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Abstract

Traumatic brain injury (TBI) is a major cause of mortality and morbidity worldwide. There are currently no early biomark-
ers for prognosis in routine clinical use. Interleukin-6 (IL-6) is a potential biomarker in the context of the established role of
neuroinflammation in TBI recovery. Therefore, a systematic review of the literature was performed to assess and summarise
the evidence for IL-6 secretion representing a useful biomarker for clinical outcomes. A multi-database literature search
between January 1946 and July 2021 was performed. Studies were included if they reported adult TBI patients with IL-6
concentration in serum, cerebrospinal fluid (CSF) and/or brain parenchyma analysed with respect to functional outcome
and/or mortality. A synthesis without meta-analysis is reported. Fifteen studies were included, reporting 699 patients. Most
patients were male (71.7%), and the pooled mean age was 40.8 years; 78.1% sustained severe TBI. Eleven studies reported
IL-6 levels in serum, six in CSF and one in the parenchyma. Five studies on serum demonstrated higher IL.-6 concentrations
were associated with poorer outcomes, and five showed no signification association. In CSF studies, one found higher IL-6
levels were associated with poorer outcomes, one found them to predict better outcomes and three found no association.
Greater parenchymal IL-6 was associated with better outcomes. Despite some inconsistency in findings, it appears that
exaggerated IL-6 secretion predicts poor outcomes after TBI. Future efforts require standardisation of IL-6 measurement
practices as well as assessment of the importance of IL.-6 concentration dynamics with respect to clinical outcomes, ideally
within large prospective studies. Prospero registration number: CRD42021271200
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in laboratory-based models [7-9]. The inflammatory micro-
environment after TBI is generated by neuronal disruption
resulting in the release of damage-associated molecular patterns
(DAMPs), causing the secretion of cytokines that recruit both
local microglia and circulating macrophages [10]. The release
of both pro- and anti-inflammatory cytokines occurs after TBI;
however, the contribution of each in the progression of second-
ary brain injury and functional recovery is yet to be clearly
defined. Amongst several inflammatory cytokines released
post-injury, interleukin-6 (IL-6) is a key protein released by
microglia, astrocytes and neurons post-TBI [11, 12]. At a cel-
lular level, IL-6 has been implicated in promoting neuronal dif-
ferentiation and survival post-injury via several mechanisms
including tumour necrosis factor (TNF-alpha) inhibition, nerve
growth factor (NGF) synthesis and modulating N-methyl-p-as-
partate receptor (NMDAr)-mediated excitotoxicity [10].

Whilst IL-6 is often undetectable under physiological condi-
tions in the brain, its acute release in response to injury is widely
recognised. Experimental rodent models of TBI have demon-
strated an increase in IL-6 gene expression in the brain within 1
h following injury [13], peak protein levels at 2 to 8 h after injury
and levels in CSF peaking at 2 to 5 h [10]. Numerous clinical stud-
ies have demonstrated the upregulation of various inflammatory
mediators within the blood of TBI patients, including IL.-6 [14,
15]. Therefore, IL-6 potentially fulfils the essential criteria of a
biomarker: it is present in body fluids, is detectable by existing
assays and is associated with damage to a specific tissue [16].

Whilst there is ample evidence of detectable IL-6 release
post-TBI, its relationship with clinical outcomes remains
unclear. In this study, we systematically reviewed the litera-
ture to identify the value of IL-6 as a clinical biomarker in
predicting outcomes in TBI patients.

Methods

This study was performed in accordance with the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) Statement [17]. The protocol for this systematic
review is registered on the PROSPERO database (Reference:
CRD42021271200).

Literature search

A multi-database (MEDLINE, Embase, Global Health) lit-
erature search was performed from the 1st of January 1946
to the 31st of July 2021 (Fig. 1). The search strategy used
variants and combinations of search terms related to IL-6,
TBI, serum, plasma, cerebrospinal fluid and microdialysis
(Supplementary Table 1). The bibliographies of included
studies were screened for further relevant studies.
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Inclusion and exclusion criteria

Studies fulfilling the following criteria were included: (i) an
exclusive diagnosis of brain injury of traumatic aetiology;
(ii) patient age of 16 years or above; (iii) patients with IL-6
levels measured within 48 h post-TBI and reported details
regarding body tissue/fluid (serum, CSF, or intraparen-
chymal), time of measurement and method of quantifica-
tion; and (iv) reported clinical outcome. Exclusion criteria
included: (i) significant life-threatening extracranial injuries;
(ii) studies on animals only; (iii) abstracts, conference pres-
entations, editorials and expert opinions; and (iv) articles
not written in English.

Study selection

The online literature management system Rayyan was used
for study selection following the exclusion of duplicate texts
[18]. Two authors (SZYO, MH) independently screened the
titles, abstracts and full texts of the identified articles based
on the pre-defined selection criteria (Fig. 1). Any disagree-
ment between the two reviewers’ decisions prompted further
discussion, with persisting conflicts resolved by MZ.

Data extraction

The following variables of interest were extracted: num-
ber of patients, age, gender, GCS on admission, severity
of TBI (‘mild’ was defined as GCS 14-15, ‘moderate’
9-13 and ‘severe’ 3-8) [19], mechanism of injury, imag-
ing findings, management (surgical or medical), body
tissue/fluid used to measure IL-6 (serum/plasma, CSF
or microdialysis), time point of IL-6 measurement, IL-6
levels and clinical outcomes (mortality and/or functional
outcome with time point). The Glasgow Outcome Scale
(GOS) was reported as ranging from 1 (death) to 5 (full
recovery) or dichotomised into favourable/good (GOS
4-5) and unfavourable/poor (GOS 1-3) outcomes. Stud-
ies reporting modified Rankin scale (mRS) rather than
GOS were dichotomised into favourable and unfavoura-
ble outcomes in a similar fashion and pooled with papers
reporting GOS. The time point of outcome reporting was
divided into short- (up to 1 month or hospital discharge)
and long-term (over 1 month) follow-up periods.

Risk of bias

All included studies were independently assessed for
risk of bias using the Risk of Bias in Non-randomised
Studies of Interventions (ROBINS-I) tool [20] by three
authors (SM, NP, GP) independently, and any conflicts
were resolved by RS.
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Fig. 1 PRISMA flow chart of the source selection process. TBI, traumatic brain injury; GOS, Glasgow Outcome Scale; IL-6, interleukin-6

Statistical analysis heterogeneity in methodologies and statistical reporting
rendered such meta-analyses inappropriate or impossible

Eligible studies were evaluated for the possibility of a  (further details below). Therefore, a synthesis without

meta-analysis regarding the value of IL-6 in serum/CSF/  meta-analysis was reported [21].

brain parenchyma as a prognostic marker. However,
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Results
Study characteristics

Fifteen studies met the selection criteria, all representing
cohort studies of prospective (n = 11; 73.3%), retrospec-
tive (n = 3; 20.0%) or unspecified (n = 1; 6.7%) design.
The studies and their patient populations are detailed in
Table 1. Five studies (33.3%) were published between 2000
and 2009, nine (60.0%) between 2010 and 2019 and one
(6.7%) in 2021. The majority of studies had a moderate risk
of bias (n = 8; 53.3%). Five studies (33.3%) were deemed to
have serious risk, and two (13.3%) were deemed low risk.
Details of the risk of bias assessment can be found in Sup-
plementary Table 2.

Patient cohort

Across the fifteen studies, 699 patients were reported. In
studies reporting sex of patients (n = 14, 686 patients),
71.7% were male. Among those reporting mean age (n =
13, 495 patients), the pooled mean was 40.8 years. Of stud-
ies reporting the age range of included patients (n = 8, 293
patients), the overall range was between 16 and 83 years. In
studies reporting TBI severity (n = 13, 635 patients), 496
(78.1%) patients sustained a severe TBI and 139 (21.9%)
sustained mild/ moderate TBI. Two studies reporting
patients with mild and moderate TBI did not distinguish
between the patients in the mild and moderate categories
[35, 36]. Of studies reporting mean GCS on admission (n =
6, 188 patients), the overall mean GCS of 188 patients was
6.4. Among those reporting the range of GCS on admission
(n =17, 299 patients), the pooled range was between 3 and
14. The mechanism of injury was sparsely reported, being
described in only four studies. Of the 120 patients reported
in these studies, the most common mechanism of injury was
road traffic collisions (RTC) (n = 72, 60.0%). RTC included
motor vehicle (n = 30, 25.0%), auto-pedestrian (n = 10,
8.3%) and motorcycle accidents (n = 3, 2.5%). Other mecha-
nisms of injury cited were falls (n = 23, 19.2%), ‘heavy
impact’ (n = 10, 8.3%), assault (n = 7, 5.8%) and ‘motion
impact’ (n =5, 4.2%) [37]. The mechanism of injuries of
three patients (3.8%) was unspecified. Of the 23 falls that
occurred, 7 were stated to be ‘high falling’ [37]; the remain-
ing were unspecified.

Radiological findings
Ten studies (500 patients) described the neuro-radiology
findings in patients sustaining TBI. Both computed tomog-

raphy (CT) and magnetic resonance imaging (MRI) find-
ings were reported. The most commonly cited finding was
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traumatic subarachnoid haemorrhage (SAH) (n = 190;
38.0%), followed by ‘mass lesion’ (n = 132, 26.4%), ‘mid-
line shift >5mm’ (n = 87, 17.4%), epidural haemorrhage
and obliteration of third ventricle (n = 67, 13.4% each),
cerebral contusions (n = 51, 10.2%) and abnormal cisterns
(n = 46, 9.2%). Other radiological findings were cerebral
oedema (n = 28, 5.6%), subdural haemorrhage (SDH) and
diffuse injury (n = 26, 5.2% each), intraventricular haemor-
rhage (n = 15, 3.0%), multicompartmental haemorrhage (n
= 13, 2.6%) and petechial haemorrhages (n = 12, 2.4%).
Less commonly cited findings were five (1.0%) patients with
intracerebral haematoma, two (0.4%) with a mixed diagnosis
of SAH/SDH and one (0.2%) patient each with a compound
depressed skull fracture, cerebral laceration and intraparen-
chymal haemorrhage. One study reported eight patients
(2.6%) with ‘varied combinations of multiple intracranial
lesions’ [38]. Of note, several patients had more than one
finding reported—details can be found in Table 1.

Management

Eleven studies (344 patients) described the management of
patients. Overall, 231 patients (67.2%) received operative
management whilst the remainder were treated non-opera-
tively. Craniotomy was the most common operative proce-
dure performed (n = 55, 16.0%), followed by insertion of an
external ventricular drain (EVD) + mass lesion evacuation
(n =49, 14.2%), decompressive craniectomy (n = 7, 2.0%)
and depressed fracture elevation and debridement (n = 1,
0.3%). Two studies, which reported a total of 75 patients
(21.8%) who had a mass lesion evacuated, did not specify
whether a craniotomy or craniectomy was performed [32,
39]. A further two studies, reporting a total of 44 patients
(12.8%) who underwent surgical management, did not spec-
ify the procedure performed [33, 37].

Intracranial pressure (ICP) monitoring was performed in
119 patients (34.6%), whilst conservative management was
delivered in an intensive care unit (ICU) in 45.6% (n = 157)
of all patients reported. One patient (0.3%) was treated con-
servatively; however, no further details on management were
given [33]. Of the 106 patients who underwent ICP monitor-
ing, 36 were stated to possibly have had further intervention
with ventricular drainage, intravenous mannitol and hyper-
ventilation (in order of preference), if the intracranial pres-
sure was greater than 25 mmHg for longer than 10 min [40].

IL-6 analyses
Nine studies (594 patients) reported IL-6 concentrations in

serum/plasma [28, 29, 33, 35-37, 39, 41, 42], three (132
patients) reported CSF levels [22, 32, 40] and two reported
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Table 1 (continued)

&

ROBINS-I score

Outcome
parameter(s),
timepoint

IL-6 sampling
location, time-

point

Management

Radiological
injury, admission findings

GCS
NR

Age (years), Mechanism of
%age male

patients

Location (period) No. of hospitals/

Author, year

Springer

Low

Mortality, 6

Blood and CSF,

Cerebral oedema: Conservative in

50 + 17 (mean

Bulgaria 1727

Kazakova et al.,

24th hour after months

TBI

ICU: 27 (100%)

27 (100%)
SDH: 9 (29.03%)

Varied combina-

GCS <9: 27

+ SD)
24 (88.9%) males

(2017-2018)

2021 [34]

(100%)
GCS 6.0 (4.0:

tions of multi-

6.5) (median

(IQR))

ple intracranial

haemorrhages:

8 (25.8%)
ICH: 5 (16.12%)
CC: 4 (12.9%)

tSAH: 3 (9.67%)
EDH: 2 (6.45%)

GCS, Glasgow Coma Scale; IL-6, interleukin-6; ROBINS-I, risk of bias in non-randomised studies of interventions; NR, not reported; CSF, cerebrospinal fluid; GOS, Glasgow Outcome Scale;

GOSE, Extended Glasgow Outcome Scale; SD, standard deviation; ICP, intracranial pressure; tSAH, traumatic subarachnoid haemorrhage; SDH, subdural haemorrhage; aSDH, acute subdural
haemorrhage; EDH, epidural haemorrhage; DAI, diffuse axonal injury; CC, cerebral contusion; CL, cerebral laceration; CDS, compound depressed skull fracture; /CH, intracerebral haematoma;
IPH, intraparenchymal haemorrhage; RTC, road traffic collision; /CU, intensive care unit; EVD, external ventricular drainage; MVA, motor vehicle accident; MCA, motorcycle accident; ATV,

all-terrain vehicle; MV/Ped, pedestrian struck by motor vehicle; /QR, interquartile range

both [25, 38]. One study reported brain parenchymal IL-6
levels obtained via cerebral microdialysis [43].

The technique used for the detection of IL-6 in fluids was
enzyme-linked immunosorbent assay (ELISA) in 13 studies
[28, 29, 32, 33, 35-40, 42, 43], multiplex bead array systems
in two [25, 41] and the Meso Scale Discovery® electro-
chemiluminescence system in one [22].

The time point of serum IL-6 level measurement was at
admission or within 24 h of admission in nine studies, but
Aman et al. reported the IL-6 level immediately post-decom-
pressive surgery [28] and Deepika et al. analysed IL-6 levels
collected on days 1, 3 and 10 of admission [39]. Time points
for CSF sampling were more varied. CSF sampling was via
EVD inserted for intracranial pressure management in all but
one study, in which lumbar puncture was performed [38].

Levels of IL-6 in serum or CSF were reported in pico-
grammes per millilitre in 13 studies, with the remainder
reported in nanogrammes per millilitre [32, 37]. However,
the group median value of 239 ng/mL [32, 37] reported by
Shao et al.—equivalent to 239,000 pg/mL—is extremely
high when compared to the rest of the studies [37]. We have
assumed this is a typographical error and should therefore
read ‘239 pg/mL’.

The descriptive statistics of IL-6 values reported in
included studies are shown in Tables 2 and 3 for serum and
CSF, respectively. Among studies reporting serum levels for
the whole cohort of TBI patients within 24 h of admission
(n = 6), four studies (164 patients) reported the mean IL-6
value (range of means 88-382.9 pg/mL) [28, 33, 36, 41] and
four (187 patients) reported the median IL-6 value (range
11.8-239 pg/mL) [28, 33, 37, 42]. As shown in Table 2,
there was no obvious cause for this variation in values seen
with respect to the IL-6 detection assay. Studies reporting
CSF IL-6 levels varied significantly in their methodology for
sample collection and data presentation (Table 3).

Three studies reported paired CSF and serum samples
[25, 32, 38]. All of these demonstrated higher concentrations
of IL-6 in CSF than in serum in the TBI population; how-
ever, the graphical representations in Pleines et al.’s paper
indicate that the temporal trends in concentration are mir-
rored between CSF and serum [32].

The study by Winter et al. utilised cerebral microdialysis for
the measurement of parenchymal IL-6 concentrations in patients
with severe TBI who were intubated and ventilated in the ICU
[43]. They inserted the probe into the left frontal region in all
patients unless this was the site of primary traumatic pathology,
in which case the right frontal region was used. They placed
the microdialysis catheter purposefully away from the region
of primary pathology to monitor cytokine dynamics related
to ‘diffuse-type damage’ rather than areas with parenchymal
contusion/haematoma visible on neuroimaging. The dialysate
was sampled three to four times daily for a maximum of 6 days
(shorter if the patient was extubated prior to this) [43].



Neurosurgical Review

(sonpea-d

ou) { {7 pue uors

-SIWPE J& SIOAIAINS

-UoU Ul S[9AJ] 9-I[
1oy31y Apueoyrudrg

9100

=d (%69) dnoi3

QWIOJINO J[qeINOARJUN

ut uet) (%S°€6)

dnoi3 awoono 91qe

-INOARJ UI Q-]

MO[, m syuaned
Q10w Apjueoyrusrg

¥0=

d ‘(100d) ¢'$0T1 "sA

(poos) 968 :uerpaw

Kep-/ ‘6’0 = d ‘(ow0d

-no J00d) g1 SA

(swooyno poo3d) 7'zl
SURIPAW UOISSTWPY

(10070 > d) s10A
-TAINS URY) SIOATAINS

-uou ur sanfea 9-f
1oy3y Apuedyusig

sa3y
MBI WOIJ 9[qrIOdP
uraned snoraqo oN

SIOATAINS-UOU pUe

SIOATAINS US9M]OQq

‘sjutodown 4 ¢ pue

UOISSIWPE 18 S[A]

9-711 Jo uonnqLnsip

oy} aredwoo 03 1593
1 KWy A\ -UuRA

(SOD 'sa
[9A9] 9-] 2aneIrado

-1sod—sarqerrea

[eo11039)8D U2IMIeq

UONBIOOSSE UR I0J)
159] 10BX S IoUST]

18917

189)-7

A[reo
-1sTe)S PIsATeue JON

AjTe)Iow wiIgy-1I0ys

SOD Yiuow-¢

SOD yuow-9

Ayeyrow Kep-O¢

SOD dBreyosIq

JIeyd
Ieq € UIyIIm wWoiy

opise payrodar dnoi3
Qwoono £q payes
-0133esIp sonfeA oN

jurod no s1y) Jo

9sn 9y} J0J UAAIT UOS

-BaI ou—()(] uey

SS9 JO UeY) J0JeaId

SonjeA 9-1 Yim
syuoned Jo s1oqunN

san[ea Aep-/ pue
UOISSIWPE UBIPI]A

JIeyo Jeq

B UIYIIM WOIJ OpISe

poyrodar arom dnor3

Qwoono £q paje3
-0133eSIp son[eA ON

1 Kep pue
0 Kep uo songea (L =
) Juenjed [enpIATpU]

(«S'9Lz as
=696 INHS) 8'81¢

S[oAS] 9-TI U-1¢

UBoW UOISSIWPY Paseq-peaq Anowoj£) pue D] 0} UOISSTWPY

(Tese-1g

J3uer) 9'G¢ ueIpaW

(86 dS) €6L
ueow 9AneIad0o-1504

(LYELT-80°0

q3uer) / 9/ ueIpawt

‘(8'12S AS) 6'69¢
UBdW UOISSTWPY

90L‘€1—¢"t o3uer
“(6'6V1-6'6Z AOD
$'09 uerpaw Kep-/,

(+T1¥1 Ads

—€'91 INAS) 88 UL

1L6-69 d8uey
(+7€9-$+01

JOD €91 URIPIN
(+L°8LE

ds) «678€ UBs

Keiry peaq xordnny

QWo9INO
a3 03 J0adsar YIm
pasATeue o1om S[OAJ]
aanerado-isod AuQ
‘pajuasard orom
S[OAQ] 9-] 2AnjeIadO
-)sod ojerpowrur

pUE UOISSTWIPY

S[OAQ] UBIPAW
Kep-/ pue [9A9] UOIS
-sSTuIpe 10j pajuasaid
BJep—UOISSIupe
woiy skep / 10§

Surdures Areq

uoIssIupe

100 Y T uIgm
pardues [9A9] 9[Surg

pojuasaxd
S[9AQ] UOISSIWpPE
19)Je | pue () skeq

l6T]
10T T 19 BIRLID]

[82]
T10T T8 10 uBWyY

[] 110T “Te 30 Ut

[9z] Looz
“Te 19 NOUBSIOUIA

(vl
00T “Te 30 o1yang

(s)3urpury

poyjow
sIsATeue Teonsnels

jutod
-ow) ‘(s)rarowered
QWOJINO [BOIUI[D)

sdnoi3 owoo
-1no jo uostredwod
e ur paytodar sanjep

sonjea
9-"T1 510400 S[oYM

Kesse uo19919p 9-1

SIsA[eue
9-"11 30 POISIN

Apmgs

QwoINO Jo 10391paid € se (9-7[) 9-URNA[IAUI WNIAS JO 9sn Y} SunesnsoAul saIpnis Jo Arewuing g ajqel

pringer

a's



Neurosurgical Review

L0 = d ‘dnoi3 91qe
-INOA®JUN JO %9°GS
"SA 91 Y31y, pey
dnoi3 o[qeinoaej jo
%Y 87—S0OD pastuo
-JoyoIp pue 1039180
9-71 23 U23am}aq uon

(SY) stoyine
juasaid ay) £q eyep
S1y) uo pawriojrod

SOD
"SA 91 MO[/YSIY
—1aded ur pajuos

159 JOBXD S JAYST]

anjea
ueIpaUI ) MO[q
IO 9AOQE SBM [OAQ]
911 oW Iayiaym
uo paseq sdnoid

[o15]

uoIssIwpe
I9)Je [ $ Uey) SS9

pue AI193InS 9AIS
-saxdwooap 03 Jo11d

-e1o0sse Jueoyrugdis oN -o1d suone[nqe)-ssoi) SOD 1aA-1  omyourids ypoyo) [ Twy/3u, 6¢g URIPIIA VSITd Yy 1 e odwes o[3uts [z¢] 610C “Te 12 oeys
S[OAQ]
SHINVY pue 01-T11
10§ OS[e JuBoyIusIS
S00 >
d parsnlpe ((4rz-6L) SOD pue o3
¢¢1) dnoi3 s[qernoaey J0J SUI[[oNUOd Id)Je
sA ((199-921) 061) [oued auryo3£o jo sdnoi3 swoono
dnoi3 9[qeinoaejun anfea aanorpaid ay) J[qeInoARJUN SA
ur 9-7J[ UBIPAW  JOJ [opOW UOTSSAIZaI (posIwooydIp)  J[QBINOARJ UT SAN[BA Kifur 10958 4 89—+¢
Toy3ry Apuedyrusig  onsISo[ ajeLreAnA SYw o3reyosiq  9-TI (JOI) WPl AN VSI'Td 1e opdures o[3urs  [¢] 610T “e 10 SIma]
S00°0
=d*((6'01-5°S)
8°'Q) SIOAIAINS "SA
(($°61-8°8) 1°C1) sen SIOATAINS-UOU SA
-1[eJeJ Ul 9-"J[ UBIPAW SIOATAINS UI SN[RA UoISSIuIpe
ToySty ApuesyruSig 159} ) AowiIy p-UURA Aeytow Kep-o¢  9-T1 (JOD UBIPIN AN VSI'Td 1e ofdures o[Surs  [1¢] 810T “[e 12 Suaq
(992
93e ‘§DD) [opow
aanorpard THSVID
Yy jo syueuodwod
a1 pue {0[-11
pue g1-1 ‘9-TI
Surpnpour [oued
QU 0IKD ‘soLIPW
KJ[IqeLIBA Q)1 JIeQy
S[oA9[ 01-"11 YSty pue papn[our s1ojowered
SOD MO :pagnuapt SOD postuio
s10301pa1d Jueoyrudrg  -JoydIp Yjuow-9 Ioj ydei3 ourg
'9-"1] JO onjeA 9AN SISATeue uoIssaI3a1 B UIYIIM WOIJ OpISe uoISSIWpe Jo () pue [og]
-orpaxd jueoyruSis ON  OnSISO[ 9JBLIBATI[NIA SOD yuow-9 pariodar sonfea oN AN VSITd € ‘T skep uo poidwres  810T “'Te 10 eyidea(g
jutod sdnoid awoo
poyrowr -ow “(s)1oyowrered -1no jo uostredwod sonfea sIsATeue

(s)3urpurg SISATRUR [BO1ISTIBIS

QWIOdNO [eJIUI) B ul pajrodar sonfep

9-"T1 510409 [0y

Kesse uon9919p 9-1

9-"11 JO POyIPIN Apmg

(ponunuoo) zsjqey

pringer

Qs



Neurosurgical Review

SO[onIE [RUISLIO 9y}

ur pajuasard sam3y woiy sioyine Judsaid oY) £q poje[no[ed Ak () YSLIAISE UR )M PIIBW SAN[BA PIIRIS ASIMIYI0 ssafun aniifrwr 1od sowrwrer3oord ur pajodar are S[oAd[ 9-T[ ‘[BAISIUI 90UPY
-Uu0d ‘7 ‘Ao (101e1odo J9ATIIAI) Iopun BaIE ) Y G PueSI[ umjowayd D-D ‘CIDD BYe—PARIdas A[qewnsaid ‘passaidxy [[0)-], [BUWLION ‘UONRANOY uodn pje[n3ay ‘SHINVY IUN 2Ied JAIS
-UQUI ‘)] SOWO0IINO d[qeIoAejun/Iood pue 9[qeINOAL)J/POOS OJUT PISTWOIOYIIP 2q UBD YOIYM SO O} LU JB[IWIS B—o[BdS UDYUBY PAYIPOW ‘Syul (9[edS BUIOD) MOTSe[D) ‘§)OH ‘pariodal jou
YN 9[BIS WOINQ MOISBID ‘SO ‘UBW IOLID PIEPURIS ‘WHS 93uel d[naenb-1oul ‘yY¢j] ‘UONRIAID pIEpUR)S ‘(7S ‘ABSSE JUSQIOSOUNWWI PIUI[-QWAZUD VST TH €E€-/0]-UDN3[II ‘€£-/0-T]

S[oA9[ Y $T

WoIJ JUSIYIP A[Iued

-JIus1s J0u 9sneIdq

PasATeuR IO PAJUIS
-a1d jou s[oA9 4 96

9pg0=d

((6S1—S€) 96) SIOAIA

-Ins-uou sA ((L81-1L

AOD €T1) sIoalaIns

Ul g I8 [9A9] 9-T1
UBIPIW UT 9OUSI

=JIp JuedyIuSIS ON
APanoadsar ‘1000
>d () pue €00 =
d (1) ‘sosATeue asoyy
ur ¢e-11 ueyl [[om
sS9 Apueoyrugis

powiojrad 9-1
(€89°0—681°0)
£8G°(0) :owo0oINo J[qe

-InoAejun (Ir)
{(I¥L'0-6¥$0) 0590

:KyTeyIow yyuow-9 (1)
:3unorpaxd ur

9-11 10} (ID %$6) DNV

1891 /] ASWIYA\-UUBIA

911

Surpnpour saurolAo

1ay10 pue g¢e-11

uoam)aq uostedwod

1591-2 ‘sisATeue
101810d0 IOATOY

Ajieriow yjuow-9

SOD
PIsIWOIOYDIp pue
KTeyIow yyuow-9

SIOATAINS
-UOU "SA SIOAIAINS

ur 9-1 (JOI) uerpI

dnoi3
Qwoono Aq pajed
-0133esIp sonfeA oN

AN

v1-8'8
JOD §'TT UBTPIN

Bwinex) 1o)ye
SINOY Y196 PUB Uiy (€]

VSITd °ys uo uoye) sopdwes 1707 ‘'Te 12 BAOYRZEY]
uorssTpe [e€]
VSI'Td 1e ofdures o[3urg 610T “Te 10 Sueyz

(s)Surpurg

poyjow
SISATRUR [BO1ISTIBIS

jutod
-ow) ‘(s)r1orowered
QWOJINO [BOIUI[D)

sdnois owoo
-1no jo uostredwod
e ur payiodar sanjep

sonfea
9-"T1 510409 S[OYA

SIsA[eue

Kesse uonoalep 9-[ 9-"11 JO POYIRIN

Apmgs

(ponunuoo) zsjqey

pringer

a's



Neurosurgical Review

soone reurSLio oy ur pajuasard soms3y woij sioyine Juasaid oYy £q POATISP oIe () YSIIOISE UB [)IM PO[IRW Son
-[eA "ParRIs OsImIaYI0 ssofun oI Jod sounrerSoord ur pajiodar ore s[oAd] 9-1 “oSuel [nIenbIdlul ‘Y] ‘UONEBIAID PIEPUR)S ‘(7S 9[edS dWodNQ MOISe[D) ‘SOO ‘UedW JOLI PIEpUR)S ‘WIS

S[OAQ] [ {7 WoIJ
JuaIolIp Apueoyrusis
JOou 3snedaq pasATeue 10
pajuasaid jou S[PA9] Y 96
299°0 = d “((LyT-8LD)
681) SIOAIAINS-UOU "SA
((S61-081 YOD 981)
SIOATAINS UI Y /7 18
[9AQ] 9-"][ UBIPOW UT
QOUQIQYIP JUBOYIUTIS ON
€00=
d ‘(6¢9) dnois swoono
9[qeInoAey ‘SA (6681)
dnoiS swoono 9[qe
-INOABJUN UI 9-"]] URIPIW
10yS1y Apuesyiusis

sdnoid owoono ueamiaq
SLIdW Q-] JOYIIL Ul
QOUQIQIP JUBIYIUSIS ON
(€200 = d) uors9y sseu,
® Jo oouasaxd (1700 =
d) Kyrewrtouqe Areqpidnd
((TL00°0 = d) 38e Yiim
Suofe (920°0 = d) SOD
Jo 10301pa1d yuopuadapur
ue Sem [9A9] 9-[ edd
(¥20°0 = d snqruwo)
SOD Surroxdwr ym
PasBaIouT S[OAJ] 9-T] eod

S[QAQ] -] JO an[eA
aAno1pald JueoyruSis oN

1591 /) KoUIY A\-UUBIA

1891 ST[[BA\-[BYSIY
SOD postwo
-JOUDIP IIM S[IAS]
9-1 ATrep paSeroae
(1) pue s[aA9 9-T1
uorssrwpe (1) Jo uonng
-10s1p 9y aredwod 0y
189) WINS-YULI UOXOJ[IA\

AWONO [Ed110TA)LD

® se §OO 10J [opowr
uotssardar oidnnjy

¢sdnoi3

SOD U29IMIAq S[OAJ[

9-T1 103 (3891 s, uun(y)
VAONY d1nawered-uoN

SOD Jo uonorpaid 10y
[opOW UOISSAISAI JBIUI]

SOD yuow-g

SOD yuow-9

SOD yuow-9

SOD ypuow-¢

SOD Yuow-9—¢

SIOATAINS
-UOU "SA SIOATAINS

ur 9-1 (JOI) UeIpIA AN

sdnoi3

SOD PasIuoIoydIp

Aq ‘G—1 sAep ssoioe
ueIpaw pue (S F ULl

(€1€6-9'€6 1D
%86) 6'SL1 ueaw g ke

L'6Sy T1-L'¢ o8uey
pariodar (LySeI-T'LEl
sonfeA payedaiS3esip oN  JOI) 9°ZSE ueIpow Aep-/,

Y1TL-0€ 9Buey
059 UBIpIN

0028-001

sueaw Aep-1| juoned
[enpIATpUI Jo o3uey
+6'88] UBSW [[BIAQ

Q3uel ‘URIPIN

NES F
ueow judnied [enprAIpu]

suneln Idjje
SIN0Y Y196 PUT YiT

VSI'Td oy uo uaye) sojdweg

Kin[ur-ysod skep ¢

KI9A00SI(] 9[BOS OSAJN  10J UOT[[00 S ATre(

J2U00S
J1 peAowaI [nun/sAep /,
VSITH 10} UODOD[[00 AJrep 0Im],

uonen

VSI'Td -U3du0J painseawr yead

skep
] Sso1oe pageroAe
—Amfur-ysod skep 1

VSITd  Joy uonad[[od 480 A[red

[vel
120T “'Te 19 eAOYRZERY

[L]
9102 ““Ie 12 nyNYoTMN

[£2] 110T “'Te 0 urIS

[€2] 200z “Te 30 [eySuIs

[22] 100T T8 9 souwld

sSuIputy

poylowr
SISA[eue [eonsnels

jurodown ‘(s)1orowrered
AUWI09)NO [LIIUI[D)

sdnoi3
QWoNO Jo uostredwod
& ur poyiodar sonfep

sanfea
9-TI 510400 oYM

Kesse uonodop 9-]  SIsA[eue 9- JO POYIRIA

Apms

QwWo2IN0 Jo 10301paid B Sk [9A9] (9-]) 9-UR[NS[IAUI (JSD) PNy [eurdsoiqaiad Jo asn oY) SuneSnsoAur sarpns jo Arewwung € ajqeL

pringer

Qs



Neurosurgical Review

Clinical outcome reporting

Among the fifteen studies, five reported short-term (up to
1 month post-injury) outcomes [29, 33, 35, 36, 41] and the
remainder reported longer-term follow-up (maximum 1 year).

GOS was used as an outcome measure in twelve studies,
whilst mortality alone was reported in five [29, 36, 38, 41,
43]. In total, 368 patients were included in all studies that
reported mortality (n = 10), of whom 125 died (34.0%) [22,
29, 32, 33, 36-38, 40, 41, 43]; 366 patients were included
in studies reporting long-term GOS (n = 8), of which 205
patients had a good outcome (56.0%) [22, 25, 28, 32, 37,
39, 40, 42].

IL-6 levels in the blood as a predictor of clinical
outcomes

Eleven included studies examined the relationship between
serum IL-6 concentration and clinical outcome in TBI
patients [25, 28, 29, 33, 35-39, 41, 42] (Tables 1 and 2).
Among these, three studies (121 patients) reported GOS at
hospital discharge or 30 days post-injury [28, 33, 35]; four
studies (206 patients) reported mortality within 30 days of
injury [29, 33, 36, 41]; five studies (285 patients) reported
long-term GOS [25, 28, 37, 39, 42]; and two studies (129
patients) reported long-term mortality [38, 42].

In studies reporting short-term outcomes [28, 29, 33, 35,
36, 41], one study presented five patients with no mortality
and no discernible predictive value of admission serum IL-6
levels with respect to outcome [33]. Four other papers all
showed significantly higher serum IL-6 levels shortly after
admission to the hospital in those patients with poor out-
comes [35] or who died [29, 36, 41] compared to those with
favourable outcomes or who survived, respectively. How-
ever, in the short-term outcomes data presented by Aman
et al. [28], there was no significant association between post-
operative IL-6 and 1-month GOS.

One study [35] demonstrated that the median serum IL-6
level at 24—48 h after admission was significantly higher in
those with poor outcomes at discharge (n = 76; IL-6 190 vs.
133 pg/mL). The reported median (IQR) length of stay in
hospital for the 76 patients was 15.15 days (7.9-24). This
significant finding remained after controlling for age and
initial GCS score in a multivariate logistic regression model,
using IL-6 concentration as a continuous variable (adjusted
p < 0.05, no odds ratios reported). Similarly, other stud-
ies demonstrated higher serum IL-6 levels at admission in
patients who died compared to survivors at 30 days [29, 36]
and at the time of ICU discharge [41].

Six studies reported the relationship between serum IL-6
levels and long-term outcomes [25, 28, 37-39, 42]. Aman
et al. demonstrated that an immediate post-operative serum

IL-6 level greater than 100 pg/mL was associated with poor
outcomes at 3 months (p = 0.016) [28]. However, other stud-
ies showed no significant association between serum IL-6
measurements taken within 24h of admission and extended
GOS [25] or mortality [38], respectively at 6 months. One
study analysed patients based on whether their serum IL-6
level within 24 h after admission was above or below the
group (n = 40) median. There was no significant association
between this metric and dichotomised GOS at 1 year [37].
Deepika et al. performed a multivariate logistic regression
analysis for predictors of dichotomised GOS at 6 months,
including a cytokine panel, heart rate variability parameters
and the validated predictors of outcome from the CRASH2
prognostic model [5] as putative predictors. They found no
significant effect of IL-6 in this model [39]. A further study
presented a receiver operator analysis for the prognostic
value of IL-6 with respect to mortality and dichotomised
GOS at 6 months, reporting the area under the receiver oper-
ator curves (AUC) only. The AUC for IL-6 concentration
at hospital admission was 0.650 (95% CI 0.549-0.741) for
mortality and 0.587 (95% CI 0.485-0.683) for GOS [42].

IL-6 levels in CSF as a predictor of clinical outcomes

Five included studies reported the association between IL-6
levels in patients’ CSF and their clinical outcome [22, 25,
32, 38, 40] (Tables 1 and 3). All of these studies reported
long-term outcomes—either GOS [22, 25], mortality [38]
or both [32, 40].

Three studies utilised daily CSF collection, resulting in a
composite measure of IL-6 concentration as an average of all
time points [22, 25, 32]. One study analysed CSF sampled
6 hourly for the first 5 days post-injury in their cohort of 32
patients. The median IL-6 value was significantly higher in
the poor outcome group (n = 18) than the good outcome
group (n = 14) (1899 vs. 639 pg/mL; p = 0.03) at 6 months.
No multivariate analysis was performed in this study [22].
Another study involved CSF collection from 14 patients
twice daily for a maximum of 7 days [25]. There was no
significant finding when comparing the median daily CSF
IL-6 levels to dichotomised GOS at 6 months [25]. The final
study collected CSF daily for 14 days from 13 patients, and
individual patients’ mean IL-6 values showed no significant
correlation with their GOS at 3—6 months [32].

Two studies involved periodical sampling of CSF at
longer time intervals [38, 40]. One study involved periodi-
cal sampling of CSF for a mean duration of 73.6 h, with the
peak IL-6 level occurring at a mean of 36.1 h post-injury
[40]. One of these demonstrated that patients with better
clinical outcomes had significantly higher peak CSF IL-6
levels in comparison between GOS categories (omnibus p
= 0.026; GOS 1 median IL-6 = 412 pg/mL vs. GOS 5 =
1650 pg/mL. This finding remained significant in multiple
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regression analysis, with other significant predictive factors
being increasing age, presence of pupillary abnormality and
the presence of a mass lesion [40]. In the study by Kazakova
et al., CSF was sampled at 24 and 96 h post-injury in 27
patients. There was no significant difference in CSF cytokine
concentrations (including IL-6) between the 24- and 96-h
time points, and they found no difference in the median IL-6
concentration at 24 h between survivors and non-survivors
(p = 0.662) [38].

Parenchymal IL-6 levels in relation to clinical
outcomes

One study demonstrated that patients who survived to 6
months post-injury had a significantly higher median peak
IL-6 level in their brain parenchyma than those who died.
Exact values were not reported, but graphical evidence [43]
shows that the median IL-6 concentration in survivors was
approximately 550 pg/mL, compared to around 100 pg/mL
in non-survivors (n = 14, p = 0.04). No multivariate analy-
ses were performed in this study with respect to IL-6 levels
and outcome; however, they demonstrated no significant
association between parenchymal IL-6 levels and initial
GCS [43].

None of the included studies reported using the IL-6 lev-
els measured to inform decisions about the clinical manage-
ment of patients.

Discussion

The life-threatening or life-altering nature of TBI and the
societal cost of its aftermath make it a disease that requires
new therapeutic options. Despite the predictive value of the
GCS being described some decades ago, at present, there
are no biomarkers known to predict patient outcomes in rou-
tine clinical use. Several markers have been suggested to
be predictive of long-term outcomes in TBI patients, such
as inflammatory mediators including IL-1p, IL-10, IL-33,
TNF-o and IL-6 [32, 41, 42, 44-46]. Preliminary studies
have also suggested a prognostic role for neuron- or glial
cell-specific proteins, such as S100B, neurofilament light,
neuro-specific enolase, myelin basic protein (MBP), glial
fibrillary acidic protein (GFAP), phosphorylated axonal
neurofilament subunit H (pNF-H), tau protein and ubiquitin
carboxyl-terminal hydrolase L1 (UCH-L1). The presence of
these molecules in the peripheral circulation implies trau-
matic blood-brain barrier disruption, perhaps providing an
indication of an aspect of TBI severity [46, 47]; however,
their robustness as tools for prognostication in TBI patients
is yet to be defined.

Effective treatments are also lacking—whilst surgical
decompression and neuro-protective measures to maintain
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cerebral perfusion pressure comprise the mainstay of acute
management, evidence from pre-clinical studies suggests
that the neuroinflammatory response is of critical impor-
tance in the brain’s recovery from TBI, thus representing
a platform for the exploration of prognostic biomarkers
as well as therapeutic targets [26]. Our systematic review
focusses on the well-described pro-inflammatory cytokine
IL-6, known to be important in inflammatory, infectious and
neoplastic diseases of multiple organ systems [48—50] and
previously shown to be produced in the brain in response
to TBI [51]. We have systematically reviewed the literature
published to date in order to assess the potential role of IL-6
as a prognostic biomarker for patient outcomes after TBI.

Patient population

The patient cohort represented by these studies is largely
representative of the severe TBI population in general.
The average age of included patients was 40.8 years, with
a significant male preponderance. This is consistent with
the demographics of patients with TBI: commonly young
male individuals [52, 53]. Most of the patients had a severe
TBI, and the most common mechanism of injury was RTC.
This differs from published literature on the epidemiology
of TBISs, in which falls are the most common cause of injury
[53]. However, mechanisms of injury were only reported by
a minority of papers (see Table 1), and the preponderance
of patients with severe TBI likely excludes those with mild/
moderate TBI resulting from low-energy falls. Traumatic
SAH was the most common finding reported on CT neuro-
imaging. Approximately one-third of the patients were man-
aged with ICP monitoring. Of those who received surgical
intervention, a quarter was reported to have undergone a
craniotomy, although specific details of operative manage-
ment were unspecified in several papers (Table 1).

Key findings

Across the eleven studies that reported the relationship
between serum IL-6 levels and their clinical outcome, five
showed that a higher IL-6 concentration following TBI was
associated with poorer outcomes [28, 29, 35, 36, 41], five
showed no significant association [25, 33, 37-39] and one
demonstrated the predictive ability of serum IL-6 levels with
respect to long-term outcomes but did not report any specific
values of IL-6 [42]. A very wide range of serum IL-6 values
was reported, with group averages ranging from 11.8 pg/mL
[42] to 382.9 pg/mL [33] and extreme values ranging from
0.08 pg/mL [28] to 13,706 pg/mL [25]. These discrepancies
are not explained by differing IL-6 detection assays (Table 2)
but may be due to the patient population, clinical manage-
ment and/or sample collection practices. For example, when
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comparing the studies with the two most extreme values,
the study with the largest value comprised only patients
with conservatively managed severe TBI [25], whereas in
the study with the smallest IL-6 value, more than half of
the patients had mild/moderate TBI but 97.5% underwent
decompressive surgery [28].

The six studies that analysed CSF IL-6 levels also had
conflicting findings. Three studies found no association
between CSF IL-6 concentrations and outcomes [25, 32,
38]. However, Nwachuku et al. demonstrated higher IL-6
levels in patients with poor outcomes [22], whereas Singhal
et al. showed the opposite, which remained significant in
multivariate analysis [40]. In comparing these two conflict-
ing studies, the patient population is similar—all patients
had a GCS of 8 or less on admission and were conservatively
managed in ICU. However, the reporting of IL-6 differed,
with one study measuring a composite of IL-6 measure-
ments during the first 5 days post-injury [22], whilst the
other measured peak serum IL-6 levels [40]. Therefore, the
association between CSF IL-6 levels and clinical outcomes
in TBI requires further exploration. All of these studies col-
lected CSF from patients with EVDs in situ other than one
in which lumbar puncture was performed if no EVD was
used [38]. They did not report the CSF IL-6 levels in the
lumbar puncture patients separately from the EVD patients,
and the median IL-6 values presented in this paper were
within the range of CSF IL-6 values across the other four
relevant papers (Table 3) [22, 25, 32, 40]. Only one of the
studies utilising reported the rate of CSF infection in their
cohort—6.25% in Nwachuku et al.’s study—however, they
did not report whether the CSF IL-6 levels were significantly
different in those patients with ventriculitis than those with-
out [22].

One study analysed brain parenchymal levels of IL-6
in severe TBI patients using cerebral microdialysis [43].
They purposefully targeted a brain region that was ana-
tomically distant from any focal injury. Thus, the cytokine
profile represents the general microenvironment of the
traumatised brain and is more likely to be reflective of
brain pathology given the relative integrity of the blood-
brain barrier. The results of this study were not in keeping
with the otherwise prevailing notion that an exaggerated
inflammatory reaction (evidenced by greater IL-6 produc-
tion) is associated with a poorer outcome—whether this
relates to differential IL-6 levels in brain parenchyma as
compared to CSF/serum, or other factors such as patient
selection, it is not possible to elucidate [43].

Eleven included studies described the clinical manage-
ment of their patient cohort, and two specifically reported
IL-6 levels obtained prior to any surgical intervention
[28, 37]. However, no studies used the measured 1L-6
concentrations in making decisions on patient manage-
ment, and indeed, very little detail was given regarding the

factors influencing management decisions generally. Only
one study attempted to assess the impact of the surgical
intervention itself on IL-6 levels—Aman et al. measured
serum levels at admission and 1 day post-operatively in
their cohort of 40 surgically managed patients. They dem-
onstrated a significant reduction in serum IL-6 levels after
surgical intervention (mean reduction of 190.6 pg/mL, p =
0.001); however, the timing of surgery was not specified
to allow comparison with other studies based on temporal
trends alone [28].

The temporal dynamics of IL-6 levels were inconsistently
reported among studies sampling at multiple time points.
Pleines et al. showed the IL-6 concentrations in CSF and
serum for 14 days after injury, showing an initial drop from
admission to day 5 before a second peak in IL-6 concentra-
tion on day 6 followed by a steady reduction thereafter [32].
However, no studies examined for any association between
IL-6 dynamics and outcome—e.g., whether the rate of
change in IL-6 concentration from one time point to another
is predictive of poor outcome. However, two studies dem-
onstrated data that imply a potential effect of this. Ferreira
et al. showed graphically that patients who died had stead-
ily increased serum IL-6 levels at 0, 24 and 72 h, whereas
a biphasic response was seen in survivors with a reduction
from O to 24 h then an increase at 72 h to levels greater than
baseline. The absolute values at O and 24 h were higher in
non-survivors than survivors [41]. Stein et al.’s study utilis-
ing twice-daily serum collection over 14 days also pointed
to the possible importance of IL-6 dynamics. In their cohort
of patients with favourable outcomes, the median admission
IL-6 concentration was 122.2, with the median for the whole
14-day period being 89.6, suggesting an average reduction
compared to admission levels. However, in the unfavourable
outcome group, the admission median was 104.9 pg/mL,
whilst the 14-day median was 104.3 pg/mL, implying higher
levels for a longer period in the unfavourable group than in
the favourable group. The absolute values were not signifi-
cantly different between outcome groups, but the dynamic
effect was not analysed statistically [25].

Although several included studies analysed more
cytokines than IL-6 alone, none analysed the relative con-
centrations between them—for example, whether the ratio
of ‘pro-inflammatory’ IL-6 to ‘anti-inflammatory’ IL-10 is
of prognostic significance.

Risk of bias assessment

As shown in Table 1 (further details in Table S1), six of
the fifteen included studies suffered from a serious risk of
bias with respect to the relationship between IL-6 levels and
clinical outcomes. This arose from a lack of assessment or
adjustment for potential confounders that were likely to pre-
dict clinical outcomes, such as initial GCS. For example,
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two studies with significant findings demonstrated that IL-6
levels independently predicted clinical outcome [35, 40],
and another showed that serum IL-6 levels were associated
with survival but not with initial GCS [36], but four other
studies reported significant findings without any adjust-
ment for relevant confounders [22, 28, 29, 41]. Indeed, one
study demonstrated that serum IL-6 levels at admission and
immediately post-operatively were significantly associated
with both GCS at admission and 1 week post-injury [28],
whilst Ferreira et al. found a significant association between
admission serum IL-6 level and the APACHE-II score used
universally in intensive care medicine mortality prediction
[41]. Furthermore, in the study by Deepika et al., a graphical
representation of the univariate association between serum
IL-6 values and 6-month GOS suggested significantly higher
levels in the unfavourable outcome group at days 3 and 10.
However, this effect was not significant after adjustment for
several other cytokines, heart rate variability parameters and
the previously established CRASH?2 predictors, demonstrat-
ing the potential pitfalls of univariate comparisons in this
setting [39].

Implications

Although the literature published to date is limited in breadth
and contains some inconsistencies in findings, it is clear that
TBI results in IL-6 production in the brain, and that exag-
gerated IL-6 production following TBI may be predictive of
poor clinical outcomes. IL-6 is an important cytokine in the
inflammatory response throughout the body [54], as well as
having functions in bone remodelling and muscle regenera-
tion [31, 55]. Outside of the central nervous system, IL-6 is
expressed as part of the innate immune response by immune
cells—primarily macrophages. However, in the brain, IL-6
production is not limited to microglia/macrophages but has
also been shown to occur in astrocytes and even neurons
[11, 12, 56].

The cellular effects of IL-6 signalling are mediated
through its specific receptor, IL-6 receptor o (IL-6Ra), albeit
with differing downstream intracellular signalling depending
on whether the membrane-bound or soluble form is activated
[24]. It has conventionally been thought of as a purely pro-
inflammatory cytokine, but there is evidence that it can also
have anti-inflammatory effects, depending on the receptors/
cells it acts on as well as the relative concentrations of other
cytokines in the microenvironment [24, 30, 57].

The importance of the neuroinflammatory response fol-
lowing TBI has been increasingly recognised over recent
years, with evidence that a degree of neuroinflammation
is required for clearance of debris, as well as enhancing
post-traumatic cortical neurogenesis, but that other aspects
of neuroinflammation prohibit new neurons from matur-
ing and performing brain repair [7, 26]. A key mediator
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in the generation and maintenance of the neuroinflamma-
tory response is High Mobility Group Box 1 (HMGBI1), a
non-histone DNA-binding protein that serves as a DAMP,
indicating cell necrosis in the immediate post-injury period.
However, HMGBI is thought to be actively secreted by
immune cells thereafter, resulting in the perpetuation of the
inflammatory process and a limitation of neural regeneration
and functional recovery [7]. Binding of HMGBI to its recep-
tors (receptor for advanced glycation end products (RAGE);
and toll-like receptor (TLR) 2/4) results in complex intra-
cellular signalling cascades converging on the transcription
factor nuclear factor kappa B (NFxB), which in turn upreg-
ulates transcription of various pro-inflammatory cytokines
including TNF-a, IL-1f and IL-6 [58].

The exact effector molecules in this series of events that
might be successfully targeted in order to improve outcomes
after TBI are as yet unknown. Ample pre-clinical evidence
exists to suggest that manipulation of the neuroinflammatory
response can provide functional benefits [7], but to date, no
in-human clinical trials have been able to demonstrate such
effects [23, 26, 34, 59].

Whilst the exact role of IL-6 in the context of post-TBI
neurogenesis, secondary brain injury and functional recov-
ery is yet to be defined, it is clear is that it is highly upregu-
lated in TBI and is detectable at much higher concentrations
in both the blood and CSF than in the physiological condi-
tion [29, 33, 36, 37, 41, 45]. CSF levels were consistently
higher than serum levels; however, an analysis of whether
the difference between CSF and serum levels is predictive
of outcome in itself (perhaps reflecting the degree of blood-
brain barrier disruption) is absent to date. Further study is
required to elucidate the temporal trends of IL-6 release
after TBI and their implication for prognosis—for example,
it might be the case that the initial release of IL-6 is propor-
tional to the severity of the injury, whereas later release after
a few days is a marker/promoter of neural regeneration and
repair which would therefore favour better outcomes.

This systematic review demonstrates the limited evidence
to support the notion that the degree of IL-6 production in
the injured brain predicts patients’ capacity for recovery,
which hypothetically relates to the degree of neuroinflamma-
tion and the resulting ability for neural regeneration.

The ideal biomarker for prognostication in TBI patients
would be readily accessible, predictive within 24 h after
hospital admission and both sensitive and specific for the
outcome. IL-6 concentration in serum is therefore attractive,
given that all TBI patients will have blood samples taken
shortly after hospital admission, and six studies included
in this systematic review demonstrate the promise of serum
levels within a short timeframe [28, 29, 35, 36, 41, 42].
However, this review purposely focussed on a population
of patients without significant extra-cranial injuries and the
relevance of serum IL-6 concentrations in the context of
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multiple trauma, including TBI, requires exploration given
the ubiquitous nature of IL-6 in the inflammatory response.
To date, one study has explored the impact of the surgical
intervention itself on circulating IL-6, indicating no signifi-
cant additional release caused by surgical trauma [28]. CSF
IL-6 levels are likely to be more specific to TBI outcomes in
the context of multiple trauma; however, CSF is not as read-
ily available for analysis as blood is, and hence any clinical
utility would probably be limited to the severe TBI popula-
tion undergoing EVD insertion.

Whilst biomarkers for the prediction of clinical outcomes
will no doubt be useful to clinicians managing TBI patients,
there is an urgent need for novel therapies in this population.
Monoclonal antibodies targeting IL-6 such as tocilizumab
are licensed for use in autoimmune diseases [50] and have
been shown to be useful in COVID-19 with defined and
acceptable side-effect profiles [49]. Therefore, modulation
of IL-6 signalling is possible and could be explored as a
therapeutic option in the context of TBI.

Limitations

This systematic review is limited by the relatively small
body of literature published to date on the topic, represent-
ing 699 patients in total, with several papers suffering from
a serious risk of bias—therefore, the literature would benefit
from large, prospective studies in this field. Any such studies
must have clear case selection and employ robust statistical
processes for controlling for important confounders, includ-
ing initial GCS. Within the fifteen included papers, hetero-
geneity in methods and statistical reporting between studies
excluded the possibility of meta-analysis (Tables 2 and 3). In
particular, the practices of IL-6 sampling and data presenta-
tion varied greatly between studies, perhaps reflecting the
developing nature of the field. Several studies utilised either
the peak measured IL-6 concentration in blood/CSF or else
the average IL-6 concentration over several days following
the injury. However, the dynamics of IL-6 production and
release are incompletely defined in human TBI.

Important common complications associated with trau-
matic brain injury and critical care such as EVD-associated
ventriculitis and sepsis were also under-reported. For exam-
ple, only two cases of ventriculitis were reported in our
review of 699 patients, compared to typical rates of 5-15%
reported in the wider literature [60—62]. Such complica-
tions have previously been shown to significantly impact
IL-6 concentrations in bodily fluids and therefore represent
important confounders [60, 63].

From the point of view of prognostication, the ideal circu-
lating biomarker would be predictive of the outcome either
at the point of hospital admission or at least within 24 h.
Indeed, pre-clinical studies have demonstrated upregulation
of IL-6 production within a few hours after injury [10, 13].

Therefore, the utility of IL-6 levels in the blood, CSF and/
or parenchymal microdialysate in predicting later outcomes
should be explored further. Lastly, we recognise that the
included patients in the study predominantly had severe TBI
(78.1%), thus the generalisability of our findings to the wider
TBI population may be limited. The role of IL-6 in mild
and moderate TBI remains unclear, and thus, warrants more
prospective studies within this patient population. The mild/
moderate TBI population has a better prognosis at baseline
than that of the severe TBI population represented in this
review. Therefore, future studies may benefit from employ-
ing a sliding dichotomy analysis with respect to GOS, to
adjust for prognosis at baseline [64]. Studies in mild and/or
recurrent TBI should also consider more subtle functional
outcomes such as return to work, post-traumatic stress dis-
order (PTSD) and neurocognitive sequelae such as fatigue,
and their relationship to IL-6 levels. One such example is the
recent study by Rodney et al., indicating higher IL-6 con-
centrations in TBI patients suffering from long-term PTSD
symptoms [27].

Conclusion

This systematic review of the literature published to date regard-
ing the prognostic value of IL-6 level concentration as a bio-
marker in TBI identified several papers with data suggestive
of a useful role for the cytokine in this context. These studies
suggest that exaggerated IL-6 secretion predicts poor outcomes.
However, there is also limited evidence to the contrary, and het-
erogeneity between studies prohibited statistical meta-analysis.
Large, prospective studies are required to confirm or refute
these findings, and exploration of the importance of both IL-6
concentration dynamics and the relative concentrations of IL-6
with other cytokines would be prudent to study. Furthermore,
the effects of pharmacological IL-6 modulation in this context
should be explored in both pre-clinical and clinical studies.
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