scans.

Mice were anesthetized with 1%–1.5% isoflurane and 1 L/min oxygen during scans. Vital signs were carefully monitored, maintaining the

respiratory rate around 30 breaths per minute (bpm) and the body temperature was maintained within a range of 36.5–37!C. A total volume of

250–300 μL pyruvate solution (150 μL dead volume in the catheter) was then delivered through the tail vein catheter over a span of 12 s during

MR scans. The smaller volume was used for P10 or P11 mice to ensure a better survival rate after injection. Thirty microliters of mixed saline and

heparin solution was injected into the catheter every 15 min to prevent blood clots.

MR scans were conducted on a vertical 14.1-T (Varian/Agilent) 600 WB NMR spectrometer with 55-mm 1000 mT/m gradients. A 38-mm

diameter 1H and 13C dual-tuned coil was used for main field shimming and T2-weighted anatomical imaging (1H frequency) and for HP 13C

spectroscopic imaging (13C frequency). The 13C spectroscopic imaging data were acquired on a 24 mm # 24 mm # 5 mm slice centered on the

brain, with 2D chemical-shift imaging (CSI). Center-out k-space trajectory21 was used with 7 # 7 phase encoding (zero-filled to 8 # 8). One

hundred and twenty-eight spectral points were acquired with 2500-Hz bandwidth. The acquisition was initiated immediately after the pyruvate

injection to capture the entire course of pyruvate conversion. The acquisition was repeated every 4 s (3-s acquisition time with 1-s delay

between each repetition) for a total of 60 s (15 repetitions) with a contrast flip angle of 10!. The 2D fast spin echo (FSE) sequence was applied

for the T2-weighted anatomical imaging with repetition time (TR)/echo time (TE) = 1300 ms/12 ms, and eight echo train lengths with 12-ms

echo spacing. The field of view (FOV) was 30 mm # 30 mm with 256 frequency and phase encodes, resulting in a 0.12 mm # 0.12 mm

in-plane resolution. The slice thickness was 1 mm, and 10 slices were acquired without gap, covering most of the brain. The total scan time

was 11 min.

2.3 | Evaluation of brain damage

The T2 score was regarded as a reliable metric for assessing the extent of brain injury in HI mice on T2-weighted imaging (T2WI).22,23 The

evaluation of T2 score was based on the three major areas affected (i.e., the cortex, hippocampus, and deep gray nuclei) and the intensity of the

lesions on T2WI. Each area was scored from rostral to caudal by progressively increasing numerical scores.13 More specifically, each area was

scored from 0 to 3 based on the following standard: 0 for no injury observed, 1 for a mild focal hyperintensity, 2 for a large hyperintensity that

expanded to adjacent areas, and 3 for a cystic infarction. The total score was the sum of the three areas and ranged from 0 to 9. All mice had T2

scores measured after the MR scan at each timepoint.

2.4 | Data processing and analysis

Each dynamic raw free induction decay (FID) of the 2D CSI acquisitions was apodized with 10-Hz Lorentzian filter, then zero-filled to double the

resolution in both spatial dimensions, before Fourier reconstruction using SIVIC software (https://sourceforge.net/projects/sivic/). Once the 5D

data were read into MATLAB software (version 2019a; https://www.mathworks.com/products/matlab.html), the tensor denoising and the phase

and baseline corrections were performed. The dynamic area under the curve (AUC) maps for pyruvate and lactate were obtained by taking the

sum of magnitude values in the peak ranges for both lactate and pyruvate. Simultaneously, the peak height maps were obtained by taking

the maximum magnitude values in the peak ranges. The kPL map was generated by fitting the dynamic AUC maps and the dynamic peak height

maps on a voxel-wise basis for each dynamic voxel (https://github.com/LarsonLab/hyperpolarized-mri-toolbox). Parameters for fitting
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corresponded to the acquisition parameters and known relaxation times. Only voxels inside of segmented mouse brain regions of interest were

used in downstream analysis, to prevent inclusion of kPL values from the noisy spectra and the areas of poor signal-to-noise ratio (SNR).24

Subsequently, the mean kPL value, as well as the total sum of the AUCs of lactate and pyruvate through time for the corresponding left and right

sides of the brain, were calculated. The Lac/Pyr value was calculated by the ratio of the summed AUCs of the lactate to the summed AUCs of the

pyruvate for the left and right hemisphere through time. Figure 1 shows the HP 13C spectra of two P11 HI mice from the good-outcome group

and the poor-outcome group, respectively.

2.5 | Behavioral tests

The novel object recognition (NOR) test and cylinder test were regarded as the optimal behavioral tests for evaluating the cognitive function

(learning and memory) and motor control in HI mice.25 All mice performed behavioral tests at P31–39 after the MR scans. In the NOR test, mice

were tested for 4 consecutive days: habituation day, training day, and testing day. On habituation day (days 1 and 2), all the mice of a single cage

were placed in the testing box (40 cm # 40 cm # 30 cm) for 10 min, then each mouse was placed alone in the testing box for 5 min. On training

day (day 3), the mice were allowed to freely explore two identical objects in the testing box for 5 min. On testing day (day 4), one of the

training objects was replaced with a novel object, and the mice were allowed to freely explore objects in the testing box for 3 min. The object

exploration was defined when the mouse was in proximity (< 1 cm) to the objects. The exploration time for the familiar object (TF) and the

exploration time for the new object (TN) were recorded. The NOR percentage (NOR %) was calculated as: TN / (TN + TF) # 100.26 In the cylinder

test, mice with unilateral brain injury exhibited forelimb preference shown by favoring use of the nonimpaired limb (ipsilateral) for touching or

bracing the side of the cylinder. During the test, mice were placed in a transparent plexiglass container (20-cm diameter, 30-cm height) and the

initial forepaw placement was recorded as left (ipsilateral), right (contralateral), or both. Two trials were conducted on consecutive days and each

trial lasted 3 min. The preference index (PI %) was calculated as: (left $ right) / (left + right + both) # 100.27

F IGURE 1 The hyperpolarized 13C spectra of two P11 hypoxia-ischemia (HI) mice from the good-outcome group and the poor-outcome
group, respectively. (A) A stack plot of sequential spectra of the selected voxel (blue square in (C)) during the 15 s in a HI mouse from the good-
outcome group. (B) A single spectrum of the selected voxel (blue square in (C)) at 8 s in a HI mouse from the good-outcome group.
(C) T2-weighted magnetic resonance (MR) image of a HI mouse from the good-outcome group. There is no visible brain injury (the T2 score is 0).
The selected voxel (blue square) for drawing the spectra was in the region that covers the left deep gray nucleus (putamen) and cortex. (D) A
stack plot of sequential spectra of the selected voxel (blue square in (F)) during the 15 s in a HI mouse from the poor-outcome group. (E) A single
spectrum of the selected voxel (blue square in (F)) at 8 s in a HI mouse from the poor-outcome group. (F) T2-weighted MR image of a HI mouse
from the poor-outcome group. There is a brain injury with mild hyperintensity (the T2 score is 5; red arrows). The selected voxel (blue square) for
drawing the spectra was placed in the brain injury region that covers the left deep gray nucleus (putamen) and cortex.
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2.6 | Statistical analysis

2.6.1 | Group classification based on outcomes following TH

The outcomes of TH were determined by the T2 score at P17–P22 and the assessments of behavioral tests (NOR test and cylinder test) at

P31–P39. For some mice that were missing scans or had poor image quality at P17–P22, we used the T2 score at P31–P39, which had an injury

pattern similar to the injury at P17–P22. The T2 score and the assessments of the NOR test (NOR %) and cylinder test (PI %) of all mice were

standardized and then were used to classify all mice into the good-outcome group and the poor-outcome group by the k-means clustering

method using R studio (AGPL v3; https://support–rstudio-com.netlify.app/products/rstudio/#rstudio-server). The Mann–Whitney test was used

to compare the T2 scores and behavioral measurements between the good-outcome group and the poor-outcome group using SPSS

v. 27 software. The statistical significance was set at p less than 0.05.

2.6.2 | Comparisons in the temporal changes of the metabolic metrics in the injured left hemisphere between
groups

The mixed model for repeated measures (MMRM) was used to compare the temporal changes of kPL and Lac/Pyr in the injured left hemisphere

(kPL(L) and Lac/Pyr(L)) between the good-outcome group and the poor-outcome group using SPSS v. 27 software. Post-hoc tests were further used

to investigate the main effects on the group and timepoints. Bonferroni correction was used for multiple comparisons. The statistical significance

was set at p less than 0.05.

2.6.3 | Comparisons of the metabolic metrics in the injured left hemisphere across different timepoints within
each group

A Kruskal–Wallis one-way analysis of variance (ANOVA) was used to investigate the kPL(L) and Lac/Pyr(L) values across different timepoints in the

good-outcome group and the poor-outcome group. Post-hoc tests with Bonferroni correction were used for multiple comparisons. All statistical

analyses were performed using SPSS v. 27 software. The statistical significance was set at p less than 0.05.

2.6.4 | Comparisons of the metabolic metrics in the injured left hemisphere between groups at each timepoint

The Mann–Whitney test was used to compare the kPL(L) and Lac/Pyr(L) values between the good-outcome group and the poor-outcome group at

each timepoint. All statistical analyses were performed using SPSS v. 27 software. The statistical significance was set at p less than 0.05.

3 | RESULTS

3.1 | Group classification of the response to TH

Two of 35 mice died during the experimental procedure, setting the mortality rate at 5.7%. Four of 35 mice were excluded because of poor
13C MR spectra or missing MR data due to acquisition failure. A total of 29 mice were included in the study. The cluster plots

(Figure 2A,B) show the results of the k-means clustering analysis. We observed that the T2 scores of the mice in cluster 1 were less than

5, and that these mice had a better performance in the behavioral tests. Thus, we defined cluster 1 as the good-outcome group, and cluster

2 as the poor-outcome group. Some mice who did not complete the behavioral tests (n = 8) were classified based on the T2 score at

P31–P39. The ones whose T2 score was less than 5 were included in the good-outcome group, while the others were assigned to the

poor-outcome group. Fifteen of 29 mice were included in the good-outcome group and 14 of 29 mice were included in the poor-outcome

group. Because of scanner availability and technical issues, some scan dates were slightly shifted or MR data at some timepoints were miss-

ing. Compared with the poor-outcome group, the good-outcome group showed significantly lower T2 scores and PI % (p < 0.001, two

tailed) (Table 1 and Figure 2C,E). There was no significant difference in NOR % between the good-outcome group and the poor-outcome

group (Figure 2D).
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3.2 | Significant differences in the temporal changes of the conversion rate of pyruvate to lactate in the
injured left hemisphere between groups

Figure 3A,B show the individual temporal change of kPL(L) in the good-outcome group and the poor-outcome group, respectively. After MMRM

analysis, we found a significant difference in the temporal change of kPL(L) between the good-outcome group and the poor-outcome group

(pgroup*time < 0.05, two-tailed). In addition, we detected significant differences in kPL(L) across different timepoints (ptime < 0.01, two-tailed)

(Figure 3C). Specifically, the kPL(L) value was significantly higher at P31–P39 compared with P10 (p < 0.005, two-tailed). To further understand

the temporal changes of kPL(L) within each group, we performed a Kruskal–Wallis one-way ANOVA. We found that the kPL(L) increased from P10

F IGURE 2 The T2 score and behavioral assessments of the good-outcome group and the poor-outcome group. (A) and (B) Cluster plots show
the k-means clustering based on T2 score, novel object recognition percentage (NOR %), and preference index (PI %). (C)–(E) Boxplots with
scatters show the differences in T2 scores, NOR % and PI % between the good-outcome group and the poor-outcome group. ****p < 0.001.

TABLE 1 Comparisons of T2 score and behavioral assessments between the good-outcome group and the poor-outcome group.

Good-outcome group
(mean ± SD)

Poor-outcome group
(mean ± SD) p value

T2 score (good-outcome group: n = 15, poor-outcome group: n = 14) 1:9%1:7 7:8%1:4 < 0.001****

Novel object exploration ratio (%) (good-outcome group: n = 11,
poor-outcome group: n = 11)

73:1%23:5 74:5%13:5 0.70

Preference index (%) (good-outcome group: n = 13, poor-outcome group: n = 11) 12:7%6:7 35:7%17:3 < 0.001****

Abbreviation: SD, standard deviation.
****p < 0.001.
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to P31–P39 and that the kPL(L) value was significantly higher at P31–P39 compared with P10 in the good-outcome group (p < 0.05, two-tailed),

while kPL(L) increased from P10 to P11, decreased at P17–P22, and then slowly increased until P31–P39 in the poor-outcome group. The kPL(L) at

P11 was significantly higher compared with P10 (p < 0.05, two-tailed) (Figure 3D and Table 2).

3.3 | Significant differences in the temporal changes in the ratio of pyruvate to lactate in the injured left
hemisphere between groups

Figure 4A,B show the individual temporal change of Lac/Pyr(L) in the good-outcome group and the poor-outcome group, respectively. After

MMRM analysis, we found a significant difference in the temporal change of Lac/Pyr(L) between the good-outcome group and the poor-outcome

group (pgroup*time < 0.05, two-tailed). In addition, we detected significant differences in Lac/Pyr(L) across different timepoints (ptime < 0.001, two-

tailed) (Figure 4C). Specifically, the Lac/Pyr(L) value was significantly higher at P31–P39 compared with other timepoints (P10 vs. P31–P39:

p < 0.001 [two-tailed], P11 vs. P31–P39: p < 0.05 [two-tailed], P17–P22 vs. P31–P39: p < 0.001 [two-tailed]). To further understand the temporal

changes of Lac/Pyr(L) within each group, we performed a Kruskal–Wallis one-way ANOVA. We found that Lac/Pyr(L) decreased at P11 and then

F IGURE 3 The temporal changes of conversion rate from pyruvate to lactate in the injured left hemisphere (kPL(L)) between the good-
outcome group and the poor-outcome group. (A) The line graph shows the individual temporal change of kPL(L) in the good-outcome group.
(B) The line graph shows the individual temporal change of kPL(L) in the poor-outcome group. (C) The line graph shows the temporal changes in
the mean value and standard deviation of kPL(L) in the good-outcome group (purple line) and the poor-outcome group (orange line). There was a
significant difference in the temporal trend of kPL(L) between the good-outcome group and the poor-outcome group (pgroup x time < 0.05, two-
tailed) and a significant difference in the kPL(L) value across different timepoints (ptime < 0.01, two-tailed). Specifically, the kPL(L) value was
significantly higher at P31–P39 compared with at P10 (p < 0.005, two-tailed). (D) The boxplot shows the 25th percentile, the 50th percentile
(median), and the 75th percentile values of kPL(L) in the good-outcome group (purple box) and the poor-outcome group (orange box) at each
timepoint. The kPL(L) value at P31–P39 was significantly higher compared with P10 in the good-outcome group (p < 0.05, two-tailed), while the
kPL(L) value at P11 was significantly higher compared with P10 in the poor-outcome group (p < 0.05, two-tailed). *p < 0.05, ***p < 0.005.
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increased until P31–P39, with a significantly higher Lac/Pyr(L) value at P31–P39 compared with other timepoints in the good-outcome group

(P10 vs. P31–P39: p < 0.01 [two-tailed], P11 vs. P31–P39: p < 0.01 [two-tailed], P17–P22 vs. P31–P39: p < 0.01 [two-tailed]), while Lac/Pyr(L)
increased from P10 to P11, decreased from P11 to P17–P22, and then increased until P31–39 in the poor-outcome group, but there were no sig-

nificant differences in the Lac/Pyr(L) value across all timepoints (Figure 4D and Table 2).

3.4 | No significant differences in the conversion rate of pyruvate to lactate and the ratio of pyruvate to
lactate in the injured left hemisphere between groups at each timepoint

After Mann–Whitney analysis, we did not detect significant differences in the kPL(L) and Lac/Pyr(L) values between the good-outcome group and

the poor-outcome group at P10, P11, P17–P22, and P31–P39 (Figures 3D, 4D, and Table 2).

4 | DISCUSSION

This is the first study to evaluate the effects of TH on cerebral glucose metabolism after HI during brain development in murineusing HP [1-13C]

pyruvate MRS. In this study, we identified the good-outcome group and the poor-outcome group based on the T2 scores at P17–P22 and the

assessments of behavioral tests (NOR and cylinder tests) at P31–P39 using k-means clustering methods. Compared with the poor-outcome group,

the good-outcome group had significantly lower T2 scores and lower PI. Intriguingly, we found discrete temporal changes of kPL and Lac/Pyr in

the injured left hemisphere between these two groups. In the good-outcome group, an increased trend of kPL(L) was seen from P10 to P31–P39

and the kPL(L) value at P31–P39 was significantly higher compared with at P10, while Lac/Pyr(L) decreased within 24 h and then increased until

P31–P39, with a significantly higher Lac/Pyr(L) value at P31–P39 compared with other timepoints. In the poor-outcome group, kPL(L) and Lac/Pyr(L)

increased within 24 h, decreased at P17–P22, and then slowly increased until P31–P39. The kPL(L) value at P11 was significantly higher compared

with P10, but no significant differences in the Lac/Pyr(L) values were seen across all timepoints.

Glucose plays a critical role in maintaining cerebral energy demands in the immature brain, although the immature brain utilizes other sub-

strates as well, such as the ketone bodies and lactate, in the presence of oxygen.28 During HI, glucose is the only substrate capable of sustaining

cerebral energy demands.29 Glucose is metabolized into pyruvate, which can then either be converted anaerobically to lactate or alanine or enter

the tricarboxylic acid (TCA) cycle to produce adenosine triphosphate (ATP).29 However, the insufficient delivery of glucose due to hypoperfusion

leads to energy failure and cell death. In addition, hypoperfusion influences the clearance of lactic acid, resulting in lactate accumulation and cellu-

lar acidosis. Conducting TH within 6 h after HI has been demonstrated to preserve the glucose reserve and has neuroprotective effects on brain

TABLE 2 Comparisons of metabolic metrics in the injured left hemisphere between the good-outcome group and the poor-outcome group.

P10 (6–8 h post-HI)
(good-outcome group:
n = 8, poor-outcome
group: n = 7)

P11 (24-h post-HI)
(good-outcome group:
n = 6, poor-outcome
group: n = 5)

P17–P22 (7–12 days
post-HI) (good-outcome
group: n = 13, poor-
outcome group: n = 14)

P31–P39 (21–29 days
post-HI) (good-outcome
group: n = 13, poor-
outcome group: n = 12) p value

Good-outcome group

kPL(L) (mean ± SD) 0:02%0:01 0:02%0:02 0:02%0:01 0:04%0:02 P10 vs. P31
p = 0.032*

Lac/Pyr(L) (mean
± SD)

0:19%0:05 0:17%0:09 0:21%0:08 0:38%0:15 P10 vs. P31
p = 0.007**
P11 vs. P31
p = 0.006**
P17 vs. P31
p = 0.008**

Poor-outcome group

kPL(L) (mean ± SD) 0:02%0:01 0:04%0:02 0:03%0:01 0:03%0:01 P10 vs. P11
p = 0.016*

Lac/Pyr(L) (mean
± SD)

0:18%0:08 0:25%0:10 0:21%0:06 0:27%0:10

Abbreviations: HI, hypoxia-ischemia; kPL(L), conversion rate from pyruvate to lactate in the injured left hemisphere; Lac/Pyr(L), ratio of lactate to pyruvate in
the injured left hemisphere; P10, postnatal day 10; P11, postnatal day 11; P17, postnatal day 17; P22, postnatal day 22; P31, postnatal day 31; P39,
postnatal day 39; SD, standard deviation.
*p < 0.05.**p < 0.01.
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tissue in animal and human studies.30–33 In this study, TH was performed 1-h post-HI. Within the first 24 h after HI, we found an overt increase

of kPL(L) at P11 compared with at P10 in the poor-outcome group, which indicates that mouse brain did not respond to TH and maintained higher

rates of anaerobic metabolism, which converts pyruvate to lactate, in order to compensate for the energy failure. In contrast to the poor-outcome

group, we did not see a significant difference in kPL(L) between P10 and P11 in the good-outcome group, which suggests that mouse brain had a

good response to TH in suppressing the anaerobic metabolic rate. The different responses to TH between the good-outcome group and the poor-

outcome group were also reflected by Lac/Pyr(L). We found an increased trend of Lac/Pyr(L) in the poor-outcome group, while there was a

decreased trend of Lac/Pyr(L) in the good-outcome group from P10 to P11. These findings are supported by a recent clinical study, which demon-

strated an increase of plasma Lac/Pyr in the HIE neonates with pathological MRI and a decrease of plasma Lac/Pyr in the HIE neonates with nor-

mal MRI within 24 h after TH.34 The decline of Lac/Pyr in the good-outcome group reflects the neuroprotective effects of TH by lowering the

lactate accumulation to avoid lactic acidosis. Additionally, compared with the measurement of plasma Lac/Pyr that reflects the anaerobic meta-

bolic status in all affected organs of the whole body, our HP [1-13C] pyruvate MRS technique provides more accurate information on the anaero-

bic metabolic status specifically in brain tissue, which has the potential to translate to the clinic.

F IGURE 4 The temporal changes of the ratio of lactate to pyruvate in the injured left hemisphere (Lac/Pyr(L)) between the good-outcome
group and the poor-outcome group. (A) The line graph shows the individual temporal change of Lac/Pyr(L) in the good-outcome group. (B) The
line graph shows the individual temporal change of Lac/Pyr(L) in the poor-outcome group. (C) The line graph shows the temporal changes in the
mean value and standard deviation of Lac/Pyr(L) in the good-outcome group (purple line) and the poor-outcome group (orange line). There was a
significant difference in the temporal trend of Lac/Pyr(L) between the good-outcome group and the poor-outcome group (pgroup x time < 0.05, two-
tailed) and a significant difference in Lac/Pyr(L) value across different timepoints (ptime < 0.001, two-tailed). Specifically, the Lac/Pyr(L) value was
significantly higher at P31–P39 compared with at other timepoints (P10 vs. P31–P39: p < 0.001 [two-tailed], P11 vs. P31–P39: p < 0.05 [two-
tailed], P17–P22 vs. P31–P39: p < 0.001 [two-tailed]). (D) The boxplot shows the 25th percentile, the 50th percentile (median), and the 75th
percentile values of Lac/Pyr(L) in the good-outcome group (purple box) and the poor-outcome group (orange box) at each timepoint. The
Lac/Pyr(L) value at P31–P39 was significantly higher compared with those at other timepoints in the good-outcome group (P10 vs. P31–P39:
p < 0.01 [two-tailed], P11 vs. P31–P39: p < 0.01 [two-tailed], P17–P22 vs. P31–P39: p < 0.01 [two-tailed]), while the Lac/Pyr(L) value was not
significantly different across timepoints in the poor-outcome group. *p < 0.05, **p < 0.01, ****p < 0.001.
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During brain development, lactate can be used as an energy fuel to support neuronal and astrocytic function and synaptogenesis.35,36 It has

been shown in rats that lactate utilization increased dramatically during the suckling period (P15–P21) and then decreased after weaning

(P28).37,38 Our previous studies on the anaerobic metabolism during normal murine brain development demonstrated that the lactate levels signif-

icantly increased from P10 to P17 and then high levels were maintained after P17.13,14 In this study, we found an increased trend of kPL(L) and

Lac/Pyr(L) from P11 to P31–P39 and significantly higher values of kPL(L) and Lac/Pyr(L) at P31–P39 in the good-outcome group, which indicates

the neuroprotective contribution of TH in the early stage of HI, maintaining sufficient active brain tissue for anaerobic metabolism and lactate

production during brain development. We also observed better behavioral performance in the good-outcome group at P31–P39, which provides

evidence that TH helps to protect the brain tissue and is beneficial for brain development. In the poor-outcome group, we detected decreased kPL

(L) and Lac/Pyr(L) from P11 to P17–P22, which is similar to our previous observation of the alteration in lactate levels during the same age period

in HI mice with visible brain injury (T2 score = 1–9).13 We interpreted this as a lack of active brain tissue capable of conducting anaerobic metab-

olism and lactate production for the energy demands during brain development, as documented in our previous study. In this study, we also

noticed a significantly higher T2 score with cystic formation at P17–P22 in the poor-outcome group, indicating brain tissue loss. Therefore, the

decline of kPL(L) and Lac/Pyr(L) from P11 to P17–P22 might be attributable to a lack of response to TH in brain at the early stage after HI, which

results in brain tissue loss and influences the anaerobic metabolism rate and lactate production. In addition, we found increased trends of kPL(L)

and Lac/Pyr(L) between P17–P22 and P31–P39 in the poor-outcome group, but the kPL(L) and Lac/Pyr(L) values at P17–P22 did not significantly

differ from those at P31–P39. This finding suggests that the remaining brain maintains the capacity of anaerobic metabolism, but the lactate level

is below normal and might influence normal brain development, which is further reflected by the poor behavioral performance in the poor-

outcome group.

In this study, we did not find significant differences in the kPL(L) and Lac/Pyr(L) values at 6–8 h (P10), 24 h (P11), 7–12 days (P17–P22), and

21–29 days (P31–P39) post-HI between the good-outcome group and the poor-outcome group. A clinical study also demonstrated that the

plasma Lac/Pyr was not significantly different between the normal and pathologic MRI outcomes in newborns who were diagnosed with HIE at

24 h after cooling,34 suggesting that the measurement of Lac/Pyr might not be sensitive enough to discriminate between the good-outcome

and the poor-outcome groups at early timepoints after TH. Another clinical study found a significant difference in the thalamic Lac/NAA at 4–

16 days after HI between the HIE neonates with normal neurodevelopmental outcome and the HIE neonates with adverse neurodevelopmental

outcome using 1H-MRS.39 However, in our mouse model, there were no differences in the kPL(L) and Lac/Pyr(L) values at 7–12 days (P17–P22)

post-HI between the good-outcome group and the poor-outcome group, but the group differences in the kPL(L) and Lac/Pyr(L) values were

enhanced at 21–29 days (P31–P39) post-HI. Whether the group differences in kPL(L) and Lac/Pyr(L) values will reach significance after 30 days

post-HI is a point for further study. Furthermore, other metabolic biomarkers, that is, NAA/Cr and NAA/Cho in the basal ganglia, were found

to discriminate between the HIE neonates with normal and pathological/adverse neurodevelopmental outcomes and had positive predictive

values for outcomes after TH in clinical studies.39,40 In the HP 13C field, [2-13C] pyruvate has been used to investigate aerobic (glutamate is a

metabolic product of α-ketoglutarate in the TCA cycle) metabolism and anaerobic metabolism (pyruvate and lactate) at the same time in rodent

and human studies.41,42 By leveraging HP [2-13C] pyruvate MRS to detect the dynamic changes of the metabolites from the aerobic and anaer-

obic metabolism after TH, we may recognize sensitive metabolic biomarkers for predicting outcomes after TH in the HI mouse model and in

HIE neonates.

In conclusion, using HP [1-13C] pyruvate MRS, one can investigate the brain anaerobic metabolism following TH in HI mice in vivo. Although

the metabolic measurements of kPL(L) and Lac/Pyr(L) were not sensitive enough for discriminating the good-outcome group and the poor-outcome

group, the discrete temporal changes of kPL(L) and Lac/Pyr(L) between the good-outcome group and the poor-outcome group were seen as early

as 24 h after HI insult, and therefore could enable early identification of infants at risk of further brain injury.
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