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Association of early blood-based biomarkers and six-month
functional outcomes in conventional severity categories of
traumatic brain injury: capturing the continuous spectrum

of injury
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Summary
Background Traumatic brain injury is conventionally categorised as mild, moderate, or severe on the Glasgow Coma
Scale (GCS). Recently developed biomarkers can provide more objective and nuanced measures of the extent of brain

injury.

Methods Exposure-response relationships were investigated in 2479 patients aged >16 enrolled in the Collaborative
European NeuroTrauma Effectiveness Research in Traumatic Brain Injury (CENTER-TBI) prospective observational
cohort study. Neurofilament protein-light (NFL), ubiquitin carboxy-terminal hydrolase L1 (UCH-L1), and glial
fibrillary acidic protein (GFAP) were assayed from serum sampled in the first 24 h; concentrations were divided
into quintiles within GCS severity groups. Relationships with the Glasgow Outcome Scale-Extended were
examined using modified Poisson regression including age, sex, major extracranial injury, time to sample, and
log biomarker concentration as covariates.

Findings Within severity groups there were associations between biomarkers and outcomes after adjustment for
covariates: GCS 13-15 and negative CT imaging (relative risks [RRs] from 1.28 to 3.72), GCS 13-15 and positive CT
(1.21-2.81), GCS 9-12 (1.16-2.02), GCS 3-8 (1.09-1.94). RRs were associated with clinically important differences in
expectations of prognosis. In patients with GCS 3 (RRs 1.51-1.80) percentages of unfavourable outcome were
37-51% in the lowest quintiles of biomarker levels and reached 90-94% in the highest quintiles. Similarly, for GCS
15 (RRs 1.83-3.79), the percentages were 2-4% and 19-28% in the lowest and highest biomarker quintiles,
respectively.

Interpretation Conventional TBI severity classification is inadequate and underestimates heterogeneity of brain injury
and associated outcomes. The adoption of circulating biomarkers can add to clinical assessment of injury severity.
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Introduction score," with a broad division between so-called mild

Traumatic brain injury (TBI) is frequently classified into injuries (GCS 13-15) and mod.erate/ severe injur.ies
severity bands using the Glasgow Coma Scale (GCS)  (GCS 3-12). The common perception of the term ‘mild’
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Research in context

Evidence before this study

Traumatic brain injury (TBI) has the highest incidence of
common neurological disorders. Conventional classification of
severity of TBI is based on the Glasgow Coma Scale (GCS),
with over 90% of patients attending hospital graded as ‘mild’
injuries (GCS 13-15) while the remainder are ‘moderate’ GCS
9-12 or ‘severe’ (GCS 3-8). Despite the label, mild TBI can
result in incomplete recovery on the Glasgow Outcome Scale
Extended (GOSE); in some studies 50% or more of patients
have GOSE <8 at six months. However, it is uncertain whether
problems are due to brain injury or other factors.

Recently developed blood biomarkers are measures of the
burden of injury that are more objective and nuanced than
the GCS. Biomarkers can potentially be used to study
exposure-response relationships with outcome on the GOSE.
We searched the Pubmed database since inception to
September 1st 2023 using the terms ((“traumatic brain injury”
OR TBI OR “head injury”) AND (“Glasgow Outcome Scale” OR
GOS OR GOSE)) AND (biomarkers). We identified 287 papers,
of which 58 concerned common blood-based biomarkers.
One paper described survival analyses across biomarker
concentration quintiles, but a quantile-based approach has
not been applied to exposure-response relationships between
biomarkers and functional outcomes.

Added value of this study

We found dose-response relationships between biomarker
concentrations and functional outcomes on the GOSE, and
these were present in all GCS severity groups (GCS 13-15 with
or without abnormality on CT, GCS 9-12, and GCS 3-8). There
was a continuous spectrum of biomarker concentrations and

is that brain injury is insignificant, has few or no
negative consequences, and there is typically complete
recovery.” Recent work has challenged the latter concept:
in some studies over 50% of patients with GCS 13-15
report disability at six months post-injury (defined as a
score on the Glasgow Outcome Scale Extended [GOSE]
<8).> However, it is unclear to what extent persisting
disability is related to brain injury, or to other influences
on outcomes such as social and psychological factors or
pre-existing conditions.*

Diffuse injury is a hallmark of TBI, in the form of
diffuse axonal injury and/or multifocal brain lesions,
and is often detectable on acute imaging, including in
patients with GCS 13-15.° However, imaging changes
in the brain have proven difficult to summarise in a
practical severity scale. Recently, available fluid bio-
markers can provide a sensitive and objective measure
of the overall burden of brain injury.” Biomarkers are
not influenced by prehospital management with seda-
tion and intubation, or factors such as intoxication that
affect the validity of the GCS as an assessment of
severity.®

impaired outcomes across GCS groups, and overlap at the
borderline between them. Ceiling and floor effects, a
prominent feature of the GCS total scores, are not observed
on biomarker concentration distributions. Within the group
with GCS = 3, biomarker concentrations allow separation
between patients with 49-60% chance of a favourable
outcome vs those with a 90% or more likelihood of an
unfavourable outcome. The extent of brain damage defined
by biomarker levels plays a role in outcome in patients with
GCS 13-15, including not only those with positive CT findings,
but also those with a negative CT. Increasing biomarker
concentrations were associated with an increase in absolute
proportion of incomplete recovery. Furthermore,
unfavourable outcomes after GCS 13-15 were almost entirely
confined to patients in higher biomarker quintiles.

Implications of all the available evidence

The conventional distinction between mild, moderate, and
severe TBI is too coarse, and the use of the term ‘mild’ to
describe the heterogenous group who have an initial GCS
13-15 should be discontinued. While the role of
pathophysiology in chronic disability after TBI with a
presenting GCS 3-12 is well-appreciated, the evidence that
brain injury also plays an important role in disability after GCS
13-15 should be recognised in management. Decisions in the
acute stage concerning patients with low initial GCS scores
should be informed by the range of outcomes achievable,
including the likelihood of favourable outcome in patients
with relatively low biomarker concentrations. Making
biomarker assays available in routine clinical practice is an
important future step for the field.

Recent studies have focussed on the prognostic value
of biomarkers®'' and their use in identifying distinct
pathophysiological trajectories in the acute stage.'” How-
ever, considered as measures of severity of brain injury,
biomarkers can also be used to address etiological ques-
tions concerning outcomes. For example, a biological
gradient between biomarker concentrations and later
functional outcomes would provide evidence for a role of
brain injury in disability. Based on biomarkers identified
in earlier studies with the greatest incremental value in
prognosis, we selected three candidate measures for
extent of injury that are relatively unaffected by extra-
cranial injuries: neurofilament protein-light (NFL), ubiq-
uitin carboxy-terminal hydrolase L1 (UCH-L1), and glial
fibrillary acidic protein (GFAP). NFL is a marker of
neuroaxonal injury related to long-term outcome.”” UCH-
L1 is a protein expressed in neurons, and was identified
in a previous study as the biomarker with the greatest
incremental value in predicting the GOSE.” GFAP is an
astroglial marker that is strongly associated with early CT
abnormality irrespective of type of lesion, and is also a
predictor of outcome.'*'¢
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We employed data from the large-scale CENTER-TBI
study to visualise exposure-response relationships us-
ing a quantile-based approach. We studied convention-
ally defined GCS severity groups: patients with GCS
13-15 divided into those with and without abnormalities
on early CT, GCS 9-12, and GCS 3-8. The cohort has a
relatively high proportion of patients with so-called
complicated mild TBI, making it feasible to study
these patients as a separate group.® Contrary to the view
that severity categories are distinct, we hypothesised that
there would be heterogeneity within groups and conti-
nuity and overlap of biomarker values and outcomes
between groups. The first objective was therefore to
examine biomarker—outcome relationships within each
of the four groups. Furthermore, we were interested in
two specific issues: firstly the extent to which outcomes
in patients with GCS 15 are associated with evidence of
brain injury, and secondly whether biomarkers could
reveal differences in outcome expectations among pa-
tients with an initial GCS of 3. The second objective was
thus to examine relationships at each end of the GCS.

Methods

Participants

CENTER-TBI is a prospective observational cohort study
that enrolled 4509 participants between 19th December
2014 and 17th December 2017. The rationale for the
CENTER-TBI study and the sample size is provided in
the project protocol.”” Inclusion criteria were: presenta-
tion within 24 h of TBI, referral for CT, and availability
of informed consent for the study. Patients were
excluded if they had a severe pre-injury neurological
condition that would make outcome assessment prob-
lematic. Patients were recruited in three care pathways:
evaluated in the emergency room and discharged (ER),
admitted to hospital, and admitted to intensive care
(ICU). The analysis included patients aged 16 or over
who had biomarkers sampled in the first 24 h after
injury and had a 6-month GOSE.

Ethics

Ethical approval was obtained for each site in keeping with
national and local regulations. The list of all sites, ethical
committees granting approval and approval numbers can
be found on the CENTER-TBI website (https://www.
center-tbi.eu/project/ethical-approval). Written consent
for participation was obtained at the earliest opportunity,
but patients could be enrolled initially with oral consent.

Clinical and demographic information

Information recorded by investigators at enrolment
included demographic details, including the sex of the
study participants, cause of injury, and pre-existing
systemic disease on the American Society of Anaes-
thesiologists’ (ASA) classification of Physical Health.™
Conventional measures of severity of injury included
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early CT imaging," the Abbreviated Injury Scale (AIS)
and Injury Severity Score (ISS)* and GCS at baseline."*
Major extracranial injury (MEI) was defined as any non-
head and neck AIS >3 (serious injury). Marshall CT
classification categories are: (I) no visible intracranial
pathology on CT, (II) cisterns present with any midline
shift (MLS) <5 mm (III) cisterns compressed or absent
with MLS <5 mm, (IV) MLS >5 mm, no mass lesion
>25 cc, (V-VI) Mass lesion >25 cc.

Global outcome

GOSE: The GOSE is an eight-category assessment of
functional outcome ranging from death to complete
recovery. The GOSE was assessed by interview” or
questionnaire,” administered to a patient or carer, and
then scored centrally. Since the vegetative state is not
assessed separately by the questionnaire, this category
was included with lower severe disability in the score.
The GOSE rating emphasises change in function from
pre-injury to post-injury and encompassed disability
arising from all aspects of the injury, including extra-
cranial injury. The GOSE largely captures the impair-
ments detected by other outcome instruments® and
provides a rational basis for selection of additional
outcome instruments in individual patients.” For anal-
ysis, the GOSE was dichotomised as GOSE <8 (GOSE
2-7 vs 8), GOSE <6 (GOSE 2-6 vs 7-8), and GOSE <4
(GOSE 2—4 vs 5-8). Use of dichotomised outcomes is
common in clinical trials in TBI and has been employed
previously in studies of biomarkers.” A six-month
timepoint was chosen because it is a conventional
timing for TBI outcomes, and it was the last timepoint
at which all participants were scheduled for follow-up.
When the follow-up was outside the protocol time
window for six-month assessment, and assessments
were available at other time points up to 18 months post-
injury, missing GOSE values were imputed at 180 days
using a multi-state model.”” For the cohort analysed a
GOSE was available at 6 months for 2110/2479 (85%),
and 369 (15%) were imputed from other timepoints.

Biomarkers

Biomarker concentrations were measured from serum.
The method of collection of samples and analysis of
biomarker concentrations in CENTER-TBI has been
described in detail elsewhere.' Briefly, blood samples
were collected using gel-separator tubes. After
45 + 15 min of coagulation at room temperature, blood
was centrifuged and aliquoted (8 x 0.5 mL). The samples
were frozen at —80 °C and stored temporarily locally on
site. Batches of samples were shipped on dry ice to the
central CENTER-TBI biobank (Pecs, Hungary) and
stored pending biochemical analysis. GFAP, NF-L and
UCH-L1 were analysed using the Single Molecule Ar-
rays (SiMoA) based Human Neurology 4-Plex B assay
(N4PB) run on the SR-X benchtop assay platform
(Quanterix Corp, Lexington, MA). The current study
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used a sample time window of 24 h.”* When more than
one concentration was recorded then the highest value
was used. NFL had an assay range of 0.0971-2000 pg
per millilitre (pg/mL), UCH-L1 had a range of
1.34-40,000 pg/mL, and GFAP a range of
1.32-40,000 pg/mL. The lower limit of detection (LLOD)
in pg/mL was 0.0971 for NFL, 1.34 for UCH-L1, and
1.32 for GFAP. Measured concentrations above and
below the range were set to the maximum and mini-
mum assay values, respectively. There were 6 values of
NFL and 5 values of GFAP above the range, while there
were 11 values of UCH-L1 that were below the LLOD,
and none of these were zero. A log 10 transformation
was applied to biomarker concentrations for analysis. In
repeat analyses of a subsample of assays the coefficient
of variation for the log-transformed biomarkers ranged
from 22 to 30%."

Statistics

Patients in four GCS severity groups were compared on
demographic and clinical characteristics using chi-square
tests for categorical variables, ANOVA for age, and the
Kruskal-Wallis test for biomarkers. Relationships between
GCS and biomarkers described previously'“* are updated
here for context. Distributions of log biomarker concen-
trations were plotted against GCS total scores as violin
plots. Density plots were created for GCS Total scores and
for biomarker concentrations in different GCS groups.
Bivariate relationships among biomarkers and other vari-
ables were evaluated using Spearman correlations.

The objectives of the study were addressed by
graphing biomarker—outcome relationships in each of
the severity groups and by formally assessing associa-
tions using regression analysis.

Within each GCS severity group biomarker concen-
trations were divided by quintiles to allow exposure—
response relationships to be visualised. Percentages in
each quintile with CT abnormalities and impairment on
dichotomised GOSE scores were calculated with 95%
confidence intervals (CIs).”

Relationships between biomarkers and outcomes
were evaluated with modified Poisson regression.” We
adjusted for potential confounding variables in analysis
including sex, age (in 10 year bands),***' extracranial in-
juries,”” and time from injury to sample (in three cate-
gories).”® Since we were interested in biomarkers as
indicators of the burden of brain injury, we did not
include variables on the same injury severity pathway,
such as GCS score, CT findings, and pupillary reactivity.*
The adjusted contribution of log biomarkers to binary
outcomes (as adjusted RRs) was used as an overall
summary of relationships. The computation of RR is less
susceptible to sparse data bias than the odds ratio, and is
the preferred measure of association for etiological
studies.”*** Values over 1 indicate a positive relationship
with percentage of impaired outcomes. We interpreted
RRs if 1 was excluded from the 95% confidence interval,

while recognising that uncertainty exists around esti-
mates.”* We also examined the distribution of biomarker
levels and their relationship to outcome at the floor and
ceiling of the GCS (i.e. GCS 3 and 15, respectively).
Analyses were conducted using IBM SPSS Statistics
28 and R version 4.2.3. Data were collected on an elec-
tronic case report form (Quesgen Systems, USA), and
downloaded from the International Neuroinformatics
Facility (INCF) Neurobot platform (database version 3.0).

Role of funders

Funding bodies played no role in study design, data
collection, analysis and interpretation of data, writing
the report, or the decision to submit for publication.

Results

Demographic and clinical characteristics

Of the 4509 patients enrolled in CENTER-TBI, 2479
were included in the analyses (mean age 50 years [SD
20.2], 1699 males [69%)); the selection process is shown
in Supplementary Figure S1. There were 629 patients
with GCS 3-8 (‘severe injuries’), 222 with GCS 9-12
(‘moderate injuries’) and 1628 with GCS 13-15 (‘mild
injuries’). The GCS 13-15 group consisted of 868 pa-
tients with a negative initial CT and 760 patients with a
positive CT. The majority of participants had a baseline
GCS score that was either at the top or bottom of the
range: 1243 (50%) had a GCS of 15 and 305 (12%) a
GCS of 3 (Supplementary Figure S2). The characteris-
tics of patients in the four severity groups are given in
Table 1 together with univariate comparisons. The
severity groups differed on demographic variables,
including age, sex, level of education, employment and
marital status. As expected, there were systematic dif-
ferences between groups on variables associated with
injury severity: care pathway, cause of injury, CT ab-
normality, AIS scores and extracranial injuries.

Biomarker distributions and correlations
Median biomarker concentrations differed across
groups, and increased as the severity of injury increased
(Table 1 and Supplementary Figure S3). Concentration
distributions for the GCS severity groups are shown in
Supplementary Figure S4. Unlike the GCS distribution,
there were no obvious ceiling or floor effects on
biomarker concentrations in the total sample, or any of
the GCS severity groups. Interval to sample was similar
for the three biomarkers, and shortest for the group
with GCS 13-15 and a negative CT (Table 1).
Biomarker concentrations were highly correlated
with one another: GFAP and UCH-L1 r = 0.84
(0.82-0.87), NFL and UCH-L1 r = 0.76 (0.74-0.79), and
NFL and GFAP r = 0.78 (0.75-0.80). Correlations with
GCS for the three biomarkers were strong, albeit weaker
than with one another: NFL (r = —0.55 [-0.59 to —0.52]),
UCH-L1 (r = -0.60 [-0.64 to -0.57]), and GFAP
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Participants, No (%) GCS 9-12 GCS 3-8 p
Al eligible patients GCS 13-15 and CT- GCS 13-15 and CT+ (N =222) (N = 629)
(N = 2479) (N = 868) (N = 760)
Age <0.0001
Mean (SD) years 50 (20.2) 48 (20.1) 54 (20.0) 52 (20.7) 47 (20.0)
Sex <0.0001
Female 780 (32) 315 (36) 240 (32) 70 (32) 155 (25)
Male 1699 (69) 553 (64) 520 (68) 152 (69) 474 (75)
Highest level of education 0.0007
Primary 350 (17) 120 (15) 129 (21) 31 (20) 70 (16)
Secondary 702 (34) 259 (32) 198 (32) 57 (36) 188 (42)
Training 391 (19) 159 (20) 119 (19) 31 (20) 82 (18)
College 599 (29) 270 (33) 183 (29) 40 (25) 106 (24)
Missing 437 197 131 63 183
Employment Status <0.0001
Working (full or part time) 1176 (52) 464 (56) 330 (47) 95 (47) 287 (56)
Not working 188 (8) 72 (9) 57 (8) 14 (7) 45 (9)
Retired 623 (28) 195 (23) 241 (34) 70 (35) 117 (23)
Student/homemaker 263 (12) 102 (12) 74 (11) 24 (12) 63 (12)
Missing 229 35 58 19 117
Marital status 0.0031
Partnered 1231 (54) 419 (51) 405 (57) 118 (58) 289 (53)
Previously partnered 345 (15) 131 (16) 121 (17) 27 (13) 66 (12)
Single/other 719 (31) 278 (34) 187 (26) 60 (29) 194 (35)
Missing 40 47 17 80
Care pathway <0.0001
Emergency room 528 (21) 455 (52) 69 (9) 2(1) 2(<1)
Admitted to hospital 721 (29) 336 (39) 352 (46) 27 (12) 6(1)
Intensive care unit 1230 (50) 77 (9) 339 (45) 193 (87) 621 (99)
ASA Pre-injury physical health® 0.011
Healthy patient 1358 (56) 501 (58) 395 (52) 104 (48) 358 (59)
Mild systemic disease 813 (33) 271 (32) 275 (37) 79 (36) 188 (31)
Severe systemic disease 265 (11) 89 (10) 84 (11) 34 (16) 58 (10)
Missing 7 6 5 25
Cause of injury <0.0001
Road traffic accident 984 (41) 315 (37) 276 (37) 78 (36) 315 (52)
Fall 1090 (45) 415 (48) 368 (50) 99 (46) 208 (34)
Violence/assault 118 (5) 49 (6) 34 (5) 12 (6) 23 (4)
Other 231 (10) 84 (10) 63 (9) 25 (12) 59 (10)
Missing/unknown 5 19 8 24
CT imaging abnormality N/A
Absent 920 (39) 868 (100) 14 (8) 38 (7)
Present 1446 (61) 760 (100) 168 (92) 518 (93)
Missing/uninterpretable 113 40 73
Marshall CT classification N/A
I. 917 (39) 866 (100) 14 (8) 37 (7)
I 920 (39) 606 (80) 86 (47) 228 (41)
1T 88 (4) 16 (2) 11 (60) 61 (11)
v 18 (1) 3 (<1) 3(2) 12 (2)
V-vi 415 (18) 132 (17) 68 (37) 215 (39)
Missing 121 3 40 76
Baseline GCS N/A
3-8 629 (25) 629 (100)
9-12 222 (9) 222 (100)
13 97 (4) 142 83 (1)

(Table 1 continues on next page)
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Participants, No (%) GCS 9-12 GCS 3-8 p
All eligible patients GCS 13-15 and CT- GCS 13-15 and CT+ (N =222) (N = 629)
(N = 2479) (N = 868) (N = 760)
(Continued from previous page)
14 288 (12) 109 (13) 179 (24)
15 1243 (50) 745 (86) 498 (66)
Head & neck AIS* <0.0001
No injury/Minor injury 435 (18) 368 (42) 51 (7) 8 (4) 8 (1)
Moderate injury 327 (13) 247 (29) 65 (9) 7 (3) 8 (1)
Serious injury 616 (25) 221 (26) 358 (47) 18 (8) 19 (3)
Severe injury 426 (17) 26 (3) 204 (27) 81 (37) 115 (18)
Critical injury 675 (27) 6 (1) 82 (11) 108 (49) 479 (76)
Major extracranial injuryb <0.0001
Absent 1590 (64) 680 (78) 534 (70) 140 (63) 236 (38)
Present 889 (36) 188 (22) 226 (30) 82 (37) 393 (63)
GOSE at six months <0.0001
Dead 274 (11) 10 (1) 38 (5) 50 (23) 176 (28)
2/3 Lower severe disability/vegetative 241 (10) 23 (3) 49 (6) 27 (12) 142 (23)
state
4 Upper severe disability 109 (4) 16 (2) 34 (5) 15 (7) 44 (7)
5 Lower moderate disability 234 (9) 42 (5) 76 (10) 32 (14) 84 (13)
6 Upper moderate disability 250 (10) 59 (7) 97 (13) 22 (10) 72 (11)
7 Lower good recovery 466 (19) 193 (22) 185 (24) 28 (13) 60 (10)
8 Upper good recovery 905 (37) 525 (66) 281 (37) 48 (23) 51 (8)
Biomarkers
NFL median (IQR) pg/mL 20.8 (8.94-56.7) 8.78 (5.34-16.5) 21.6 (11.6-49.3) 482 (20.4-104)  63.5 (30.8-147)  <0.0001
UCH-L1 median (IQR) pg/mL 108 (39.5-354) 37.9 (18.9-73.0) 111 (51.6-274) 278 (129-624) 429 (203-903)  <0.0001
GFAP median (IQR) pg/mL 392 (65-1775) 43 (14-137) 505 (189-1480) 1600 (558-4450) 2230 (854-5210) <0.0001
Time to sample
NFL <0.0001
0-8 h 769 (31) 410 (47) 183 (24) 46 (23) 130 (21)
>8-16 h 704 (28) 213 (25) 213 (28) 65 (30) 213 (34)
>16-24 h 1006 (41) 245 (28) 364 (48) 111 (47) 286 (46)
UCH-L1 <0.0001
0-8 h 795 (32) 414 (48) 196 (26) 50 (23) 135 (22)
>8-16 h 714 (29) 211 (24) 215 (28) 67 (30) 221 (35)
>16-24 h 964 (39) 238 (28) 349 (46) 105 (47) 272 (43)
Missing 6 5 1
GFAP <0.0001
0-8 h 774 (31) 410 (47) 187 (25) 47 (21) 130 (21)
>8-16 h 708 (29) 213 (25) 214 (28) 64 (29) 217 (35)
>16-24 h 997 (40) 245 (28) 359 (47) 111 (50) 282 (45)
CT-, CT abnormality absent; CT+, CT abnormality present; NFL, neurofilament protein-light; neurofilament protein-light, UCH-L1, ubiquitin carboxy-terminal hydrolase L1; GFAP, glial fibrillary acidic
protein; IQR, inter-quartile range. N/A, Not applicable—the groups are different by design. Statistical tests are for the difference between the four severity groups: chi-square tests for categorical variables,
ANOVA for age, and the Kruskal-Wallis test for biomarkers. *Head & neck AlS, maximum Abbreviated Injury Score for head, neck and cervical regions. ®Any non-head & neck AIS >3 (serious injury). “ASA
Pre-injury Physical Health, American Society of Anesthesiologists classification of physical health.
Table 1: Characteristics of participants.

(r = —0.60 [-0.64 to —0.57]). Age was moderately corre-
lated with NFL concentration (r = 0.26 [CIs 0.22-0.30]),
but was only very weakly associated with UCH-L1
(r = 0.05 [0.01-0.09]), GFAP (r = 0.05 [0.01-0.09]), and
GCS (r = 0.07 [0.03-0.11]). The total extracranial ISS
score correlated moderately with NFL (r = 0.24
[0.20-0.28]), UCH-L1 (r = 0.31 [0.27-0.34]), GFAP

(r=0.230.19-0.27]), and also the GCS (r = -0.27 [-0.31
to —0.23)).

Biomarkers and CT abnormalities

Percentages of patients with a CT abnormality in each
biomarker quintile are shown in Fig. 1. Medians and
ranges of concentrations for quintiles are given in
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Fig. 1: Percentages of patients with intracranial abnormality on early CT (CT+). Biomarker concentrations are divided into quintiles within each GCS
severity group (GCS 13-15 N = 1628, GCS 9-12 N = 222, and GCS 3-8 N = 629). Error bars are 95% confidence intervals for percentages.

Supplementary Table S1. As can be seen from Fig. 1, in
the GCS 13-15 group the slopes for all three biomarkers
showed almost linear relationships between concentra-
tions and percent CT positive, confirming a close rela-
tionship between biomarkers and contemporaneous
imaging. In the GCS 3-8 and 9-12 groups there is
overlap with GCS 13-15 in the lowest quintiles. The
trends for GCS 9-12 and 3-8 are similar to one another
and are attenuated as they reach ceiling at upper con-
centrations of biomarkers.

Biomarkers and outcome

Fig. 2 shows exposure-response relationships between
biomarker concentrations and dichotomised six-month
outcomes (source data in Supplementary Table S2).
The overall trajectories of impaired outcomes for the
biomarkers are similar, and appear to have lower as-
ymptotes in the GCS 13-15 CT negative group and then
extend across the range of concentrations to the highest
quintile in GCS 3-8. There is overlap between each of
the severity groups in percentages of impaired GOSE
scores, particularly between the upper biomarker quin-
tile of one group and the lowest biomarker quintile of
the succeeding group (Fig. 2).

Levels of impairment in the lowest biomarker quintile
varied across level of dichotomisation and were similar
for the three Dbiomarkers (Fig. 2, Supplementary
Table S2). For GCS 13-15 with a negative CT, the first
quintile percentage of GOSE <8 was 29-35% (50/
172-62/179), GOSE <6 was 11-13% (19/172-24/179),
and GOSE <4 was 2-3% (4/179-6/172) for the three
biomarkers. In the highest quintile of the GCS 13-15 CT
positive group, the percentage GOSE <8 was 76-77%
(116/152-117/152), GOSE <6 was 55-58% (83/152-88/
152), and GOSE <4 was 31-34% (47/152-52/152). Cor-
responding figures for the highest quintile in the GCS
3-8 group were 97-99% (121/125-125/126), 95-97%
(119/125-122/126), and 85-86% (107/126-108/125),
respectively. Dichotomisation at GOSE <8 and GOSE <6
appeared to be at or close to ceiling at higher biomarker
levels in the GCS 3-8 group.
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In the regression analyses the covariates age, sex,
major extracranial injury and time to sample were asso-
ciated with outcomes in individual analyses, with age
having the most consistent relationship followed by ma-
jor extracranial injury (Supplementary Tables S3-S5).

The adjusted RRs for associations between bio-
markers and outcomes are given in Table 2 (unadjusted
RRs are provided in Supplementary Table S6). RRs are
expressed per log unit of biomarker concentration (for
reference, log units for quintiles are provided in
Supplementary Table S1). For patients with GCS 13-15
and a positive CT the adjusted relative risks (RRs) were
greater than 1 for all GOSE cut-points and all bio-
markers (RRs for GOSE <8 from 1.21 to 1.29; GOSE <6
from 1.36 to 1.72; and GOSE <4 from 2.14 to 2.81; all
95% Cls excluded the value 1), while in patients with a
negative CT the RR was greater than 1 for NFL and
UCH-L1 (GOSE <8 1.28 and 1.28; GOSE <6 1.97 and
1.71; and GOSE <4 3.72 and 1.84, respectively), but not
for the association with GFAP. For patients with GCS
9-12 RRs were greater than 1 for UCH-L1 and GOSE <8,
and for all biomarkers and GOSE <6 (RRs 1.28-1.39)
and GOSE <4 (RRs 1.55-2.02). As can be seen in Fig. 2,
the CIs for this group are broad, reflecting the relatively
small number of cases who were GCS 9-12 in com-
parison to other severity groups. For patients with GCS
3-8 the adjusted RRs were again greater than 1 for all
cut-points and all biomarkers (RRs for GOSE <8 from
1.09 to 1.12; GOSE <6 from 1.25 to 1.36; and GOSE <4
from 1.56 to 1.94). There were thus associations between
biomarkers and outcomes within each severity group, a
finding that extended to patients with GCS 13-15 and a
negative CT.

As can be seen from Table 2, for each dichoto-
misation threshold, RRs were generally similar for all
three biomarkers. An exception is GFAP which, after
adjustment, showed little or no association with
outcome in the group with GCS 13-15 and a negative
CT. Within each severity group the size of the RRs
generally increased as the level of dichotomisation
changed from GOSE <8 to GOSE <4.
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Fig. 2: Biomarker exposure-response relationships for the 6-month GOSE. Biomarker concentrations are divided into quintiles within each GCS
severity group (GCS 13-15 CT- N = 868, GCS 13-15 CT+ N = 760, GCS 9-12 N = 222 and GCS 3-8 N = 629). The figure shows the four severity
groups in columns and the biomarkers in rows: a NFL, b UCH-L1 and ¢ GFAP. The graphs show percentages of patients at or below three GOSE
cut-offs (<8, <6, <4) in each quintile. Error bars are 95% confidence intervals for percentages.

In each of the subgroups at floor and ceiling on the
GCS (i.e. GCS 3 and 15, respectively), there was a spread
of biomarker values, with overlap between the two
subgroups for all three biomarkers (Supplementary
Figure S3). In each category, the biomarkers showed
dose response-relationships, with RRs for unfavourable
outcome of 1.83-3.79 for GCS 15, and 1.51-1.80 for
GCS 3 (Fig. 3, Supplementary Table S7). These RRs
resulted in clinically significant expectations of prog-
nosis (Supplementary Table S8). While the overall
expectation of death or disability in the GCS 3 popula-
tion was 65% (197/305), this dropped to 37-51%
(17/46-29/57) in the lowest quintiles of biomarker
levels, and reached 90-94% (70/78-61/65) in the high-
est quintiles. Differences were also noted for the GCS
15 cohort, with an overall expectation of unfavourable
outcome of 8% (97/1243), but separating to 2-4%
(5/277-11/287) and 19-28% (33/170-51/80) in the
lowest and highest biomarker quintiles, respectively.

Discussion

Continuous vs categorical approaches to
characterisation of TBI severity

The findings show that there is a continuous spectrum of
injury severity extending from the lowest biomarker

concentrations in GCS 13-15 to the highest in GCS 3-8.
There are similar trends for all three biomarkers, thus
providing converging evidence for the dose-response
patterns observed. Furthermore, there is overlap be-
tween the GCS severity groups in biomarker concentra-
tions, prevalence of CT abnormalities, and percentages of
impaired outcomes, particularly between the upper
biomarker quintile each group and the lowest biomarker
quintile of the adjoining group. There is thus no clear
boundary between GCS 13-15 and GCS 9-12 that defines
a ‘mild’ injury. Furthermore, the GCS 9-12 group over-
laps substantially with the GCS 3-8 group, suggesting that
the distinction between moderate and severe injuries
carries little meaning as far as outcomes are concerned.
While the findings argue in favour of a continuous
view of severity, the division between GCS 13-15 and
GCS 3-12 may be considered convenient in research
studies and clinical practice. As apparent in Fig. 2, there
is progression from lower levels of biomarkers in GCS
13-15, where GOSE <8 is a predominant impairment
and GOSE <4 is rare, to the highest levels in GCS 3-12,
where GOSE <8 is at ceiling and GOSE <4 is common.
These overall differences in outcomes between GCS
groups are well recognised in past work, and provide
one rationale for separating groups in clinical trials or
observational studies. The outcomes that are feasible
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RR (95% Cl) P RR (95% CI) P
GCS 13-15 CT- GCS 13-15 CT+
GOSE <8
Log NFL 1.28 (1.05-1.58) 0.016 1.29 (1.15-1.44) <0.0001
Log UCH-L1 1.28 (1.09-1.51) 0.0031 133 (1.21-1.47) <0.0001
Log GFAP 1.00 (0.88-1.14) 0.99 121 (1.12-1.31) <0.0001
GOSE <6
Log NFL 1.97 (1.43-2.73) <0.0001 1.72 (1.44-2.04) <0.0001
Log UCH-L1 171 (1.29-2.26) 0.0002 1.64 (1.40-1.91) <0.0001
Log GFAP 1.07 (0.85-1.35) 0.58 136 (1.19-1.56) <0.0001
GOSE <4
Log NFL 3.72 (2.47-5.60) <0.0001 2.81 (2.14-3.68) <0.0001
Log UCH-L1 1.84 (1.09-3.12) 0.023 2.92 (2.19-3.90) <0.0001
Log GFAP 1.03 (0.69-1.54) 0.89 2.14 (1.69-2.70) <0.0001
GCS 9-12 GCS 3-8
GOSE <8
Log NFL 1.11 (0.97-1.26) 0.14 1.09 (1.04-1.14) 0.0003
Log UCH-L1 1.16 (1.04-1.30) 0.011 112 (1.06-1.19) 0.0001
Log GFAP 1.07 (0.98-1.17) 0.12 1.09 (1.04-1.13) 0.0001
GOSE <6
Log NFL 1.39 (1.16-1.67) 0.0003 1.29 (1.20-1.39) <0.0001
Log UCH-L1 1.49 (1.27-1.76) <0.0001 136 (1.25-1.48) <0.0001
Log GFAP 1.28 (1.11-1.48) 0.0006 1.25 (1.16-1.34) <0.0001
GOSE <4
Log NFL 1.78 (1.40-2.28) <0.0001 1.68 (1.50-1.89) <0.0001
Log UCH-L1 2.02 (1.58-2.58) <0.0001 1.94 (1.68-2.24) <0.0001
Log GFAP 1.55 (1.23-1.95) 0.0002 156 (1.38-1.77) <0.0001
The RRs have been adjusted for age, sex, major extracranial injury, and time to sample.
Table 2: Adjusted relative risks (RRs), with 95% confidence intervals in brackets, for the association between log biomarker concentrations and
outcomes within each GCS severity group (GCS 13-15 CT- N = 868, GCS 13-15 CT+ N = 760, GCS 9-12 N = 222 and GCS 3-8 N = 629).

and relevant to assess in patients with lower and higher =~ group. Regardless of whether the categories are conve-
degrees of disability are different.”* Arguing against  nient, the terminology is too crude to describe individ-
broad distinctions is heterogeneity within each severity ~ ual patients.

GCS 15 GCS 3
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Fig. 3: Biomarker exposure-response relationships for unfavourable outcome (GOSE <4) in patients with GCS 15 (N = 1243) and GCS 3

(N = 305). Quintiles for GCS 15 and GCS 3 are from the GCS 13-15 and GCS 3-12 groups, respectively. The graphs show percentages of patients
at or below the GOSE cutoff in each quintile for NFL, UCH-L1 and GFAP. Error bars are 95% confidence intervals for percentages.
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The presence of ceiling and floor effects on the GCS
may have encouraged the view that TBI severity is
bimodal. In contrast, biomarker concentration distri-
butions appear unimodal, with no evidence of ceiling or
floor effects. The use of the GCS as a measure of
severity may contribute to undue optimism concerning
recovery in patients with a high score and undue
pessimism concerning prognosis with a low score.** Low
scores may reflect not just severity of the primary injury,
but also alcohol or drug intoxication, post ictal unre-
sponsiveness, or the effect of drugs used for emergency
endotracheal intubation.® These confounders of a very
low GCS do not have the same prognostic import as an
unconfounded low GCS, but may still affect decisions
regarding advanced therapies such as decompressive
craniectomy (in severe intracranial hypertension) or
extracorporeal membrane oxygenation (in severe extra-
cranial injury with refractory hypoxaemia), where
elevated biomarkers may increase probability of prog-
nostic defining lesions including the brain stem.”” While
the overall expectation of death or disability in the GCS
3 cohort was ~65%, biomarker measurements allowed
separation of patients, with expectations of unfavourable
outcomes in the lowest biomarker quintile dropping to
37-51%, and that in the highest quintile rising to
91-949%. This clear refinement of outcome expectations
provided by blood biomarkers could inform discussions
with families, provide better decision making regarding
aggressive ICP-directed or systemic interventions, and
temper decisions regarding early withdrawal of life
sustaining therapies.

Past support for a broad distinction between GCS
13-15 and GCS 3-12 has come from work on prognostic
models, and specifically the finding that predictors differ
in the two severity groups.* However, studies of prog-
nosis have often focussed on GOSE <8 in patients with
GCS 13-15 and on GOSE <4 in patients with GCS 3-12.
Biomarker studies have consistently found stronger as-
sociations with GOSE <4 than GOS <8.>'** In keeping
with these reports, we found consistently larger RRs for
GOSE <4 than GOSE <8 within the severity groups. An
implication is that there are a wider range of influences
on GOSE <8 and impairment is less predictable from
biomarkers than for GOSE <4. Nevertheless, the
continuous association of biomarker quintiles with
outcome argues for effects of microstructural damage
on outcome.

The role of brain injury in outcome after GCS 13-15
The study provides evidence of a substantial burden of
brain injury within the GCS 13-15 group. The rela-
tionship is clearest in the CT positive group, where
percentages of impairment on the GOSE show a regular
increase with increasing biomarker concentrations. In
the top GCS 13-15 quintile, around three quarters of
patients had GOSE <8, over half were GOSE <6, and
30% or more were GOSE <4. There would be value in

using biomarkers to identify patients who would benefit
from screening for impairment risk and initiation of
early intervention.*

In the CT negative group there is also evidence of an
association of outcome with biomarkers. While the
relationship appears less systematic than for patients
with positive CT, it is important because the association
indicates that CT occult lesions play a role in outcome. A
previous study examined the relation between outcome
and NFL and GFAP in 55 patients with a negative CT,
but did not find an association.’* However, our finding
is concordant with work showing associations between
MR imaging and outcome in patients with GCS 13-15
and a negative CT."*> While findings are present for
NFL and UCH-L1, we did not find an association with
GFAP, suggesting it may be less useful than the other
biomarkers in this context. At the lower end of the
biomarker range, variability in concentration measure-
ment is an issue, and this will tend to attenuate re-
lationships. A further limitation of the analyses is that
the numbers of events may be low in some comparisons
at the end of the range, and sparse data may contribute
to the lack of observed associations.*

A feature of the CT negative group is the presence of
lower limits or asymptotes for the prevalence of
impairment on the GOSE in the lower concentration
quintiles: GOSE <8 apparently has a lower limit at
around 30% impaired, while for GOSE <6 it is
approximately 15%, and for GOSE <4 it is around 3%.
These observations are consistent with earlier reports of
persisting limitations in patients with a negative CT in
the TRACK-TBI study.** Persisting disability may have
origins in non-TBI factors including pre-existing
disability, extracranial injuries, problems with mental
health and emotional adjustment after trauma. The ev-
idence from MR studies suggests that brain injury also
plays a role.*"** Furthermore, there are brain changes
such as chronic inflammation* that are not encom-
passed by the biomarkers included in the study. The
presence of reported disability in this group cautions
against applying the term ‘mild’ even at low levels of
biomarkers.

Previous studies of the prognostic value of bio-
markers have found that relatively little is added to
prediction of incomplete recovery in patients with GCS
13-15.>'° This is consistent with the curves shown in
Fig. 2 for GOSE <8 in the two GCS 13-15 groups: these
have relatively shallow slopes, origins above zero, and do
not approach 100% impairment in this group.
Biomarker concentrations indicate the probability of
different levels of impairment, but do not predict indi-
vidual outcomes with accuracy. Nonetheless, there are
substantial changes in percentages of impaired out-
comes across the biomarker range: increasing
biomarker levels were associated with an increase in
absolute prevalence of GOSE <8 by 24-26% in the GCS
13-15 CT positive group. Similar observations
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concerning the magnitude of change can be made for
GOSE <6 and GOSE <4. The findings indicate that
GOSE <4 at six months will almost always be associated
with increased biomarker concentrations, since in the
lowest biomarker quintile in the CT negative group the
prevalence of an impaired outcome was only 1-3%. In
the acute stage there would be uncertainty in predicting
outcome, but at six months the early biomarker findings
would afford high confidence in attributing brain injury
a major role in disability. Judgements about likely cau-
ses of disability are central to the clinical management
of patients in the later stages of recovery, and early
biomarkers can play a crucial role in this context.

The extent of brain injury in individuals with GCS
13-15 is heterogeneous with respect to both biomarkers
and CT abnormalities, implying that better characteri-
sation of injury in individuals is needed. For patients the
description ‘mild’ may lead to their problems being
attributed to factors other than brain injury and diffi-
culties in accessing appropriate care and resources.”
Biomarkers can make a contribution to identifying
brain injury at the microstructural level. A key step will
be implementation of uniform methods of collecting
biomarkers, and consensus on their use to define
severity of injury after adjusting for factors such as age.
Furthermore, biomarkers need integrated with other
clinical measures of injury severity, such as GCS and
CT."

Strengths and limitations

The study has a number of strengths, including the
large sample size, detailed characterisation of acute
clinical characteristics, availability of recently developed
blood biomarkers, and systematic follow-up for out-
comes. Nonetheless there are limitations that should be
borne in mind.

Caution needs to be exercised in relation to severity
of injury and levels of impairment in the groups with
GCS 13-15. Recruitment to the study was in specialist
neuroscience centres in Europe and required that pa-
tients were triaged to CT. A relatively high proportion of
patients with GCS 13-15 had a positive CT scan: around
50% compared to 5-10% typically reported.**
CENTER-TBI was an observational study conducted
mainly in level 1 trauma centres that was designed to
enrol patients in three care pathways (Table 1), and 79%
of patients were admitted to hospital or intensive care.
Thus the group studied here is enriched for so-called
complicated mild TBI° and while this provides an op-
portunity for study, it means that care should be taken
generalising findings to other settings. Similarly,
missing data in CENTER-TBI, which is common in TBI
research, potentially represents a limitation to
generalisation.>**

The current study was limited to functional recovery
on the GOSE. The GOSE consists of broad categories of
disability, and detailed information concerning
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symptoms and impairments is not recorded. The nature
of the scale limits the kinds of analysis that can be
applied to the data. Factors that affect development of
disability, such as psychosocial influences, were not
included in the study. A further element is information
concerning localisation of injury in the brain. The
combination of biomarkers and brain imaging repre-
sents an important avenue for future research," and is
likely to prove critical to characterising injury in the
individual. Investigation of biomarkers in relation to
different dimensions of outcome, including patient-
reported outcomes, is the subject of a separate
CENTER-TBI study.

In line with previous work,” the findings suggest
that, with a few exceptions, associations with the three
biomarkers are similar. We did not carry out a system-
atic comparison of the biomarkers, and it is likely that
detailed differences will exist between them. For
example, NFL seems to show the greatest quintile to
impairment scaling in GCS 15. The biomarkers studied
have different kinetics and the choice of time window
may affect findings. In the current study only around
30% of samples were collected within 8 h. Furthermore,
the coefficients of variation were relatively high. The
biomarkers included are related to particular substrates,
and will not reflect all pathophysiology present after
TBI, such as, for example, neuroinflammatory pro-
cesses.” Finally, we chose potential confounding cova-
riates based on current knowledge in the TBI biomarker
field. Ideally confounders would be based on a causal
model, such as a directed acyclic graph.** Other alter-
natives such as the disjunctive cause criterion could be
considered for selection of confounders.”’ It is also
possible that there are unmeasured confounding factors
that influence relationships.

Conclusions

Conventional TBI severity classification is inadequate
for description of individual patients. Patients with GCS
13-15 have heterogeneous brain injuries, and as a
group, show relationships between impaired outcomes
and biomarker concentrations, with substantial long-
term disability in patients with high levels of bio-
markers. The use of the term ‘mild’ to describe the
broad category of patients with GCS 13-15 should be
discontinued. In patients with GCS 3, biomarker levels
may allow more refined prognostication of outcome,
inform family discussions, and rationalise management
decisions. As recently developed biomarkers become
standardised and clinically available, they promise to
capture the continuous spectrum of injury severity after
TBI and add to better characterisation of the injury.
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