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ABSTRACT. We investigated the effect of selective cerebral ultra-
profound hypothermic blood flow occlusion on brain tissue and cell 
metabolism to ascertain the efficacy and safety of selective deep 
hypothermic technologies using proton magnetic resonance spectroscopy 
(1H-MRS). The bilateral carotid artery was blocked at room temperature 
for 10 min. Other neck vessels were then blocked through cold perfusion 
of the internal carotid artery and reflux of the ipsilateral jugular vein. 
Thus, selective cerebral extracorporeal circulation was established. 
Brain temperature was reduced to 15.1° ± 0.9°C. After 60 min, cerebral 
blood flow recovered naturally. Routine magnetic resonance imaging 
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(MRI), diffusion-weighted imaging (DWI), and 1H-MRS examination 
of the bilateral frontal cortex and basal ganglia were performed prior to 
surgery and 4, 24, 72 h, 21 days after recovery. The formants and areas 
under the curve (AUC) of N-acetyl aspartate (NAA), choline (Cho), 
creatine/phosphocreatine (Cr/Cr2) were analyzed using 1H-MRS. The 
pre- and postoperative AUC of NAA and Cho at different time points 
were compared. Conventional MRI and DWI showed no abnormal 
signal changes in the brain parenchyma or right basal ganglia before and 
after surgery (P > 0.05). There was no significant difference in the ratio 
between NAA/(Cr+Cr2) and Cho/(Cr+Cr2) before and after surgery in the 
bilateral basal ganglia and frontoparietal regions of the cortex (P > 0.05). 
Quantitative 1H-MRS showed that selective deep cerebral hypothermia 
significantly improved the brain’s tolerance to ischemia and hypoxia. Our 
results could provide a better understanding of the efficacy and safety of 
selective deep hypothermia and blood flow occlusion.
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INTRODUCTION

Previous studies have shown that selective deep cerebral hypothermia can improve 
the tolerance of the brain to ischemia and hypoxia with no obvious damage to major organs of 
the body (Jiang et al., 2003); however, the biochemical metabolism of brain tissue before and 
after selective deep cerebral hypothermia and blood flow occlusion is currently unknown. Pro-
ton magnetic resonance spectroscopy (1H-MRS) enables quantitative analysis of biochemical 
changes in brain tissue and can detect cerebral ischemia or infarction earlier than conventional 
magnetic resonance imaging (MRI).

Currently, magnetic resonance spectroscopy (MRS) is the only non-invasive in vivo 
method for imaging tissue metabolism. It is based on the concentration, natural abundance, 
and MR sensitivity of nuclei in tissue. It can detect specific nuclei in tissues without causing 
any damage. Changes can then be assessed on a biochemical and genetic level; therefore, it is 
referred to as a virtual biopsy (Ende et al., 1997; Ju et al., 2004). Due to its natural abundance, 
inductivity, and high MRS sensitivity, 1H is often used to detect a variety of trace metabolites, 
including N-acetyl aspartate (NAA), choline (Cho), creatine/phosphocreatine (Cr/Cr2), GLX 
complexes (glutamine, glutamate, and γ-amino butyric acid), lactate, and lipids. In the normal 
mammalian brain, NAA is exclusively found in neurons and their projections (dendrites and 
axons) and is recognized as an internal standard reflecting neuronal function. Cho is associated 
with cell membrane synthesis and is the main component for acetylcholine synthesis (Kraus et 
al., 2002). Therefore, changes in expression of NAA and Cho may reflect the changes in neu-
ronal density, activity, and cell membrane structure. In this study, the ratios of NAA/(Cr+Cr2) 
and Cho/(Cr+Cr2) before and after recovery from selective deep cerebral hypothermic blood 
flow occlusion were investigated in monkeys to achieve a greater understanding of cerebral 
biochemical metabolism before and after this procedure.
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MATERIAL AND METHODS

Experimental animals

Four healthy adult Rhesus monkeys were purchased from the Experimental Center of 
CAS Kunming Animal institute, male (N = 2) or female (N = 2), weighing 7.4-11 kg (mean 
weight = 9.4 kg).

Establishment of the model

After the induction of anesthesia (ketamine hydrochloride 10 mg/kg, diazepam 1 mg/
kg), superficial venous access was established and a multi-channel physiological monitor 
was connected. Endotracheal intubation was conducted to maintain spontaneous breathing 
(100% oxygen). Anesthesia was maintained with intravenous instillation of propofol (0.1-0.2 
mg·kg-1·min-1). Physiological conditions were monitored with an indwelling catheter, rectal 
thermometer, and electroencephalogram electrodes. A cannula was intubated at the proximal 
end of the right groin artery to monitor mean arterial pressure, one cannula was intubated at the 
proximal end of the right groin vein for recycling circulating blood in hypothermic perfusion, 
and one was intubated at the proximal end of the left groin vein for reinfusing circulating 
blood after rewarming. A cannula was intubated at the distal end of the right internal carotid 
artery and jugular vein to connect the rewarming ultrafiltration device (blood pump, fiber 
dialyzer connected with suction, heat exchanger with variable-temperature water tank, and 
corresponding connecting conduit) to establish local circulation. A cannula was intubated at 
the proximal end of the right internal jugular vein to measure central venous pressure. A brain 
temperature-sensor needle, connected to a temperature monitor, was inserted into the right 
frontal lobe. Prior to cooling, the monkey was systemically heparinized. Following occlusion 
of the external bilateral jugular vein, left internal carotid artery, and internal jugular vein, 10 
min of ischemia was performed at room temperature. Ringer’s solution (2-4 mL) was infused 
into the right carotid artery through the cooling system, maintaining a perfusion rate of 10 
mL·kg-1·min-1. The perfusate was refluxed from the head of the right internal jugular vein and 
the circulating blood was recovered from the left groin vein. After removing the water using an 
ultrafilter, blood was rewarmed to 38°C and reinfused into the left groin vein. When the brain 
temperature dropped to ≤16°C, the input rate was reduced or intermittent cold perfusion was 
conducted. After maintaining the brain temperature for 60 min, low perfusion was stopped and 
normal blood flow to the blood vessel was recovered to naturally rewarm the brain via ligation 
of the right carotid artery and vein. Water retention was filtered in vivo and the remaining blood 
in the rewarming ultrafiltration apparatus was slowly reinfused. Central venous pressure was 
maintained at no more than 10 cmH2O and core body temperature was returned to normal as 
soon as possible. Protamine (1:1) was used to antagonize the anticoagulant effects of heparin. 
The surgical incisions were sutured. When the rectal temperature returned to 35°C and breathing 
was steady, intubation was removed and the monkey was allowed to recover naturally.

MRI examination

MR equipment and sequences

We used a Siemens sonata 1.5 T superconducting MR imaging system with a standard 
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head coil as the transmitter and receiver coil. Before the 1H-MRS, all animals underwent con-
ventional MRI, including T1 (T1WI) and T2 weighted imaging (T2WI), and fast fluid attenu-
ated inversion recovery (FLAIR) scans, and diffusion-weighted imaging (DWI). A spin-echo 
sequence was used for T1WI, including the horizontal (Tra) and sagittal (Sag) axes. T2WI was 
performed using turbo spin echo sequences, including the Tra axis. DWI was conducted using 
the Tra axis with the diffusion-sensitive gradient b = 1000 s/mm2. Average diffusion images 
and apparent diffusion coefficient (ADC) maps were automatically generated using the Via 2.0 
software. Twelve and 11 layers were scanned axially and sagittally, respectively. The thickness 
and interlayer spacing was 4 and 0.08 mm, respectively. The matrix was 256-512 x 256-512. 
Routine MRI, DWI, and 1H-MRS examination of the bilateral frontal cortex and basal ganglia 
were performed before surgery and 4, 24, 72 h, and 21 days after surgery.

Before 1H-MRS examination, T2WI unenhanced images in Tra, Sag, and coronal 
(Cor) orientation were collected for voxel positioning. 1H-MRS was performed using stim-
ulated echo acquisition (STEAM), chemical shift selective saturation (CHESS) and single-
voxel spectroscopy (SVS). A point resolved spectroscopy (PRESS) sequence was used for 
SVS acquisition of regions of interest (ROIs). Positioning technology used for image selected 
in vivo spectroscopy (ISIS), which used unenhanced MRI images (including three azimuth of 
Tra, Sag, and Cor) to locate the MRI, avoiding the cerebrospinal fluid of scalp tissue ventricles 
and cerebral sulci. TE: 135 ms, TR: 1500 ms, flip angle: 90°, number of excitations: 200, col-
lection frequency: 128. The ROI size of the bilateral basal ganglia: 10 x 10 x 10 mm, ROI size 
of the bilateral frontoparietal cortex: 10 x 15 x 15 mm. The acquisition time for each ROI was 
6 min 21 s. Baseline and phase correction were conducted after spectra were obtained.

Statistical analysis

SPSS 12.0 was used to analyze the data. Measurement data are reported as means 
± SD. Comparisons at different time points before and after surgery were analyzed using 
ANOVA with α set at 0.05. P < 0.05 was considered to be statistically significant.

RESULTS

Performance of conventional MRI and DWI

Comparisons of T1WI, T2WI, FLAIR, and DWI before surgery and 4, 24, 72 h, 21 
days after recovery showed no abnormal signal changes in the brain parenchyma or ischemic 
brain changes in DWI and ADC maps (Tables 1 and 2).

Region Preoperative Postoperative Postoperative Postoperative Postoperative F-value P value
  4 h 24 h 72 h 21 days

Right basal ganglia 0.93 ± 0.22 0.69 ± 0.28 0.78 ± 0.22 0.84 ± 0.39 0.80 ± 0.30 0.356 0.835
Left basal ganglia 1.09 ± 0.27 0.71 ± 0.37 1.27 ± 0.65 0.80 ± 0.24 0.92 ± 0.40 1.405 0.291
Right frontoparietal cortex 1.28 ± 0.75 1.19 ± 0.54 1.48 ± 0.20 1.64 ± 0.50 0.91 ± 0.32 2.085 1.460
Left frontoparietal cortex 1.15 ± 0.68 1.53 ± 0.92 1.24 ± 0.34 2.11 ± 1.97 1.04 ± 0.38 0.606 0.666

Data are reported as means ± SD. There was no significant difference in the NAA/(Cr+Cr2) ratio in the bilateral 
basal ganglia and bilateral frontoparietal cortex before and after surgery.

Table 1. ANOVA of the NAA/(Cr+Cr2) ratio in the bilateral basal ganglia and bilateral frontoparietal cortex 
before and after surgery.
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Figure 1 shows the preoperative MRI, Figure 2 shows the MRI 24 h post-surgery. Fig-
ure 3 shows the preoperative DWI. Figure 4 shows the DWI 4 h post-surgery. Figure 5 shows 
the preoperative spectrum of the right frontoparietal cortex. Figure 6 shows the positioning 
map. Figure 7 shows the spectrum of right frontoparietal near cortex 4 h post-surgery. Figure 
8 shows the positioning map. Figure 9 shows the spectrum of right frontoparietal cortex 24 h 
post-surgery. Figure 10 shows the location map.

The metabolites detected by 1H-MRS and the position formant

Seven peaks appeared in the 1H-MRS analyses (Figure 5): NAA, Cr2, Cr, Cho, 
GLXm1, GLXm2, and GLXm3 (the three GLX peaks will be discussed in a different pa-
per). The highest peak was that of NAA and this was located at 1.95-2.08 ppm (Figure 7). 
The second highest peak was Cr and it was located at 3.16-3.25 ppm (Figure 9). The Cho 
resonance peak was located at 3.01-3.10 ppm. The Cr2 resonance peak located at 3.86-3.98 
ppm. The absolute quantification of 1H-MRS was difficult. The content of Cr and Cr2 in the 
brain are more stable; therefore, Cr+Cr2 served as a reference to distinguish any changes in 
NAA and Cho. There was no difference in NAA and Cho in the ROIs. Every ROI of each 
monkey was assessed before surgery, and 4, 24, 72 h, and 21 days after surgery (20 times 
in four monkeys).

Region Preoperative Postoperative Postoperative Postoperative Postoperative F-value P value
  4 h 24 h 72 h 21 days

Right basal ganglia 0.50 ± 0.20 0.43 ± 0.09 0.38 ± 0.13 0.47 ± 0.18 0.40 ± 0.12 0.680 0.620
Left basal ganglia 0.45 ± 0.09 0.41 ± 0.12 0.40 ± 0.12 0.51 ± 0.32 0.30 ± 0.17 0.680 0.620
Right frontoparietal cortex 0.32 ± 0.16 0.30 ± 0.13 0.28 ± 0.17 0.35 ± 0.28 0.34 ± 0.22 0.065 0.991
Left frontoparietal cortex 0.18 ± 0.04 0.24 ± 0.08 0.79 ± 0.92 0.19 ± 0.08 1.04 ± 0.38 1.403 0.291

Data are reported as means ± SD. There was no significant difference in the Cho/(Cr+Cr2) ratio in the bilateral basal 
ganglia and bilateral frontoparietal cortex before and after surgery.

Table 2. ANOVA of the Cho/(Cr+Cr2) ratio in the bilateral basal ganglia and bilateral frontoparietal cortex 
before and after surgery.

Figure 1. Preoperative magnetic resonance imaging.
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Figure 2. Magnetic resonance imaging 24 h after surgery.

Figure 3. Preoperative diffusion-weighted imaging.

Figure 4. Diffusion-weighted imaging 4 h after surgery.
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Figure 5. Preoperative spectrum of the right frontoparietal cortex.

Figure 6. Positioning map.

Figure 7. Spectrum of the right frontoparietal cortex 4 h after surgery.
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Figure 8. Positioning map.

Figure 9. Spectrum of the right frontoparietal cortex 24 h after surgery.

Figure 10. Location map.
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DISCUSSION

In the present study, we investigated the effect of selective cerebral ultra-profound 
hypothermic blood flow occlusion on brain tissue and cell metabolism to ascertain the efficacy 
and safety of selective deep hypothermic technologies using 1H-MRS.We found that there was 
no significant difference in the ratio between NAA/(Cr+Cr2) and Cho/(Cr+Cr2) before and 
after surgery in the bilateral basal ganglia and frontoparietal regions of the cortex (P > 0.05). 
Quantitative 1H-MRS showed that selective deep cerebral hypothermia significantly improved 
the brain’s tolerance to ischemia and hypoxia. Our results could provide a better understanding 
of the efficacy and safety of selective deep hypothermia and blood flow occlusion.

Pathological basis of the monkey selective deep cerebral hypothermia occlusion 
recovery model

Previous studies have shown that there is no significant change in enzyme function in 
the heart, kidney, liver, and other organs in this animal model. No abnormal morphology is de-
tected by hematoxylin-eosin staining. Electron microscopy of cellular ultrastructures has shown 
normal neuronal morphology of brain cells, including the absence of abnormal organelles. In 
addition, there are no changes in apoptotic or necrotic tissue dissolution (Xu et al., 2003).

Changes in NAA and Cho before and after selective cerebral hypothermia blood 
flow occlusion in the monkey brain

The brain has the highest metabolic demands in the body; it occupies approximately 
2% of body weight and cerebral blood flow accounts for approximately 15% percent of the 
heart excretion in a resting state. Oxygen consumption accounts for approximately 20% of 
total body oxygen consumption. Subsequently, it is very sensitive to ischemia and hypoxia. 
Research has shown that a 1°C drop in body temperature decreases metabolic levels by 5%. 
When the body temperature drops to 15°C, the metabolic rate is 10% that of the normal meta-
bolic rate. When the human brain temperature drops to 23°C, the brain metabolic rate reduces 
to 25% of the normal metabolic rate. Therefore, hypothermia can be protective in hypoxic 
conditions (Cancio et al., 1994). Animal experiments and clinical studies have shown that 
systemic deep hypothermia can lead to irreversible pathological damage of the heart, lungs, 
and other organs, and eventually cause death (Lu et al., 2000). However, selective cryogenic 
technology provides an ultra-deep hypothermic state for the brain and does not affect vital 
organs, such as the heart and lungs.

MRS has been used clinically since 1988. Based on MRI, this non-invasive technol-
ogy, which measures biochemical changes in the central nervous system, attracts more and 
more attention. 1H has a high natural abundance, inductivity, and MRS detection sensitivity; 
therefore, it has been widely used in analyses of ischemic cerebral infarction, epilepsy, brain 
tumors, Parkinson’s disease, and Alzheimer’s disease (Frahm et al., 1989).

NAA is formed by l-aspartic acid and acetyl coenzyme A in mitochondria and trans-
ported to the cytoplasm of neurons, where it accumulates. NAA is recognized as a marker of 
neuronal density and activity, which has been confirmed by histology, cytology, and specific 
antibody tests in clinical studies (Ciccarelli et al., 2001). Cho, the main component of ace-
tylcholine, correlates with the formation of the cell membrane. Changes in NAA are more 
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sensitive and detected earlier in cerebral ischemic infarction when compared with conven-
tional MRI. Animal studies have shown that the level of NAA is significantly reduced (ap-
proximately 25% of baseline) after 1.3 h after infarction (Demougeot et al., 2002). Wardlaw et 
al. (1998) have found that patients with infarctions do not exhibit obvious changes upon MRI 
examination within 4 h of presentation, whereas the changes using MRS are very evident. 
Graham et al. (1995) have analyzed 32 cases of patients with stroke and found that NAA is 
reduced in early ischemia. In line with this, Federico et al. (1999) found that the NAA content 
declines after 2 h of brain ischemia and its decline is closely correlated to the area of infarc-
tion. Lauriero et al. (1996) believed that the decline in NAA is closely related to blood flow in 
acute and chronic cerebral ischemia and a greater decline in NAA indicates a worse prognosis. 
These studies suggest that NAA content is an important outcome indicator for stroke patients. 
Further evidence comes from a study showing that the decline in NAA is positively correlated 
with the severity of symptoms (Federico et al., 1996). In addition, NAA content is significantly 
decreased in patients with subcortical cerebral infarction (Lai et al., 1995). In early ischemia, 
NAA increases within the infarction, while the T2WI is generally normal (Barker et al., 1994). 
Gideon et al. (1992) hypothesized that there was no significant difference in Cho content 
in infarct areas and normal brain tissue. Nonetheless, many researchers believe that in the 
acute phase of ischemic infarction Cho content decreases while that of NAA does not change. 
This may be because neurons are more sensitive to ischemia when compared with glial cells 
(Asono, 1998). Duijn et al. (1992) found an approximate 54% decrease in Cho content in early 
cerebral ischemia and infarction; however, it has been suggested that Cho content increases in 
the infarct. This may be associated with the degradation of cell membranes or demyelination 
of axons (Scremin and Jenden, 1989).

In summary, NAA and Cho are sensitive and reliable indicators that reflect the activity 
of neuronal densities and changes in the structure of cell membranes in cerebral infarction. 
This study showed that there was no significant difference in NAA and Cho content in the 
bilateral frontoparietal cortex and basal ganglia in the monkey brain before and after ultra-
deep hypothermia at different time points. Conventional MRI and DWI did not show any 
ischemic infarction. This further validated the safety and efficacy of selective hypothermia on 
the monkey brain using blood flow technology to assess radiological and biochemical meta-
bolic changes.
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