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Abstract

We aimed to investigate the changes in proton metabolite levels at the motor and somatosensory cortex by magnetic resonance

spectroscopy (MRS) after upper extremity replantation or revascularization. Nine patients who referred to our clinic suffering from major

total (two) and subtotal (seven) amputation of the upper extremity were enrolled in this study. Mean time value between the injury and

operation was 5.1 h. Mean follow-up period or mean time between the injury and MRS analysis was 26.2 months (ranging from 7 to 41

months). Voxels (TR: 2000; TE: 136 ms) were placed onto locations in the bilateral precentral and postcentral cortex area of the cerebral

hemispheres that represent the upper extremity. Contralateral sides of the brain hemisphere that represent the injured extremity were

accounted as control groups. Metabolite ratios [NAA (N-acetyl aspartate)/Cr (creatine) and Cho (choline)/Cr] of the motor and

somatosensory cortex were calculated. The NAA/Cr and Cho/Cr metabolite ratios between the two groups were found to be insignificant, and

these results may indicate that there is no remarkable somatosensorial cortex disruption or demyelination in these patients. Fifty-six percent

of patients were found as functional according to Chen’s scale.

D 2005 Elsevier Inc. All rights reserved.
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1. Introduction

In the past decade, with the developments of noninvasive

imaging techniques such as magnetoencephalogram (MEG),

functional MRI and SPECT analysis, some complicated

changes in limb amputation and peripheral nerve injury and

phantom pain could be explained. Hence, the knowledge

gathered with experimental and clinical studies helped us

explore brain plasticity [1–5].

Magnetic resonance spectroscopy (MRS) is a rather new

noninvasive, imaging modality used to investigate changes

in tissue metabolite composition in different brain diseases.

In this study, we aimed to investigate the changes in the
0730-725X/$ – see front matter D 2005 Elsevier Inc. All rights reserved.

doi:10.1016/j.mri.2004.11.003

* Corresponding author. Tel.: +90 422 3410660, +90 422 3415110;

fax: +90 422 3410728.

E-mail address: kertem@inonu.edu.tr (K. Ertem).
metabolic response of the motor and somatosensory cortex

after upper and lower limb revascularization and replanta-

tion by MRS.
2. Materials and methods

We evaluated the MRS analysis of nine patients treated

by revascularization or replantation of the upper extremities

between October 1999 and August 2002. Mean age was

33.5 (ranging from 6 to 61 years, 7 males and 2 females).

Mean follow-up period was 26.2 months (ranging from 7 to

41 months). The ethics committee of our institution

approved the study protocol and informed consent was

obtained from each patient. None of the patients had any

major systemic or cerebrovascular disease, head trauma

history or overt cognitive dysfunction. There was gunshot

injury in three patients, traffic accident in one, tractor axle
aging 23 (2005) 105–109
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injury in three, large saw injury in one and train accident in

one. In five cases, the right extremities were injured. The

level of the injuries in revascularized patients were 1/3

proximal of arm in three, 1/3 distal of arm in two and arm–

forearm double-level injury in two patients. Mean time

between the injury and operation was 5.1 h. Two patients

underwent replantation, and seven patients were treated with

revascularization. All of the fractures were treated by open

reduction and internal fixation using plate and screw except

one (a 6-year-old child) who was treated by K-wire fixation.

Median and ulnar nerve injuries in two patients were

encountered; median, ulnar and radial nerve injury in four;

median, radial, ulnar, musculocutaneus nerve injury in one;

median, musculocutaneus, ulnar nerve injury in one; radial

nerve injury in one. In five patients, secondary reconstruc-

tive procedures such as wrist arthrodesis, tendon transfer,

shoulder arthrodesis, free muscle transfer were performed.

Functional evaluations of the patients were performed

according to Chen’s scale [6].

Mean time between the injury and MRS was 26

months. The MRI examination consisted of routine

imaging and single voxel spectroscopy. Magnetic reso-

nance imaging was performed on a 1.5-T system (Philips,

Gyroscan Intera Master, Best, the Netherlands). T1-

weighted images (TR: 560; TE: 15) were obtained in the

axial and sagittal planes. T2-weighted images (TR: 4530;

TE: 100) were obtained in the axial and coronal planes.

Single voxel spectroscopy (SVS) was performed in all

patients by using a point-resolved spectroscopy sequence

(PRESS) (TR: 2000; TE: 136 ms) with 128 average; voxel
Fig. 1. The cortical body map with reference to sensory (posterior to central sulcus)

sensory cortex (upper left) and motor cortex (upper right) illustrate the somatotro

parts in sizes proportional to their areas in the brain. The hand and face areas are v

Ref. [7] with permission.)
sizes of 15�15�15 mm were used. Voxels were placed

onto locations in the bilateral precentral and postcentral

cortex area of the cerebral hemispheres that represent the

related upper extremity illustrated in Figs. 1 and 2. Prior to

MRS, shimming was performed to optimize field homo-

geneity, and water suppression was optimized using

automated routines provided by the manufacturer. A

chemical-shift selective saturation pulse suppressed the

water signal. A spectral sweep width of 1000 Hz was used

with data size of 1024 points. The magnitude spectra were

processed automatically using baseline correction and

curve-fitting procedures to determine the resonance areas

of N-acetyl aspartate (NAA), creatine (Cr) and choline

(Cho). Analysis of the spectra was performed by the

spectroscopy software package of the MR system. Reso-

nances were assigned as follows: NAA, 2.0 ppm; Cr, 3.02

ppm; Cho, 3.2 ppm (Fig. 2). The peak areas of the

metabolite ratios (NAA/Cr and Cho/Cr) were calculated.

For each patient, two authors (AA, KS) assessed whether

the spectra were diagnostic.

All statistical analyses were performed with the SPSS

software package (release 10.0, SPSS, Chicago, IL). That

was the rationale for the application of the nonparametric

Mann–Whitney U test to assess the differences among these

groups. Pb.05 was considered to be significant.
3. Results

No statistically significant difference was found in the

NAA/Cr and Cho/Cr metabolite ratios between the lesion
and motor (anterior to central sulcus) functions. Transverse sections through

pic organization of the body parts. The homunculus figure comprises body

ery close and together occupy a substantial part of the sensory cortex. (From
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and unaffected sides of the somatosensory cortex detected

by MRS in replantation–revascularisation patients (Table 1).

The functional results according to Chen’s scale [6] were

as follows: grade 1 (excellent) in one (11%) patient, grade 2

(good) in two (22%), grade 3 (moderate) in two (22%),

grade 4 (bad) in four (44%) patients. In the follow-up

period, humerus nonunion developed in one patient and was

treated by autogenous iliac bone graft using plate and screw
Fig. 2. Images obtained in a 32-year-old man treated with replantation for subtota

(TR: 2000; TE: 136 ms) from obtained right precentral cortices shown as normal N

obtained right postcentral cortices shown as normal NAA/Cr and Cho/Cr ratios.

cortices shown as a mild decrease for NAA/Cr, but the Cho/Cr ratios were norma

cortices shown as normal for NAA/Cr and Cho/Cr ratios.
fixation. Humeral osteomyelitis in another patient was also

encountered and treated by debridement and drainage of the

infected bone and soft tissues.
4. Discussion

The brain is a complicated neural network that contin-

uously remodels itself as a result of changes in sensory
l amputation at proximal right-arm level 18 months later. (A) MR spectrum

AA/Cr and Cho/Cr ratios. (B) MR spectrum (TR: 2000; TE: 136 ms) from

(C) MR spectrum (TR: 2000; TE: 136 ms) from obtained left precentra

l. (D) MR spectrum (TR: 2000; TE: 136 ms) from obtained left precentra
l

l



Fig. 2. continued
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input. Several experiments on the effects of deafferentation

(or amputation) on somatosensory maps in adult primates

and other mammals suggest that we may need to revise this

conception of the nervous system [7–10]. In a study with

monkeys investigating the consequences of long-standing

limb amputation and amputation at different ages, regardless

of the age of injury, the deprived cortex does not remain

nonfunctional, and it takes on new roles and triggers

movements in new target muscles [11]. Elbert et al. [12]

revealed that any amputation of an upper extremity results

in alterations of the homuncular organization as cortical
plasticity. In one study, they showed that plasticity occurs

after a period of extensive training by activating repetitively

a certain receptive field in the cortex of musicians. In the

case of such repetitive activity, the size of the activated area

was found to be enlarged [12].

The functional results that we obtained were as follows:

grade 1 in one (11%) patient, grade 2 in two (22%) patients,

grade 3 in two (22%) patients and grade 4 in four (44%)

patients. In the study of Berger et al. [13], they found grade

1 in 10 (71.6%) patients, grade 2 in three (21.4%) patients,

grade 3 in one (7.2%) patient, grade 4 in none. In another



Table 1

Metabolite ratios found by proton MR spectroscopic imaging obtained from

motor and somatosensory cortex of patients

Metabolite ratios Replantation/

revascularization side

Unaffected

side

Precentral Postcentral Precentral Postcentral

NAA/Cr 1.81F0.18 1.69F0.13 2.07F0.13 1.75F0.16

Cho/Cr 0.98F0.09 0.72F0.07 1.17F0.10 0.89F0.13
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study, Chen and Han [14] found grade 1 in eight (34.8%)

patients, grade 2 in 11 (47.8%) patients, grade 3 in four

(17.4%) patients and grade 4 in none. In this regard, our

results on extremity function, which revealed 33% good

results, were found to be in discordance with those of Chen

and Han [14] and Berger et al. [13], which yielded 82.6%

and 92.8% good results, respectively.

In contrast to conventional MRI, MRS could provide

information on neuronal/axonal viability, cellular energetic

and cellular membrane status. With increasing use and

application in different diseases of the central nervous

system (CNS), MRS could aid in the diagnosis and clinical

management of various pathologic processes. Prominent

resonances detected on MRS in normal brains include

NAA, Cho and Cr. NAA is the most sensitive CNS

metabolite. Since it is a neuroaxonal marker, abnormalities

of neuronal structures, like reduced neuronal density or

viability, lead to reductions in NAA [15]. Therefore, it is an

important predictor of neuronal dysfunction. In this study,

there was no significant difference in NAA/Cr metabolite

ratios between the lesion side and unaffected side of the

precentral cortex in replantation–revascularization patients.

These findings may be associated with the absence of

significant neuro-axonal myelination loss. Major compo-

nents of the Cho resonance are choline-containing com-

pounds with small molecular weight, such as phosphocholine

and glycerophosphocholine, that form a pool involved in

membrane synthesis and degradation. The increase in Cho/

Cr ratio might point out an inability to properly incorporate

Cho-containing molecules into myelin. Loss or disruption of

normal myelin also increases the availability of Cho-

containing compounds. Thus increase in Cho/Cr ratio could

indicate demyelination [15]. In our study, there was no

statistically significant difference in Cho/Cr metabolite ratios

between the lesion side and unaffected side of the somato-

sensorial cortex in replantation–revascularization patients

that may indicate absence of demyelination. However, we

found diminished NAA/Cr ratios, especially at the precentral

motor cortex of the lesion side (Table 1).
Functional extremity value of only 33% in our cases did

not show a satisfactory correlation with MRS results. The

metabolite ratios found by MRS of replanted or revascular-

ized patients may support the conclusion that there was no

remarkable somatosensorial cortex disruption or demyelin-

ation in these patients. Fifty-six percent of patients were

found as functional according to Chen’s scale.
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