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Abstract

Background data There is a considerable difference in
pain perception among individuals. In patients with chronic
pain, recent studies using fMRI, PET and SPECT have
shown that functional changes mainly occurred in the
anterior cingulate cortex (ACC), prefrontal cortex (PFC)
and thalamus. Brain magnetic resonance spectroscopy
(MRS) can evaluate brain chemistry by measuring metab-
olites such as N-acetyl aspartate (NAA). The purpose of
this study was to analyze whether brain MRS could assess
pain due to lumbar spine diseases.

Methods NAA levels were determined relative to the
concentration of creatine/phosphocreatine complex (Cr)
and choline (Cho), which is commonly used as an internal
standard. The NAA/Cr and NAA/Cho ratios in the ACC,
PFC and thalamus were compared between six patients
with unilateral pain (left side) and six control patients
without pain.

Results In the right thalamus (contralateral side to
symptom), the NAA/Cr in the patients with pain was sta-
tistically significantly lower compared with the control
patients (p < 0.05). Also, in the right thalamus, the NAA/
Cho in pain patients was significantly lower compared with
controls (p < 0.01). When considering just the right thal-
amus, there were statistically significant correlations
between the numerical rating scale for pain (NRS) and
NAA values.
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Conclusions Lumbar pain can be assessed indirectly by
analyzing the decrease in NAA concentration in the
thalamus.

Introduction

Pain is one of the most frequent symptoms in lumbar spine
diseases, as evaluated using a numerical rating scale
(NRS), visual analog scale (VAS) and/or faces pain scale
[1, 2]. However, there is a considerable difference in pain
perception among individuals. Patients with lumbar spine
diseases sometimes complain of severe pain that cannot be
explained by physical findings or imaging studies. If pain is
measured objectively, the pathogenesis of lumbar spine
diseases and/or therapeutic efficacy may be evaluated more
accurately. Thus, when considering that the pain pathway
for objective pain measurement is ultimately recognized in
the brain [3], cerebral imaging and/or metabolic studies can
be useful.

Recent brain imaging such as functional MRI (fMRI)
showed morphological and functional changes in the brain
of patients with chronic pain [4-8]. Single-voxel proton
magnetic resonance spectroscopy (MRS) is a non-invasive
examination determining the cell metabolism of tissues and
organs. A number of studies indicate that MRS can detect
biochemical changes associated with functional brain
abnormalities, such as epilepsy [9], dementia, Parkinson’s
disease, schizophrenia and depression [10]. Grachev and
colleagues [11] have reported that in chronic low back pain
(CLBP) patients, reductions in N-acetyl aspartate (NAA)
and glucose were observed in the prefrontal cortex (PFC).
Recently, Sharma and colleagues [12] showed that NAA
levels in the primary somatosensory cortex decreased in
patients with CLBP. Also, Gussew and colleagues [13]
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demonstrated that reductions in NAA were observed in the
anterior insula and anterior cingulated cortex in patients
with non-specific CLBP.

CLBP pain is the most common cause of employees
missing work for a long period [14]. It has been reported
that CLBP is closely associated with depressive and anxi-
ety states [15], and long-term LBP further exacerbates such
psychiatric conditions [16]. When evaluating pain (LBP
and sciatica) due to lumbar spine diseases using MRS,
patients with a shorter duration of pain and without severe
psychiatric conditions may be good candidates for analysis.
The purpose of this study was to analyze whether MRS in
these patients could assess pain due to lumbar spine
diseases.

Subjects and methods

This study was approved by our institutional review board
(no. 1254), and informed consent was obtained from each
subject and control. Subjects studied included six patients
complaining of unilateral pain (left side) due to lumbar
spine diseases. The numerical rating scale (NRS) showed
symptom severity was most painful during the day because
pain became worse when moving and walking. Subject
gender consisted of two males and four females. Age
ranged from 28 to 68 years old (mean age 40 years). Dis-
eases included two with disc herniation, three with spinal
stenosis and one with idiopathic low back pain. Symptom
duration was from 2 to 12 months (mean duration
5.7 months). Six healthy subjects without pain were used
for control (Table 1). There were no significant differences
in gender and age between the patient and the control

Table 1 Summary of subjects

groups. The brief scale for psychiatric problems in ortho-
pedic patients (BS-POP) for medical personnel was used
for evaluating psychiatric states. Verification of reliability,
validity and reproducibility of the BS-POP has already
been confirmed [17].

All MRI and MRS studies were performed with a 3-T
clinical imaging instrument (Achieva 3.0T, Philips, The
Netherlands). High-resolution sagittal and axial views were
used for identification of the anterior cingulated cortex
(ACC), prefrontal cortex (PFC) and thalamus (Fig. 1).
Proton localized spectra were collected using point-
resolved spectroscopy (PRESS). The settings for taking
MRS were TR 2000 ms, TE 36 ms, voxel size
20 mm x 15 mm x 15 mm and NSA [number of sample
(signals) averaged] 128. In the current study, we focused
on N-acetyl aspartate (NAA) (Fig. 2). The value of NAA
was measured relative to the concentration of the creatine/
phosphocreatine complex (Cr) and choline (Cho), which is
commonly used as an internal standard [4]. The NAA/Cr
and NAA/Cho ratios in the ACC, PFC and thalamus were
compared between the subjects and the controls. In all
subjects, MRS was taken before treatment with medication
or neuronal blocks.

Statistical analysis

Data were expressed as the mean = SD. A non-parametric
test (Mann-Whitney U test) was used for comparison
among groups. Pearson’s correlation coefficients were used
to analyze the correlations between NRS and NAA values.
p values <0.05 were considered statistically significant
difference.

Subjects or control Age Gender Diagnosis Symptom NRS of pain Duration of pain BS-POP
(months)

Subject 1 68 Female LCS Lt. sciatica 7 12 8
Subject 2 38 Female LDH Lt. LBP and sciatica 6 2 10
Subject 3 38 Female LCS Lt. sciatica 3 8 9
Subject 4 34 Male LDH Lt. sciatica 7 3 10
Subject 5 28 Male Discopathy Lt. LBP 8 2 11
Subject 6 34 Female LCS Lt. LBP and sciatica 4 7 8
Control 1 52 Male - - 0 - -
Control 2 56 Male - - 0 - -
Control 3 24 Male - - 0 - -
Control 4 23 Female - - 0 - -
Control 5 27 Male - - 0 - -
Control 6 69 Female - - 0 - -

LCS lumbar canal stenosis, LDH lumbar disc herniation, LBP low back pain, NRS numerical rating scale for pain, BS-POP brief scale for

psychiatric problems in orthopedic patients
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Fig. 1 Location of the spectroscopic voxel in the brain. a Anterior cingulated cortex (ACC). b Prefrontal cortex (PFC). ¢ Thalamus

Fig. 2 Proton localized spectra. NAA N-acetyl aspartate, Cr creatine/
phosphocreatine complex, Cho choline

Results

On the psychiatric states evaluated by the BS-POP, five of
six patients had normal scores, with one patient having an
abnormal borderline score (11 points). Therefore, we
concluded that these patients had no severe psychiatric
problems.

On the NAA/Cr, there were no statistically significant
differences between the two groups in the bilateral ACC,
PFC and left thalamus. However, in the right thalamus
(contralateral side to the symptom), the NAA/Cr in the
subjects (1.29 + 0.62) was statistically significantly lower
compared with controls (1.54 £ 0.17; p < 0.05) (Table 2).
On the NAA/Cho, there were also no statistically signifi-
cant differences between the two groups in the bilateral
ACC, PFC and left thalamus. However, in the right thala-
mus (contralateral side to the symptom), the NAA/Cho in
the subjects (1.59 &£ 0.097) was statistically significantly
lower compared with controls (1.92 + 0.16; p < 0.005)
(Table 3). All NAA/Cr and NAA/Cho data for the

Table 2 NAA/Cr compared between subjects and control

Subjects Control p value
(mean £ SD) (mean + SD)
R ACC 1.313 £ 0.189 1.242 £ 0.134 0.337
L ACC 1.169 £ 0.478 1.355 + 0.077 0.63
R PFC 1.609 £ 0.252 1.651 £ 0.136 0.873
L PFC 1.526 £ 0.154 1.560 £ 0.136 0.688
R thalamus 1.292 + 0.062 1.536 £ 0.172 0.025
L thalamus 1.328 &+ 0.103 1.439 £ 0.141 0.15

R right, L left, ACC anterior circulated cortex, PF'C prefrontal cortex

Table 3 NAA/Cho compared between subjects and control

Subjects Control p value
(mean £ SD) (mean £ SD)
R ACC 1.473 £+ 0.244 1.476 £+ 0.224 1
L ACC 1.277 £ 0.548 1.497 £ 0.178 0.631
R PFC 2.488 £ 0.465 2.498 £ 0.238 0.522
L PFC 2.274 £ 0.548 2.218 £ 0.264 1
R thalamus 1.586 £ 0.097 1.919 £+ 0.163 0.006
L thalamus 1.738 £ 0.239 1.783 £+ 0.161 0.81

R right, L left, ACC anterior cingulated cortex, PFC prefrontal cortex

thalamus are shown in Table 4. When the differences
between the right and left side of the NAA/Cr and NAA/
Cho in the thalamus were compared between the subjects
and the control group, only the NAA/Cr ratio was statis-
tically significant different (p < 0.05).

When focused on the right thalamus, there were statis-
tically significant correlations between the NRS and NAA
values (Fig. 3). In the ACC and PFC, there were no sig-
nificant correlations between the NRS and NAA values.
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Table 4 NAA/Cr and NAA/Cho in the thalamus

Subjects NAA/Crin NAA/Crin NAA/Choin NAA/Cho in

or the rt. the 1t. the rt. the 1t.

control thalamus thalamus thalamus thalamus

Subject 1.34 1.25 1.6 2.03
1

Subject 1.336 1.301 1.721 1.779
2

Subject 1.322 1.231 1.639 1.437
3

Subject 1.19 1.42 1.52 1.79
4

Subject 1.24 1.49 1.44 1.92
5

Subject 1.323 1.278 1.596 1.471
6

Control 1.67 1.35 2.02 1.92
1

Control 1.3 1.27 1.65 1.59
2

Control 1.51 1.46 1.99 1.98
3

Control 1.79 1.66 2.11 1.67
4

Control 1.46 1.53 1.92 1.87
5

Control 1.484 1.364 1.826 1.666
6

A

NRS

80 ]

60

r=-0.709
p=0.010

Discussion

This study demonstrated that the patients with unilateral pain
(LBP and/or sciatica) due to lumbar spine diseases with
shorter duration (within 12 months) of pain and without
severe psychiatric conditions showed decreases in the NAA/
Cr and NAA/Cho in the thalamus on the contralateral side
from the symptom. There were statistically significant cor-
relations between NRS and NAA values. Lumbar pain can
possibly be assessed indirectly by analyzing the decrease in
the NAA concentration in the thalamus.

Recent pain studies using fMRI [6-8], positron emission
tomography (PET) [18, 19] and single-photon emission
computed tomography (SPECT) [20, 21] have shown that
functional changes mainly occurred in the ACC, PFC and
thalamus in patients with chronic pain. PET and fMRI
studies in the healthy subjects demonstrated that acute pain
activated the primary and secondary somatosensory cortex
(S1 and S2), insular cortex, ACC, PFC and thalamus [22].
These areas and the basal ganglia, cerebellum, amygdala,
hippocampus and regions within the parietal and temporal
cortices are often called the “pain matrix.” The matrix can
be thought of as having lateral components (sensory-dis-
criminatory, involving areas such as the primary and sec-
ondary somatosensory cortices, thalamus and posterior
parts of the insula) and medial components (affective-
cognitive-evaluative, involving areas such as the anterior

o r=-0.807
. p=0.002

60

4 0 a0

20 207

03 1 T L) AYA L - T T 0\7 L] L th — L

1100 1200 1 300 1400 1 500 1 800 1700 1800 1400 1 600 1800 2000 2200
NAA/Cr NAA/Cho

Fig. 3 Correlation between the NRS and NAA in the thalamus. a Correlation between the NRS and NAA/Cr. b Correlation between the NRS
and NAA/Cho. NRS Numerical rating scale for pain, NAA N-acetyl aspartate, Cr creatine/phosphocreatine complex, Cho choline
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Fig. 4 Pain pathway. Every sensory system except for the olfactory
system includes a thalamic nucleus that receives sensory signals and
sends them to the associated primary cortical area. S/ Primary
somatosensory cortex, S2 secondary somatosensory cortex, /C insular
cortex (reproduced from [24] with permission)

parts of the insula, ACC and PFC) [23]. The current study
showed NAA reduction only in the contralateral thalamus.
This finding may suggest that the subjects in this study had
little affective-cognitive-evaluative factor associated with
their pain. However, the “pain matrix” is not a definitive
entity because different brain regions play a more or less
active role depending on the precise interplay of the factors
involved in influencing pain perception, for example,
cognition and mood.

In the current study, we used MRS for evaluation of lumbar
pain (LBP and sciatica). An exact correlation between MRS
and other brain imaging is still uncertain [22]. The NAA is
localized within neurons and involved in synaptic processes. It
has been observed to decrease in various conditions involving
neuronal cell damage and loss and is therefore thought to be a
neuronal and axonal marker [11, 22, 24]. CLBP is a multi-
factorial, pathological condition involving psychiatric prob-
lems, which may influence the results of NAA concentration
[25]. In the current study, pain duration was less than
12 months, and the BS-POP was essentially normal. There-
fore, the results of this study may show pain due to lumbar
spine diseases without influence of psychiatric problems.

There is some variability in MRS results. It has been
reported that the NAA concentration and NAA/Cho were
higher in the left thalamus by 21.9 and 20 %, respectively,
in healthy subjects [26]. However, the results of the current
study showed lower NAA/Cr and NAA/Cho in the left
thalamus in the control group (Table 4). The cause is not
clear. Side matching in the same subjects may be important

for proton MRS studies. All of the subjects in the current
preliminary report had left side pain. Regarding the rela-
tionship between age and NAA, Charles et al. [27] reported
that the choline, creatine and NAA were lower in older
subjects in the voxel representing cortical and subcortical
gray matter. Recent studies by Grachev et al. [28, 29]
demonstrated that there was no evidence for NAA corre-
lation strength differences in the thalamus, insula, orbital
frontal cortex and sensorimotor cortex between the young-
aged group and middle-aged group. Regarding the rela-
tionship between gender and NAA, Charles et al. [27] and
Nagae-Poetscher et al. [26] reported that there were no
differences between males and females. Therefore, age
matching may be more important than gender matching for
comparative studies of disease states using proton MRS.

The thalamus plays an important role in the pain pathway.
Every sensory system except for the olfactory system
includes a thalamic nucleus that receives sensory signals and
sends them to the associated primary cortical area (Fig. 4)
[30]. The relation between NAA concentration in the thala-
mus and pain has been previously reported. Pattany and
colleagues [31] showed that the NAA concentration was
negatively correlated with pain intensity in patients with
chronic neuropathic pain after spinal cord injury. Fukui and
colleagues [32] showed a decrease in the NAA concentration
on the contralateral side in seven of nine neuropathic pain
patients. Our study showed similar results using subjects
with a shorter duration of pain. The NAA concentration in
the thalamus may decrease during the acute stage of pain.
However, the relationship among NAA changes, duration of
pain and therapeutic efficacy was not clarified in the current
study. A decrease in thalamic perfusion has been reported in
patients with chronic pain using SPECT [20, 21]. If effective
treatment is not given and the NAA reduction lasts for a long
time, a chronic pain condition may develop in patients with
severe acute pain. Further studies are needed to clarify these
important points.

The current study has several limitations. The number of
patients was very small. Strict age matching and gender
matching were not performed. The symptom duration was
short. The MRI instrument had no linear combination model
(LC model) software that could measure the absolute con-
centration of NAA [33, 34]. We analyzed the NAA concen-
tration in only three brain regions (ACC, PFC and thalamus).
Further studies in more patients with various pain conditions
are needed. In conclusion, lumbar pain in patients with shorter
durations of pain and without severe psychiatric conditions
may be objectively assessed indirectly by analyzing the
decrease in the NAA concentration in the thalamus.

Acknowledgments This study was supported by a grant from the
Fukushima Society for the Promotion of Medicine and a research
grant from the Japanese Ministry of Health, Labour and Welfare.

@ Springer



368

S. Yabuki et al.

Conflict of interest No benefits in any form have been or will be
received from a commercial party related directly or indirectly to the
subject of this manuscript.

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.

References

1. McGrath PJ, Unruh AM. Measurement and assessment of pae-
diatric pain. In: McMahon SB, Koltzenburg M, editors. Wall and
Melzack’s textbook of pain. 5th ed. Elsevier: Churchill Living-
stone; 2006. p. 305-15.

2. DeSantana JM, Sluka KA. Pain assessment. In: Sluka KA, editor.
Mechanisms and management of pain for the physical therapist.
Seattle: IASP press; 2009. p. 95-131.

3. Bushnell MC, Apkarian AV. Representation of pain in the brain. In:
McMahon SB, Koltzenburg M, editors. Wall and Melzack’s textbook
of pain. 5th ed. Elsevier: Churchill Livingstone; 2006. p. 107-24.

4. Apkarian AV. Cortical pathophysiology of chronic pain. Novartis
Found Symp. 2004;261:239-55.

5. Apkarian AV, Sosa Y, Sonty S, Levy RM, Harden RN, Parrish
TB, Gitelman DR. Chronic back pain is associated with
decreased prefrontal and thalamic gray matter density. J Neuro-
sci. 2004;24:10410-5.

6. Baliki MN, Chialvo DR, Geha PY, Levy RM, Harden RN, Parrish
TB, Apkarian AV. Chronic pain and the emotional brain: specific
brain activity associated with spontaneous fluctuations of inten-
sity of chronic back pain. J Neurosci. 2006;26:12165-73.

7. Ushida T, Ikemoto T, Taniguchi S, Ishida K, Murata Y, Ueda W,
Tanaka S, Ushida A, Tani T. Virtual pain stimulation of allodynia
patients activates cortical representation of pain and emotions: a
functional MRI study. Brain Topogr. 2005;18:27-35.

8. Kobayashi Y, Kurata J, Sekiguchi M, Kokubun M, Akashizawa
T, Chiba Y, Konno S, Kikuchi S. Augmented cerebral activation
by lumbar mechanical stimulus in chronic low back pain patients:
an FMRI study. Spine. 2009;34:2431-6.

9. Barker PB, Bizzi A, De Stefano N, Gullapalli R, Lin DDM.
Clinical MR spectroscopy (Chapter 8: MRI in epilepsy). New
York: Cambridge University Press; 2010. p. 131-43.

10. Barker PB, Bizzi A, De Stefano N, Gullapalli R, Lin DDM. Clinical
MR spectroscopy (Chapter 9: MRI in neurodegenerative disease).
New York: Cambridge University Press; 2010. p. 144-60.

11. Grachev ID, Fredrickson BE, Apkarian AV. Abnormal brain
chemistry in chronic back pain: an in vivo proton magnetic res-
onance spectroscopy study. Pain. 2000;89:7-18.

12. Sharma NK, McCarson K, Van Dillen K, Lentz A, Khan T,
Cirstea CM. Primary somatosensory cortex in chronic low back
pain—a H-MRS study. J Pain Res. 2011;4:143-50.

13. Gussew A, Rzanny R, Gullmar D, Scholle HC, Reichenbach JR.
1H-MR spectroscopy detection of metabolic changes in pain
processing brain regions in the presence of non-specific chronic
low back pain. Neuroimage. 2011;54:1315-23.

14. Frymoyer JW. Back pain and sciatica. N Engl J Med.
1988;318:291-300.

15. Pincus T, Burton AK, Vogel S, Field AP. A systematic review of
psychological factors as predictors of chronicity/disability in
prospective cohorts of low back pain. Spine. 2002;27:E109-20.

16. Larson SL, Clark MR, Eaton WW. Depressive disorder as a long-
term antecedent risk factor for incident back pain: a 13-year
follow-up study from the Baltimore Epidemiological Catchment
Area sample. Psychol Med. 2004;34:211-9.

@ Springer

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Yoshida K, Sekiguchi M, Otani K, Mashiko H, Shiota H, Wakita
T, Niwa S, Kikuchi S, Konno S. A validation study of the Brief
Scale for Psychiatric problems in Orthopaedic Patients (BS-POP)
for patients with chronic low back pain (verification of reliability,
validity, and reproducibility). J Orthop Sci. 2011;16:7-13.

Di Piero V, Jones AKP, Iannotti F, Powell M, Perani D, Lenzi GL,
Frackowiak RS. Chronic pain: a PET study of the central effects of
percutaneous high cervical cordotomy. Pain. 1991;46:9-12.
Iadarola MJ, Max MB, Berman KF, Byas-Smith MG, Coghill
RC, Gracely RH, Bennett GJ. Unilateral decrease in thalamic
activity observed with positron emission tomography in patients
with chronic neuropathic pain. Pain. 1995;63:55-64.

Fukumoto M, Ushida T, Zinchuk VS, Yamamoto H, Yoshida S.
Contralateral thalamic perfusion in patients with reflex sympa-
thetic dystrophy syndrome. Lancet. 1999;354(9192):1790-1.
Nakabeppu Y, Nakajo M, Gushiken T, Tsuchimochi S, Tani A,
Kanmura Y. Decreased perfusion of the bilateral thalami in
patients with chronic pain detected by Tc-99m-ECD SPECT with
statistical parametric mapping. Ann Nucl Med. 2001;15:459-63.
Apkarian AV, Bushnell MC, Treede R, Zubieta JK. Human brain
mechanisms of pain perception and regulation in health and
disease. Eur J Pain. 2005;9:463-84.

Tracy I. Functional MRI studies of pain processing. In: Mogil J,
editor. Pain 2010 an updated review refresher course syllabus.
Seattle: IASP press; 2010. p. 51-5.

Miller BL. A review of chemical issues in 1H NMR spectros-
copy: N-acetyl-L-aspartate, creatine and choline. NMR Biomed.
1991;4:47-52.

Grachev ID, Ramachandran TS, Thomas PS, Szeverenyi NM,
Fredrickson BE. Association between dorsolateral prefrontal N-
acetyl aspartate and depression in chronic back pain: an in vivo
proton magnetic resonance spectroscopy study. J Neural Transm.
2003;110:287-312.

Nagae-Poetscher LM, Bonekamp D, Barker PB, Brant LJ, Ka-
ufmann WE, Horska A. Asymmetry and gender effects in func-
tionally lateralized cortical regions: a proton MRS imaging study.
J Magn Reson Imaging. 2004;19:27-33.

Charles HC, Lazeyras F, Krishnan KR, Boyko OB, Patterson LJ,
Doraiswamy PM, McDonald WM. Proton spectroscopy of human
brain: effects of age and sex. Prog Neuropsychopharmacol Biol
Psychiatry. 1994;18:995-1004.

Grachev ID, Apkarian AV. Aging alters regional multi-chemical
profile of the human brain: an in vivo "H-MRS study of young
versus middle-aged subjects. J Neurochem. 2001;76:582-93.
Grachev ID, Swarnkar A, Szeverenyi NM, Ramachandran TS,
Apkarian AV. Aging alters the multichemical networking profile
of the human brain: an in vivo 'H-MRS study of young versus
middle-aged subjects. J Neurochem. 2001;77:292-302.

Sluka KA. Central mechanisms involved in pain processing. In:
Sluka KA, editor. Mechanisms and management of pain for the
physical therapist. Seattle: IASP press; 2009. p. 41-72.

Pattany PM, Yezierski RP, Widerstrom-Noga EG, Bowen BC,
Martinez-Arizala A, Garcia BR, Quencer RM. Proton magnetic
resonance spectroscopy of the thalamus in patients with chronic
neuropathic pain after spinal cord injury. AJNR Am J Neurora-
diol. 2002;23:901-5.

Fukui S, Matsuno M, Inubushi T, Nosaka S. N-acetylaspartate
concentrations in the thalami of neuropathic pain patients and
healthy comparison subjects measured with 'H-MRS. Magn Re-
son Imaging. 2006;24:75-9.

Provencher SW. Estimation of metabolite concentrations from
localized in vivo proton NMR spectra. Magn Reson Med.
1993;30:672-9.

Helms G. Analysis of 1.5 Tesla proton MR spectra of human
brain using LC model and an important basis set. Magn Reson
Imaging. 1999;17:1211-8.



	Assessment of pain due to lumbar spine diseases using MR spectroscopy: a preliminary report
	Abstract
	Background data
	Methods
	Results
	Conclusions

	Introduction
	Subjects and methods
	Statistical analysis

	Results
	Discussion
	Acknowledgments
	References


