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ABSTRACT
Objectives: This longitudinal study aims at 1) providing preliminary evidence of changes in blood-based 
biomarkers across time in chronic TBI and 2) relating these changes to outcome measures and cerebral 
structure and activity.

Methods: Eight patients with moderate-to-severe TBI (7 males, 35 ± 7.6 years old, 5 severe TBI, 
17.52 ± 3.84 months post-injury) were evaluated at monthly intervals across 6 time-points using: a) Blood- 
based biomarkers (GFAP, NSE, S100A12, SDBP145, UCH-L1, T-tau, P-tau, P-tau/T-tau ratio); b) Magnetic 
Resonance Imaging to evaluate changes in brain structure; c) Resting-state electroencephalograms to 
evaluate changes in brain function; and d) Outcome measures to assess cognition, emotion, and func
tional recovery (MOCA, RBANS, BDI-II, and DRS).

Results: Changes in P-tau levels were found across time [p = .007]. P-tau was positively related to 
functional [p < .001] and cognitive [p = .006] outcomes, and negatively related to the severity of 
depression, 6 months later [R = −0.901; p =.006]. P-tau and P-tau/T-tau ratio were also positively correlated 
to shape change in subcortical areas such as brainstem [T(7) = 4.71, p = .008] and putamen [T(7) = 3.25, 
p = .012].

Conclusions: Our study provides preliminary findings that suggest a positive relationship between 
P-tau and the recovery of patients with chronic TBI.
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The Centers for Disease Control and Prevention has defined 
a traumatic brain injury (TBI) as a “disruption in the normal 
function of the brain that can be caused by a bump, blow, or 
jolt to the head, or penetrating head injury” (1). In 2014, the 
number of TBI-related emergency department visits, hospita
lizations, and deaths was approximately 2.88 million in the 
United States. The prevalence increased by 53% from 2006 
(i.e., 1.88 million) and is often referred to as a “silent epi
demic.” Moderate to severe TBI represents 15% of the total 
population with a TBI but accounts for 90% of total medical 
costs related to such injury (around 4 USD billion in direct 
medical cost per year) (1). In contrast, no effective treatment 
has been validated for patients with TBI, leading patients to 
deal with the aftermath of the injury for months or years. 
Recently, the importance of considering TBI as a chronic dis
ease rather than an acute event has been highlighted by the TBI 
Model system (TBIMS; a program, sponsored by the National 
Institute on Disability, Independent Living, and Rehabilitation 
Research). Indeed, research has shown that, within 5 years 
post-injury, 52% of the patients with moderate to severe TBI 
have either declined functional outcome or die (2). These 
patients also have a poorer quality of life, face various chronic 

health issues (e.g., seizures, neuroendocrine dysregulation, psy
chiatric diseases, or neurodegenerative diseases), and have 
a shorter life expectancy as compared to individuals without 
TBI (2).

In light of these statistics, it seems particularly important to 
better understand the mechanisms of chronicity of TBI in 
order to allow the development of more efficient therapeutic 
options for this population. However, little is known about 
longitudinal brain changes occurring months or years after 
TBI. In the past few years, blood-based biomarkers have 
shown their potential as diagnostic and prognostic markers 
in patients with acute TBI. Several biofluid markers have 
been investigated, in particular indicators of gliosis/astroglia 
injury (glial fibrillary acidic protein, GFAP), cell body injury 
(neuron-specific enolase, NSE, spectrin breakdown product 
145, SDBP145), and permeability of the blood–brain barrier 
(S100 calcium-binding proteins). Among these proteins, S100B 
has been the most studied in acute TBI but has also been 
reported to be elevated in patients without brain injury and 
might not be specific to the central nervous system (3,4). 
S100A12 is an interesting alternative and has been shown as 
a sensitive indicator of adverse outcomes in severe TBI (5). 
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Ubiquitin C-terminal hydrolase-L1 (UCH-L1), which reflects 
cell body injury, has been shown to outperform computed 
tomography (CT) scans in the detection of mild to moderate 
TBI and the detection of sport-related concussion (6,7). 
Finally, there is a growing body of literature on the potential 
use of neurodegenerative markers in chronic TBI. For example, 
studies have shown a possible link between repeated mild TBI 
and tauopathy (i.e., an abnormal accumulation of phosphory
lated tau, P-tau, deposits in the brain) such as Alzheimer's 
disease and chronic traumatic encephalopathy (8). Only one 
study was done in chronic TBI, using the TBI Track data (core 
of research lead by the TBIMS). Rubenstein and colleagues 
investigated plasma total Tau (T-tau), P-tau and P-tau/T-tau 
ratio in patients with TBI acutely (within 24 hours) and in 
patients with chronic TBI (less than 1 year following injury) to 
determine if plasma tau changed following injury and if there 
was any relationship between plasma tau levels and outcome. 
The authors found that P-tau (and P-tau/T-tau ratio) outper
formed T-tau in differentiating positive from negative CT scan 
findings and were elevated in chronic patients, suggesting that 
blood-based biomarkers might still reflect neuronal state sev
eral months after TBI (9).

The aim of this longitudinal study was 1) to gather preli
minary data on changes in blood-based biomarkers across time 
(i.e., GFAP, NSE, S100A12, SDBP145, UCH-L1, T-tau, P-tau, 
and P-tau/T-tau ratio) more than a year after a moderate to 
severe TBI, and 2) to relate these changes to changes in out
come measures as well as to changes in cerebral structure (as 
assessed with magnetic resonance imaging, MRI) and neuro
physiologic activity (as assessed with resting-state electroence
phalography, EEG).

Materials and methods

Participants

Participants were recruited from the Transitional Living 
Center at Casa Colina Hospital and Centers for Healthcare, 
Pomona, California. To be eligible, the patients had to 1) be 
between 18 and 65 years old, 2) have suffered a moderate to 
severe TBI (GCS 9–12 and GCS 3–8, respectively) and be at 
least 1 year after injury post-injury at the time of enrollment 
(i.e., more than a year post-injury but less than 2-years post- 
injury), 3) have grossly intact motor use of dominant hand 
and no gross receptive language impairment/aphasia. 
Participants were excluded if 1) they were neither speakers 
of English or Spanish, 2) they had a diagnosis other than TBI 
(e.g., spinal cord injury, other primary neurologic condition), 
a developmental disorder (i.e., down syndrome), or a pre- 
morbid psychiatric condition resulting in admission to 
a hospital. Participants with claustrophobia or with metallic 
implants making it unsafe to enter the MRI environment 
were also excluded. Study protocols were approved by the 
institutional review board of Casa Colina Hospital and 
Centers for Healthcare. Participants provided written 
informed consent.

Data acquisition and analyses

In this prospective longitudinal study, the following data were 
collected, at monthly intervals (every 4 to 6 weeks) across 6 
time-points (study duration: 6.43 ± 0.84 months):

Blood
Data collection. Single whole blood samples were collected 
from participants. After collection of the whole blood, the 
blood was allowed to clot by leaving it undisturbed at room 
temperature for 15 minutes. The clot was removed by centrifu
ging at 1,000–2,000 x g for 10 minutes. The resulting super
natant was designated serum. Following centrifugation, the 
serum was aliquoted directly to microcentrifuge tubes 
(500ul). The samples were maintained at 2–8°C while handling 
and stored at – 20°C until being transferred on dry ice to 
a − 80°C freezer for long-term storage and processing at the 
Biology Department of the University of La Verne.

Data analyses. A quantitative sandwich enzyme-linked 
immunosorbent assay (ELISA) technique was used to analyze 
serum levels of glial fibrillary acidic protein (GFAP) (Millipore, 
Burlington, MA), neuron-specific enolase (NSE) (R&D 
Systems, Minneapolis, MN), human alpha II-spectrin break
down product (SBDP145) (MyBioSource, San Diego, CA), 
S100 calcium-binding protein A12 (S100A12) (Millipore, 
Burlington, MA), Ubiquitin C-terminal hydrolase-L1 (UCH- 
L1) (MyBioSource, San Diego, CA) as well as T-tau (Abcam, 
Cambridge, UK), P-tau (MyBioSource, San Diego, CA), and 
P-tau/T-tau ratio. Samples for each participant were run in 
duplicate on the same plate. Protein levels were determined 
based on the standard curve using the average of the duplicate 
values.

Outcome measures
The behavioral assessment was performed (in English or 
Spanish) by trained clinicians and included cognitive measures 
(i.e., the Montreal Cognitive Assessment and subtests of the 
Repeatable Battery for the Assessment of Neuropsychological 
Status), a mood measure (i.e., the Beck Depression Inventory) 
and a measure of functional outcome (i.e., the Disability Rating 
Scale).

Montreal Cognitive Assessment (MOCA)

The MOCA is a widely used screening assessment for detecting 
gross cognitive impairment in a variety of diseases including 
traumatic brain injuries. It assesses short-term and long-term 
memory, attention/working memory, executive functions, lan
guage, and orientation to time and space. Its total score ranges 
from 0 to 30. It exists in around 50 languages and it has 3 
alternative versions. In this study, either the English or the 
Spanish version was used (10,11). The alternative versions 
were used twice across assessments (in the following order: 1, 
2, 3, 1, 2, 3).
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Repeatable Battery for the Assessment of 
Neuropsychological Status (RBANS)

The RBANS is a neuropsychological assessment which tests 
five cognitive domains (short-term and long-term memory, 
visuospatial/constructional abilities, language, attention/work
ing memory). It was originally introduced in the screening for 
dementia but has also found application to traumatic brain 
injury (12). It has four alternative versions but, since these 
alternative versions do not exist in Spanish, we decided to 
administer the following non-verbal subtests to both English 
and Spanish speakers: digit span (DS) (score range: 0–16), 
figure copy (FC) (score range: 0–20), and coding (C) (score 
range: 0–89). The alternative versions were administered in the 
following order across assessments: a, b, c, d, a, b.

Beck Depression Inventory (BDI-II)

The BDI-II is a 21-question multiple-choice self-report inven
tory and is one of the most widely used psychometric tests for 
measuring depression. It includes items related to hopeless
ness, irritability, guilt, as well as fatigue, weight loss, and lack of 
sex drive. Its total score ranges from 0 to 63. Both its English 
and Spanish version were used (13,14).

Disability Rating Scale (DRS)

The DRS was developed to assess functional recovery of 
patients after a traumatic brain injury (15). It assesses eye 
opening, communication ability, feeding, toileting, grooming, 
level of functioning, and employability. It does not request an 
interview with the patient but it relies on the rater’s behavioral 
observation and knowledge of the patient. Its total score ranges 
from 29 (worst outcome) to 0 (best outcome).

Magnetic resonance imaging (MRI)
Data collection. MRI data were collected on a Siemens 
Magnetom Verio 3 T system at the Casa Colina Diagnostic 
Imaging Center. Each participant underwent a conventional 
structural MRI T1-weighted 3-dimensional magnetic- 
preparation rapid gradient echo scan (MPRAGE) with the 
following parameters: TR = 2300 ms, TE = 2 ms, flip angle = 9°, 
FOV = 23 cm, slice thickness = 1 mm with no gap, number of 
slices = 160, matrix size = 224 x 224.

Data analyses. For the MRI analyses, within-subject statistics 
were used rather than cross-subject statistics which increases 
power with a small sample size. For cortical analyses, the 
FreeSurfer longitudinal processing stream was used to register 
each participant’s individual timepoint into their own average 
brain, and then all participants’ timepoints were registered 
into an average template brain (fsaverage), followed by tissue 
segmentations and parcellation of 31 cortical regions in each 
hemisphere based on the Desikan-Killiany atlas (16,17). For 
each region of interest (ROI), average cortical volume and 
thickness measures from FreeSurfer were extracted and 
regressed against the independent variables (i.e., the blood- 
based biomarkers) in separate linear mixed effects (LME) 
analyses customized for longitudinal data (18). The 

longitudinal LME analysis has the advantages of properly 
handling covariance among repeated measures as well as 
differences across patients in number of repeated measures 
and time intervals between them. Each LME model also con
trolled for time since injury and severity of injury. Correction 
for multiple comparisons across ROIs was performed sepa
rately for each hemisphere and cortical measure with a two- 
stage false discovery rate (FDR) procedure based on a total 
FDR of p < .05.

Subcortical volumes were calculated using FSL’s FIRST (19). 
Subcortical morphometry (shape statistics) measurements 
were calculated using the Metric Optimization for 
Computational Anatomy toolbox (20). We modified FSL’s 
vertex analysis to allow for longitudinal analysis within subject 
across multiple timepoints and regressed against the indepen
dent variables (i.e., the blood-based biomarkers) (19). First, 15 
subcortical structures were segmented for each participant for 
each time point. This novel workflow creates a cohort average 
subcortex over all time points and participants, as well as an 
image per subcortical region of interest that represents the 
localized longitudinal shape change within each subject com
pared with the cohort. Group-level significance was assessed 
using a general linear model with a non-parametric permuta
tion test at a level of p < .05 corrected for multiple comparisons 
using family-wise cluster correction and threshold-free cluster 
enhancement (TFCE) as implemented in FSL randomize (21).

Resting-state electroencephalogram (EEG)
Data collection. EEG-data were acquired at the Casa Colina 
research institute in a faraday room. A 24 electrode skull cap 
was connected to a wireless portable digital EEG amplifier 
(B-Alert wireless EEG system; advancedbrainmonitoring. 
com). Fp1 and Fp2 were used to monitor eye artifacts. 
A mastoid reference was applied. EEG-data were recorded on 
a laptop computer. The impedances were kept below 40 kΩ. 
A sampling rate of 250 Hz was used. EEG recordings were 
performed while the participants were in a wakeful state with 
eyes open, sitting in a setting with minimal ambient noise. 
Patients were instructed to relax and look at a fixed object in 
the room. Duration of recording was 5 minutes.

Data analyses. EEG data were analyzed using the GUI (gra
phic user interface) of EEGLAB (version 14.0.0b). 
Preprocessing included channel location, band-pass filtered 
between 1 and 40 Hz (FIR filter), Independent Component 
Analyses (ICA; with jader decomposition algorithm) to iden
tify and exclude ocular and motor artifacts related components 
(maximum of 3), and a final visual inspection of the EEG data 
in order to manually remove any residual artifacts. For the 
spectral analysis, the continuous signal of each recording was 
segmented into 1s epochs. Each epoch was fast Fourier trans
formed (FFT) with a Hanning-tapered window. Subsequently, 
all epochs were averaged, and the mean of the power spectral 
density in different frequency bands were exported for statis
tical analysis. Frequency bands were chosen at target electrode 
sites based on previous literature pinpointing sites of maximal 
amplitude for each band: alpha (8–13 Hz) at the occipital 
electrodes (O1, Oz, O2), theta (4–7 Hz) at the frontal electrodes 
(F7, F3, Fz, F4, F8), and delta (1–3 Hz) at the central electrodes 
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(C3, Cz, C4). The averaged power spectral density extracted for 
each site (F, C, O) was expressed in absolute power (μV2) (22).

Statistical analyses

For blood, behavioral and EEG data, LME analyses were per
formed on our 6 timepoints (repeated effect) per patient and 48 
observations (repeated covariance type: diagonal, severity of 
lesions as a fixed factor) (23).

Our analyses were performed in two steps: First, time since 
injury was covaried (as a fixed factor) to each blood-based 
biomarker (i.e., GFAP, NSE, S100A12, SDBP145, UCH-L1, 
T-tau, P-tau, and P-tau/T-tau ratio). Time since injury was 
adjusted across patients by subtracting the mean of the first 
assessment from each observation for this variable. Then, in 
a second step, the blood-based biomarkers showing significant 
changes were covaried with 1) the outcome measures (as fixed 
factors: MOCA, RBANS DS, RBANS FC, RBANS C, BDI, DRS) 
(Bonferroni correction applied: p ≤ .008), and 2) the resting- 
state EEG (as fixed factors: alpha, delta, theta) (Bonferroni 
correction applied: p ≤ .02). Missing data were discarded in 
our analyses. Values for NSE and GFAP were not obtained in 
two out of eight patients (due to deficient ELISA kits) and 
analyses were performed on six patients. Statistical analyses 
performed for the MRI data have been described above [see 
“Magnetic resonance imaging (MRI)” section]. We only report 
results that remain significant after corrections for multiple 
comparisons.

Results

Eight participants were recruited for this study (7 males, 
35 ± 7.6 years old, 5 severe TBI, 17.52 ± 3.84 months post- 
injury) (See Table 1).

Significant changes were found across time in blood-based 
biomarkers such as P-tau [F(1) = 8.495, p = .007; difference in 
slope, 0.574 points per timepoint] and P-tau/T-tau ratio [F 
(1) = 11.131, p = .002; difference in slope, 0.008 points per 
timepoint]. P-tau also differed according to the severity of 
lesions [F(1) = 6.413, p = .018; difference in slope, 4.191 
points], being higher in moderate than severe TBI (see Figure 
1, panel A). No significant changes were observed for GFAP [F 
(1) = 0.269, p = .609], NSE [F(1) = 0.004, p = .949], SDBP145 [F 
(1) = 0.104, p = .750], S100A12 [F(1) = 2.080, p = .158], UCH- 
L1 [F(1) = 0.176, p = .677], T-tau [F(1) = 0.390, p = .537].

Changes in P-tau [F(1) = 22.961, p < .001; difference in 
slope, −2.32 points per timepoint] and P-tau/T-tau ratio [F 
(1) = 10.541, p = .003; difference in slope, −0.024 points per 
timepoint] were negatively related to changes in DRS while 
changes in P-tau were also positively related to RBANS DS [F 
(1) = 10.068, p = .006; difference in slope, 1.364 points per 
timepoint] (see Figure 1, panel B). P-tau had a positive associa
tion with longitudinal shape change in brainstem [T(7) = 4.71, 
p = .008, 512 voxels in cluster] (see Figure 1, panel C). P-tau/ 
T-tau ratio had a positive association with longitudinal shape 
change in right putamen [T(7) = 3.25, p = .012, 215 voxels in 
cluster]. In our study, changes in P-tau and P-tau/T-tau ratio 
were not significantly related to changes in EEG.

Non-parametric Spearman correlation was performed post- 
hoc between P-tau, P-tau/T-tau ratio at the first data collection 
and behavioral outcome measures at the last data collection 
(Bonferroni correction applied: p ≤ 0.008). P-Tau values were 
negatively correlated to the BDI [R = −0.901; p = .006].

Discussion

The aim of this longitudinal study was 1) to collect preliminary 
prospective data on changes in blood-based biomarkers across 
time in chronic moderate to severe TBI and 2) to relate them to 
behavioral and cerebral changes. P-tau and P-tau/T-tau ratio 
were the only one to be found to change significantly across 
time more than a year following a TBI. Surprisingly, P-tau was 
higher in moderate than severe TBI, positively related to func
tional and cognitive outcome, and negatively related to the 
severity of depression 6 months later. P-tau and P-tau/T-tau 
ratio were also positively related to shape change in subcortical 
areas such as brainstem and putamen.

P-tau is a protein that is mostly present in the CNS and, 
more exactly, in neurons to stabilize microtubules and cell 
structure. Increases in P-tau have been reported in neurode
generative diseases and “tauopathies” such as Alzheimer's dis
ease or chronic traumatic encephalopathy (CTE) (24). CTE has 
been associated with repeated mild TBIs and has been related 
to an abnormal perivascular accumulation of P-tau at the 
depths of cortical sulci in postmortem studies, resulting in 
chronic axonal damage, myelin loss, and white matter degen
eration and atrophy (25–27). An increase in P-tau has therefore 
previously been associated with neurotoxic processes. 
However, in this study, an increase in P-tau (and P-tau/T-tau 
ratio) was found in patients with better outcome (moderate 
versus severe), was related to functional improvement, 
improved cognition (i.e., short-term memory and auditory 
attention), lower mood disorder across time, and was asso
ciated to a shape increase (and not a decrease/atrophy) of the 
brainstem and putamen. Importantly, these preliminary find
ings suggest that increased P-tau level might also be related to 
recovery processes in chronic TBI.

Recent studies have challenged the notion that an increase 
in P-tau always reflects neurotoxic processes. Ittner and collea
gues have found in animal models that a mechanism of phos
phorylation of a specific residue of tau protects against amyloid 
plaques and improves cognitive outcome, suggesting that an 
increase in P-tau might sometimes be related to neuroprotec
tive processes (28,29). P-tau is known to be higher in fetal 
neurons and an increased P-tau has also been reported in 
adult subcortical areas that are known to have neurogenesis 

Table 1. Patients’ demographics.

Participant Gender Age TSI sTBI

1 Male 44 16.23 Severe
2 Male 42 20.50 Severe
3 Male 35 17.67 Moderate
4 Female 21 15.97 Severe
5 Male 30 12.17 Moderate
6 Male 41 21.87 Severe
7 Male 31 22.47 Moderate
8 Male 36 13.27 Severe

Legend. TSI = time since injury (in months); sTBI = severity of TBI
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(i.e., hippocampus), suggesting that P-tau might help in main
taining a dynamic but stable microtubule network and be 
a valuable indicator to study new axons in adult neurogenesis 
(30–33). Our results seem to point to the brainstem as a target 
site for changes in P-Tau. Brainstem is frequently injured in 
patients with moderate to severe TBI who experience loss of 
consciousness. Interestingly, there have been reports of neuro
genesis in the adult brainstem (34–36). The brainstem has also 
been identified as a site for hyperphosphorylation of tau in the 
early onset of Alzheimer's disease and has been associated with 
early symptoms such as depression (37).

There is only one study that has investigated P-tau levels 
a few months following moderate to severe TBI. Using 
a cross-sectional design, Rubenstein and colleagues showed 
a strong association between an elevated P-tau in 196 acute 
patients (<24 h after injury) and poor outcome at discharge 
(9). The authors also described an increased P-tau level in 21 
patients less than a year after injury (i.e., 176.4 ± 44.5 days 
post injury) which they associated to the potential develop
ment of a neurodegenerative disease. The cohort we describe 
was over a year post injury whereas the prior work was 
conducted a few months post injury. However, our prelimin
ary findings suggest distinct mechanisms in the acute and 

chronic phase of TBI; namely, axonal damage versus axonal 
outgrowth. Alternatively, these might reflect an intermediary 
phase in the neurodegenerative process where P-tau is accu
mulating but not yet playing a direct role in neuronal damage. 
Increased P-tau would then be an artifact of recovery occur
ring during this chronic phase. In any case, more investiga
tions need to be done in order to better understand the 
changes in P-tau levels across time and its relation to patients’ 
outcome.

Finally, there are limitations to the present study which 
suggest the need for caution in interpreting the findings, 
including the small sample size, a spectrum of TBI severity 
(moderate to severe), and the absence of a control group. Our 
results show a significant increase in P-tau as a trend across 
time. In the absence of a control group, it is difficult to 
confirm that the trend observed is not related to a transient 
increase that would also be observed in a participant without 
TBI. Previous longitudinal studies on Alzheimer's disease 
have shown that P-tau is stable across time in controls and 
can allow differentiating healthy from pathological popula
tions (38). Future studies should nevertheless include the 
follow-up of a control group in order to better characterize 
the long-term recovery from TBI. A bigger population would 
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Figure 1. Behavioral and neuroimaging findings related to P-tau. Legend. Panel A illustrates changes of P-tau across time-points in moderate and severe TBI 
(line = median, box = interquartile range, whiskers = minimal/maximal value, asterisk = data point); Panel B illustrates the relation between P-tau and outcome 
measures (i.e., Digit Span subscale of the RBANS, on the left, and the Disability Rating Scale-DRS, on the right); Panel C illustrates the association between P-tau and 
longitudinal shape change in brainstem.
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also allow us to estimate the power of P-tau as a prognostic 
and potential diagnostic biomarker (of CTE) in a readily 
interpretable way (such as a ROC analysis) and might allow 
us to use it to make meaningful clinical decisions. 
Furthermore, a small time window (around 6 month follow- 
up) was considered, which limits our ability to detect slower, 
longer trends among the biomarkers we considered. Finally, 
we did not look at other sites of tau hyperphosphorylation 
which may represent different findings and we did not 
include indicators of neuroinflammation and auto- 
immunity (e.g., auto-GFAP, Auto-s100B, IL-6) that might 
still change in a chronic stage and might help to characterize 
inflammatory responses contributing to secondary brain 
damage (3,5).

In conclusion, blood collection can be done quickly, at 
the bedside and has low risks and costs. Blood-based bio
markers have the potential to give useful information 
regarding ongoing neural dynamics and to help make rele
vant clinical decisions. Indeed, blood-based biomarkers 
(such as NSE and GFAP) have largely been studied in the 
acute setting for their prognostic value in moderate and 
severe traumatic brain injuries (3,4). More recently, blood- 
based biomarkers (such as P-tau) have also been studied as 
a prognostic but also as a potential diagnostic marker for 
degenerative processing related to chronic TBI (such as 
CTE) (8). Our preliminary findings stress that an increase 
in P-tau might not automatically be related to cognitive 
decline. Further investigations are therefore warranted in 
larger cohorts to better understand the mechanism of neural 
recovery and to better estimate the predictive and potential 
diagnostic power of P-tau in these patients with chronic 
TBI.
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