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High-dimensional proteomic analysis for 
pathophysiological classification of 
traumatic brain injury
Lucia M. Li,1,2 Eleftheria Kodosaki,3,4 Amanda Heslegrave,3,4 Henrik Zetterberg,4,5,6

Neil Graham,1,2 Karl Zimmerman,1,2 Eyal Soreq,1,2 Thomas Parker,1,2

Elena Garbero,7 Federico Moro,8 Sandra Magnoni,9 Guido Bertolini,7

David J. Loane10,11 and David J. Sharp1,2

Pathophysiology and outcomes after traumatic brain injury (TBI) are complex and heterogeneous. Current classifica
tions are uninformative about pathophysiology. Proteomic approaches with fluid-based biomarkers are ideal for ex
ploring complex disease mechanisms, because they enable sensitive assessment of an expansive range of processes 
potentially relevant to TBI pathophysiology. We used novel high-dimensional, multiplex proteomic assays to assess 
altered plasma protein expression in acute TBI.
We analysed samples from 88 participants from the BIO-AX-TBI cohort [n = 38 moderate–severe TBI (Mayo Criteria), 
n = 22 non-TBI trauma and n = 28 non-injured controls] on two platforms: Alamar NULISA™ CNS Diseases and 
OLINK® Target 96 Inflammation. Patient participants were enrolled after hospital admission, and samples were ta
ken at a single time point ≤10 days post-injury. Participants also had neurofilament light, GFAP, total tau, UCH-L1 (all 
Simoa®) and S100B (Millipore) data. The Alamar panel assesses 120 proteins, most of which were previously unex
plored in TBI, plus proteins with known TBI specificity, such as GFAP. A subset (n = 29 TBI and n = 24 non-injured con
trols) also had subacute (10 days to 6 weeks post-injury) 3 T MRI measures of lesion volume and white matter injury 
(fractional anisotropy).
Differential expression analysis identified 16 proteins with TBI-specific significantly different plasma expression. 
These were neuronal markers (calbindin 2, UCH-L1 and visinin-like protein 1), astroglial markers (S100B and GFAP), 
neurodegenerative disease proteins (total tau, pTau231, PSEN1, amyloid-beta-42 and 14-3-3γ), inflammatory cytokines 
(IL16, CCL2 and ficolin 2) and cell signalling- (SFRP1), cell metabolism- (MDH1) and autophagy-related (sequestome 1) 
proteins. Acute plasma levels of UCH-L1, PSEN1, total tau and pTau231 were correlated with subacute lesion volume. 
Sequestome 1 was positively correlated with white matter fractional anisotropy, whereas CCL2 was inversely corre
lated. Neuronal, astroglial, tau and neurodegenerative proteins were correlated with each other, IL16, MDH1 and se
questome 1. Exploratory clustering (k means) by acute protein expression identified three TBI subgroups that 
differed in injury patterns, but not in age or outcome. One TBI cluster had significantly lower white matter fractional 
anisotropy than control-predominant clusters but had significantly lower lesion subacute lesion volumes than an
other TBI cluster. Proteins that overlapped on two platforms had excellent (r > 0.8) correlations between values.
We identified TBI-specific changes in acute plasma levels of proteins involved in neurodegenerative disease, inflam
matory and cellular processes. These changes were related to patterns of injury, thus demonstrating that processes 
previously studied only in animal models are also relevant in human TBI pathophysiology. Our study highlights 
how proteomic approaches might improve classification and understanding of TBI pathophysiology, with implications 
for prognostication and treatment development.
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Introduction
Traumatic brain injury (TBI) is a highly heterogeneous condition, 
encompassing multiple possible mechanisms and sequelae.1

Current, overly simplistic classifications inadequately describe 
the range of processes occurring during and after TBI.2 This limits 
clinical prognostication, in addition to patient selection for and 
evaluation of potential treatments. The TBI field is increasingly 
moving towards neuroimaging and fluid biomarker-led phenotyp
ing that can inform about post-injury pathophysiological processes 
and be clinically relevant. Early post-TBI blood levels of neuronal 
and astroglial markers (e.g. NFL and GFAP) and cytokines (e.g. IL6) 
reflect injury and are associated with later neuronal loss and func
tional outcomes.3-5 However, only a small number, likely to be from 
many interacting pathophysiological processes that accompany or 
are triggered by TBI, have been studied.

Highly sensitive, high-dimensional protein assays are now 
available to assess a range of proteins using small sample volumes. 
These novel antibody-based proteomic technologies, namely the 
OLINK® Proximity Extension6 and the Alamar NUcleic acid Linked 
Immuno-Sandwich Assay (NULISA™)7 technologies, combine the 
sensitivity and specificity of immunoassay with the ability to detect 
a large breadth of targets.8 This makes them ideal for discovery 
work, characterizing disease mechanisms and identifying potential 
targets for intervention. This approach is particularly advanta
geous in conditions such as TBI, where a broad and complex range 
of processes contribute to heterogeneous downstream effects.

In this study, we used the Alamar NULISA™ CNS diseases panel 
for the first time in a clinical TBI cohort to investigate the plasma 
proteomic response in acute TBI compared with non-TBI trauma 
(NTT) and non-injured controls (CON). This panel assesses 120 pro
teins, most of which have not been investigated before in human 
TBI. These include phosphorylated tau species and neurodegenera
tive markers, such as amyloid-beta-42, cytokines and proteins 
important for peripheral immune cell infiltration and neuroinflam
mation, such as IL16, and proteins involved in cellular processes. 
This enables a single experiment to investigate whether processes 
previously identified to be important in animal TBI models, such as 

autophagy9 and neuroinflammatory signalling,10 are also relevant 
in human TBI pathophysiology. It also includes proteins, such as 
GFAP and NFL, which we have previously shown to differentiate 
TBI from healthy and non-TBI trauma.3

Samples tested were collected as part of the BIO-AX-TBI study,11

a longitudinal TBI cohort study that also collected other measures. 
This enabled us to investigate whether acute patterns of protein ex
pression were related to subacute white matter injury and lesion 
volume. Furthermore, we explored the extent to which acute pat
terns of plasma protein expression could differentiate clinically 
meaningful TBI subgroups, given that pathophysiological hetero
geneity in TBI is a major challenge for prognostication and develop
ing effective interventions.1 Explicit inclusion of an NTT group 
allowed us to identify patterns of plasma protein expression that 
differentiate TBI from injury in general. For example, a previous 
proteomic study identified post-TBI altered blood and CSF levels 
of many neuroinflammatory and structural proteins,12 but it is un
certain whether all changes are TBI specific. We additionally tested 
our cohorts on the OLINK Target 96 Inflammation panel, which 
assesses 92 inflammation-related proteins, and enzyme-linked im
munosorbent assay (ELISA)-based platforms to assess key neuronal 
and astroglial markers. The overlapping targets enabled us to cross- 
validate our findings, an important step for identifying robust pro
tein markers for future clinical studies.

Our hypotheses are as follows: (i) neuronal and astroglial mar
kers and proteins associated with neurodegenerative disease in
crease after TBI, whereas acute phase and inflammatory proteins 
increase after both TBI and non-TBI trauma; (ii) proteins specifically 
increasing after TBI will be correlated with injury measures from 
subacute MRI; and (iii) proteomic expression can identify clinically 
meaningful subgroups within TBI.

Materials and methods
Participant cohort

We analysed plasma samples from n = 38 TBI [33 male and 5 female, 
mean age 43.8 years, standard deviation (SD) 16.8], n = 22 non-TBI 
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trauma (NTT; 20 male and 2 female, mean age 44.2 years, SD 17.7) 
and n = 28 non-injured healthy (CON; 20 male and 8 female, mean 
age 36.2 years, SD 16.2) participants (Table 1). These samples are 
from a subgroup of participants in the BIO-AX-TBI study,11 a longi
tudinal study of adult (aged 18–80 years) moderate–severe TBI 
(defined by the Mayo Criteria13). TBI and NTT participants were en
rolled after hospital admission. Further inclusion/exclusion criteria 
and injury mechanisms are detailed in the Supplementary 

material. TBI patients mostly presented with bilaterally reactive 
pupils (29 of 35 patients) and a CT Marshall grade of II (20 of 38 pa
tients) (midline shift <5 mm with visible basal cisterns, and no 
high- or mixed-density lesions >25 cm3) and had a mean hospital 
stay of 39.3 days (SD 30.1) (Fig. 1). We assessed functional outcome 
after TBI with the Glasgow Outcome Scale-Extended (GOS-E) at 6 
and 12 months.14 Twelve of 38 patients had pre-injury comor
bidities, including hypertension, non-insulin-dependent type II 

Table 1 Clinical and demographic information

Parameter Group

CON (non-injured, healthy) NTT (non-TBI trauma) TBI (traumatic brain injury)

n (male/female) 28 (20/8) 22 (20/2) 38 (33/5)
Age, years, mean (SD) 36.2 (16.2) 44.2 (17.7) 43.8 (16.8)
Sample collection time, day after injury, median (IQR) n/a 2 (2–3.75) 1 (1–2)
Admission GCS: n/a n/a –

14–15 – – 6
9–13 – – 13
3–8 – – 19

Admission pupils: n/a n/a –
Bilaterally reactive – – 29
Unilateral dilated and NR – – 6
Bilaterally dilated and NR – – 0
Unknown – – 3

Marshall CT gradea: n/a n/a –
Diffuse injury I – – 2
Diffuse injury II – – 20
Diffuse injury III – – 4
Diffuse injury IV – – 0
EML V – – 0
NEML VI – – 12

Extracranial injury type n/a – –
Polytrauma – 6 12
Chestb – 3 4
Abdominal/pelvicb – 0 0
Spine – 0 2
Fracture(s) – 11 2
Vascular – 2 0

Mortality (days after injury) n/a 0 1 (51)
GOS-E (6 months): n/a n/a –

Dead (1) – – 1
VS (2) – – 2
LSD (3) – – 7
USD (4) – – 3
LMD (5) – – 7
UMD (6) – – 5
LGR (7) – – 6
UGR (8) – – 3
Lost to follow-up – – 4

GOS-E (12 months): n/a n/a –
Dead (1) – – 1
VS (2) – – 2
LSD (3) – – 4
USD (4) – – 3
LMD (5) – – 2
UMD (6) – – 7
LGR (7) – – 7
UGR (8) – – 3
Lost to follow-up – – 9

EML = evacuated mass lesion; GCS = Glasgow Coma Scale; GOS-E = Glasgow Outcome Scale Extended; LGR = lower good recovery; LMD = lower moderate disability; LSD = lower 
severe disability; n/a = not applicable; NEML = non-evacuated mass lesion; NR = non-reactive; UGR = upper good recovery; UMD = upper moderate disability; USD = upper severe 

disability; VS = vegetative state. 
aOn initial CT. 
bIndicates injury of chest or abdominal or pelvic organs; isolated rib or pelvic fractures with no underlying organ damage was classified under Fractures.
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diabetes, arrhythmia and prior alcohol misuse (for full comorbidity 
list, see Supplementary Table 1). Twenty of 38 patients had add
itional extracranial injury, most commonly polytrauma (Table 1). 
The most common injury in the NTT cohort was fractures 
(Fig. 1E). All participants provided written informed consent, and 
the local ethics board granted ethical approval (IRAS no. 230221).

MRI acquisition and analysis

Thirty-six TBI (31 male and 5 female, mean age 43.2 years, SD 17.0) 
and n = 24 CON (20 male and 4 female, mean age 35.5 years, SD 16.3) 
participants had subacute 3 T MRI scans (10 days to 6 weeks 
post-TBI, to allow for the practicalities of acquiring MRI in critically 
unwell patients). We included lesion volumes and measures 
of white matter injury in this analysis. MRI was acquired, 

preprocessed and analysed for the BIO-AX-TBI study (for protocol 
details, see Graham et al.3,11). In brief, lesion volume was calculated 
from manually drawn lesion masks, using T1-weighted and T2 fluid 
attenuated inversion recovery scans, and volumes extracted from 
the masks with fslstats from the FMRIB Software Library (FSL) im
aging analysis software package.15 K.Z., F.M. and N.G. carried out 
manual lesion segmentation, working together on a small subset 
to ensure consistency of approach, before working independently. 
N.G. is a neurologist, and all are experienced neuroimaging re
searchers. Diffusion tensor imaging (DTI) was available for 29 TBI 
(25 male and 4 female, mean age 43.1 years, SD 17.1) and all CON 
participants. Two TBI patients could not have a subacute MRI owing 
to practical difficulties, one patient did not tolerate the whole scan 
so did not have DTI, and diffusion data for six patients were not us
able owing to poor data quality or artefacts. White matter injury 

Figure 1 Demographic and clinical characteristics of cohorts. (A) Age and sex distribution of the cohorts. (B) Duration of hospital stay (in days) by age for 
the traumatic brain injury (TBI) cohort. (C) Distribution of clinical descriptors of injury severity [pupil reactivity (BDNR = bilaterally dilated and non- 
reactive; BR = bilaterally reactive; UDNR = unilaterally dilated and non-reactive), CT Marshall grade and pre-hospital Glasgow Coma Scale (GCS)] within 
the TBI cohort. (D) Distribution of functional outcome, assessed by Glasgow Outcome Scale Extended (GOS-E) at 6 months (6m) and 12 months (12m) 
after TBI. (E) Distribution of injury type within the non-TBI trauma (NTT) cohort.
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was assessed with z-scored mean fractional anisotropy (FA) across 
the whole skeletonized white matter after registration of diffusion 
scans to Diffusion Tensor Imaging Toolkit space16 and using a tract- 
based spatial statistics approach to generate voxelwise maps of FA. 
The z-scores were calculated by comparing values from patients 
and controls scanned on the same scanner. Mean z-scored FA 
was extracted for the corpus callosum and whole white matter 
skeleton. Voxelwise analysis was conducted using the general lin
ear model with non-parametric permutation testing (10 000) in 
FSL Randomise,17 with age and sex included as nuisance covariates 
in cross-sectional analyses and individualized lesion masking. 
Voxelwise analysis of FA z-score was cluster-corrected using 
threshold-free cluster enhancement, with multiple-comparison 
correction using a family-wise error rate of P < 0.05.

Blood sample processing

Eighty-eight plasma samples (n = 38 TBI, n = 22 NTT and n = 28 CON) 
were processed on the OLINK® Target 96 Inflammation panel, and 
86 plasma samples [n = 38 TBI, n = 22 NTT and n = 26 CON (20 male 
and 6 female, mean age 36 years, SD 16.2)] processed on the 
Alamar NULISA™ CNS Diseases panel. Samples were from the first 
acute time point (≤10 days after injury) in the BIO-AX-TBI study.3

The median sample collection time was 1 day after injury for the 
TBI cohort [interquartile range (IQR) 1–2 days] and 2 days after in
jury for the NTT cohort (IQR 2–3.75 days). A breakdown of sampling 
time points is in Supplementary Fig. 1. Samples were taken imme
diately to the laboratory after collection for processing and freezing 
at −80°C. Other simultaneously acquired plasma samples had pre
viously been analysed for GFAP, total tau, NFL and UCH-L1 
(Simoa®-HD1 platform) and S100B (Millipore ELISA).3 For this study, 
we could test only a subset (one plate’s worth) of plasma samples 
from the BIO-AX-TBI study. To achieve roughly balanced groups, 
we tested all available samples from the NTT cohort plus a subset 
from the CON and TBI cohorts. The CON and TBI samples were se
lected randomly, after screening out those participants who had 
high or low outlier GFAP values (defined as outside 3 SD of the 
mean GFAP value for that cohort) on the Simoa®-HD1 platform as
say (full details are given in Supplementary Fig. 2). The selected 
samples were randomized with the RAND function in Excel, then 
plated in ascending well order onto a single plate each of the 
OLINK® Target 96 Inflammation panel18 and the Alamar Biotech 
NULISA™ CNS Diseases panel (Supplementary Table 2). The 
Alamar NULISA™ CNS Diseases panel was chosen for its breadth 
of proteins, covering multiple pathways implicated in neurological 
disease, including proteins known to be important TBI markers (e.g. 
GFAP and NFL). This provided the opportunity to explore many po
tential pathophysiological pathways using a small amount of sam
ple in a single experiment. The OLINK® Target 96 Inflammation 
panel, which assesses 92 proteins implicated in inflammatory 
and immune pathways, was used because it aligns with another 
ongoing study, and also several proteins overlap with the Alamar 
NULISA™ CNS Diseases panel, enabling cross-validation of several 
proteins with one assay.

Alamar NULISA™ profiling

Samples used had been through one previous freeze–thaw cycle. 
Relative protein concentrations were measured by Alamar 
Biosciences on the NULISA™ CNS disease panel. The Alamar 
NULISA™ immunoassays use differential conjugation of a pair of 
capture and detection antibodies of each target.19 Both antibodies 

are conjugated with part of a ‘barcode’ sequence specific to the tar
get. In addition, one of the antibodies is conjugated to partly 
double-stranded DNA with a poly-A-containing oligonucleotide, 
whereas the other contains a biotin-containing oligonucleotide. 
Sequential capture–release of the antibody/antigen and antibody/ 
antigen/antibody complexes offers increased sensitivity, allowing 
a final amplification of the ‘barcode’ sequence for each target, 
which is then quantified using next generation sequencing. The as
say is fully automated. Normalization takes place against both an 
internal control and an inter-plate control.

OLINK® protein profiling

Samples used had never been defrosted previously. We used the 
Target 96 Inflammation panel OLINK Signature Q100 platform 
(OLINK Proteomics AB). The OLINK immunoassays are based on 
the proximity extension assay (PEA) technology,6 which uses a 
pair of antibodies per marker detected, labelled with oligonucleo
tides that are incubated with 1 μl of sample. When both antibodies 
of a pair bind on the target, the oligonucleotides bind to each other, 
allowing a PCR to take place, the products of which are then de
tected and quantified by quantitative PCR.

Biomarker data for both Alamar and OLINK® assays are not ab
solute quantification data, but are given as a normalized protein ex
pression (NPX) value for the OLINK® panel and as NULISA protein 
quantification (NPQ) units for the Alamar panel. Both NPQ and 
NPX are arbitrary units on a log2 scale, with the data being to min
imize variation.

Statistical analysis

All statistical analyses were performed in R (v.4.3.2), using RStudio 
(2021).

We carried out DE analysis on the Alamar panel data to identify 
proteins whose plasma levels are affected by TBI. DE is a statistical 
approach to detect and identify, on a wide scale, biological markers 
whose expression varies between different groups. We used the 
limma package from Bioconductor, which uses a moderated t-test. 
False discovery rate correction (the Benjamini–Hochberg method) 
was done for multiple comparisons across all 120 proteins assayed.

Spearman correlation was used to assess correlations between 
blood biomarker levels identified by DE analysis, and between 
MRI measures of injury and those blood biomarker levels. False dis
covery rate correction was done to account for the number of corre
lations performed.

To investigate whether plasma protein levels could identify sub
groups with TBI, we performed exploratory k means clustering ana
lysis using the fmsb package. We iterated from 1 to 10 k clusters, 
with 25 random starting assignments. A model was built based 
on the k (k = 5) that was identified as the ‘elbow’ of the scree plot 
of within-cluster sum of squares value, with 50 random starting as
signments. Difference in age and neuroimaging measures (lesion 
volume, whole skeleton and corpus callosum FA) between clusters 
was interrogated using ANOVA, with cluster assignment as a factor, 
and Tukey’s post hoc HSD tests for significant ANOVA tests. We used 
χ2 tests to test whether the proportions of each GOS-E outcome cat
egory at 6 and 12 months was different between clusters. 
Bonferroni correction was used for multiple comparisons correc
tion, such that the ANOVA or χ2 test was deemed significant with 
a critical P-value of 0.0083 (0.05/6). No adjustment was made for 
sampling time, extracranial and secondary injury, systemic com
plications or premorbid conditions.
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Cross-validation analyses

Pearson correlations were used to determine the relationship be
tween proteins that overlapped on different assays approaches. 
One-way ANOVA tests (with participant type as factor) were per
formed for overlapping proteins using values from both available as
says, to assess whether both types of assays would return the same 
conclusion about the main effect of cohort on protein expression.

Results
Differential expression analyses identify TBI-specific 
derangements in plasma protein expression

Differential expression analysis of the Alamar NULISA™ CNS 
Diseases panel identified 71 proteins whose plasma levels differed 
significantly between non-injured control (CON), non-TBI injury 
(NTT) and TBI injury groups (Fig. 2A and Supplementary Table 3). 
The volcano plots demonstrate how plasma expression of proteins 
differed between each pair of groups (Fig. 2A), with the Venn dia
gram (Fig. 2B) summarizing whether proteins were differentially 
expressed between TBI and CON only or also between TBI and 
NTT (Fig. 2B). Sixteen proteins had different plasma levels com
pared with both NTT and CON cohorts, indicating TBI-specific 
pathophysiology (Fig. 2A, top and middle, B and C). As expected, 
these included neuronal [ubiquitin C-terminal hydrolase 1 
(UCH-L1)], astroglial [glial fibrillary acidic protein (GFAP) and S100 
calcium binding protein B (S100B)] and total tau (MAPT) proteins, 
all of which have previously been shown to be increased after TBI 
compared with CON and NTT.3 We additionally showed that 
changes in plasma levels of phosphorylated Tau 231 (pTau231) 
and amyloid-beta-42 (Abeta42), which have previously been seen 
in comparison to non-injured controls,20 are specific to TBI and 
not seen in NTT (Fig. 2C). Newly demonstrated TBI-specific changes 
included deranged plasma levels of neuronal proteins [visinin-like 
protein 1 (VSNL1) and calbindin1 (CALB1)], proteins associated with 
neurodegenerative disease [presenilin 1 (PSEN1) and 14-3-3γ 
(YWHAG)], inflammatory signalling proteins [ficolin 2 (FCN2)] and 
proteins involved in cell signalling [secreted frizzle-like protein1 
(SFRP1)], cell metabolism [malate dehydrogenase 1 (MDH1)] and au
tophagy [sequestosome 1 (SQSTM1)]. Although most proteins had 
significantly raised levels in acute TBI, levels of FCN2, Abeta42 
and SFRP1 were significantly lower in TBI than in CON and NTT co
horts (Fig. 2B and C).

Several proteins were raised in both NTT and TBI groups, but 
more so after TBI, suggesting their involvement in the pathophysi
ology of general injury, which is exacerbated by TBI (Fig. 2B and C
and Supplementary Fig. 3). These included pro-inflammatory cyto
kines (IL1b, IL33 and IL6), anti-inflammatory cytokines and proteins 
[IL10 and chitinase-3-like 1 (CHI3L1)], in addition to neuronal 
proteins [neurofilament light (NEFL) and enolase 2 (ENO2)]. 
Non-specific injury markers, i.e. proteins with increased plasma le
vels in the NTT group with no additional effect of TBI, included 
acute phase proteins [C-reactive protein (CRP) and serum amyloid 
A1 (SAA1)] and inflammatory proteins (e.g. IL8) (Fig. 2A, bottom 
and Supplementary Fig. 3).

Correlations between acute levels of TBI-specific 
proteins and subacute MRI findings

Diffusion tensor imaging was used to quantify white matter injury. 
Compared with the CON cohort, the TBI cohort had significantly 

reduced white matter FA z-scores across both the whole skeleto
nized white matter tract and the corpus callosum in the subacute 
setting (10 days to 6 weeks after TBI), indicative of white matter in
jury (Fig. 3A). Tract-based spatial statistics analysis also showed 
significant reductions in FA in several white matter tracts 
(Fig. 3B). Furthermore, there was an inverse relationship between 
acute plasma levels of the cytokine CCL2 and corpus callosum FA 
z-scores (rs = −0.60, P = 0.0006) and a positive relationship between 
acute levels of the autophagy-related protein SQSTM1 and whole 
skeleton FA z-scores (rs = 0.5, P = 0.0054).

Thirty-two TBI patients had evidence of focal lesions (mean vol
ume = 22 198.55 mm3, range = 352.00–82 147.05 mm3). Subacute le
sion volume was positively correlated with acute plasma levels of 
the neuronal marker UCH-L1 (rs = 0.64, P < 0.0001), the amyloid 
cleavage enzyme PSEN1 (rs = 0.53, P = 0.0012), total tau (MAPT) 
(rs = 0.61, P < 0.0001) and phosphorylated tau isoform pTau231 
(rs = 0.62, P < 0.0001), indicating a potential relationship with the ex
tent of focal injury (Fig. 3C).

Correlations between acute levels of TBI-specific 
proteins

There were multiple significant correlations between the 
TBI-specific proteins, particularly between neuronal and astroglial 
markers, tau proteins and proteins associated with neurodegenera
tion (Fig. 4). In turn, many of these proteins showed significant cor
relations with IL16, SQSTM1 and MDH1. Although most were 
positive correlations, MDH1 levels were inversely correlated with 
levels of plasma Abeta42, and FCN2 was inversely correlated with 
pTau231 but positively correlated with Abeta42.

Cluster analysis of acute plasma proteins identifies 
TBI subgroups with distinct MRI findings

We next performed exploratory clustering analysis to assess 
whether variation in acute protein levels could identify distinct 
groups in a data-driven way. The k means cluster analysis of plas
ma proteins using the Alamar NULISA™ CNS Diseases panel iden
tified five groups [total wiss (within cluster sum of squares) =  
6988.2, between sum of squares/total sum of squares = 31.5] 
(Fig. 5A). We separated TBI-only/TBI-predominant groups 
(Clusters 3, 4 and 5) from control-predominant groups (Clusters 1 
and 2) (Table 2 and Fig. 5A). Furthermore, this analysis differen
tiated a TBI subgroup with a high burden of focal injury (Cluster 
4) (Fig. 5A and B, right). There was a main effect of cluster type on 
mean skeleton FA z-score [F(4) = 6.624, P = 0.00025], corpus callo
sum FA z-score [F(4) = 7.151, P = 0.000134] and lesion volume [F(4)  
= 10.33, P = 2.45 × 10−6] assessed on subacute MRI (Fig. 5B). Tukey’s 
post hoc tests confirmed that Cluster 5 had lower corpus callosum 
and mean skeleton FA z-scores than both control-predominant 
clusters (Clusters 1 and 2), whilst Cluster 4 had greater lesion vo
lumes than both control-predominant clusters and Cluster 5 
(Fig. 5B).

Compared with the control-predominant clusters (Cluster 1 and 
2), the TBI-predominant Cluster 5 had significantly lower mean 
skeleton FA z-score [mean difference between Cluster 5 and 
Cluster 1 = −0.92, 95% confidence interval (CI) (−1.67, −0.17), P =  
0.009; mean difference between Cluster 5 and Cluster 2 = −1.03, 
95% CI (−1.70, 0.37), P = 0.0006] and corpus callosum FA z-score 
[mean difference between Cluster 5 and Cluster 1 = −2.33, 95% CI 
(−3.86, −0.80), P = 0.0007; mean difference between Cluster 5 and 
Cluster 2 = −2.30, 95% CI (−3.67, −0.93), P = 0.0002]. In contrast, the 
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Figure 2 Differential expression analysis identifying traumatic brain injury-specific changes in plasma proteins. (A) Volcano plots showing the differ
ences in plasma protein expression between each pair of groups. Red dots denote significant proteins. (B) Schematic diagram of the categorization of 
proteins with significant group differences (adjusted P < 0.05). Proteins are categorized based on a between-group comparison coefficient log2 > 0.58 
(equivalent to >1.5× difference between the two groups) and post hoc t-test P < 0.05. Protein names are colour-coded based on biological role/pathway: 
red = neurodegenerative disease associated; blue = neuronal marker; orange = cytokine/chemokine; purple = tau pathology; green = astroglial marker. 
Black indicates a range of other roles and pathways (Supplementary Table 2). Nine proteins for which between-group comparison did not meet these 
criteria for any of the group pairs [traumatic brain injury (TBI) versus control (CON), TBI versus non-TBI trauma (NTT) and NTT versus CON] are not 
included in the schematic diagram. (C) Boxplots illustrating plasma protein levels in CON, NTT and TBI groups for proteins identified by differential 
expression analysis to be TBI specific. The y-axis units are NULISA protein quantification (NPQ) units.

Proteomics in traumatic brain injury                                                                                      BRAIN 2025: 148; 1015–1030 | 1021

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/article/148/3/1015/7775599 by guest on 10 July 2025

http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awae305#supplementary-data


TBI-only Cluster 4 had significantly greater lesion volumes than 
control-predominant Cluster 1 [mean difference = 31 672.74, 95% 
CI (13 559.48, 49 786.00), P = 0.00007] and Cluster 2 [mean difference  
= 32 761.78, 95% CI (17 096.16, 48 427.40), P = 0.000002]. Furthermore, 
Cluster 4 also had significantly higher lesion volume than Cluster 5, 
despite both being TBI-predominant groups [mean difference =  
21 545.40, 95% CI (1620.72, 41 490.90), P = 0.029]. These findings cannot 
be attributed to more lesion resolution with time, because Cluster 4 
has a later median MRI acquisition time than Cluster 5. Likewise, 
Cluster 5 has the lowest white matter FA z-scores of the TBI sub
groups, which cannot be explained by ongoing white matter degener
ation, because it has the earliest median MRI acquisition time.

Plasma proteins whose acute levels were higher than the 
whole group mean in Cluster 4 and lower than the whole group 
mean in Cluster 5 included inflammasome-associated proteins 
(e.g. IL18), pro-inflammatory cytokines (e.g. IL7) and proteins asso
ciated with neurodegenerative disease [e.g. alpha-synuclein 
(SCNA), oligo-alpha-synuclein (SCNA), superoxide dismutase 
(SOD1), TAR DNA binding protein 43/TDP-43 (TARDBP) and 
TDP-43 with phosphorylation on serine 409 (pTDP43.409)] 
(Fig. 5B). There was no difference in GOS-E at 6 months (χ2 =  
2.1325, d.f. = 4, P-value = 0.7114) or 12 months (χ2 = 2.902, d.f. = 4, 
P-value = 0.5744) or in age [F(4) = 1.251, P = 0.296] between any of 
the clusters. However, we were unable to adjust for potential 
confounds.

Proteins measured with two assays showed 
excellent overall agreement

As a range of proteomic platforms become available, an important 
issue is whether results are consistent across panels. Pearson cor
relations for proteins that were assessed in two different assays 
(Alamar NULISA™plus either OLINK®/Simoa®/Millipore) found 
high correlation coefficients (r > 0.8) for most overlapping proteins 
(Fig. 6). Notably and unsurprisingly, proteins for which >50% of 
samples were flagged as below the limit of detection on one of 
the panels (neuronal growth factor beta-subunit, IL2, IL4, IL5 and 
IL13) had very low correlation coefficients. Additionally, for all pro
teins with a correlation coefficient >0.8 across two assays, ANOVA 
testing drew the same conclusion about the effect of group (CON, 
NTT and TBI) on protein levels (Supplementary Fig. 4). All but two 
proteins (MCP1/CCL2 and IFNg) also had the same pairwise group 
differences on post hoc testing (Supplementary Fig. 4 and 
Supplementary Table 4). There were some differences in 
fold changes detected with different assay approaches 
(Supplementary Fig. 5).

Discussion
Using the novel multiplex proteomic assay, Alamar NULISA™ CNS 
Diseases, we identify several proteins whose plasma expression 

Figure 3 Relationship between plasma proteins and neuroimaging features. (A) Comparison of mean fractional anisotropy (FA) z-scores of the whole 
skeleton and corpus callosum between non-injured healthy controls (CON) and traumatic brain injury (TBI) patients on subacute MRI (10 days to 
6 weeks post-injury). *Adjusted P < 0.05. (B) Voxelwise comparison of z-scored mean FA in patients compared with controls on subacute MRI 
(10 days to 6 weeks post-injury), with significant (P < 0.05) group differences in red, overlaid on the white matter skeleton in green. Results are overlaid 
on a 1 mm standard brain in Diffusion tensor imaging toolkit space. (C) Correlation matrix of TBI-specific proteins (identified by differential expression 
analysis) with lesion volume, z-score of the whole skeleton FA (z_wholeskel_FA) and z-score of the corpus callosum (z_CC_FA) on subacute MRI (10 days 
to 6 weeks post-injury) within the TBI cohort. Proteins are ordered by category. See Supplementary Table 2 for category. Only statistically significant 
results (false discovery rate adjusted P < 0.05) are shown.
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was altered specifically in acute TBI patients, in comparison to 
non-TBI trauma and non-injured participants. We show 
TBI-specific deranged plasma levels of proteins associated with 
neurodegenerative disease (PSEN1 and 14-3-3γ), immune signalling 
(FCN2 and SFRP1), cell metabolism (MDH1) and autophagy 
(SQSTM1). This provides in-human evidence of several pathways 
implicated in TBI pathophysiology, which have previously been 
shown only in animal studies. Additionally, we show that changes 
in plasma phosphorylated Tau-231 (pTau231) and Abeta42 are spe
cific to TBI, and not NTT. We also replicate, on a new multiplex 
immunoassay platform, previous findings that neuronal and astro
glial markers (GFAP, S100B, UCH-L1, TAU and NFL) have utility as 
TBI-specific markers. Conversely, our study suggests that some 
proteins, such as IL6 and IL10, might be deranged in a non-specific, 
acute response to any injury. We have related acute levels of 
TBI-specific proteins with each other, and of UCH-L1, total tau, 
pTau231, PSEN1, CCL2 and SQSTM1 with subacute neuroimaging 
measures of injury. Furthermore, we find that different patterns 
of plasma protein expression can identify TBI subgroups with spe
cific injury pathologies. Overall, we show that studying acute pat
terns of plasma protein expression can help to quantify focal 
injury and identify potential processes, including neurodegenera
tion and inflammation, that are important in human TBI patho
physiology. This provides a basis for more rational classification 
of TBI based on pathophysiology.

Deranged proteins reflect inflammatory pathways 
and multiple cellular processes

We found acutely raised levels of the inflammatory proteins IL6, 
IL10, IL1b, IL8, IL15, IL16, serum amyloid A (SAA1) and CCL2 after 
TBI, in line with prior studies assessing both blood4,21-34 and CSF/ 
microdialysate.12,35 In contrast to many prior studies, we recruited 
a non-TBI trauma control cohort, and thus demonstrated that 
changes in plasma levels of IL8, SAA1 and IL15 might reflect general 
injury responses. IL1b, IL10 and IL6 levels were raised in both NTT 
and TBI compared with CON, but were higher in TBI than in NTT, 
suggestive of involvement in a general pro-inflammatory response 
to injury, which is exaggerated by TBI.

Conversely, IL16 and CCL2 were elevated specifically in TBI, 
which might reflect their roles in promoting neuroinflammation. 
IL16 is produced by CD4+ and CD8+ cells, including microglia in 
the brain, and acts as a chemokine and activating signal for CD4+ 

cells, such as T lymphocytes, monocytes and macrophages.36-38

Peripheral CD4+ T-lymphocyte activation is reported in acute hu
man TBI,21 and experimental studies have found that CD4+ T lym
phocytes can increase injury severity.39 Increased IL16 expression 
is seen in experimental neuroinflammation, as a result of infiltrat
ing immune cells and microglial activation.40 Preclinical studies 
show that CCL2 is a key mediator of post-injury neuroinflamma
tion, possibly through its role in increasing blood–brain barrier 

Figure 4 Correlations between proteins. Correlation matrix of traumatic brain injury (TBI)-specific proteins (identified by differential expression ana
lysis) within the TBI cohort. Proteins are ordered by category, separated by a dashed line. See Supplementary Table 2 for category. Only statistically 
significant results (false discovery rate adjusted P < 0.05) are shown.
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permeability and attracting monocytes to the brain.41,42 Our results 
are thus in keeping with TBI triggering release of damage-asso
ciated molecular patterns (DAMPs) that cause activated microglia 
to release IL16 that, along with CCL2, results in increased immune 
cell infiltration into the brain and acute neuroinflammation that is 
particularly harmful to white matter. In keeping with this interpret
ation, acutely increased CCL2 levels were correlated with lower 
subacute corpus callosum white matter integrity, a marker of trau
matic axonal injury, which we have previously shown to relate to 
cognitive and functional outcomes,43-46 tau deposition47 and brain 
atrophy48 after TBI.

There were TBI-specific changes in other proteins implicated in 
post-injury neuroinflammation. FCN2 aids clearance of dying cells 
and is also an initiator of the lectin complement pathway,10,49

which is activated in brain tissue after experimental TBI.10

Complement proteins are also correlated with measures of blood– 
brain barrier permeability and outcome in acute severe TBI.12 The 
positive correlation with Abeta42 and inverse correlation with 
pTau231 might indicate that acute activation of these pathways is 
beneficial after TBI, but this requires further investigation. SFRP1 
is a cell–cell signalling molecule involved in multiple pathways 
relevant to neuroinflammation, such as Wnt signalling. 
Astrocyte-derived SFRP1 after experimental TBI leads to sustained 

microglial activation, promoting a state of chronic neuroinflamma
tion.50 The clinical significance of our new finding, that of reduced 
plasma levels acutely in human TBI, is uncertain. SQSTM1/ 
p62-mediated autophagy51 is important for peripheral myeloid 
cell differentiation52 and microglial functions, including degrad
ation of amyloid plaques.53 Raised SQSTM1 in our TBI cohort was 
associated with less axonal injury, as measured on DTI, supporting 
a role for post-injury autophagy in mitigating axonal injury. Indeed, 
experimental TBI studies have shown that impaired autophagy by 
microglia and macrophages reduces clearance of DAMPs and 
pro-inflammatory signals, like the NLRP3 inflammasome, which 
exacerbates post-injury neuroinflammation and worsens 
outcomes.9

Changes in cell metabolism, such as oxidative stress and abnor
mal glucose metabolism, contribute to secondary injury after the 
initial TBI event.54-56 Experimental studies have found reduced 
astrocytic MDH1 expression in concussive TBI models57 and in
creased thalamic expression in blast TBI models.58 MDH1 
acetylation reduces oxidative stress after intracerebral haemor
rhage, and reduced MDH1 activity is associated with cell senes
cence.59,60 TBI-specific raised plasma MDH1 in our study might 
reflect dysfunctional glucose metabolism and response to oxidative 
stress.

Figure 5 Cluster analysis identifying traumatic brain injury subgroups. (A) Cluster analysis identified five clusters, with three TBI-predominant clus
ters (Clusters 3, 4 and 5) and two non-TBI predominant clusters (Clusters 1 and 2). The black box highlights a set of proteins with marked differently 
levels between TBI-predominant Clusters 4 and 5. CON = non-injured healthy controls; NTT = non-TBI trauma controls; TBI = traumatic brain injury. 
(B) Comparison of MRI measures between the clusters. Cluster 5 had significantly lower mean skeleton fractional anisotropy (FA) and mean corpus 
callosum FA, in comparison to Clusters 1 and 2. In contrast, Cluster 4 had significantly higher lesion volumes than Clusters 1, 2 and 5. *P < 0.05 on 
Tukey’s post hoc test, performed after a statistically significant effect of cluster was identified using ANOVA. Note that only CON and TBI groups had 
MRI.
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Neurodegenerative markers are deranged in TBI

We identified TBI-specific derangement of several proteins asso

ciated with neurodegenerative disease. For example, pTau231, 

which was elevated, is a sensitive marker of early brain tau path

ology and increases with amyloid beta deposition in preclinical 

Alzheimer’s disease.61 We and others have demonstrated tau path

ology after single-hit moderate–severe TBI, as early as 1 year 

post-TBI, compared with controls.47,62,63 Higher rates of brain atro

phy are seen after TBI,64,65 and experimental studies have also 

demonstrated that TBI initiates a cascade of prion-like self- 

propagating tau pathology.63 Therefore, increased pTau231, an ab

normal phosphorylated tau isoform, in the acute period is intri

guing because it might indicate the beginning of pathological 

processes that lead to later neurodegeneration. In contrast, acute 

plasma levels of pTau181 and pTau217 were raised compared 

with CON but did not reach statistical significance compared with 

the NTT cohort. There are no prior clinical acute TBI studies of 
pTau217, and prior studies of pTau181 have reported conflicting 
findings about whether pTau181 is acutely elevated in TBI.66,67

Chronic traumatic encephalopathy might have distinct tau path
ology from other neurodegenerative diseases, such as 
Alzheimer’s,68,69 hence the ability to assess multiple isoforms on 
one panel might be useful for future in vivo differentiation of chron
ic traumatic encephalopathy. Given the difficulty of diagnosing 
chronic traumatic encephalopathy in life, cohort studies or data 
banks, such as CONNECT-TBI,70 which have both blood samples 
(e.g. for pTau231) and post-mortem samples, would help to validate 
differential patterns of these markers as potential diagnostic tools 
for different types of post-TBI neurodegeneration.

We also found lower levels of plasma Abeta42 in acute TBI, com
pared with NTT and CON. Prior studies have found both reduced 
and increased CSF Abeta42 levels71-73 in acute TBI, and two prior 
human TBI studies reported raised plasma Abeta42 levels in acute 

Table 2 Characteristics of traumatic brain injury clusters

Characteristic Cluster

Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5

Cohort distribution 7 CON 19 CON 8 TBI 15 TBI 10 TBI
16 NTT 4 NTT – – 2 NTT
4 TBI 1 TBI – – –

Age, years, mean (SD) 36.5 (18.2) 42.3 (15.6) 49.9 (17.7) 42.5 (15.3) 45.2 (17.9)
MRI acquisition timea,  

day after TBI, median (IQR)
24.5 (20.8–25.3) 14 19 (15–26.5) 20 (15–33.5) 14 (12–18)

Lesion volumea, mm3, mean (SD) 1177.09 (2623.92) 1761.00 18 163.86 (22 227.08) 32 849.83 (27 693.92) 11 304.52 (10 317.78)
Mean skeleton FA z-score, mean (SD) 0.04 (0.34) 0.16 (0.28) −0.49 (0.67) −0.37 (0.62) −0.88 (0.65)
Mean corpus callosum FA z-score,  

mean (SD)
0.19 (0.37) 0.16 (0.45) −0.89 (1.43) −0.70 (0.95) −2.14 (2.07)

Marshall CT gradea,b

Diffuse injury I 0 0 1 0 1
Diffuse injury II 4 1 4 8 3
Diffuse injury III 0 0 0 2 2
Diffuse injury IV 0 0 0 0 0
EML V 0 0 0 0 0
NEML VI 0 0 3 5 4

GOS-E category (6 months)a

Dead (1) 0 0 0 1 0
VS (2) 0 0 0 0 2
LSD (3) 0 0 2 3 2
USD (4) 0 0 1 2 0
LMD (5) 0 0 2 3 2
UMD (6) 1 0 0 2 2
LGR (7) 0 1 1 3 1
UGR (8) 1 0 2 0 0
Lost to follow-up 2 n/a n/a 1 1

GOS-E category (12 months)a

DEAD (1) 0 0 0 1 0
VS (2) 0 0 1 0 0
LSD (3) 0 0 2 2 0
USD (4) 0 0 0 0 3
LMD (5) 0 0 1 1 0
UMD (6) 1 1 1 2 2
LGR (7) 0 0 2 4 1
UGR (8) 1 0 0 1 1
Lost to follow-up 2 n/a 1 4 2

EML = evacuated mass lesion; FA = fractional anisotropy; GCS = Glasgow Coma Scale; GOS-E = Glasgow Outcome Scale Extended; LGR = lower good recovery; LMD = lower 
moderate disability; LSD = lower severe disability; n/a = not applicable; NEML = non-evacuated mass lesion; NR = non-reactive; TBI = traumatic brain injury; UGR = upper good 

recovery; UMD = upper moderate disability; USD = upper severe disability; VS = vegetative state. 
aFor TBI participants only. 
bOn initial CT.
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TBI.72,74 Plasma and CSF Abeta42 levels are reduced in Alzheimer’s 
disease, because soluble amyloid isoforms decrease as they con
dense into amyloid plaques.75,76 Therefore, our finding of reduced 
plasma Abeta42 in acute TBI fits with the idea that TBI triggers neu
rodegenerative processes. Future studies should aim to elucidate 
whether acute pTau231 and Abeta42 elevation predicts higher rates 
of brain atrophy and neurodegeneration after TBI.

Plasma levels of the neurodegenerative proteins PSEN1 and 
14-3-3γ showed TBI-specific acute increases after TBI, which has 

not been reported previously in clinical TBI studies. Abnormal 

amyloid plaque formation can occur within 24 h after TBI.77

Amyloid precursor protein (APP), enzymes required for its cleavage 

(specifically, BACE1 and PSEN1) and Abeta are co-located in these 

abnormal diffuse amyloid plaques early after TBI; they accumulate 

in axons in both human pathological and experimental TBI studies, 

and inhibition of cleavage activity in experimental TBI reduces 

injury-induced cell loss and behavioural deficits.78-80 Axonal dis

ruption and cell death during TBI might promote abnormal amyloid 

plaque formation by forcing together all the components necessary 

for abnormal APP cleavage,77 and the raised PSEN1 we show might 

reflect this process. Raised CSF levels of 14-3-3ζ have previously 

been reported in TBI,81 but raised plasma 14-3-3γ (YWHAG) is 

reported here for the first time. This brain-enriched intracellular 
signal transduction is a component of pathological protein deposi
tions in several neurodegenerative diseases82 and is also a marker 
of neuronal injury in the diagnosis of Creutzfeldt–Jakob disease.83

Therefore, raised levels of YWHAG in our acute TBI cohort might re
flect neuronal damage, with its implications to be investigated 
further.

TBI subgroups defined by proteomics reflect different 
neuroimaging injury patterns

Our exploratory cluster analysis suggests that heterogeneity of plas
ma protein expression patterns might reflect injury characteristics. 
This data-driven approach differentiated TBI from non-injured and 
non-TBI trauma cohorts, in addition to identifying TBI subgroups 
with specific pathological characteristics. These new findings might 
indicate that different pathophysiological processes mediate the de
velopment of white matter versus lesional injury. For example, TBI 
subgroups with significantly different lesion volumes had markedly 
different expression patterns of pro-inflammatory proteins (e.g. IL18, 
an NLRP3 inflammasome-associated protein84), neurotrophins (e.g. 
BDNF), and neuronal injury and neurodegenerative disease proteins 
(e.g. SOD1, TDP-43 proteins and alpha-synuclein proteins). We also 

Figure 6 Correlations between assay approaches. Pearson correlation between levels of proteins assessed by two different assay approaches (the 
Alamar NULISA™ CNS Diseases panel, horizontal, versus OLINK® Target 96 Inflammation panel or Simoa® or Millipore ELISA-based assay, vertical). 
The correlation coefficient is shown superimposed on a representative circle. Red boxes denote proteins for which >50% samples were below the limit 
of detection (LOD) of the OLINK panel. We used 50% of samples as the cut-off because this would mean that below the LOD would not be simply from 
one participant type. Inset are plots of three of the overlapping proteins: IL6 and GFAP, which show excellent correlation between two assay ap
proaches, and IL4, which shows very poor correlation. Note: NEFL/NFL, MAPT/total tau, MCP1/CCL2 and MCP4/CCL13 are the same proteins, but named 
differently in the different assays.
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found correlations between acute levels of neurodegenerative pro
teins (pTau231, total tau and PSEN1) and the neuronal marker 
UCH-L1 and subacute lesion volume, but not white matter integrity. 
Future work can seek to disentangle whether and how these proteins 
and associated pathways contribute to lesion development, and 
whether there is regional variation in the relationship between brain 
structural measures and plasma protein levels, as we have previous
ly shown with GFAP.85

Several proteins were assessed with two different assay types, 
the Alamar NULISA™ assay and/or ELISA and OLINK® PEA assays. 
There was generally excellent correlation of assay values for over
lapping proteins between the Alamar NULISA™ and OLINK® or 
ELISA-based platforms, in addition to agreement between panels 
about the significance of findings. This overall consistency across 
platforms increases confidence in the new findings and further 
strengthens the case for NFL, GFAP, S100B, total tau and UCH-L1 
as biomarkers of TBI and its severity. Important exceptions to the 
generally good correlation between panels were for proteins where 
>50% of samples were below the level of detection of the OLINK® 
assay. This suggests that there is a threshold for protein changes 
to be robust enough to be platform agnostic. This is an important 
consideration for future work, for example, if using these assays 
to track treatment responses.

Limitations

AAlthough we show several new and interesting findings, our work 
is exploratory. The cohort size means that we cannot perform 
multivariate analyses to investigate the mechanistic or prognostic 
role of specific proteins to specific outcomes. Our results should 
motivate experiments to investigate why and how the protein pat
terns identified arise, and the associated clinical implications. 
Replication is necessary in larger and more diverse cohorts, such 
as those with repetitive and milder TBIs. The median sampling 
time was 1 day earlier for TBI participants compared with NTT, 
which might have contributed to some differences in protein levels 
we found. For example, a previous study found that the biggest dif
ference in plasma CCL2 levels between TBI and NTT cohorts was 6 h 
after injury.30 However, difference in sampling time cannot fully 
explain our findings; for example, CCL2 remains elevated in TBI 
up to 72 h,30 and we previously found that neuronal and astroglial 
markers (NFL, GFAP, total tau and UCH-L1) plasma levels remain 
elevated in TBI, compared with NTT, at later acute time points.3 It 
is also possible, given the early sampling median time point in 
our study, that we did not detect delayed TBI-specific changes or 
peaks in plasma protein levels. Some of the TBI-specific changes 
in plasma proteins levels we found have not previously been de
monstrated in clinical TBI studies, hence we cannot know when 
in the trajectory of the protein rise and fall our sample was taken. 
A priority for future clinical studies is explicitly to study the time 
course of plasma protein changes.

Our groups were not explicitly matched at recruitment for co
morbidities, and limited comorbidity information is available. 
This might be a potential source of bias in our study if some co
morbidities themselves contribute to differences in plasma protein 
levels. Many of the proteins we found to be deranged specifically 
after TBI have not been investigated outside the context of neuro
logical and psychiatric disease, which were exclusion criteria for 
all study participants. Nevertheless, the potential impact of co
morbidities, for example through interaction with injury processes, 
needs to be investigated fully. Larger cohorts, with prespecified sub
groups, can investigate how the proteins we have identified might 

be influenced by patient factors, such as age, sex and comorbidities, 
and test their prognostic value. Sensitivity analyses would help to 
elucidate the potential influence of factors such as comorbidities, 
where it is not always practical to match during recruitment.

The present study cannot differentiate the tissue or cell proven
ance of proteins, whether their levels represent release from cell 
death or unregulated expression, or whether their derangement 
contributes to or only accompanies TBI pathology. Additionally, be
cause our findings were in blood, not CSF, it is likely that we could 
not detect all the proteomic changes occurring after TBI. For ex
ample, a previous clinical TBI study found changes in CXCL1 and 
neuronal pentraxin-1 only in CSF,12 and we did not find these two 
proteins to be differentially expressed in the plasma. Studies with 
paired CSF and plasma samples and studies in which proteins are 
experimentally upregulated or knocked out are needed to address 
these questions.

Some of the proteins assayed, particularly inflammatory pro
teins, are affected by injury other than TBI, hence interpretation 
of our results is limited by the different distribution of extracranial 
injuries within the TBI group compared with the NTT group. It is not 
known, for example, whether or how the assayed proteins are dif
ferentially affected by different types of extracranial injuries.

Our study highlights the importance of including NTT cohorts in 
protein biomarker studies, and further attempting to closely match 
or account for extracranial injury type where possible. Half of our 
NTT group were limb fractures, which is a risk factor for delirium, oc
curring in ∼10%–35% of hip fractures.86,87 Studies of perioperative de
lirium show increased plasma levels of inflammatory cytokines88 and 
tau.89,90 This means that although the NTT group enabled us to iden
tify protein responses specific to TBI, compared with general injury, 
the NTT group might not be a fully ‘brain neutral’ control group. 
However, there are clearly important differences between TBI and de
lirium pathophysiology, for example, demonstrated by the fact that 
raised CSF and plasma GFAP is a robust finding in TBI but not in 
delirium.89-91 Our results are therefore still likely to reflect aspects of 
pathophysiology specific to TBI, but future work should consider po
tential brain effects of different non-healthy control groups. Owing 
to sample size, we could not adjust for potential confounds in our clus
ter analyses, hence input samples differed with regard to factors, such 
as systemic complications, that might independently have influenced 
clustering results. Of note, some confounds, such as secondary injury, 
might also be important pathophysiological processes relevant to TBI 
extent and outcome. Teasing this apart is beyond the scope of the pre
sent study and requires both mechanistic work focused on specific 
markers, in addition to replication in larger cohorts that enable finer 
matching or adjustment of confounds.

Finally, assays that report in relative units, such as the Alamar 
and OLINK® panels, are more suited to the discovery and 
hypothesis-generating work that we have done than for direct clin
ical use. The relative units also mean that we could only assess cor
relation between assays, but not agreement.

Conclusion
In conclusion, we identify novel proteins whose plasma levels are 
specifically deranged in acute TBI, compared with non-TBI trauma 
and non-injured controls. These proteins are involved in neurode
generation, cell metabolism, autophagy and inflammation. We also 
show correlations between inflammatory proteins and those asso
ciated with neurodegeneration. Furthermore, we find that patterns 
of protein expression distinguish subgroups with TBI. We highlight 
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how a multiplex proteomic approach can contribute to patho
physiological classification of TBI, which is a crucial step towards 
improved prognostication and identification of treatments.

Data availability
Datasheets, R workspace and R code scripts will be made available 
to any reasonable request.
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