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INTRODUCTION
Traumatic brain injury (TBI) results in 

primary damage to selected brain regions 
immediately or within a few minutes. is 
injury is generally easily recognized on 
computerized tomographic scans taken in 
the emergency room, and is often the target 
of emergency surgery. However, adjacent 
tissue may be variably damaged in the 
acute process or as a result of secondary 
insults. e pathological changes in this 
adjacent tissue have been best characterized 
by imaging (11-13) and by studies of brain 
metabolism (4). In addition, widespread 
disturbances of brain metabolism with re-
gional heterogeneity exist after experimen-
tal TBI and human TBI. e significance 
of focal pathology on the metabolism of 
the surviving surrounding brain tissue is 
not well appreciated. Unfortunately, this 
regional variation of metabolism may not 
be static and may change over time (3). 
us, monitoring brain metabolism dur-
ing the acute injury period is difficult to do 
with neuroimaging alone. 

e ability to selectively monitor sur-
rounding tissue has recently been studied 
using positron emission tomography (2, 
7, 10) and continuous monitoring may 
be possible using cerebral microdialysis 
(5, 9, 10, 14, 18). Cerebral microdialysis 
offers an indirect method of monitoring 
brain metabolism by looking at changes 
in the extracellular substrates and products 
of metabolism. e enhanced temporal 
resolution of cerebral microdialysis is offset 
by the confined regional specificity of the 
technique, with a sampling tissue volume 
of 1 to 2 cm3. However, strategically placed 
microdialysis catheters may offer continu-

ous monitoring of a specific region of inter-
est over time. 

e purpose of this paper is to delineate, 
using 3 case examples, the ability of cerebral 
microdialysis to provide continuous moni-
toring of regionally heterogeneous brain 
glucose metabolism. Regional neurochemi-
cal heterogeneity of glucose metabolism 
is confirmed by using fluorodeoxyglucose 
positron emission tomography (FDG-
PET) and proton-magnetic resonance 
spectroscopy (H-MRS).

METHODS
e present study was an observational 

trial approved by the University of Cali-
fornia, Los Angeles institutional review 
board for human research. Five patients 
with severe TBI (Glasgow Coma Score<8, 
brain contusions on CT scan, intracranial 
pressure monitored) were studied using ce-
rebral microdialysis, MRS and FDG-PET. 
e methods of cerebral microdialysis (18) 
and FDG-PET (4) have been previously 
described. Briefly, the patients had micro-
dialysis catheters placed adjacent to an ex-
ternal ventricular drain and in normal tis-
sue adjacent to the primary contusion; each 
catheter was perfused with normal saline 
at 2 uL/min. Sequential 1-hour samples 
of 120 uL were taken for 7 days. During 
the initial 72 hours, an FDG-PET scan was 
performed using a dynamic quantitative 
technique. A single intravenous injection of  
10 mci 2-deoxy-glucose was made followed 
by a 3-dimensional dynamic acquisition 
using 18 frames (4 × 30 seconds, 4 × 120 
seconds, and 10 × 300 seconds) and serial 
arterial and venous blood draws. Calcula-
tion of regional glucose metabolic rates in 
a 2 cm2 region of the cerebral microdialysis 
probe were made after co-localization of 

the probe. e probe location was co-regis-
tered with the PET using MRI and/or CT 
images on which the probe could be seen. 
Immediately after FDG-PET scan, an MRI 
with MRS was performed using a 1.5 Tesla 
magnet (Sonata, Seimens Corporation). 
Conventional imaging consisted of axial 
T1 weighted and T2 weighted images of 
5-mm slice thickness and slice separation 
of 7.5 mm. Proton spectra were obtained 
using multiple voxel spectroscopic imaging 
with long echo times (TR 1500, TE = 135 
msec). A single slice that incorporates the 
middle of the focal contusion was used for 
the MRS, yielding 120 individual voxels 
of 1.5 cm3 size. Water and lipid shielding 
were performed to maximize signal to noise 
ratios. Excellent spectra were obtained 
with identifiable peaks. Automated quan-
titative values for lactate, choline, N-acetyl 
aspartate (NAA), and creatine (Cr) were 
obtained for each voxel. Ratios of NAA/Cr 
and lactate/Cr in pericontusional and nor-
mal appearing white matter (NAWM) were 
also compared. us microdialysis, FDG-
PET and H-MRS each sampled a similar 
volume of tissue (1.5 cm3). Univariate 
analyses of variance for differences in mi-
crodialysis values, CMRglucose values and 
MRS values were performed to determine 
important regional differences. 

RESULTS
Five patients with severe traumatic 

brain injury, GCS<8, underwent MRS 
and cerebral microdialysis. e patients 
were studied starting within 12 hours of 
injury with serial measurements, until 10 
days after injury. e patients all suffered 
intraparenchymal contusional injuries in 
the frontal lobes with variable size of the 
contusions ranging from 25 to 60 cm3. All 
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patients required surgical evacuation of pri-
mary hemorrhagic contusions. Pathological 
specimens demonstrated necrotic brain 
interspersed with viable tissue, hemorrhage 
and scant mononuclear inflammatory cell 
infiltrates. Two of the 5 had persistent 
increased intracranial pressure (ICP)>20 
mm Hg and all required CSF drainage to 
manage ICP. Four of the 5 made a good 
outcome with 6 month Glasgow Outcome 
Score of >4, whereas care was withdrawn in 
the third patient, which resulted in death. 

MRS imaging done simultaneously with 
cerebral microdialysis was done in all 5 

patients. In these patients, multivoxel MRS 
was done at the level containing the con-
tusion and a separate slice containing the 
microdialysis probe. Representative spectra 
were obtained from 3 possible regions in 
each patient. e 3 regions were normal 
appearing white matter, pericontusional 
tissue and in the region of the microdialysis 
probe (adjacent to the ventriculostomy). 
In general the NAA values were lowest in 
the pericontusional tissue compared with 
normal appearing white matter (NAWM 
)(p<0.001).

Microdialysis values varied among sub-
jects, making it difficult to compare tissue 
types in this small population. However, 
3 patients underwent dual probe microdi-
alysis with sampling of the pericontusional 
tissue and normal appearing white matter. 
Regional heterogeneity of cerebral micro-
dialysis profiles for glucose and lactate was 
found. e microdialysis glucose values 
were higher (0.34 ± 0.11 versus 0.11 ± 0.03 
mmol) and microdialysis lactate values 
lower (0.5 ± 0.2 versus 1.2 ± 0.17 mmol) in 
NAWM in comparison to pericontusional 
tissue. 

Figure 1. Combined MRS and microdialysis in three regions after traumatic brain injury and corresponding FDG-PET scan. 
Top Panel left: MRI T2 localizing image with MRS grid highlighted to show voxel adjacent to microdialysis probe 1. Note that adjacent spectra demonstrates a 
reduced NAA and a prominent lactate peak at 1.3 ppm. 
Top Panel Right: Corresponding microdialysis hourly samples showing low glucose and elevated lactate extracellular levels in the same voxel. 
Middle Panel left: MRI and MRS in voxel adjacent to microdialysis probe 2 demonstrating normal NAA values and absence of lactate peak. Middle Panel right: 
Microdialysis hourly samples from probe 2 showing normal glucose and lactate extracellular levels in the same voxel. 
Bottom Panel left: MRI and MRS in pericontusional tissue showing a lactate peak and reduced NAA.  
Bottom Panel right: Corresponding FDG-PET scan showing increased glucose uptake in pericontusional tissue that has evidence of lactate on MRS.
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Regional metabolic rates for glucose 
(CMRglucose) values were obtained from 
FDG-PET scans in 3 of the 5 patients. e 
CMRglucose values ranged from 3.5 to 
9.4 mg/100 kg/min in regions containing 
the microdialysis probe. In 2 patients with 
regional increased glucose metabolism in 
pericontusional regions (6.2 and 8.8 mg/

100kg/min), microdialysis glucose was low 
(<0.2 mmol/l). By comparison, in NAWM 
the FDG-PET demonstrated decreased 
CMRglucose (3.2 and 3.4 mg/100 kg/min) 
and the corresponding microdialysis glucose 
was in the normal range (0.4-0.6 mmol/l). 
Corresponding microdialysate lactate was 
increased (to levels 1.5 mmol) in one of 
2 patients with increased CMRglucose 
in pericontusional tissue. Figure 1 shows 
an example of combined H-MRS, FDG-
PET and microdialysis in a patient with 
a right parietal contusion. is example 
demonstrates high levels of CMRglucose 
and elevated MRS lactate levels in the 
pericontusional tissue whereas the NAWM 
has reduced glucose metabolism, higher 
levels of NAA and corresponding normal 
range of microdialysis glucose and lactate 
levels. Moreover, the region surrounding 
the ventriculostomy demonstrates elevated 
microdialysis lactate and reduced glucose in 
combination with increased CMRglucose. 
Hence this patient demonstrates marked 
metabolic heterogeneity.

MRS imaging done within 24 hours of 
the PET scans in 2 patients demonstrate re-
duced NAA/Cr (<4) and increased Cho/Cr 
(<3) ratios in the pericontusional tissue. e 
NAA/Cr ratios were lowest in the pericon-
tusional tissue in comparison to ipsilateral 
NAWM and contralateral NAWM. Table 1 
shows the values obtained. In addition, a 
lactate signal was seen in pericontusional 
areas. In both cases, microdialysis lactate 
was elevated (>1.4 mmol) in the same 
region that demonstrated a MRS lactate 
signal. On FLAIR MRI the pericontusional 
tissue demonstrated the consistent finding 
that increased signal intensity occurred in 
the regions containing H-MRS lactate sig-

nals. Figure 2 demonstrates a regional map 
of lactate values within the H-MRS grid at 
the level indicated by the corresponding 
anatomical image. e lactate is elevated 
near the region of contusion, but is also 
present in remote areas.

 
DISCUSSION

e main preliminary findings con-
tained in this paper are as follows: i) there 
is marked heterogeneity of brain glucose 
metabolism and neurochemistry in the 
traumatized brain during the initial week 
after injury; ii) pericontusional tissue 
demonstrates the lowest NAA levels, mi-
crodialysis glucose levels, and evidence of 
increased glucose metabolism compared 
with remote regions of the brain white 
matter; iii) multiple methods of measuring 
brain metabolism provide converging lines 
of evidence that the heterogeneity of post-
traumatic brain metabolism exists and that 
whole brain analysis methods may average 
out these important differences; and iv) 
cerebral microdialysis provides longitudi-
nal data about brain metabolism that can 
be confirmed by whole brain measures of 
brain chemistry and metabolism. 

TBI results in a heterogeneous distribu-
tion of injury and metabolic dysfunction 
with some areas immediately irreversibly 
injured and other areas affected to a vari-
able degree. Widespread alterations in 
brain metabolism and neurochemistry have 
been documented by various techniques, 
including PET, microdialysis and MRS. 
Pathologically, tissue is disrupted both in 
the primary injury site and in remote areas 
that otherwise appear normal. Tissue ede-
ma, hemorrhage, demyelination and cell 
death are macroscopic changes that occur 
in a small portion of the brain and are less 
widespread than the abnormalities apparent 
by the above-mentioned techniques. ese 
latter changes are best characterized by the 
term “metabolic dysfunction.” Metabolic 
dysfunction is characterized by abnormal 
mitochondrial function, increased glucose 
metabolism and alteration of ionic homeo-
stasis. is metabolic dysfunction is also 
heterogeneous and has a temporal behavior 
that changes over time, and may lead to 
alternative fuels being used in addition to 
glucose. While this burning of additional 
fuels is not apparent on either gross inspec-
tion or computerized tomography, meth-
ods such as MRS, microdialysis and PET 

Patient Pericontusional
Ipsilateral

NAWM
Contralateral

NAWM

Patient 1

NAA 0.50 4.40 4.20

NAA/Cr 0.95 1.76 2.40

Cho/Cr 0.88 1.20 1.22

FDG-PET 6.20 3.90 3.60

Patient 2 

NAA 0.60 3.40 3.50

NAA/Cr 0.88 1.71 1.00

Cho/Cr 1.06 1.18 0.98

FDG-PET 8.20 4.60 4.50

Table 1. The distribution of the MRS and PET data from two patients with combined studies.

Figure 2. MRI T2 image at the level of the brain 
contusion superimposed with quantitative values 
for selected compounds from each voxel. The 
quantitative values of lactate from each voxel 
were aligned in a table, the table size adjusted to 
the corresponding voxel siz, shade calibrated in 
pink, then overlaid on the imaging region. There 
is regional heterogeneity of the lactate values with 
pericontusional tissue demonstrating high levels 
of total tissue lactate. 



212   Regional Heterogeneity of Post-traumatic Brain Metabolism—Vespa et al Regional Heterogeneity of Post-traumatic Brain Metabolism—Vespa et al   213

enable a clinical diagnosis of dysfunction. 
In this context, monitoring this abnormal 
metabolism throughout the acute post 
injury period may be prudent in order to 
provide an appropriate supply of fuel.

Microdialysis has provided an important 
monitor of dysfunctional metabolism in 
the acute setting after TBI. Microdialysis 
has also been able to detect the occurrence 
of secondary insults, such as brain ischemia 
and seizures, and provides a clear-cut pat-
tern of the collapse of brain function during 
terminal herniation. is pattern involves 
collapse of brain circulation, evidenced 
by reduction of extracellular glucose to 
below detectable limits and an increase in 
the lactate/pyruvate ratio. Some research-
ers have suggested that microdialysis can 
serve as a prognostic tool since this pattern 
marks complete loss of brain function in 
the region of the microdialysis probe. In 
addition, patients with worse outcome tend 
to have higher glutamate and lactate values 
and lower glucose values in comparison to 
those with a good outcome (1, 9). 

As an in vivo monitor, microdialysis 
provides on-line assessment of the utiliza-
tion of glucose and lactate. In the current 
study, regional heterogeneity of glucose and 
lactate levels depends on the area sampled. 
Moreover, the glucose values are <0.2 mmol 
in regions of brain that exhibit hypergly-
colysis, while lactate is increased in selected 
regions that display hyperglycolysis. e 
presence of elevated whole tissue lactate is 
confirmed on the H-MRS. Given the vari-
ability in brain metabolism, as confirmed by 
both FDG-PET and H-MRS, selection of 
the proper site for microdialysis monitoring 
is crucial for clinical management. On-line 
microdialysis monitoring provides a means 
to track important changes in brain me-
tabolism, but regional heterogeneity must 
be kept in mind. Within these restrictions, 
microdialysis is a powerful technique.

H-MRS provides important insight 
into the regional heterogeneity of brain 
metabolism and neurochemical levels. 
Across a wide spectrum of traumatic brain 
injury, H-MRS has demonstrated signifi-
cant reductions in NAA or NAA/Cr and 
elevations in Cho/Cr (6, 8, 15). Reference 
normal values of the selected analytes are 
as follows: NAA/Cr>4, NAA/Cho>3, and 
Cho/Cr>1.5 (17).  Reduction in NAA is 
thought to reflect impairment of mito-
chondrial function and the ability to make 

ATP (16). ese changes occur in NAWM 
but also in pericontusional tissue. To date, 
there have been few studies defining the 
regional heterogeneity of these changes, 
in part because early studies on critically 
ill patients are difficult to do. e peri-
contusional region demonstrates the most 
profound reduction in NAA and increase 
in lactate while normal appearing white 
matter displays more normal values. Com-
bining information from H-MRS with the 
microdialysis data, areas of reduced NAA/
Cr demonstrate microdialysis markers of 
metabolic dysfunction. In addition, in the 
cases reported here the two H-MRS voxels 
adjacent to the microdialysis catheters show 
regional heterogeneity of the lactate values 
that qualitatively match the relative differ-
ences in microdialysis lactate levels. us, 
one may foresee the opportunity of using 
H-MRS and microdialysis in combination 
to monitor brain metabolism in a regional 
and temporal fashion. 

is paper demonstrates the concept of 
using PET, microdialysis and MRS in an 
integrated way to study the heterogeneity 
of brain metabolism in both a spatial and 
temporal fashion. In addition, microdialy-
sis can be used to validate tissue concentra-
tions of important neurochemicals. is 
validation can be used to calibrate the H-
MRS. Once this validation has been done, 
non-invasive testing such as MRS may be 
able to provide robust repeated measures 
of metabolic pathophysiology across the 
entire spectrum of brain trauma, including 
mild brain injury. 

REFERENCES

1. Alessandri B, Doppenberg E, Bullock R, Wood-
ward J, Choi S, Koura S, Young HF. (1999) Glucose 
and lactate metabolism after severe human head 
injury: influence of excitatory neurotransmit-
ters and injury type. Acta Neurochir (Suppl 1)75:
21-24.

2. Bergsneider M, Hovda DA, Lee SM, Kelly DF, 
McArthur DL, Vespa PM, Lee JH, Huang SC, Mar-
tin NA, Phelps ME, Becker DP (2001) Dissociation 
of cerebral glucose metabolism and level of 
consciousness during the period of metabolic 
depression following human traumatic brain 
injury. J Neurotrauma 17:389-401.

3. Bergsneider M, Hovda DA, McArthur DL, 
Etchepare M, Huang SC, Sehati N, Satz P, Phelps 
ME, Becker DP (2001) Metabolic recovery follow-
ing human traumatic brain injury based on FDG-
PET: time course and relationship to neurological 
disability. J Head Trauma Rehabil 16:135-148.

4. Bergsneider M, Hovda DA, Shalmon E, Kelly DF, 
Vespa PM, Martin NA, Phelps ME, McArthur DL, 
Caron MJ, Kraus JF, Becker DP (1997) Cerebral 
hyperglycolysis following severe traumatic brain 
injury in humans: a positron emission tomogra-
phy study. J Neurosurg 86:241-251.

5. Bullock R, Zauner A, Woodward JJ, Myseros J, 
Choi SC, Ward JD, Marmarou A, Young HF. (1998) 
Factors affecting excitatory amino acid release 
following severe human head injury. J Neurosurg 
89:507-518.

6. Condon B, Oluoch-Olunya D, Hadley D, Teas-
dale G, Wagstaff A (1998) Early 1H magnetic 
resonance spectroscopy of acute head injury: 
four cases. J Neurotrauma 15:563-571.

7. Diringer, MN, Videen TO, Yundt K, Zazulia AR, 
Aiyagari V, Dacey RG Jr, Grubb RL, Powers WJ 
(2002) Regional cerebrovascular and metabolic 
effects of hyperventilation after severe traumatic 
brain injury. J Neurosurg 96:103-108.

8. Garnett MR, Corkill RG, Blamire AM, Rajagopa-
lan B, Manners DN, Young JD, Styles P, Cadoux-
Hudson TA (2001) Altered cellular metabolism 
following traumatic brain injury: a magnetic 
resonance spectroscopy study. J Neurotrauma 18:
231-240.

9. Goodman JC, Valadka AB, Gopinath SP, Uzura 
M, Robertson CS. (1999) Extracellular lactate 
and glucose alterations in the brain after head 
injury measured by microdialysis. Crit Care Med 
27:1965-1973.

10. Hutchinson PJ, Gupta AK, Fryer TF, Al-Rawi PG, 
Chatfield DA, Coles JP, O’Connell MT, Kett-White 
R, Minhas PS, Aigbirhio FI, Clark JC, Kirkpatrick 
PJ, Menon DK, Pickard JD (2002) Correlation 
between cerebral blood flow, substrate delivery, 
and metabolism in head injury: a combined mi-
crodialysis and triple oxygen positron emission 
tomography study. J Cereb Blood Flow Metab 22:
735-745.

11. Ito J, Marmarou A, Barzo P, Fatouros P, Corwin 
F (1996) Characterization of edema by diffusion-
weighted imaging in experimental traumatic 
brain injury. J Neurosurg 84:97-103.

12. Marion DW, Bouma GJ (1991) The use of 
stable xenon-enhanced computed tomographic 
studies of cerebral blood flow to define changes 
in cerebral carbon dioxide vasoresponsivity 
caused by a severe head injury. Neurosurgery 29:
869-873.

13. Marshall LF, Marshall SB, Klauber MR, Van Ber-
kum Clark M, Eisenberg H, Jane JA, Luerssen TG, 
Marmarou A, Foulkes MA (1992) The diagnosis 
of head injury requires a classification based on 
computed axial tomography. J Neurotrauma 9 
(Suppl 1):S287-292.

14. Reinstrup P, Stahl N, Mellergard P, Uski T, 
Ungerstedt U, Nordstrom CH (2000) Intracere-
bral microdialysis in clinical practice: baseline 
values for chemical markers during wakefulness, 
anesthesia, and neurosurgery. Neurosurgery 47:
701-709.

15. Ross BD, Ernst T, Kreis R, Haseler LJ, Bayer S, 
Danielsen E, Bluml S, Shonk T, Mandigo JC, Caton 
W, Clark C, Jensen SW, Lehman NL, Arcinue E, 
Pudenz R, Shelden CH (1998) 1H MRS in acute 



214   Regional Heterogeneity of Post-traumatic Brain Metabolism—Vespa et al

traumatic brain injury. J Magn Reson Imaging 8:
829-840.

16. Signoretti S, Marmarou A, Tavazzi B, Lazzarino 
G, Beaumont A, Vagnozzi RN (2001) Acetylaspar-
tate reduction as a measure of injury severity and 
mitochondrial dysfunction following diffuse trau-
matic brain injury. J Neurotrauma 18:977-991.

17. Van Der Knaap MS, van der Grond J, van Rijen 
PC, Faber JA, Valk J, Willemse K (1990) Age-de-
pendent changes in localized proton and phos-
phorus MR spectroscopy of the brain. Radiology 
176:509-515.

18. Vespa P, Prins M, Ronne-Engstrom E, Caron 
M, Shalmon E, Hovda DA, Martin NA, Becker DP 
(1998) Increase in extracellular glutamate caused 
by reduced cerebral perfusion pressure and 
seizures after human traumatic brain injury: a 
microdialysis study. J Neurosurg 89:971-982.

19. Vespa, P, McArthur, D, Glenn, T, O’Phelan, K, 
Etchepare, M, Kelly, D, Bergsneider, M, Martin, 
NA, Hovda, DA (2003) Persistently reduced lev-
els of extracellular glucose early after traumatic 
brain injury correlate with poor outcome at six 
months: A microdialysis study.  J Cereb Blood Flow 
Metab 23:865-877.


