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The role of neuroinflammation is increasingly being recognised in a diverse range of cerebral
pathologies, including traumatic brain injury (TBI). We used cerebral microdialysis and paired
arterial and jugular bulb plasma sampling to characterise the production of 42 cytokines after severe
TBI in 12 patients over 5 days. We compared two microdialysis perfusates in six patients: central
nervous system perfusion fluid and 3.5% human albumin solution (HAS); 3.5% HAS has a superior
fluid recovery (95.8 versus 83.3%), a superior relative recovery in 18 of 42 cytokines (versus 8 of 42),
and a qualitatively superior recovery profile. All 42 cytokines were recovered from the human brain.
Sixteen cytokines showed a stereotyped temporal peak, at least twice the median value for that
cytokine over the monitoring period; day 1: tumour necrosis factor, interleukin (IL)7, IL8,
macrophage inflammatory protein (MIP)1«, soluble CD40 ligand, GRO, IL1p, platelet derived growth
factor (PDGF)-AA, MIP1S, RANTES; day 2: IL1 receptor antagonist (ra). IL6, granulocyte-colony
stimulating factor (G-CSF), chemokine CXC motif ligand 10 (IP10); days 4 to 5: IL12p70, IL10. Brain
extracellular fluid concentrations were significantly higher than plasma concentrations for 19
cytokines: basic fibroblast growth factor (FGF2), G-CSF, IL1«, IL1p, IL1ra, IL3, IL6, IL8, IL10, IL12p40,
IL12p70, IP10, monocyte chemotactic protein (MCP)1, MCP3, MIP1«, MIP1p, PDGF-AA, transforming
growth factor (TGF)a and vascular endothelial growth factor. No clear arterio-jugular venous
gradients were apparent. These data provide evidence for the cerebral production of these cytokines
and show a stereotyped temporal pattern after TBI.
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Introduction

Traumatic brain injury (TBI) is a complex pathology
with numerous mechanisms of neuronal injury,
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including blood-brain barrier (BBB) breakdown,
cerebral oedema (Unterberg et al, 2004), excitotoxi-
city (Yi and Hazell, 2006), altered cerebrovascular
reactivity (Czosnyka et al, 2009), and mitochondrial
dysfunction (Robertson et al, 2009). The role of the
cerebral inflammatory response has received increas-
ing interest because it has become apparent that the
central nervous system is not immunologically
privileged as believed previously (Denes et al,
2009). Empirical evidence for the role of neuroin-
flammation after TBI has come from a number of
findings, including microgial activation (Hailer,
2008), local invasion of circulating immune cells
(Gentleman et al, 2004), local cytokine production
(Goodman et al, 2008; Hutchinson et al, 2007), and
astrocytic activation and proliferation (Schultzberg
et al, 2007). Cytokines are a diverse group of small
proteins synthesised by a wide variety of cell types,
which act as autocrine and paracrine mediators of
the inflammatory response to injury or infection.
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Cytokines may provide a promising therapeutic
target because they are likely to have a mechanistic
role in the injurious and subsequent reparative pro-
cesses triggered by neurotrauma (Morganti-Kossmann
et al, 2007; Schmidt et al, 2005). Cytokines are
expressed by a wide variety of cell types and have
pleiotropic actions depending on the exact context in
which they are expressed. Therefore, it is important
to accurately define the specific cerebral component
of the inflammatory response to trauma because it
may differ, both quantitatively and qualitatively,
from systemic inflammatory responses.

Cerebral microdialysis is a technique that is unique
in its capability to continuously sample brain par-
enchymal concentrations of numerous molecules of
interest in vivo over a period of several days (Helmy
et al, 2007a). We have previously shown a reliable
methodology for the recovery of cytokines using
microdialysis in vitro, specifically, overcoming the
combined difficulties of low absolute concentration
(pg/mL range), small volume of sample (uL range),
and low relative recovery (RR) (Helmy et al, 2009).

This study is divided into two parts. The first
section of the study is methodological, building on our
previous study of cytokine microdialysis in vitro,
comparing a crystalloid solution with a 3.5% human
albumin solution (3.5% HAS) as microdialysis cathe-
ter perfusates. This was achieved by placing two
microdialysis catheters in six human patients, side by
side, using the same cranial access device to compare
both cytokine proportional recovery (PR) and fluid
recovery (FR) between the two perfusates (see the
‘Materials and methods’ section for definitions).

We concluded that the 3.5% HAS perfusate was
superior, and in the second section of the study, we
recruited a further 6 patients, using a single micro-
dialysis catheter in each patient perfused with 3.5%
HAS solution, to characterise the cytokine response
to human TBI using cerebral microdialysis in a total
of 12 patients. A 42-cytokine panel (Supplementary
Table 1) was chosen to provide the widest currently
commercially available multiplex analysis platform,
incorporating numerous cytokines of interest. The
final aim was to define the relationship between the
systemic and the central inflammatory responses by
incorporating simultaneous plasma sampling (arter-
ial and jugular venous) alongside microdialysis
sampling in all patients.

Materials and methods
Clinical Aspects

The study protocol was approved by the ‘Cambridgeshire
(2) Local Research Ethics Committee’. The study recruited
patients with severe TBI defined as patients presenting
with cranial trauma, a computed tomography scan con-
sistent with TBI, and a postresuscitation Glasgow coma
score (GCS) <8. All patients were treated with paralysis,
sedation, endotracheal intubation, and ventilation
throughout the study period. Patients were included in

Human cytokine response to TBI
A Helmy et al

the study for a maximum of 5 days or until monitoring was
discontinued for clinical reasons.

In the first six patients, intracerebral monitoring using a
triple lumen cranial access device (Technicam, Newton
Abbot, UK) comprised an intracranial pressure (ICP) monitor
(Codman, Raynham, MA, USA) and two microdialysis
catheters (CMA 71, 100 kDa molecular weight cutoff) placed
in adjacent ports within the access device. One catheter was
perfused with central nervous system perfusion fluid (CMA
Microdialysis AB, Solna, Sweden) (‘crystalloid perfusate’)
and the other with 3.5% (w/v) HAS (Pharmacy Manufactur-
ing Unit, Ipswich Hospital NHS Trust, Ipswich, UK)
composed in central nervous system perfusion fluid. In the
second six patients, a single microdialysis catheter perfused
with 3.5% HAS was used alongside a brain tissue oxygen
monitor (Licox Neurosciences, Andover, UK) and an ICP
monitor. All microdialysis catheters were perfused at 0.3 uL/
min using CMA 106 microinfusion pumps. The microdia-
lysis vials were kept at the same height as the microdialysis
pump to negate any additional hydrostatic forces that could
affect FR. The location of all monitoring devices within the
brain was confirmed on computed tomography scans. All
patients were treated using standardised clinical protocols for
severe TBI, as described previously, including jugular bulb
oximetry (Helmy et al, 2007b).

Microdialysis Methodology

Microdialysis vials were changed hourly in all catheters
and analysed on an ISCUS (CMA Microdialysis AB)
bedside analyser as per standard clinical protocols. The
remainder of each sample was then stored at —80°C.

Microdialysis is a technique that relies on the diffusion
of solutes between the extracellular space and the perfus-
ing fluid within the catheter. Water also diffuses freely
across the microdialysis membrane and a fluid shift into or
out of the microdialysis catheter can potentially alter the
biology of the extracellular space. Fluid recovery is defined
as the volume of fluid collected in the microdialysis vial as
a percentage of the fluid pumped into the microdialysis
catheter, and it provides a measure of the net shift of water
across the microdialysis membrane. Ideally, there should
be no net flux of water across the microdialysis membrane,
i.e., FR=100%. In the first six patients, microdialysis vials
were labelled and weighed before and after use to calculate
FR: both perfusing solutions had a density of 1mg/uL
(Helmy et al, 2009). An allowance was made for the
volume removed by the bedside ISCUS analyser (2.7 uL)
and for any variations in the fluid collection time; 100% FR
was calculated as 18 uL./h (0.3 uL/min).

Relative recovery, also termed ‘extraction efficiency,’ is a
key concept in microdialysis: it is defined as the
concentration of a species in the microdialysate divided
by the concentration of that species in the extracellular
space/external solution (Ungerstedt, 1991). It is frequently
estimated in vitro to allow a correction for the efficiency by
which the microdialysis catheter recovers substances from
the external milieu (Helmy et al, 2009). In this manner,
microdialysis concentrations of a species can be used
to calculate ‘true’ external concentrations. Using this
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methodology, it is not possible to determine RR for any
molecular species, because there is no definitive measure of
extracellular concentration. However, it is possible to
compare the absolute concentration recovered by crystalloid
and 3.5% HAS-perfused catheters using PR, defined as
concentration of cytokine recovered with 3.5% HAS
perfusate divided by the concentration of cytokine recovered
with crystalloid perfusate. A PR>1 implies that the 3.5%
HAS perfusate recovers cytokines more efficiently than does
the crystalloid perfusate, and therefore has a higher RR. A
high RR is desirable because it makes the microdialysis
technique more sensitive at detecting molecules that are at
low concentration in the extracellular space.

Intracranial pressure was measured continuously during
the monitoring period in each patient. To explore the
relationship between FR and ICP, a mean ICP was calculated
over the time period during which each individual vial was
collecting fluid, using the ICMplus software (University of
Cambridge, Cambridge, UK) (Czosnyka et al, 1994). This
allows a direct comparison of the FR in each vial with the
mean ICP over the time the vial was collecting fluid.

Plasma Sampling

Blood samples were limited to a maximum of twice daily to
minimise the risk of iatrogenic anaemia. Paired samples
were collected simultaneously from the arterial and jugular
bulb catheters in all patients. The first 1 mL of sample from
the dead space within the catheter was discarded and 5 mL
was subsequently collected and placed into an ethylene-
diaminetetraacetic acid tube. Samples were collected at
0800 and 1800 hours notwithstanding periods when this
was not possible for clinical reasons (such as patient
transfers to the operating theatre). Samples were immedi-
ately centrifuged for 15 minutes at 5,000r.p.m., at 4°C. The
supernatant (plasma) was decanted and divided into
150 pL. aliquots before storage at —80°C.

Cytokine Analysis

All samples were analysed using the Milliplex Multi-
Analyte Profiling Human Cytokine/Chemokine 42 analyte
premixed kit (Millipore, St Charles, MI, USA) using the
manufacturer’s instructions as described previously
(Helmy et al, 2009). Owing to the ultralow flow rates
inherent in microdialysis, the volume recovered in 1 hour
is insufficient for cytokine analysis. Therefore, microdia-
lysates from a 6-hour time period were pooled imme-
diately before analysis in all patients. Plasma samples had
sufficient volume for analysis without dilution or pooling.
All samples were assayed in duplicate wells (25 uL per
well) and the mean of the ensuing results was collected.
The plates were read using a Luminex 200 analyser
(Luminex Corporation, Austin, TX, USA) running STarSta-
tion software (Applied Cytometry Systems, Sheffield, UK).
Cytokine concentrations were calculated by reference to an
eight-point five-parameter logistic standard curve for each
cytokine. Microdialysate and plasma samples were run on
separate plates as the buffers and background (control)
wells for these samples differ within the assay protocol.
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Temporal Profile Cytokine Production in
Microdialysate

To allow for a valid comparison of temporal cytokine
profiles between patients, an allowance was made for
the varying time period between injury and starting
of monitoring (Supplementary Table 2). In this manner,
a generic temporal cytokine profile was built up, using data
obtained from all patients, related to the absolute time of
injury. We elected to look for ‘peaks’ for each of the
cytokines in each patient using the data from the 3.5%
HAS-perfused catheters, therefore incorporating data ob-
tained from all 12 patients. The peak is defined as two
consecutive time points at which these time point values
are at least twice the median value in that patient. The
timing of the peak is the time point at which the highest
value is found.

Statistical Analysis

All statistical analyses were carried out using the SPSS15
(SPSS, Chicago, IL, USA) for Windows. In all cases in
which paired microdialysate or plasma samples were
available, samples were only compared with those col-
lected concurrently (microdialysate or plasma samples)
because this provides a direct comparison in each patient
at a specific time point. The Kolmogorov—Smirnov test was
used to determine whether the various parameters mea-
sured were normally distributed. On this basis, Student’s
paired two-tailed t-test (P<0.05) was used to compare FR
between catheters perfused with crystalloid and 3.5%
HAS. The Wilcoxon signed rank test (two tailed, P<0.05)
was used to compare the cytokine concentrations in paired
crystalloid- and 3.5% HAS-perfused catheters, in paired
microdialysate and plasma samples, and in plasma arterial
and jugular venous samples. Median values are quoted for
PR and the ratio between brain extracellular and plasma
concentrations because these values are also not normally
distributed. The relationship between FR and ICP was
explored using a linear regression model and ANOVA
(analysis of variance) was used to calculate an F-ratio and
determine statistical significance (P<0.05). A linear
regression model was used to predict RR from previous
in vitro data (Supplementary Figure 4) (Helmy et al, 2009).

Results
Patient Demographics and Clinical Course

A total of 12 patients were recruited into the study,
all with severe diffuse TBI, of which 6 had two
microdialysis catheters inserted (crystalloid perfu-
sate and 3.5% HAS perfusate) and 6 had a single
microdialysis catheter inserted (3.5% HAS perfu-
sate). Baseline demographics (Supplementary Table
2) and catheter positions on computed tomography
scan (Supplementary Figure 1) were recorded.
Patient 6 required a bifrontal decompressive cra-
niectomy, for refractory raised ICP, on day 2 after the
beginning of the study. At the time of operation, the



microdialysis catheters and ICP monitor were re-
placed through the craniectomy defect rather than
through a triple lumen cranial access device. Supple-
mentary Figure 1 illustrates the repositioned catheters
in patient 6. One catheter is clearly seen within the
frontal horn of the right lateral ventricle, although it is
not possible to definitively determine which of the
two catheters is which solely on the scan appearance.

Fluid Recovery

As reported previously in vitro (Helmy et al, 2009), at
some time points, minimal (defined as FR <2%) or no
fluid was recovered from the microdialysis catheters in
vitro. Overall, 16 of 429 (3.7%) of the crystalloid-
perfused catheter vials recovered minimal fluid,
whereas 12 of 429 (2.8%) 3.5% HAS-perfused catheters
recovered minimal fluid. These catheters were ex-
cluded from any subsequent analysis. Table 1 shows
the mean FR + s.e.m. for each of the catheters, divided
by patient and pooled for the first six patients.

The mean FR in patient 6 using 3.5% HAS
perfusate was strikingly larger than any of the other
catheters in the study. There was a marked increase
in FR between the initial catheter (87.3% FR) and the
repositioned catheter after craniectomy (179.2% FR).
This large increase in FR was not mirrored in the
crystalloid-perfused catheter in the same patient,
suggesting that patient factors, such as ICP, could not
have been responsible for the change: in fact, mean
ICP was lower after decompressive craniectomy
(16.2mmHg postcraniectomy versus 20.7 mmHg).

Table 1 Comparison of fluid recovery between crystalloid and
3.5% HAS perfusate

Patient n  Fluid recovery  Fluid recovery  Paired
identifier mean% t s.e.m. mean% * s.e.m. t-test
(crystalloid) (3.5% HAS) P-value
1 59 93.6+2.5 90.2+2.3 0.162
2 75 73.7%1.2 92.1+2.7 <0.0001
3 61 89.8+4.7 103.7+5.4 <0.0001
4 57 92.7+2.3 96.7+2.8 0.038
5 63 83.6+3.9 99.91+4.5 <0.0001
6 83 85.3+4.5 154.8+7.0 <0.0001
6 (before 22 83.0+3.2 87.3+3.6 <0.0001
craniectomy)
6 (after 61 96.4+4.9 179.2+7.1 <0.0001
craniectomy)
Pooled’ 337 83.3+1.5 95.8+1.5 <0.0001

FR, fluid recovery; ICP, intracranial pressure; HAS, human albumin solution.
The mean FR £s.e.m. for each of the patients for each perfusate is listed
above. ‘n’ refers to the total number of pairs of microdialysis vials from which
the mean is derived in that patient. The final column is the significance value
using a paired, two-tailed t-test comparing the FR in the two catheters.
Patient 6 had two sets of catheters inserted for monitoring, one pair before
and one pair after decompressive craniectomy, for refractory raised ICP. The
postcraniectomy FR values in the 3.5% HAS perfusate catheter may be
artefactual as a result of aberrant placement within the cerebral ventricle. The
final row shows the pooled (1) values excluding the postcraniectomy values
from patient 6.
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We speculated that the large jump in FR in the
3.5% HAS-perfused catheter is a result of inadvertent
placement in the ventricle (Supplementary Figure 1).

We also explored the relationship between ICP and
FR as a source of potential variation in FR. Supple-
mentary Figure 2 shows a scatter plot of paired ICP
versus FR values for both crystalloid and 3.5% HAS
perfusates showing that for the crystalloid perfusate,
there is a statistically significant relationship between
ICP and FR, whereas with the 3.5% HAS perfusate,
this relationship is abolished, i.e., FR is constant
despite variations in ICP.

Proportional Recovery of Cytokines

Table 2 summarises the data obtained from the first
six patients: the percentage of samples in which the
concentration of cytokine could be determined and
the median cytokine concentrations recovered with
each perfusate (i.e., crystalloid or 3.5% HAS perfu-
sate). Proportional recovery was used to compare the
relative performance of the crystalloid and 3.5%
HAS perfusates in recovering cytokines (Table 2):
the median PR for each cytokine is illustrated in
Figure 1. To aid in distinguishing which cytokine
had a significant difference in paired cytokine
concentrations (Wilcoxon signed rank test, two
tailed, P<0.05 and P<0.001) between the two
catheters, these cytokines have been highlighted
with darker coloured bars. A total of 18 cytokines
had a significantly higher recovery using 3.5% HAS
perfusate (PR>1), whereas 8 cytokines had a sig-
nificantly higher recovery with the crystalloid
perfusate (PR<1). For a number of cytokines, a
proportion of samples analysed decreased below the
lower limit of sensitivity of the relevant assay. There
is considerable variation (Supplementary Figure 3)
over time in the absolute cytokine level recovered in
each patient; therefore, comparisons were made only
between catheters in the same patient.

Qualitative Comparison of Cytokine Production
Profiles Between Perfusates

In addition to differences in cytokine RR between
the two perfusates, a qualitative difference in
temporal cytokine profiles between the two perfu-
sates is also apparent. Figure 2 shows representative
examples of the cytokine temporal profiles recovered
with crystalloid and 3.5% HAS perfusates from
patient 1. There are a number of time epochs in
which the crystalloid-perfused catheter seems to
recover Cytokines at aberrant concentrations, e.g.,
interleukin (IL)1« time point 30 to 36 hours and IL1f
time point 6 to 12 hours. These anomalous values are
unlikely to be caused by patient- or catheter-related
factors, as the anomalous values only occur for a
given cytokine. For example, IL2, has a consistent
concentration throughout the monitoring period.
These apparently aberrant values occur sporadically
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Table 2 Cytokine concentrations and proportional recovery in the first 6 patients

Cytokine Crystalloid perfusate concentrations 3.5% HAS perfusate concentrations Proportional recovery
% Samples recovering Median % Samples recovering Median Median
cytokine (pg/mL) cytokine (pg/mL) (pg/mL)
EGF 88.6 4.17 76.3 3.00 0.83*
Eotaxin 100.0 3.48 99.0 3.49 1.12**
FGF2 94.9 5.73 99.0 5.92 1.04
Flt3 lig 82.4 4.22 80.4 7.13 1.42%**
Fractalkine 69.0 9.21 83.5 20.39 1.00
G-CSF 83.5 10.82 99.0 72.83 3.80%**
GM-CSF 65.0 3.57 79.4 3.99 1.17*
GRO 80.4 31.61 99.0 53.77 1.80*
IFNwx2 58.8 8.81 53.6 11.60 1.00
IFNy 24.77 7.61 41.2" 6.07 0.72
IL1a 83.5 19.25 86.6 80.21 3.45%**
IL1p 61.9 5.75 51.6 4.27 0.92*
IL1ra 97.9 90.60 99.0 73.23 1.02
IL2 68.0 0.89 61.9 0.94 0.95
IL3 59.8 49.83 55.7 26.26 0.80*
1L4 40.27 2.59 21.7° 0.97 0.45**
IL5 80.4 1.16 79.4 1.17 1.00
IL6 92.8 384.61 99.0 570.44 1.20
IL7 40.27 12.77 56.7 6.41 0.89
IL8 88.7 317.59 99.0 339.09 1.12
IL9 72.2 0.65 69.0 0.52 0.80*
IL10 66.0 2.80 95.9 6.64 2.36%**
IL12p40 56.7 2.45 51.6 3.91 1.13*
IL12p70 100.0 1.48 99.0 1.43 0.95
IL13 35.0° 0.76 48.4" 0.27 0.55
IL15 70.1 1.79 60.8 2.05 1.18*
1L17 80.4 0.93 78.4 0.89 0.97*
P10 85.6 851.34 97.9 2834.09 3.20%**
MCP1 81.4 2562.55 74.2 2521.35 1.03
MCP3 100.0 6.69 99.0 23.01 1.40
MDC 87.6 8.71 97.9 12.45 1.50%**
MIP1a 87.6 26.94 93.8 38.10 1.79*
MIP1p 99.0 35.55 99.0 66.53 2.63*
PDGF-AA 97.9 397.15 99.0 518.75 1.72%**
PDGF-AAAB 41.27 15.87 17.5" 1.81 0.32*
RANTES 66.0 49.09 84.5 22.01 0.65
sCD40L 51.6 11.36 47.4" 39.02 1.63*
sIL2R 40.27 1.66 71.1 1.53 2.07*
TGFuo 89.7 6.70 90.7 17.93 1.41%**
TNF 73.2 0.95 96.9 1.03 1.34%**
TNFp 45.47 1.00 46.47 0.96 0.93
VEGF 74.2 11.89 78.4 11.89 1.00

EGF, epidermal growth factor; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte macrophage colony-stimulating factor; IFN, interferon;
IL, interleukin; PR, proportional recovery; TGF, transforming growth factor; TNF, tumour necrosis factor; VEGF, vascular endothelial growth factor; HAS, human
albumin solution; FGF2, basic fibroblast growth factor; FIt3 lig, Fms-related tyrosine kinase 3 ligand; IP10, chemokine CXC motif ligand 10; MCP, monocyte
chemoattractant protein; MDC, macrophage derived chemoattractant; MIP, monocyte inflammatory protein; PDGF, platelet derived growth factor; sIL2R,

soluble interleukin 2 receptor; sCD40L, soluble CD40 ligand.

The % samples recovering cytokine columns show the number of samples in which a given cytokine could be quantified for the two perfusates. The cytokines
that could only be quantified in less than half the samples are marked with a 1. The median values are shown for each of the two perfusates and the PR values.
The Wilcoxon signed rank test (two tailed) was used to determine whether there was a statistical difference between the crystalloid and 3.5% HAS-perfused
cytokine concentrations recovered by microdialysis. The stars in the median proportional recovery column indicate the level of significance (*P < 0.05,

**P <0.001, ***P <0.0001).

throughout crystalloid-perfused catheter data but not
in the 3.5% HAS data set.

Temporal Profile Cytokine Production in
Microdialysate

Supplementary Table 3 lists the times at which peaks
occurred for each of the cytokines in each patient. If a
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peak value occurs in the first sample and falls off
with time (e.g., Figure 2C, 3.5% HAS-perfused
catheter), it is not possible to determine whether
this is the true peak time point in the patient or a
downstroke of an earlier peak that occurred before
monitoring started. In this case, a ‘<’ has been used
to indicate that the peak occurred at or before this
point. Figure 3 summarises the data for all patients
by showing a bar encompassing all the time points at
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Figure 1 Proportional cytokine recovery. The histogram plots
the median proportional recovery for each cytokine, defined
as the cytokine concentration (3.5% HAS perfusate)/cytokine
concentration (crystalloid perfusate). A Wilcoxon signed rank
test two-tailed was used to compare the cytokine values derived
from the two catheters. Only paired samples were used for
this calculation. The dark coloured bars indicate the cytokines
that had a statistically significant difference between the two
perfusates (grey bars P<0.05, black bars P<0.001). HAS,
human albumin solution.

which at least four patients had peaks that coincided
over a 48-hour period. An arrow has been used to
indicate those peaks that occurred in the first
monitoring sample. A total of 16 cytokines showed
such peaks and they are ordered with the first
cytokine having the earliest peak.

Arterio-Jugular Venous Concentration Gradient

The arterio-jugular (AJ]) difference (arterial concen-
tration minus jugular venous concentration) was
calculated for each individual pair of samples in
each patient. The absolute differences in cytokine
concentration between arterial and jugular venous
samples are small (few pg/mL) and are therefore
difficult to reliably resolve. Therefore, we grouped
data obtained from all 12 patients by calculating
individual AJ gradients for each pair of samples and
taking the mean for each day after injury, to build up
a more accurate picture of AJ gradients (Supplemen-
tary Table 4). Grouping by day after injury is required
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as monitoring started at differing times. For this
reason, the earliest mean AJ difference is at day 2. A
negative value indicates net cytokine production
across the cerebrovascular bed. No clear pattern was
resolved from the AJ gradient data.

Comparison of Microdialysis and Arterial Plasma
Concentration

Pairs of microdialysis and arterial plasma samples
collected simultaneously were also compared. The
RR for each cytokine varies; hence, a correction to the
microdialysate concentration is required to allow a
valid comparison with the plasma: we termed this
‘estimated brain extracellular concentration.” The RR
was either determined in vitro, where available, or
estimated from the molecular weight and oligomer-
isation characteristics of each of the cytokines
(Supplementary Figure 4) (Helmy et al, 2009). Figure 4
shows the median brain extracellular/arterial plasma
ratio for each of the cytokines. Table 3 shows the
median values for the brain extracellular/arterial
plasma ratios and microdialysate/arterial plasma
ratios. These data show that for 23 cytokines, there
is a significantly higher concentration in the brain
compared with the plasma, suggesting cerebral
production of these cytokines. These include IL1a,
IL1p, and their natural inhibitor IL1ra, the median
concentrations of which are 3.87-, 2.01-, and 3.55-
fold higher, respectively, in the brain extracellular
space than in the corresponding arterial plasma.
Even more marked elevations occur, e.g., for IL6, IL8,
IP-10, IL12p70, and MCP1, the brain extracellular
median concentrations of which are each more than
10-fold higher than in the plasma. This is consistent
with the concept of a central inflammatory cytokine
cascade occurring within the injured brain.

Discussion

In this study, we have shown a reliable methodology
for the recovery of a wide range of cytokines from the
human brain in vivo using cerebral microdialysis and
3.5% HAS perfusate. We established that the 3.5%
HAS perfusate has a superior FR and PR to crystal-
loid perfusate, for the majority of cytokines, and we
therefore used this perfusate in six subsequent
patients to further explore the temporal profile of
cytokine production after TBI and its relationship to
plasma cytokines. Cytokine production is highly
compartmentalised, with quantitative and qualita-
tive differences between brain parenchymal and
systemic cytokine concentrations.

Factors Affecting Fluid Recovery

The evidence from in vitro microdialysis studies
is that the key variables affecting FR are hydro-
static (Hamrin et al, 2002; Hillman et al, 2005)
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Figure 2 Representative cytokine temporal profiles in microdialysate and plasma. The line graphs illustrate representative data
obtained from patient 1. The larger panels (A, C, E, G) illustrate the microdialysate-derived values with 3.5% HAS and crystalloid
perfusates. The inset panels (B, D, F, H) show the paired arterial and jugular venous plasma values. Sampling frequency differs
between the microdialysate (6 hourly) and the plasma (12 hourly). Timescales on horizontal axes are relative to the beginning of
microdialysis. Dashed lines link time points that appear aberrant. For IL1«, IL1S, and IP10, their concentrations in microdialysates
are several fold higher than in the corresponding plasma samples. Contrastingly, for IL2, plasma concentrations are higher than for
microdialysates. Microdialysate cytokine temporal profiles appear independent of those in plasma. These cytokines are chosen to
illustrate that the temporal profiles may show a well-defined peak (IL1« and IP10), high initial values that then decrease, suggesting
the downstroke of an earlier peak (ILf), or stability over the entire monitoring period (IL2), suggesting consistent catheter

performance. IL, interleukin; HAS, human albumin solution.

and oncotic pressure gradients (Helmy et al, 2009).
However, in vitro FR data cannot be easily extra-
polated to the in vivo situation because both ICP
(affecting hydrostatic pressure) and protein concen-
tration in the extracellular space (affecting oncotic
pressure) may both vary between patients and over
time within the same patient. We have shown that
3.5% HAS has a superior FR in vivo (95.8% * 1.5%
versus 83.3% * 1.5% pooled across the first 6 patients,
Table 1) and over the range of pressures encountered
clinically, ICP does not appreciably affect FR.

For a small minority of the microdialysis collec-
tion time points, no fluid was recovered from the
catheter. Our previously published in vitro data
showed that this occurred in 56% of crystalloid-
perfused catheters but in none of the 3.5% HAS-
perfused catheters (Helmy et al, 2009). In this study,
crystalloid-perfused catheters recovered fluid in
96% of hourly epochs approximating catheter per-
formance with the 3.5% HAS perfusate (97% of
hourly epochs). We hypothesise that the improved
performance of the crystalloid perfusate in vivo
compared with that in vitro reflects protein within
the brain extracellular fluid diffusing into the
microdialysis catheter effectively modifying the
perfusate into one that more closely approximates a
colloid, such as 3.5% HAS (Maurer et al, 2003). This
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endogenously derived protein may counterbalance the
oncotic pressure across the microdialysis membrane
or may interact directly with the membrane substrate.

The mean FR values for the 3.5% HAS-perfused
catheter in patient 6, after craniectomy, appear to be
~1.5-fold higher than in other patients, and we
speculate that it is this catheter that is most likely to
be in an intraventricular location after craniectomy
(Supplementary Figure 1). This has two important
implications. First, we excluded the FR values from
both postcraniectomy catheters when calculating a
mean FR across all patients. Second, it seems that
microdialysis catheter performance is related to the
interface between the catheter and the surrounding
tissue, specifically brain/catheter versus cerebrosp-
inal fluid (CSF)/catheter. We hypothesise that diffu-
sion of fluid within the brain extracellular space is
limited by the tortuous path between cells and the
interactions with extracellular matrix as compared
with the diffusion of fluid within CSF (Sykova and
Nicholson, 2008). In this manner, water in the CSF
can more easily pass into a microdialysis catheter in
the ventricle and result in a higher FR value. This
highlights a further important limitation of in vitro
estimations of microdialysis catheter performance, as
they rely on the placement of a catheter into a fluid-
filled container.
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Figure 3 Timing of cytokine peaks in microdialysates. A peak is
defined as two consecutive values greater than twice the median
concentration for each cytokine recovered with 3.5% HAS
perfusate. For further explanation, see the ‘Discussion’ section.
For any cytokine with peaks in four or more patients clustered
within a 48-hour period, a box is plotted on the timeline
encompassing these peak time points. The cytokine with the
earliest peaks is plotted at the top of the figure. Some peaks
occurred in the first sample in the monitoring period. In this
circumstance, it is not possible to distinguish whether this is the
‘true’ peak or a downstroke of an earlier peak that occurred
before the start of monitoring (e.g., Figure 2C, IL1p with 3.5%
HAS perfusate). In such cases, an arrow is used to indicate that
the ‘true’ peak may precede the box plotted on the timeline. Not
all patients had peaks for every cytokine. The number following
the box on the timeline indicates how many patients (out of 12)
had a peak within the box. Cytokines that only had peaks in four
or fewer patients are not plotted. G-CSF, granulocyte colony-
stimulating factor; IL, interleukin; TNF, tumour necrosis factor;
HAS, human albumin solution.

Cytokine Proportional Recovery

We have previously shown that in vitro, the 3.5%
HAS perfusate has a higher RR than the crystalloid
perfusate for a range of cytokines (Helmy et al, 2009).
It is not possible to calculate RR using the current
methodology; therefore, to allow a comparison
between perfusates, we calculated PR. The under-
lying assumption is that adjacent regions of the brain
in which the paired microdialysis catheters reside
have equivalent levels of cytokine production. For
the majority of cytokines in which a significant
difference exists (18 of 42 cytokines in Figure 1), the
3.5% HAS perfusate resulted in a higher RR than did
the crystalloid perfusate (i.e., PR>1). However, for 8
of 42 cytokines (namely epidermal growth factor,
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Figure 4 Estimated brain extracellular/plasma arterial concen-
tration. The histogram illustrates the median ratio of estimated
brain extracellular concentration (calculated from 3.5% HAS-
perfused catheter values and RR values in Table 3) divided by
the paired plasma arterial concentration. The paired samples
were used to calculate the ratio at each time point, and the
median of these values plotted. A ratio > 1 indicates that
the estimated brain extracellular concentration is higher than the
arterial plasma concentration. A Wilcoxon signed rank two-tailed
test was used to compare the cytokine concentrations in brain
extracellular space and arterial plasma. The dark coloured bars
indicate the cytokines that had a statistically significant
difference between the two perfusates (grey bars P<0.05,
black bars P<0.001). EGF, epidermal growth factor; G-CSF,
granulocyte colony-stimulating factor; GM-CSF, granulocyte
macrophage colony-stimulating factor; IFN, interferon; IL,
interleukin; RR, relative recovery; TGF, transforming growth
factor; TNF, tumour necrosis factor; VEGF, vascular endothelial
growth factor; HAS, human albumin solution.

interferon-y, IL1f, IL3, IL4, IL9, IL17, and PDGF-AA)
the crystalloid perfusate achieved a significantly
higher mean recovery than did 3.5% HAS.

The median cytokine concentrations recovered
with crystalloid- and 3.5%HAS-perfused catheters
are listed in Table 2 and the percentage of samples
that recovered quantifiable cytokine. For those
cytokines at a concentration at the limit of sensitivity
of the assay, there were samples that fell below this
threshold and the cytokine concentration could not
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Table 3 Brain extracellulat/arterial plasma ratios

Cytokine In vitro relative Calculated relative Median [brain extracellular]/ Median [microdialysate]/
recovery (%) recovery (%) [arterial plasmal ratio [arterial plasma] ratio
EGF 55.9 0.69*** 0.38
Eotaxin 54.1 0.39*** 0.21
FGF2 46.5 1.29%** 0.60
Flt3 1ig 46.2 1.91 0.88
Fractalkine 54.0 1.77%** 0.96
G-CSF 45.2 3.61%** 1.63
GM-CSF 48.7 0.21%** 0.10
GRO 54.6 0.50*** 0.27
IFNa2 44.8 0.83** 0.37
IFNy 46.9 0.63* 0.30
IL1o 48.0 3.87%** 1.86
IL1B 38.4 2.01%* 0.77
IL1ra 38.4 3.55%** 1.36
1L2 52.8 0.35%** 0.19
IL3 28.6 5.64*** 2.73
1L4 56.7 1.06** 0.60
IL5 39.0 8.26 3.22
IL6 25.5 35.75%** 9.12
IL7 46.3 1.91** 0.89
IL8 73.4 20.30*** 14.90
1L9 49.2 0.09*** 0.04
IL10 8.7 2.75%** 0.24
IL12p40 27.0 1.91%** 0.52
IL12p70 1.3 35.49*** 0.44
1L13 50.5 2.12%** 1.07
IL15 49.2 1.00** 0.49
1L17 43.7 0.23*** 0.10
IP10 54.0 11.81%** 6.37
MCP1 53.9 11.33** 6.10
MCP3 53.5 3.94%** 2.11
MDC 54.4 0.06*** 0.03
MIP1a 55.6 2.81%** 1.56
MIP1p 50.1 2.51%** 1.26
PDGF-AA 36.8 2.53%** 0.93
PDGF-AAAB 39.9 0.01*** 0.00
RANTES 54.6 0.05*** 0.03
sCD40L 45.8 0.27** 0.12
sIL2R 34.7 0.27%** 0.09
TGFa 56.5 2.18*** 1.23
TNF 31.2 0.46*** 0.14
TNFp 13.4 1.30 0.18
VEGF 4.2 8.16*** 0.34

EGF, epidermal growth factor; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte macrophage colony-stimulating factor; IFN, interferon; IL,
interleukin; RR, relative recovery; TGF, transforming growth factor; TNF, tumour necrosis factor; VEGF, vascular endothelial growth factor; HAS, human albumin
solution; FGF2, basic fibroblast growth factor; FIt3 lig, Fms-related tyrosine kinase 3 ligand; IP10, chemokine CXC muotif ligand 10; MCPF, monocyte
chemoattractant protein; MDC, macrophage derived chemoattractant; MIP, monocyte inflammatory protein; PDGF, platelet derived growth factor; sIL2R,
soluble interleukin 2 receptor; sCD40L, soluble CD40 ligand.

The 3.5% HAS microdialysis catheter concentrations have been used to calculate a ratio of microdialysate to arterial plasma ratio. As this does not take into
account the fact that the microdialysis sample recovers only a fraction of the true extracellular concentration, we have also quoted the estimated brain
extracellular/arterial plasma ratio. We have used our previous in vitro measurements of RR (Helmy et a/, 2009) where available, and for those cytokines where
there is no published data for RR, we have estimated the RR based on apparent molecular weight (Supplementary figure 4). This provides the best estimate for
RR available from previously published data; however, we have also included the uncorrected median microdialysate/arterial plasma concentration ratio for
transparency. The brain extracelluar/arterial concentration ratio was only calculated for those samples that were taken concurrently and the median quoted for
this distribution. The Wilcoxon signed rank test (two-tailed) was used to determine whether there was a statistical difference between the plasma and estimated
brain extracellular concentration. The stars in the median [brain extracellularl/[arterial plasma] ratio indicate the level of significance (*P < 0.05, **P < 0.001,
***P < (0.0001). The ‘raw’ median [microdialysate]/[arterial plasmal] ratio has also been included to show that even without a correction for RR, many of the
cytokines have a several-fold higher concentration in microdialysate than in arterial plasma. The square brackets are used to denote concentrations throughout.

be measured. For a minority of the cytokines (6 of
42), less than half the samples could be quantified
using the 3.5% HAS perfusate (indicated with ). We
suggest that the microdialysis methodology used is
not suitable for reliable recovery of these cytokines.
This difficulty in recovering these cytokines is likely
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to be a combination of low ‘true’ extracellular
concentration and/or a poor RR. In the majority of
cases, a cytokine concentration could not be quanti-
fied in every sample. This reflects, in part, the
dramatic changes in cytokine concentrations over
the period of monitoring, such that baseline levels of



the cytokine may be close to the limit of sensitivity of
the assay, particularly during the latter part of the
monitoring period, although peak values may be
much higher. For example, in Figure 2, the highest/
lowest values in pg/mL of IL1a (2,500/500), IL1p
(4/1), and IP10 (12,000/3,000) vary by 4- to 5-fold. In
addition to a quantitative difference in cytokine
recovery with crystalloid and 3.5% HAS perfusate
(PR), there is also a qualitative difference between
the perfusates in that 3.5%HAS-perfused catheters
seem to recover cytokine more consistently.
Although this finding is empirical, we believe that
it is worth highlighting because it has implications
for the methodology of future studies.

Temporal Patterns of Cerebral Extracellular Cytokine
Production

A key aim of this study is to provide a description of
the sequential production of cytokines in the human
brain after TBI. We have presented the data set of
cytokine concentrations recovered by microdialysis
from the first six patients in Supplementary Figure 3,
showing a several-fold variation in the cytokine
concentrations recovered between patients, even
though the patients have radiologically similar
diffuse TBI. This variation causes a fundamental
problem in interpreting and presenting microdialysis
data, which has already been shown in the micro-
dialysis literature (Hutchinson et al, 2007;
Mellergard et al, 2008). This is compounded by the
fact that the time at which monitoring starts varies
between patients (Supplementary Table 1), such that
if maximal cytokine production occurs at an early
time point and then decreases to a baseline level, this
peak may not be apparent in patients in whom
monitoring starts later than this peak (e.g., patients 1,
4, and 7). The variation in absolute microdialysis
cytokine concentrations between patients may reflect
differences in the severity of the patient’s injury, the
time after injury at which monitoring starts, or the
specific locality in which the microdialysis catheter
resides. For example, in patient 2, many of the
highest cytokine concentrations are recovered.
Supplementary Figure 1 shows that both catheters
in this patient reside in the pericontusional brain as
evidenced by hypodensity on computed tomography
scan. Patient 2 also started monitoring within
24 hours of injury, potentially leading to high con-
centrations of cytokines that peak early after injury.
This combination of factors might contribute to the
high concentrations of cytokines recovered, although
firm conclusions cannot be drawn on the basis of a
single patient’s data.

In view of the inherent variations in absolute
cytokine concentrations between patients, to make a
direct comparison of the timing of cytokine produc-
tion between patients, we defined a ‘peak’ time point
for each cytokine in each patient. This is based on
the assumption that whatever the underlying severity
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of injury in the volume of brain that is sampled, and
therefore the absolute magnitude of cytokine pro-
duced, we would expect each cytokine to be
expressed in a stereotyped temporal sequence in
relation to the injury. We deliberately used conser-
vative criteria to identify peaks: namely two con-
secutive time points, at which the level of the
cytokine in question is twice that of its median level
in the whole of that patient’s period of monitoring, to
identify genuine peaks among the intrinsically
‘noisy’ microdialysis data. The time corresponding
to the higher of these two concentrations is judged as
the ‘peak time point.’ In this manner, we can be
confident that any peaks identified are true changes
from baseline values, although at the cost of missing
potentially genuine but smaller peaks. We stipulated
that two consecutive values must be twice the
median value (rather than a single data point) to
avoid wrongly ascribing a peak to a single outlier. We
chose the median concentration as the measure of
central tendency because of the skewed nature of the
concentration values. We realise that this description
of a peak is arbitrary, but we believe it provides a
robust narrative of the timing of cytokine production.

Other approaches such as calculating the area
under the curve of concentration versus time are not
suitable because this is the equivalent of taking a
mean of the cytokine concentrations (sampling time
points are evenly spaced). A mean value would
discard much of the useful information in the
temporal profile as the baseline values simply dilute
the large, but brief, period of increased cytokine
production. This is particularly relevant when the
time that monitoring starts varies, as the period over
which baseline concentrations are found also varies.

Supplementary Table 3 lists all the cytokine peaks
for each of the 12 patients using the 3.5% HAS
microdialysis data. In Figure 3, the peaks are
grouped into boxes with each box covering the time
period in which at least four separate patient’s peaks
occurred within 48 hours of each other. The
cytokines fitting these criteria were then ordered
with those peaking earliest first to build up a
temporal profile of cytokine production after TBI.
This provides a novel description of the cerebral
inflammatory response encompassing several mole-
cules of interest. These observational data provide
direct empirical evidence, in human patients, for a
number of interrelationships shown in preclinical
studies. For example, IL1f has been shown to
regulate IL6 and IP10 release in primary neuronal
cell culture (Tsakiri et al, 2008), IL1f increases
rapidly in microdialysis studies of rodent models of
TBI (Fassbender et al, 2000), and IL1S release
precedes that of IL6 at the level of both mRNA and
protein (Folkersma et al, 2008; Yan et al, 1992).
Interleukin-1f is a promising target for modulating
the inflammatory response to neurotrauma, leading
to the fascinating possibility of selectively inhibiting
its action with IL1ra and using downstream cyto-
kines as a measure of biologic efficacy.
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Compartmentalisation of Cytokine Production

Simultaneous plasma and microdialysis sampling
allows a direct comparison between brain extracel-
lular concentration and arterial plasma concentra-
tion of cytokines (Table 3, Figure 4). We used
cytokine’s RR values determined empirically in vitro
or estimated based on the relationship between RR
and molecular weight (Helmy et al, 2009) to estimate
‘true’ extracellular concentrations. For clarity, we
also listed a ‘raw’ median microdialysate concentra-
tion/arterial plasma ratio in Table 3, without any
correction for RR. A number of cytokines have a
concentration several fold higher in brain extracel-
lular space than in the plasma even when no
correction is made for RR. If Figures 3 and 4 are
compared, it can be seen that cytokines that showed
peak values beyond the first day (namely IL1ra, IL6,
G-CSF, IP10, IL12p70, IL10) and six of the cytokines
that may have peaked on the first day (IL7, IL8,
MIP1a, IL1f, PDGF-AA, MIP1f) all had significantly
higher brain extracellular concentrations than in
arterial plasma. Furthermore, as this calculation uses
median values, it tends to underestimate the even
larger gradients that exist when a cytokine peak
occurs in the microdialysate samples, especially if
this putative peak has occurred before monitoring
starts, such as for IL1f (e.g., if concentrations at the
earliest time points are compared in Figures 2C and
2D). The interactions between immune mediators
and the BBB is complex (Banks and Erickson, 2010);
however, the most parsimonious explanation is that
these high concentration gradients between arterial
plasma and the brain extracellular fluid compart-
ments are attributed to cerebral production of
cytokines. Therefore, we conclude that plasma
cytokine levels are a poor reflection of intracerebral
inflammation. Even if plasma cytokine levels corre-
late with outcome after TBI (Berger et al, 2009), there
are multiple mechanisms by which plasma markers
can be confounded by stronger predictors of outcome
(Helmy et al, 2010).

Concurrent sampling of jugular venous and arterial
blood allows the calculation of the AJ difference,
which has been used extensively for determining net
production/uptake of substances from the intravas-
cular space into the brain, based on the reverse Fick
principle (Macmillan and Andrews, 2000). We could
not show any clear pattern in the AJ gradient for any
cytokine and the small absolute AJ differences may
reflect poor BBB permeability, despite the large
gradient across the BBB for many cytokines. There-
fore, we conclude that the AJ gradient is a poor gauge
of intracerebral cytokine production, as previous
studies have also struggled to show a reliable AJ
gradient for cytokines known to be expressed after
TBI. For example, McKeating et al (1997) could only
show an AJ difference for IL6 but not for IL1f, IL8,
and tumour necrosis factor, whereas Goodman et al
(2008) found no overt AJ differences for IL1f, IL6,
IL8, IL10, IL12, and tumour necrosis factor.
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Cerebrospinal fluid is often used as a surrogate of
intracerebral concentrations of cytokines, particu-
larly in pharmacokinetic studies (Clark et al, 2008). It
has the advantage of providing a global measure of
cytokine production, it does not require pooling/
dilution for analysis, and it is easier to sample.
Previous studies have shown the differences
between CSF and the peripheral inflammatory
responses to trauma (Buttram et al, 2007; Morganti-
Kossmann et al, 2001). However, a comparison of
CSF cytokine levels with our microdialysis data,
suggests that for a number of cytokines (IL1f, IL1ra,
IL6, tumour necrosis factor), CSF concentrations are
considerably higher than their brain extracellular
concentrations (Chiaretti et al, 2008; Graetz et al,
2009; Shiozaki et al, 2005). This may reflect
differences between the BBB and blood—CSF barrier
such that the CSF compartment and the brain
extracellular fluid compartment cannot be regarded
as equivalent. Therefore, CSF sampling and micro-
dialysis-derived cytokines should be considered as
complementary techniques. As these cytokines are
produced within the brain, are secreted into the
brain extracellular space, and act on cell-surface
receptors without the need for any exchange with the
CSF space, we would suggest that the biologically
relevant compartment for study is the brain extra-
cellular space and not the CSF space.

Limitations

A key issue within the microdialysis literature is
whether insertion of a microdialysis catheter in itself
traumatises the tissue in which it resides and results
in a response that is artefactual or a composite of
underlying physiology overlaid with catheter micro-
trauma. Cerebral microdialysis has been widely
used as a monitor of metabolic intermediaries, and
consensus guidelines suggest ignoring samples taken
in the first hour after catheter insertion (Bellander
et al, 2004). Our current data are not consistent with
catheter trauma artefact for two reasons. First, the
timings of the cytokine peaks we identified clustered
between patients when the time from injury was
considered rather than the time from the beginning
of monitoring. If cytokine production was related to
catheter trauma, we would expect cytokines to
reliably peak a given time after catheter insertion.
Patients 1,4, and 7, who started monitoring ~2 to 4
days after injury had many more peaks in the first
sampling time points (suggesting a downstroke of an
earlier peak) than in the remainder of the patients
who started monitoring at ~1 day after injury. The
magnitude of these peaks (at least twice the median
value) suggests that these are biologically relevant
changes that reflect the underlying pathophysiology.
For this reason, we did not exclude the data from our
earliest samples as has been suggested previously
(Hutchinson et al, 2007; Mellergard et al, 2008).
Second, the temporal profile of a number of



cytokines shows no peaks at all. This stable con-
centration recovery, suggests that peaks in cytokine
levels are cytokine specific and that the microdia-
lysis catheter performance is not altering over time
owing to haemorrhage, encapsulation, or biofouling.
It is therefore reasonable to conclude that the
observed changes in cytokine concentration are a
genuine reflection of the cerebral inflammatory
response to trauma.

This study is limited by the small number of
patients recruited and the wide variation in the
absolute concentrations of cytokine recovered using
microdialysis. This makes it difficult to analyse a
complex data set in a heterogeneous pathology such
as TBI and limits us to a largely descriptive
approach. At present, this is the most wide-ranging
study of cytokine production after TBI in any species
and has allowed us to measure cytokines not
previously recovered from the human brain using
microdialysis (e.g., tumour necrosis factor, IL7,
MIP-1a, sCD40L, GRO, PDGF-AA, MIP1f, G-CSF,
IP10, and IL12p70, all of which showed cytokine
peaks) as well as allowing direct comparisons of
temporal profiles. The expense of the multiplex
technology required to simultaneously assay a wide
range of molecules combined with the logistical
challenges in recruiting human patients makes it
difficult to expand the number of patients dramati-
cally. Our approach has been to summarise the data
as succinctly as possible and to avoid multiple
comparisons that may throw up spurious associations.
Human research of this type is nevertheless a powerful
complement to preclinical studies because it provides
the first step in translating our understanding of basic
science into the clinical domain.

Conclusions

This study has shown a robust and reliable metho-
dology, using the 3.5% HAS perfusate, for the
systematic recovery of cytokines from the brain
extracellular space using microdialysis. Compared
with the crystalloid perfusate, the 3.5% HAS
perfusate has a more reliable FR, which is not
markedly affected by ICP and it improves recovery
of cytokines in vivo increasing the absolute sensitiv-
ity of the technique.

Using the data from the 3.5% HAS-perfused cathe-
ter, we showed a temporally stereotyped cytokine
response to TBI for a number of cytokines: these
cytokines, together with those that are expressed at
high concentration in the cerebral extracellular fluid
are promising candidates for further study into TBI
pathophysiology. These cytokine production pat-
terns mimic data from animal models and provide
a powerful validation of these data in humans. As the
temporal production of these cytokines extends for
many hours or days after injury, modulation of their
actions may provide a credible therapeutic time
window that is amenable to clinical intervention.
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Finally, we have shown that there is a poor
correlation between the systemic inflammatory re-
sponse and the central inflammatory response. This
is an important finding, because this compartmenta-
lisation has often been overlooked, and previous
studies of cytokine release in neurologic conditions
have relied on plasma markers or CSF. Our findings
are particularly relevant to drug studies because the
site of action of many of these powerful mediators is
at the parenchymal level.
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