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Background: Experimental investigation of cerebral mechanisms underlying pain and  analgesia 

are important in the development of methods for diagnosis and treatment of pain. The aim 

of the current study was to explore brain metabolites in response to pain and treatment with 

morphine.

Methods: Proton magnetic resonance spectroscopy of the anterior cingulate cortex was per-

formed in 20 healthy volunteers (13 males and seven females, aged 24.9±2.6 years) during 

rest and acute pain before and during treatment with 30 mg of oral morphine or placebo in a 

randomized, double-blinded, cross-over study design. Pain was evoked by skin stimulation 

applied to the right upper leg using a contact heat-evoked potential stimulator.

Results: Data from 12 subjects were valid for analysis. Painful stimulation induced an increase in 

N-acetylaspartate/creatine compared with rest (F=5.5, P=0.04). During treatment with morphine, 

painful stimulation induced decreased glutamate/creatine (F=7.3, P=0.02), myo-inositol/creatine 

(F=8.38, P=0.02), and N-acetylaspartate/creatine (F=13.8, P=0.004) concentrations, whereas 

an increase in the pain-evoked N-acetylaspartate/creatine concentration (F=6.1, P=0.04) was 

seen during treatment with placebo.

Conclusion: This explorative study indicates that neuronal metabolites in the anterior cingulate 

cortex, such as N-acetylaspartate, glutamate, and myo-inositol, could be related to the physiology 

of pain and treatment with morphine. This experimental method has the potential to enable the 

study of brain metabolites involved in pain and its treatment, and may in the future be used to 

provide further insight into these mechanisms.

Keywords: magnetic resonance imaging, spectroscopy, pain, morphine, anterior cingulate 

cortex

Introduction
Knowledge of the pathophysiological changes in chronic pain disorders is important in the 

development of methods for diagnosis and treatment of pain, including assessment of the 

effect of analgesic drugs.1 Measurement of brain metabolites can be useful to characterize 

pathologic tissues and diseases.2 Proton magnetic resonance spectroscopy (1H-MRS) is 

a noninvasive technique for measurement of metabolite concentrations in vivo such as 

N-acetylaspartate, glutamate, glutamine, glutamate + glutamine (glx), choline, creatine, 

myo-inositol, γ-aminobutyric acid (GABA). MRS has previously been used to assess 

brain metabolites in studies of chronic pain disorders such as chronic back pain, neu-

roinflammatory disorders, neuropathic pain and lumbar spine diseases.3–5  Experimental 

MRS studies in healthy subjects have also assessed metabolites in the cingulate cortex 

and insula during acute pain stimulation.6–10 Even though the findings are not completely 
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Figure 1 MRs of acc was recorded at rest and during painful skin heat stimulation before and 80 minutes after drug administration in a randomized, double-blind, cross-over 
study using orally administered morphine (30 mg) or placebo. heat was applied using a contact heat-evoked potential stimulator (chePs) for 5 minutes with a destination 
temperature found prior to the scan (maximum 45°c) and the starting temperature was 32°c. subjective pain perception of the stimulus was rated.
Abbreviations: acc, anterior cingulate cortex; MRs, magnetic resonance spectroscopy; chePs, contract heat-evoked potential stimulator.

consistent, these studies have shown changes in glutamate, 

glutamine,  glutamate + glutamine (glx), myo-inositol, and 

GABA concentrations. Glutamate in particular has been shown 

to increase during acute pain stimulation.6,8–10

Pain is often treated with opioids, and MRS has been 

performed in long-term opiate-dependent subjects.11–13 

 Spectroscopy studies in rats have investigated changes in brain 

metabolites after chronic treatment with morphine.11–15 These 

studies found changes in the abovementioned brain metabo-

lites as well as others, such as N-acetylaspartate, during treat-

ment with morphine. In rats, many metabolite concentrations 

decreased after morphine treatment; in particular a decrease in 

glutamate and N-acetylaspartate have been reported.14

To our knowledge, MRS has not been used to assess the 

effect of morphine treatment on the pain-induced metabolic 

response in healthy subjects. The anterior cingulate cortex is 

involved in pain processing as well as being an opioid-rich 

region of the brain.16–20 Therefore, we hypothesized that pain 

stimulation would increase and morphine-induced analgesia 

would decrease concentrations of important metabolites in 

the anterior cingulate cortex. Hence, the aim of the present 

study was to measure metabolite concentrations in this brain 

region at rest and in response to acute painful skin heat stimu-

lation before and during treatment with morphine or placebo 

using a clinical meaningful dose of oral morphine.

Materials and methods
subjects
Twenty healthy volunteers (13 males, seven females, mean 

age 24.9±2.6 years) participated in this randomized, double-

blinded, placebo-controlled cross-over study. The study was 

conducted on 2 different days with a minimum washout 

period of one week between visits. All subjects were scanned 

prior to the experiment to familiarize them with the scanner 

environment and to reduce anxiety. The study was carried 

out in the Department of Radiology, Aalborg University 

Hospital, Aalborg, Denmark.

All subjects avoided eating and drinking for 4 hours 

before the experiment. Female subjects were on contracep-

tives and pregnancy was excluded by a pregnancy test at 

each visit. Exclusion criteria were abnormal blood pressure, 

history of previous addictive behavior, history of allergy to 

opioids, history of pain disorders or mental illness, and intake 

of analgesic 24 hours prior to the experiment.

The study was approved by the local ethics committee 

(N-20100046) and the Danish Medicines Agency (2612–4319). 

The trial was registered at ClinicalTrials.gov (NCT01245244, 

EUDRACT 2010-020894-17). The study was conducted 

according to the Declaration of Helsinki and rules of Good 

Clinical Practice, and monitored by the Good Clinical 

 Practice Unit, Aarhus University Hospital, Denmark.

Drug administration
Drugs were orally administered as 30 mg of morphine in 

a 20 mL solution (15 mL of morphine oral liquid mix-

ture 2 mg/mL and 5 mL of orange juice concentrate to 

mask any color or taste), and placebo (15 mL of placebo 

solution and 5 mL of orange juice concentrate) from the 

hospital  pharmacy (Aalborg University Hospital, Aalborg, 

 Denmark). Adverse effects were monitored during the 

study and one day after the study by telephone interview. 

MRS data were recorded during rest and during pain 

stimulation before and 80 minutes after drug administra-

tion (see Figure 1).
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Figure 2 The voxel of interest was placed in the midline in the pregenual anterior cingulate cortex with the inferior border along the anterior-posterior commissure line. 
an example of the metabolite spectrum is shown, along with peaks for the analyzed metabolites.
Abbreviations: mi, myo-inositol; cre, creatine; glu, glutamine; naa, n-acetylaspartate.

experimental acute skin pain stimulation
Painful skin stimulations were applied 16 cm proximal to the 

right knee using a contact heat-evoked potential stimulator 

(Medoc Ltd, Ramat Yishai, Israel) with an activation area of 

573 mm2. A tonic noxious stimulus was applied for 5 minutes 

at a fixed stimulation temperature, which was found prior 

to the scan at the first visit for all subjects, hence using the 

same stimulation temperature for both visits. The starting 

temperature was 32°C. To find the stimulation temperature, 

the stimulus was applied outside the scanner for 30 seconds. 

The stimulation was stopped if the subject felt medium pain 

intensity (defined in next section) and the temperature was 

decreased in steps of 0.5°C from 45.0°C until the subject 

tolerated the stimulus temperature for 30 seconds.

During scans, the subjects were able to stop the stimula-

tion in the event of intolerable pain. As the painful stimulation 

was applied twice, before and during treatment, the thermode 

was replaced slightly proximal for the second stimulation 

to avoid repeated stimulation of the same skin area. The 

stimulation paradigm is shown in Figure 1.

subjective ratings of pain perception
Prior to the scan session, the subjects were instructed to rate pain 

perception on a 0–10 visual analog scale. After each 5-minute 

stimulus, subjects were asked to rate the pain level as an average 

of the entire stimulus. The following anchor words were used to 

assist in using the visual analog scale: 0, no sensation; 1, vague 

perception of mild sensation; 2, definite perception of mild 

sensation; 3, vague perception of moderate sensation; 4, definite 

perception of moderate sensation; 5, pain detection threshold; 

6, slight pain; 7, moderate pain; 8, medium pain; 9, intense pain; 

and 10, unbearable pain.21

imaging data
Data were acquired on a 3 Tesla GE scanner (General 

 Electric Signa HDxt, GE Healthcare, Milwaukee, WI, USA). 

A standard eight-channel head coil was used and foam 

pads fixed the head. Single voxel PRESS (Point RESolved 

Spectroscopy) MRS was acquired (TR/TE 2,000/30 

msec, 2,048 complex points), scan time was 5 minutes, 

and the total number of scans was 128. Bandwidth was 

5,000 Hz. A 20×20×20 mm voxel of interest was posi-

tioned on a sagittal T2-weighted fast spin echo sequence 

(TR/TE 4,600.0/102.0 msec, matrix 384×256, slice thick-

ness 3 mm, gap 0.3 mm), in the midline in the pregenual 

ACC with the inferior border along the anterior-posterior 

commissure line. The position of the voxel of interest is  

shown in Figure 2. PRESS MRS was also acquired from 
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Table 1 Overview of the means ± standard deviations of quality measurements (full width at half maximum, signal-to-noise ratio, 
cramér-Rao), pain ratings, and metabolite concentrations in the anterior cingulate cortex

Rest Acute pain stimulation  
before treatment

Acute pain stimulation 
during treatmentMorphine  

(n=12)
Placebo 
(n=12) Morphine 

(n=12)
Placebo 
(n=12)

Morphine 
(n=11)

Placebo 
(n=9)

FWhM 0.045±0.012 0.042±0.011 0.046±0.013 0.046±0.010* 0.046±0.017 0.045±0.013
snR 14.2±5.7 14.8±5.5 14.8±3.8 14.6±3.0* 13.6±4.4 13.3±4.7
cramér-Rao (%)
 cre 4.3±2.8 4.1±1.6 3.7±0.7 3.8±1.2 3.9±1.0 4.2±2.2
 glu 9.2±3.1 9.3±2.4 8.0±1.3 8.8±1.6 9.5±1.5 9.8±5.1
 mi 6.8±1.9 6.7±1.2 6.4±0.8 6.3±1.1 6.7±0.8 7.3±5.5
 naa 4.7±2.7 4.6±2.3 3.8±0.6 4.3±1.4 4.5±1.4 4.8±2.8
Pain ratings (Vas) – – 6.8±1.0 6.5±1.1 6.3±1.2 6.7±1.1
Metabolite
 cre (mM) 6.80±0.95 7.03±0.50 6.78±0.75 7.04±0.84 6.77±0.98 6.80±0.57
 glu/cre 1.39±0.29 1.32±0.17 1.47±0.16 1.30±0.16 1.31±0.17 1.37±0.18
 mi/cre 0.84±0.36 0.83±0.21 0.84±0.16 0.82±0.12 0.80±0.15 0.79±0.09
 naa/cre 1.15±0.07 1.11±0.12 1.24±0.12 1.14±0.07 1.14±0.06 1.19±0.10

Notes: *Data from one subject are missing; cramér-Rao, the estimated standard deviation in percent of the estimated concentration.
Abbreviations: FWhM, full width at half maximum; snR, signal-to-noise ratio; Vas, visual analog scale; cre, creatine; glu, glutamine; mi, myo-inositol; naa, 
n-acetylaspartate.

a phantom after each experiment to monitor for potential 

scanner drift.

imaging processing and statistical analysis
Spectroscopy data were analyzed using the LCModel 

method (version 6.2-0X).22 Water scaling and eddy cur-

rent correction was done. We investigated the metabolites 

N-acetylaspartate, glutamate, and myo-inositol in ratios to 

creatine concentration, which all had sufficient quality, with 

a Cramér-Rao ,20%. The Cramér-Rao is a reliability mea-

surement and is the estimated standard deviation in percent 

of the estimated concentration.23 Metabolite concentrations 

were measured as mM and ratios were calculated from 

metabolite concentrations. Figure 2 shows an example of the 

metabolite spectrum. Metabolites were fitted in the chemical 

shift range of 0.1–4.0 ppm.

One-way repeated measurement analysis of variance was 

done in SigmaStat 3.0 (SPSS Inc., Chicago, IL, USA) to test 

for differences in metabolite concentrations and pain intensity 

ratings. Pain intensity during treatment was also calculated 

as change compared with ratings before treatment (during 

treatment/before treatment ×100%). Data are presented as 

the mean ± standard deviation. The significance level was 

set at P=0.05.

Results
All 20 subjects completed the study. Some scans were excluded 

due to movement, artifact, and equipment  malfunction. 

Hence, the total number of included subjects with complete 

data before treatment was 12. Of these 12 subjects, eleven 

had complete data during morphine treatment and nine had 

complete data during placebo treatment. Full width at half 

maximum, signal-to-noise ratio, and Cramér-Rao are shown 

in Table 1.

skin stimulation temperature  
and pain perception
The stimulation intensity was 44.9°C±0.7°C on the mor-

phine day and 44.7°C±0.4°C on the placebo day (F=1.8, 

P=0.21). The pain intensity ratings were 6.8±1.0 before 

and 6.3±1.2 during morphine treatment (F=4.2, P=0.07) 

and 6.5±1.1 before and 6.7±1.1 during placebo treatment 

(F=0.5, P=0.51, see Table 1). The pain intensity rating 

decreased to 91.5%±10.9% during morphine treatment and 

was unchanged during placebo treatment (100.1%±7.8%) 

compared with ratings before treatments, but no significant 

difference was seen between the morphine and placebo treat-

ments (F=2.8, P=0.14).

Pain-induced effect on cingulate  
metabolites
Table 1 shows the metabolite concentrations. No signifi-

cant difference was seen for any metabolite concentration 

between the 2 days during rest (all P.0.05). Hence, data 

from the 2 days were taken into account and the means of 

the metabolite concentrations for the 2 days were calculated 
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Figure 3 creatine concentration (A) and metabolite ratios (ratio, no unit) (B) at 
rest (gray) and during painful stimulus before treatment (black). *P,0.05.
Abbreviations: mi, myo-inositol; cre, creatine; glu, glutamine; naa, n-acetylaspartate.

for the periods of rest and during painful stimulation before 

treatment (see Figure 3). During painful stimulation, only 

N-acetylaspartate/creatine increased significantly compared 

with rest (F=5.5, P=0.04), while no changes were seen for the 

other metabolite concentrations (creatine, F=0.02, P=0.90; 

glutamate/creatine, F=0.3, P=0.62; myo-inositol/creatine, 

F=0.002, P=0.97).

effect of oral morphine/placebo on pain-
induced changes in cingulate metabolites
Measurements of metabolite concentrations during painful 

stimulation in the morphine arm showed decreased glutamate/

creatine (F=7.3, P=0.02), myo-inositol/creatine (F=8.4, 

P=0.02), and N-acetylaspartate/creatine (F=13.8, P=0.004) 

compared with painful stimulation before treatment, while 

creatine concentration was unchanged (F=0.2, P=0.63). On 

the other hand, only the N-acetylaspartate/creatine ratio 

(F=6.1, P=0.04) changed significantly during placebo treat-

ment with a pain-evoked increase, while the others were 

unchanged (creatine, F=1.0, P=0.36; glutamate/creatine, 

F=1.7, P=0.23; myo-inositol/creatine, F=0.7, P=0.41). Plots 

of N-acetylaspartate/creatine concentrations for individual 

subjects are shown in Figure 4 for both morphine and placebo 

treatment. Looking at individual trends of N-acetylaspartate/

creatine changes from before treatment to during treatment, 

they mostly decreased (ten decreased, one no change) for 

morphine treatment and increased (seven increased, two 

decreased) for placebo treatment. To further investigate the 

mechanisms underlying the observed effect of morphine on 

brain metabolites, comparisons of metabolite concentration 

changes induced by the treatment itself without pain stimula-

tion were performed. Comparing metabolite concentrations 

during the rest period before morphine treatment with the 

rest period during morphine treatment, no differences were 

seen for any the metabolite ratios (glutamate/ creatine, 

 myo-inositol/creatine, or N- acetylaspartate/creatine; all 

P.0.38). A similar comparison for placebo treatment also 

showed no differences before and during treatment ( glutamate/

creatine, myo-inositol/creatine, or N- acetylaspartate/creatine; 

all P.0.15).

Discussion
To our best knowledge, this is the first human explorative 

study to assess the effect of single-dose oral morphine 

treatment on the acute pain-induced metabolic response 

in healthy subjects using in vivo spectroscopy. No differ-

ence in metabolite concentrations was observed between 

the 2 days at rest. Painful skin stimulation induced an increase 

in N-acetylaspartate/creatine. Treatment with morphine 

induced decreased concentrations of glutamate/creatine, 

myo-inositol/creatine, and N-acetylaspartate/creatine during 

painful stimulation. This is thought to mainly reflect a nor-

malization of the pain-induced increase in N-acetylaspartate/

creatine as seen during placebo treatment. The method seems 

reliable and may be used to provide further insight into the 

mechanisms of pain and pain treatment.

Methodological considerations
The reported changes in brain metabolite concentrations 

stated in the literature are variable, probably due to varia-

tion in the method of pain stimulation, positions of voxels 

of interest, magnetic field strength, post-processing methods, 

different patient groups, and ratios compared with absolute 

concentrations. We analyzed brain metabolites, which have 

previously been reported to show changes induced by acute 

pain and opioid treatment. The anterior cingulate cortex is 

involved in the processing of pain and is also an opioid-rich 

region.16,18,20 We investigated the pregenual anterior cingu-

late cortex, because this is a region commonly investigated 

in MRS studies and metabolite changes have previously 

been reported in acute pain studies.3,7,8 However, other parts 

of the anterior cingulate cortex and brain areas such as 

the insula would also be relevant to investigate. Chemical 

shift imaging would be a suitable method for investigating 

changes in metabolite concentrations in more brain areas 

at the same time, but the signal-to-noise ratio is normally 

reduced considerably.2 In line with previous studies using 

spectroscopy, we chose to analyze changes in metabolite 

concentration as ratios to creatine.5,24 Using ratios compared 

with absolute values of metabolite concentrations are easier to 
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Figure 4 naa/creatine for each subject during rest and painful stimulation before and during treatment with morphine (A) and placebo (B).
Abbreviations: cre, creatine; naa, n-acetylaspartate.

implement because the computational requirements are less 

comprehensive and tissue segmentation is not  necessary.2 On 

the other hand, change in absolute quantification of metabo-

lite concentrations is a more direct measurement of changes 

of a specific metabolite concentration.

Because the study design was placebo-controlled and 

repeated spectroscopy measurements were included on both 

the morphine and placebo days, we chose to include only 

subjects who had complete data before treatment. This was 

done not to make the statistics too complicated and noncom-

parable between the different days and treatment conditions. 

Furthermore, repeated measures analysis of variance would 

have been most appropriate for analysis of this study design; 

however, only eight subjects would have been included for 

analysis, and as this was an explorative study, we wanted to 

retain as much information from as many subjects as possible 

so did not use repeated measures analysis of variance.

effect of morphine on pain perception
Subjective ratings of pain intensity showed that the stimulus 

was perceived as slightly to moderately painful and morphine 

treatment tended to show analgesia. However, compared with 

placebo, the difference was not significant. It is well known 

that there is high interindividual variability in analgesic 

effect and it has been demonstrated that deeper and tonic 

 stimulations are more sensitive to morphine analgesia.25

Drug administration in this study was chosen based on 

our experience from previous studies in which the analgesic 

effects of this dose in human experimental pain studies were 

demonstrated.26,27 However, it could be hypothesized that a 

larger dosage could have been more effective at eliciting 

behavioral and perhaps metabolite changes, but the 30 mg 

dose is close to the limit we can give in healthy volunteers. 

Higher doses may lead to adverse effects and high dropout 

rates. Furthermore, the lack of a significant effect on pain 

perception during treatment with morphine could be due to 

the low number of subjects included for analysis. Olesen 

et al and Staahl et al demonstrated analgesic effects of this 

dose of morphine in 24 subjects.26,27 Therefore, future studies 

should include more subjects for analysis.

Pain-induced effect  
on cingulate metabolites
The N-acetylaspartate/creatine ratio increased significantly in 

response to acute painful stimulation. The exact physio logical 

mechanisms responsible for the changes in brain metabolite 

concentrations in response to acute pain are not known. 

N-acetylaspartate is well known to be a neuronal and axonal 

marker and involved in neuronal metabolism.28–32 N -acetylas-

partate is synthesized within the mitochondria, and decreased 

concentrations of N-acetylaspartate are correlated with a 

reduction in adenosine triphosphate and oxygen consump-

tion.29,32 We showed an increased N-acetylaspartate/creatine 

ratio in response to acute pain, which might be explained by 

the role of N-acetylaspartate in neuronal metabolism. Clark 

et al proposed N-acetylaspartate to be a reservoir of gluta-

mate.30 Hence, changes in N-acetylaspartate and glutamate 

could be considered to be related in a complex metabolic 

way, explaining why acute pain may induce changes in the 

total N-acetylaspartate/glutamate balance. Theoretically, this 

could explain the observation of changes in glutamate in 

some studies and N-acetylaspartate in others, depending on 

the exact setup and conditions. This could also explain why 

we did not see any pain-induced change in glutamate in the 

present study. This is consistent with a report by Kupers et al, 

who investigated metabolite changes in the rostral anterior 

cingulate cortex following painful tonic heat stimulation.7 On 

the other hand, Mullins et al reported a painful cold pressor 

test to evoke an increase in glutamate in the anterior cingulate 

cortex, and Gussew et al also reported increased glutamate 
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concentrations in the anterior insula cortex following painful 

skin heat stimulation.6,8

effect of morphine on pain-induced  
changes in cingulate metabolites
Decreased glutamate/creatine, myo-inositol/creatine, and 

N-acetylaspartate/creatine were seen on applying painful 

stimulation during morphine treatment compared with pain-

ful stimulation before treatment. In contrast, treatment with 

placebo increased the concentration of N-acetylaspartate/

creatine. Hence, morphine tends to normalize the concentra-

tion to a “rest-like” level, whereas the further increase after 

placebo treatment could be related to a placebo response. As 

the metabolite concentrations did not change in response to 

morphine without pain, this strengthen that the changes in 

the abovementioned metabolite ratios are actually related to 

the analgesic effect of morphine.

Overall, the reduction in concentrations of several 

metabolites, as seen in the present study, is not inconsistent 

with the results of previous studies in animals and long-

term opioid-dependent subjects; however, these results 

cannot be compared directly with our explorative study of 

acute pain stimulation during acute morphine treatment. 

Nuclear magnetic resonance studies have reported changes 

in metabolite concentrations after chronic morphine treat-

ment in rats.14,15 Gao et al found increased levels of GABA 

and decreased levels of glutamate in the prefrontal cor-

tex, and increased glutamine and myo-inositol levels and 

decreased GABA, glutamate, Tau, and N-acetylaspartate 

levels in the  hippocampus.14 Xiang et al reported an increase 

in lactate, myo-inositol, and aspartate levels and a decrease 

in glutamate and glutamine levels in the thalamus, and 

increased lactate and myo-inositol levels and decreased 

glutamate levels in the somatosensory cortex.15 In both 

these studies, the concentrations of the different metabo-

lites normalized during the withdrawal period. Other stud-

ies investigated long-term opioid-dependent subjects and 

reported a decreased concentration of N-acetylaspartate, 

among other changes in metabolite concentrations.11,12 

Yücel et al showed reduced N-acetylaspartate and gluta-

mate + glutamine levels in the dorsal anterior cingulate 

cortex in methadone-dependent or buprenorphine-dependent 

subjects,12 and Haselhorst et al investigated metabolic altera-

tions in the frontal lobe in heroin-dependent subjects and 

reported decreased levels of N-acetylaspartate.11 It is not 

known whether these decreased N-acetylaspartate levels are 

caused by drug administration or neural changes due to drug 

dependency. Overall, the results of our study indicate that 

changes in N-acetylaspartate  concentrations are related to 

the  physiology of pain and opioid treatment, and additional 

changes in glutamate and myo-inositol concentration are 

also related to morphine treatment.

Conclusion
In this explorative, placebo-controlled study, we investigated 

the effect of a single dose of oral morphine on the acute 

 pain-induced metabolic brain response in healthy subjects. We 

found an increase in N-acetylaspartate/creatine during  painful 

stimulation and a decrease in N-acetylaspartate/ creatine 

during treatment with morphine, which is consistent with 

previous findings in animal studies and in opioid-dependent 

subjects, whereas N-acetylaspartate/creatine increased during 

treatment with placebo. Furthermore, glutamate/creatine and 

myo-inositol/creatine decreased only during treatment with 

morphine. The method seems reliable and may in the future 

be used to provide further insight into the mechanisms of 

pain and treatment with analgesics.
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