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The aim of this study was to investigate the relationship between dynamic changes of cerebral metabolism and
degree of trauma in rabbit models of traumatic brain injury (TBI) by using proton magnetic resonance spec-
troscopy (*H-MRS).

Thirty-five Chinese rabbits were randomly divided into control, mild, moderate, and severe TBI groups. 'H-MRS
was performed 1, 6, and 24 h after trauma. The concentrations of NAA, Cr, Cho, and Lac, and NAA/Cr and Cho/Cr
ratios in each group, were estimated.

Compared with the control group, NAA, Cr, and Cho peaks were decreased. NAA/Cr ratio in the ipsilateral cor-
tex was reduced in the mild, moderate, and severe TBI groups by 12.79%, 28.90%, and 45.02% at 1 h, and de-
creased by 25.11%, 39.81%, and 51.18% at 24 h after trauma, respectively. There were significant negative
correlations between NAA/Cr ratio and severity of attack. Cho/Cr ratio in the ipsilateral cortex in the mild, mod-
erate, and severe TBI groups was decreased by 10.86%, 15.94%, and 34.78% at 1 h, and reduced by 24.63%,
29.71%, and 42.02% at 6 h, respectively, and increased slightly at 24 h after trauma. The Lac/Cr ratio in the in-
jured side was increased, most obviously in the severe TBI group. NAA/Cr ratio and Cho/Cr ratio showed sig-
nificant changes between each group at the same time point.

'H-MRS can noninvasively and dynamically detect metabolic changes in early TBI. The NAA/Cr ratio is most sen-
sitive, and has positive significance for early diagnosis and prognosis assessment of TBI.
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Background

Traumatic brain injury (TBI), due to its high incidence, disabili-
ty, and mortality, has become one of the major risk factors that
threaten human life. Proton magnetic resonance spectroscopy
(*H-MRS) can noninvasively reflect the severity of brain injury
in the early stage, and is very important for disease evaluation,
follow-up treatment, and prognosis. *H-MRS is a diagnostic test
for measuring in vivo specific atomic nuclei and compounds
by magnetic resonance and chemical shifts. As a supplement
to conventional magnetic resonance imaging (MRI), MRS can
noninvasively detect changes of metabolite concentrations in
brain tissue in normal or pathological state so as to reflect mi-
croscopic abnormal changes due to brain trauma [1]. Thus, the
diagnosis of brain trauma is increased to the level of molecular
metabolism [1]. MRS technology has been widely used in the
diagnosis of systemic diseases such as neurological disease,
as well as in prostate, breast, and liver lesions, and the first
reported use of MRS was in the diagnosis of nervous system
diseases. There are many studies on MRS for TBI, but there is
no systematic in vivo study using a rabbit model of TBI. The
present study established rabbit models of TBI by mild, mod-
erate, and severe free-falls; performed MRS at 1, 6, and 24 h
after injury; observed the changes in metabolites over time;
and investigated the value of H-MRS in assessing the sever-
ity of TBI and predicting prognosis.

Material and Methods

Choice of experimental animals

Thirty-five male and female Chinese rabbits weighing 2.5-3.0 kg
were provided by the Animal Center, Medical School of Nantong
University of China. All rabbits grew well, had sensitive re-
sponses, and ate normal diet, and did not have the history of
injury or infection. Conventional MRI did not reveal obvious
abnormality. The rabbits were acclimated in a suitable envi-
ronment for 2 weeks. The rabbits were randomly assigned to
4 groups: control (sham surgery; n=5), mild (n=10), moderate
(n=10), and severe (n=10) TBI. The study was approved by the
Institutional Review Board of Yancheng First People’s Hospital.

Establishment of TBI models

After fasting for 12 h but with free access to water, rabbits were
intraperitoneally injected with 10% chloral hydrate 0.35 g/kg
and placed on the table in prone position. After shaving and
disinfecting, an approximately 4.0-cm incision was made to
expose the skull. A bone window (1.0 cm) was opened at 1.5
cm left to the intersection of the posterior orbital margin and
midline. The cerebral dura mater was complete. Rabbit models
of TBI were established by contusions according to modified
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Fenney’s method [2]. The impactor (0.5 cm in diameter, and
40 g and 60 g in weight) fell from different heights along a
stainless-steel pipe, and impacted the surface of the left pa-
rietal lobe dura to induce mild, moderate, and severe contu-
sions. Gelatin sponge was used to terminate the bleeding. The
bone window was closed with bone cement and the scalp was
sutured. Five rabbits in the control group (sham surgery) did
not receive free-falling impact, but received other procedures
the same as the experimental groups.

Manufacture of cap-like coil [3]

A coil was made by a 75-mm diameter hollow cylinder at 120°,
which was 80 mm long and 90 mm high. The quality factor
(Q) of the coil was 98. The frequency was 127.74 MHz and the
impedance was 50 Q.

Conventional MR and MRS

We used a GE 3.0T MR scanner and made a cap-like coil. The
rabbit was fixed on the frame in prone position, with its head
in the head slot. The coil was closed to rabbit head and fixed.
Limbs were fixed on the frame. The intersection of the pos-
terior orbital margin and midline was located in the center
of the coil. Scanning sequence included coronal TIWI, T2WI,
diffusion tensor imaging (DWI), and sagittal and axial T2WI.

'H-MRS was performed at 1, 6, and 24 h after injury. Point-
resolved spectroscopy sequence was used in the center of the
median level of coronal T2WI. Voxel size was 14x4 mm. The pa-
rameters were: repetition time = 1000 ms, echo time=145 ms,
field of view 8.0x8.0 cm, matrix 18x18, and NEX 1. The satura-
tion zone was set at left and right (R/L), anterior and posterior
(A/P), and superior and inferior (5/1) of field of view. The width
of the saturation zone was 10 mm. Imaging time was 4 min
and 18 s. Images were post-processed in the ADW4.2 work-
station. The areas under a peak of N-acetylaspartate (NAA),
creatine (Cr), choline-compound (Cho), and lactic acid (Lac) at
the injury site were measured, and the NAA/Cr, Cho/Cr, and
Lac/Cr ratios were determined.

Pathological examination

After MRS, 1 rabbit was taken from each TBI group and intra-
peritoneally anesthetized with 3% sodium pentobarbital 3 mg/
kg. The chest was opened, and blood in the circulatory sys-
tem was washed by perfusion. After slow perfusion with 10%
formaldehyde, the rabbit was decapitated and the whole brain
was obtained. The changes in the brain were macroscopical-
ly observed. The brain was fixed in 10% formaldehyde for 48
h, cut into blocks, dehydrated, sliced into frozen sections, and
stained with hematoxylin and eosin.
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Table 1. Correlation between NAA/Cr ratio and neurological impairment scores at 24 hours after injury.

Control group Mild TBI group

Neurological 0 11.70+2.83
impairment scores

NAA/Cr 2.11+0.16 1.58+0.21
n 10 10

Moderate TBI group  Severe TBI group rvalue P value
20.3043.46 36.5+2.17

””””” 127:033  1o:o1s 083 <001

""""""" 0w 1

n — number of spectral acquisition.
Statistical analysis

All data are expressed as the mean + SD, and analyzed using
SPSS 18.0 software. The ratio of cortical metabolites was com-
pared at the same time point in different groups, and between
TBI groups and control group by one-way analysis of variance.
At 24 h after injury, the correlation of NAA/Cr ratio with neuro-
logical impairment score and attack intensity was analyzed. A
value of P<0.05 was considered statistically significant.

Results

Animal response after TBI

Immediate death of animals did not occur after injury. Rabbits
in the moderate and severe TBI groups presented limb spasm
twitching, and light, fast breathing. Rabbits were placed in the
isolation cage until conscious. Rabbits regained conscious-
ness quickly in the mild TBI group, but slowly in the severe TBI
group. Limb movement disorder was noticeable in the moder-
ate and severe TBI groups. Physiological response was small
in the mild TBI group. At 24 h later, physiological response re-
covered to the normal level in the mild, moderate, and se-
vere TBI groups. Contralateral limb paralysis was found in 5
and 8 rabbits in the moderate and severe TBI groups, respec-
tively. Rabbits in the severe TBI group were listless; their ac-
tivities were decreased significantly, and drinking and eating
were also reduced.

Neurological impairment scores

In accordance with previous criteria [4], neurological function
was assessed from the aspects of perception, vision, movement,
posture, walking-level awareness 24 h after injury. Neurological
function scores were 11.70+2.83, 20.30+3.46, and 36.50+2.17
in the mild, moderate, and severe TBI groups, and the scores
were significantly different among different groups (F=192.253,
P<0.01). The neurological impairment scores were negative-
ly correlated with NAA/Cr ratio (r=—0.83, P<0.01) (Table 1).

Conventional MRI manifestations and MRS manifestations

Conventional MRI did not reveal obvious abnormality at 1 h after
injury (Figure 1A, 1B), but exhibited abnormal signal at the pari-
etal lobe on the injured side at 6 h after injury. Iso-signal inten-
sity was visible on TIWI, and high-signal intensity was observed
on T2WI (Figure 1D-1F). Mean NAA/Cr ratio (2.11+0.16) and
mean Cho/Cr ratio (1.38+0.06) were not significantly different
on the injured side in the control group at various time points.

MRS was performed at 3 different time points within 1 day af-
ter injury. MRS results are displayed in Table 2. Typical spec-
tra are exhibited in Figure 2.

Conventional TIWI, T2WI, and DWI images did not show obvi-
ous abnormal signals at 1 h after injury (Figure 1). MRS detected
the decreased NAA/Cr ratio (Figures 3, 4). Compared with the
control group, NAA/Cr ratio was reduced by 12.79%, 28.90%,
and 45.02% in the mild, moderate, and severe TBI groups, re-
spectively. Thereafter, the ratio continued to decline. NAA/Cr
ratio was decreased by 25.11%, 39.81%, and 51.18% in the
mild, moderate and severe TBI groups, respectively, at 24 h af-
ter trauma. NAA/Cr ratio was significantly different between
the TBI groups and the control group at each time point. Paired
comparison showed that NAA/Cr ratio was significantly differ-
ent between different TBI groups at the same time point. At
24 h, a significant negative correlation was determined between
NAA/Cr ratio and severity of injury (r=—0.92, P<0.01; Table 3).

Cho/Cr ratio in the mild, moderate, and severe TBI groups
was decreased by 10.86%, 15.94%, and 34.78% at 1 h and
reduced by 24.63%, 29.71%, and 42.02% at 6 h, respectively,
and increased slightly at 24 h after trauma. Cho/Cr ratio was
significantly different between the TBI groups and the con-
trol group at various time points. Cho/Cr ratio was not signif-
icantly different between the mild and moderate TBI groups
at 24 h (Table 2).

Pathological changes

After MRS, at 24 h after injury, mild swelling was observed,
but there was no obvious hematoma on the injured side in
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Figure 1. Conventional MRI and MRS manifestations. (A, B) T2WI and T1FLAIR did not reveal remarkable abnormal signals on the left
frontal lobe at 1 hour after injury. (C) MRS spectral line at 1 hour after injury in the mild TBI group shows a decreased NAA/Cr
ratio. (D-F) T2WI, TIFLAIR and DWI demonstrate patchy abnormal signals on the left frontal lobe at 6 hours after injury.

Table 2. Mean NAA/Cr and Cho/Cr ratios at various time points.

Cho/Cr
24 h post 24 h post
injury injury inj injury injury
Control Group 5 2.11+0.16* 1.38+0.08*
MidTBIgoup 30 184:010°  173:012° 1581008  1235005°  1041006°  106:0.09°
Moderate TBlgroup 30 150:009%  137:009°  12730.10° 1161005  097+004* 1014005
CSevereTBIgoup 30 L16:0.11*  110:0.10°  103:009° 0901012  080:0.04*  083:0.11

n — number of spectral acquisition. * P<0.05 between two groups at the same time point; # P>0.05 between two groups.

the mild TBI group. Hematoma was obvious on the injured injury were dramatically larger in the severe TBI group than
side in the severe TBI group. Noticeable swelling was seen af- in the mild and moderate TBI groups. Brain midline shifted
ter removal of hematoma. In the mild TBI group, there was to the right side in the severe TBI group. Hematoxylin-eosin
mild cerebral contusion, accompanied by a small amount of  staining did not demonstrate noticeable abnormal changes in
subarachnoid hemorrhage. In the moderate and severe TBI the brain tissue of the control group. Under the light micro-
groups, there were remarkable cerebral contusion and differ- scope, neurons were swollen to different degrees, and brain
ent sizes of hemorrhage foci. The degree and range of brain edema was observed in the mild TBI group. In the moderate
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Figure 2. Typical spectra. Spectra in the mild, moderate, and severe TBI groups at 1 hour (A-C), 6 hours (D-F), and 24 hours (G-I) after
injury. NAA — N-acetylaspartate; Cho — choline-compound; Cr — creatine; Lac — lactic acid.

TBI group, a large number of inflammatory cell infiltrations
and degenerated neurons were found surrounding glial cells.
In the severe TBI group, there were a large number of necrotic
glial cells and degenerated neuronal cells with peripheral vac-
uolization. MRI showed abnormal signals in the parietal cor-
tex and hippocampus on the injured side, and presented long
T1 and long T2 alterations. The area of abnormal signal was
largest in the severe TBI group. MRl manifestations were con-
sistent with pathological results (Figure 5).

Discussion

In recent years, the incidence of TBI increases year by year.
Some patients with mild TBI can be self-recovered. Most of the
patients with moderate to severe TBI present poor recovery,
thereby seriously affecting their quality of life. Early diagnosis,
and timely and effective treatment are particularly critical for
patient rehabilitation. This study simulated the pathophysio-
logical state of human TBI in rabbits, and analyzed the chang-
es in the metabolite concentrations in the brain by using MRS.
Our results showed that, compared with conventional MRI,
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Figure 3. NAA/Cr ratio at various time points after injury.

Figure 4. Cho/Cr ratio at various time points after injury.

Table 3. Correlation between NAA/Cr ratio and severity of attack at 24 hours post injury.

Control group Mild TBI group

Severity of attack

= 4
(g/cm) 00
NAA/Cr 2.1140.16 1.58+0.21
n 10 10

Moderate TBI group  Severe TBI group rvalue P value
600 1000

””””” 127:033  1omo1s 092 <001

””””””” T

MRS detected the pathological changes of intracranial abnor-
malities earlier, and provided earlier accurate determination
of the severity of TBI.

MRS, as an effective supplement to conventional MRI, has
high requirements for coils. Previous studies have report-
ed use of a human coil in the study of animal MRI, especial-
ly 8-channel knee coils and head coils. The rabbit brain is rel-
atively smaller than the human brain, so signal-to-noise ratio
(SNR) cannot be distinctly revealed due to low SNR when us-
ing human coils. H-MRS also has difficulty detecting stable
spectral lines. In this study, coil SNR measurement of aque-
ous solution model demonstrated that the SNR of self-made
cap-like coil according to the size of rabbit brain was remark-
ably higher than that of using 8-channel knee coil and 8-chan-
nel head coil [3]. However, the uniformity of the volume coil is
higher than that of the cap-like coil. Effective detection depth
of the cap-like coil is 1/2 the effective diameter of the coil. In
this study, the effective diameter of the cap-like coil was 8 cm,
so its effective detection depth was 4 cm, which mets our re-
quirement. Moreover, the left and right sides of our cap-like
coil were symmetrical. The device was selected to block the
generation of an interference magnetic field, thus enhancing
the stability of the coil.

Among spectra, the NAA peak is highest in normal brain, as re-
vealed by H-MRS. NAA mainly exists in mature neurons, and

its content can reflect the functional status of neurons. NAA
peak reduction does not necessarily mean the loss of neurons,
but temporary neurological dysfunction can also lead to NAA
decline [5]. The specific function of NAA is not clear. A signif-
icant decrease in NAA after trauma occurs because NAA, as
an acetyl compound, is decomposed for the synthesis of ace-
tyl coenzyme A [6]. In this study, MRS was conducted at 1 h
after injury. Decreased NAA/Cr ratio was detected in the in-
jured white matter. NAA/Cr ratio was still reduced within 24
h after injury. Lin et al. [7] found that the NAA peak was sig-
nificantly decreased in the semioval center, splenium of cor-
pus callosum, and white matter of bilateral frontal lobe of
mild TBI patients in long-term follow-up. The decreased NAA
peak in the white matter indicated decreased axonal activity,
but did not suggest neuronal death [7], which was consistent
with the pathological results in our mild TBI group. A previ-
ous study showed that repeated mild brain injury reduced the
NAA peak to baseline, and it cannot be restored [8]. The phe-
nomenon of the NAA peak falling to baseline was not found
in this study. This may be because our rabbits were only in-
jured once. Moreover, MRS detection is limited to the acute
stage of TBI. Our results demonstrated that, compared with
the control group, the decrease of NAA/Cr ratio was positive-
ly correlated with the degree of injury. Previous studies [9,10]
have confirmed similar conclusions to our study in the traumat-
ic spectrum of the pons and midbrain. This provides a strong
basis for judging the severity of brain injury by NAA/Cr ratio.
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Figure 5. Pathological results at 24 hours after injury under a light microscope. (A) Mild TBI group: mild swelling in some neurons
(hematoxylin-eosin staining, x100). (B) Moderate TBI group: inflammatory cell infiltration, some neuronal degeneration
(hematoxylin-eosin staining, x100). In the severe TBI group, a large number of necrotic glial cells and inflammatory cell
infiltration (hematoxylin-eosin staining, x100, C), obvious neuronal swelling and vacuoles (hematoxylin-eosin staining,

%400, D).

Cho is a general term for choline phosphate, phosphatidylcho-
line, and choline glycerophosphatide, and reflects total cho-
line reserves in the brain. Cho is the precursor of acetylcho-
line and phosphatidylcholine. Acetylcholine affects memory
cognitive function and mental state. Phosphatidylcholine par-
ticipates in the synthesis and metabolism of cell membranes.
Within 24 h after injury, Cho peaks in the brain diminish to
different degrees. Our results demonstrated that, compared
with the control group, the Cho/Cr ratio was also reduced at
1 h after injury, and the decrease was most significant in the
severe TBI group compared with the mild and moderate TBI
groups. The reduction in Cho/Cr ratio was probably associat-
ed with the cell necrosis and cell number decrease induced
by cell membrane damage. The Cho/Cr ratio was lowest at 6
h, and gradually increased by 24 h, but was still lower than in
the control group. Partial recovery of Cho/Cr ratio was possibly
associated with cell injury-induced increased myelin degrada-
tion or glial cell proliferation after TBI, indicating that damage

in a certain range of brain tissue has some self-repair capac-
ity [8]. Another study [11] verified that the increased Cho/Cr
ratio was associated with the increased cell number induced
by inflammatory reaction. In the present study, Cho/Cr ratio
was increased in the frontal lobe on the injured side in the
control group, which may be induced by local inflammatory
response during surgery.

Among spectra, the Cr peak is third highest in normal brains,
as revealed by MRS. Cr contains creatine and phosphocreatine,
and a small amount of r-aminobutyric acid, lysine, and gluta-
thione. Cr is a reserve of high-energy phosphate compounds
and is a buffer for ATP and ADP [7]. Cr content is stable in the
brain, and is commonly used as an internal reference. After
brain injury, Cr concentration can diminish [12], but the degree
of decrease is small. In this study, the relative ratio of metab-
olite to creatine was used for assessment. High-performance
liquid chromatogram can be used to quantitatively determine
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actual concentrations of metabolites, or to determine the ac-
tual concentration by calculating the area under the peak of
the metabolite spectral line, so as to assess the degree of TBI.
Nevertheless, brain edema after TBI and individual differences
in brain function will affect the actual test results. Therefore,
we did not detect the actual concentration.

Lac is the product of anaerobic glycolysis, and can indirectly
indicate hypoxia. MRS can show the increased Lac level and
increased Cho level, as well as decreased NAA and Cr levels in
TBI patients, suggesting obvious hypoxia after TBI, and indicat-
ing that the injury was severe and irreversible [13]. If increased
Lac levels were not observed, the prognosis was good [13]. In
this study, Lac peak continued to rise within 24 h after injury
in the moderate and severe TBI groups, and the increase was
most significant in the severe TBI group, suggesting that Lac
peak level was positively associated with the degree of injury.
A previous study [14] confirmed that appearance or increase
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