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Summary
Background Even patients with normal computed tomography (CT) head imaging may experience persistent symp-
toms for months to years after mild traumatic brain injury (mTBI). There is currently no good way to predict recovery
and triage patients who may benefit from early follow-up and targeted intervention. We aimed to assess if existing
prognostic models can be improved by serum biomarkers or diffusion tensor imaging metrics (DTI) from MRI,
and if serum biomarkers can identify patients for DTI.

Methods We included 1025 patients aged >18 years with a Glasgow Coma Score >12 and normal CT from the
Collaborative European NeuroTrauma Effectiveness Research in Traumatic Brain Injury (CENTER-TBI) study which
recruited between December 19,2014 and December 17, 2017 (NCT02210221). Biomarkers (GFAP, NFL, S100B)
were obtained at a median of 8.8 h (Q1–Q3 4.2–16.7) and DTI at 13 days (3–19) after injury. DTI metrics were
available in 153 patients for 48 white matter tracts (ICBM-DTI-81 atlas). Incomplete recovery at three months was
defined as an extended Glasgow Outcome Scale score <8. Existing prognostic models were fitted with and without
biomarkers, or with and without DTI, and internally validated using bootstrapping.

Findings 385 (38%) patients had incomplete recovery. Adding biomarkers did not improve performance beyond the
best existing clinical prognostic model [optimism-corrected AUC 0.69 (95% CI 0.65–0.72) and R2 17% (11–22)].
Adding DTI metrics significantly enhanced all models [best optimism-corrected AUC 0.82 (0.79–0.85) and R2 75%
(39–100)]. The top three prognostic tracts were the left posterior thalamic radiation, left superior cerebellar
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peduncle and right uncinate fasciculus. Serum biomarkers could have avoided 1 in 5 DTI scans, with GFAP <12 h
and NFL 12–24 h from injury performing best.

Interpretation DTI substantially improved existing prognostic models for functional outcome in patients with mTBI
and a normal CT, and biomarkers could help select patients for MRI. If validated, DTI could allow for targeted follow-
up and enrichment of clinical trials of early interventions to improve outcome.

Funding EU Seventh Framework Programme, Hannelore Kohl Stiftung, One Mind, Integra LifeSciences, Neuro-
Trauma Sciences.

Copyright © 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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Research in context

Evidence before this study
We searched PubMed from its inception to December 4th,
2023. To identify studies predicting incomplete recovery after
mTBI we used the search terms “mild traumatic brain injury”
OR “concussion”; AND “prognosis” OR “prediction”; AND
“Glasgow Outcome Scale”. As a quality criterion we only
considered studies where models had been internally or
externally validated. To find studies on the association
between incomplete recovery and diffusion tensor imaging
(DTI), we used the search terms “mild traumatic brain injury”
OR “concussion”; AND “diffusion tensor imaging”. For studies
on the role of biomarkers we searched “mild traumatic brain
injury” OR “concussion”; AND the names of six biomarkers
combined by OR: S100 calcium-binding protein B (S100B),
glial fibrillary acidic protein (GFAP), ubiquitin C-terminal
hydrolase L1 (UCH-L1), neuron-specific enolase (NSE),
neurofilament protein-light (NFL), and total tau (t-tau).
The search identified five models using clinical variables to
predict incomplete recovery from three formal prognostic
studies, all using mixed mTBI cohorts with and without CT
abnormalities. After internal validation, all models achieved
areas under the curve (AUCs) ranging from 0.69 to 0.79 on
these mixed cohorts. None of the models used diffusion
tensor imaging (DTI) or any other magnetic resonance
imaging (MRI) data as predictors. Evidence from two large
multi-center cohort studies suggests an association between
incomplete recovery and abnormalities identified on DTI
within one month of injury. The predictive value of DTI,
however, has not been tested in a formal prognostic study
design.
Previous studies have demonstrated an incremental value of
serum biomarkers over clinical characteristics when predicting
functional recovery after TBI. However, this value was lower in
mTBI and, where tested, even more so in the subgroup of
patients with a normal CT. It remains unclear whether DTI can
provide a greater incremental benefit than biomarkers for
prognostication in mTBI. Previous demonstration of
association between serum biomarkers and MRI abnormalities
in CT-negative patients suggests that if DTI had greater

prognostic value than serum biomarkers, serum biomarkers
might still be used to select patients for DTI. While this has
been explored in more severe TBI, it has not been formally
studied in mild TBI. The results of these studies highlighted
GFAP, S100B and NFL as the top three biomarkers for the
prediction of incomplete recovery and MRI findings in
patients with mTBI and a normal CT.

Added value of this study
To the authors knowledge, this is the first formal prognostic
study to assess the value of DTI in the context of patients
with mTBI and a normal CT. The findings validated that some
existing models are improved by the addition of S100B (but
not NFL or GFAP). However, none of the S100B-containing
models outperformed the best reference model, suggesting
that none of these serum biomarkers add value in CT-
negative mTBI if other prognostic features are taken into
account. The findings also demonstrate that DTI (mean
diffusivity and fractional anisotropy in white matter tracts)
substantially improved existing prognostic models, with areas
under the curve >0.8 and a R2 >70%. The top three white
matter tracts where abnormal DTI metrics were prognostic
included the left posterior thalamic radiation, left superior
cerebellar peduncle, and right uncinate fasciculus. Using
serum biomarkers to select patients for MRI could have
avoided 1 in 5 scans, with GFAP performing best <12 h and
NFL best 12–24 h from injury (S100B was less specific at both
time points).

Implications of all the available evidence
Findings of this formal prognostic study, supported by
previous association studies, suggest that DTI can predict
incomplete recovery in patients with mTBI and a normal CT,
and is the best currently available prognostic tool for this
population, outperforming serum biomarkers. Such a tool
could allow for targeted follow-up and enrichment of clinical
trials of early interventions to improve outcome. Prior to
implementation these findings should be externally validated
in a separate study cohort.
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Introduction
Affecting 50–60 million new patients every year, trau-
matic brain injury (TBI) is the most common neuro-
logical disorder worldwide.1 While approximately 90%
of all TBI cases are classified as “mild”, this is a
misnomer, since ∼20–50% of mild TBI (mTBI) patients
experience persistent problems which may last months
to years after injury.2–6 While traumatic lesion on X-ray
computed tomography (CT) may predict poorer out-
comes,7 less than 10% of patients who are scanned after
mTBI have an abnormal CT, and high rates of incom-
plete recovery occur even in those with normal CT head
scans.5 Our failure to identify such individuals with
conventional imaging means those with persisting
problems often fail to receive the ongoing care they need
to maximise chance of good outcomes.8,9 There is a clear
need to identify patients with mTBI with normal CT
head scans who are at high risk of incomplete recovery,
and this was a key research recommendation of the
Lancet Neurology Commission for TBI 2022.1

Few predictive models for outcome after mTBI using
clinically available features have undergone internal or
external validation. All of these were developed on mTBI
cohorts where a proportion of the patients had CT le-
sions present, and indeed in a higher proportion of le-
sions than would be expected (15, 18 and 46%
respectively).2,10,11 It remains unclear how well these
models would perform in an exclusively CT-negative
mTBI cohort, and if they could be improved by the
addition of two investigations that hold particular
promise for aiding prognostication; serum protein bio-
markers of brain injury,12,13 or diffusion tensor magnetic
resonance imaging (DTI).14,15

The incremental prognostic value of serum protein
biomarkers has been tested in large multi-centre
studies, but not in the context of all of the clinically
based reference models mentioned earlier.12,13 The US-
based TRACK-TBI study showed that, for patients with
mTBI, both glial fibrillary acidic protein (GFAP) and
ubiquitin C-terminal hydrolase L1 (UCH-L1) improve
the UPFRONT-PLUS model equally.12 Whilst there was
no sub-group analysis of patients with mTBI and a
normal CT, the TRACK-TBI consortium demonstrated
that serum GFAP concentrations were associated with
traumatic lesions on MRI in CT-negative patients with
mTBI.16 CENTER-TBI collaborators tested the incre-
mental benefit of six serum biomarkers individually and
in combination, and when added to a bespoke model
using clinical variables.13 A subgroup analysis of patients
with mTBI and a normal CT showed that only the
calcium-binding protein S100B improved the model.
These studies highlight GFAP and S100B as the top two
prognostic proteins in the CT-negative mTBI popula-
tion. However, the final prognostic models using GFAP
for all cases of mTBI (TRACK-TBI study) and S100B for
CT-negative cases of mTBI (CENTER-TBI study) ach-
ieved areas under the curve of 0.69 and 0.66,
www.thelancet.com Vol 75 September, 2024
respectively, suggesting that there is room for
improvement (for example by using DTI.)

Diffusion tensor imaging (DTI), a magnetic reso-
nance based neuroimaging technique to evaluate
microstructural integrity, has been associated with
outcome after mTBI in multiple studies, especially
when performed soon after injury.14,15,17–20 However,
these studies all included 10–28% of patients with CT
abnormalities; and subgroup analyses in two of these
studies found that associations between DTI and
outcome were attenuated when CT-positive patients
were excluded.17,18 Furthermore, these studies reported
on associations between imaging and outcome, and did
not address a formal prognostic analysis (using internal
or external validation) to assess the predictive value of
DTI. Whilst both blood biomarkers and DTI may be
useful for prognostication in the CT-negative mTBI
population, their relative sensitivities and specificities
remain unclear. Although DTI provides a very specific
marker of microstructural disruption, it is expensive and
less accessible in the acute setting. Given that GFAP and
S100B are sensitive markers of TBI, and the axonal
marker (neurofilament light; NFL) is thought to reflect
traumatic axonal injury,21 it would be useful to explore
whether these biomarkers can identify (or at least
enrich) populations of patients who are more likely to
show DTI abnormalities.

The objectives of the present study were therefore:

1. To validate the incremental prognostic value of
serum GFAP, NFL and S100B when added to
existing models predicting incomplete recovery in
patients with mTBI and a normal CT.

2. To test, for the first time in a formal prognostic
study adhering to TRIPOD Guidelines,22 the incre-
mental prognostic value of DTI when added to
existing models predicting incomplete recovery in
patients with mTBI and a normal CT.

3. If DTI showed incremental prognostic value, to
explore if serum GFAP, S100B or NFL could serve
as a screening test to reduce the number of DTI
scans required.
Methods
Study design and participants
We selected patients from the Collaborative European
NeuroTrauma Effectiveness Research in Traumatic
Brain Injury (CENTER-TBI) study (Supplementary
Figure S1). This was a prospective longitudinal multi-
national cohort study which recruited from 19th
December 2014 to 17th December 2017 at centers in
Europe and Israel.23 Within the core cohort study was a
planned MRI sub-study of 15 sites where recruited
patients were invited to attend 3 T MRI within 72 h,
∼2–3 weeks, 3 months (ER stratum), 6 months
(admission and ICU strata), 12 months and 24 months.
3
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CENTER-TBI was registered with ClinicalTrials.gov
(NCT02210221). Informed written or oral consent by
patients or legal representatives was obtained according
to local regulation. The list of sites, ethics committees,
approval numbers and approval dates can be found at:
https://www.center-tbi.eu/project/ethical-approval. Clin-
ical data was accessed via the Neurobot platform (RRID/
SCR_017004, core data, version 3.0).

Inclusion criteria for the current analysis were GCS
13–15 on presentation and a normal acute CT. For the
analysis assessing the prognostic value of biomarkers
patients must have been aged ≥18 years and have bio-
markers sampled within 24 h of injury. For the analysis
assessing the prognostic value of DTI, patients must
have been aged 20–70 years (to align the age range
available in the control cohort ± 2 years, Supplementary
Figure S2) and had MRI within 31 days of injury. The
control cohort consisted of 157 healthy volunteers who
were scanned using the same scanners and imaging
protocols as the patients.

Procedures
Image acquisition, reporting and processing
CT images were acquired using local site protocols. DTI
was acquired on 17 different 3.0 T machines across 15
sites from three vendors: GE Systems (DISCOVERY
MR750 and DISCOVERY MR750w models), Philips
(Ingenia and Achieva models), and Siemens (Skyra,
Prisma, Trio and Verio models). DTI protocols across
CENTER-TBI were pre-agreed and included 32 di-
rections with a b-value of 1000 s/mm2 and 2 mm2

isotropic voxels.24 Full protocols are available online
(https://www.center-tbi.eu/project/mri-study-protocols).

CT and MR images were reported centrally using
common data elements.25 All images were visually
inspected to check for artefacts. Diffusion weighted
images (DWI) were processed by a bespoke pipeline.14

Images were corrected for noise, field inhomogeneities
and artefacts (Gibbs ringing, eddy current and motion
induced).14 The diffusion tensors were calculated using
weighted-least squares in FSL (https://fsl.fmrib.ox.ac.
uk/fsl/) to create maps of mean diffusivity (MD) and
fractional anisotropy (FA). These were then non-linearly
registered to the JHU ICBM-DTI-81 atlas26 using
ANTS27 to obtain mean values of MD and FA for all 48
individual white matter tracts.

Image post-processing steps
To remove machine differences, diffusion data was
harmonized using the Combat algorithm which has
been validated for use on DTI data.28,29 Age, (Age)2, Sex,
Time since injury, GCS, and the presence/absence of
any reported traumatic MR abnormality were used as
covariates to preserve the biological variance associated
with them.

White matter diffusion metrics change throughout
the human lifespan, so they require age-correction in
order to compare younger and older patients within the
same study.30 However, the exact shape of this trajectory
curve appears to differ by white matter tract, so any age-
correction needs to be tract specific.31 We therefore
adapted a “detrending” method previously validated in
volumetric dementia imaging data.32 Healthy control
data was used to estimate the normal ageing trajectory
of each tract using a linear regression model with FA or
MD as the dependent variable and Age and (Age)2 (as
orthogonal polynomials) as the independent variables.
The regression coefficients were then used to adjust the
patient data, as if all patients had been imaged at the age
of 44, which was the median age of patients in the DTI
cohort. Take for example a patient aged 20 years old with
an uncorrected FA value f. From the model fit to the
controls we know that the normal difference in FA be-
tween a 20-year-old and a 44-year-old is d. The age-
corrected FA value for our patient would be f + d.

Serum biomarker data
Serum for biomarkers was obtained within 24 h of
injury and at ∼2 weeks after injury, and processed as
previously described.33 In brief, samples were centri-
fuged within 60 min and stored at −80 ◦C and did not
undergo further analysis until after recruitment closure.
Analysis for S100B was performed at the University of
Pecs, Hungary, using an electrochemiluminescence
immunoassay kit (Elecsys S100 assay) run on the e 602
module of Cobas 8000 modular analyzer (Roche Di-
agnostics, Mannheim, Germany). Analysis for GFAP
and NFL occurred at the University of Florida, USA,
using a Single Molecule Arrays (SiMoA) based assay on
the SR-X benchtop assay platform (Quanterix Corp.,
Lexington, MA).33

Outcome
Outcome was assessed at 3 months (76–125 days) using
the extended Glasgow Outcome Score (GOSE) which
was dichotomized into complete recovery (GOSE = 8)
and incomplete recovery (GOSE <8).34 The GOSE is
commonly used as the primary outcome measure in
TBI studies. It reflects new injury-related dependence or
difficulties (including worsening of pre-existing prob-
lems) encompassing the major areas of daily func-
tioning. Changes in function were counted regardless of
whether they resulted from TBI or other injury related
factors including extracranial injury. Missing values for
GOSE were centrally imputed by the CENTER-TBI data
curation team (Supplementary Methods 1).

Reference models using clinical variables
To understand the current best prognostic models
available for mTBI we conducted a literature review for
existing models predicting incomplete recovery after
mTBI. We searched PubMed from its inception to
December 4th, 2023. To identify studies predicting
incomplete recovery after mTBI we used the search
www.thelancet.com Vol 75 September, 2024
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terms “mild traumatic brain injury” OR “concussion”;
AND “prognosis” OR “prediction”; AND “Glasgow
Outcome Scale”. As a quality criterion we only consid-
ered studies where models had been internally or
externally validated.

This search identified five models from three studies.
The UPFRONT study generated two models–one using
predictors collected in the emergency department only
(UPFRONT-ED) and one using additional data from a
psychological assessment at two weeks post-injury also
(UPFRONT-PLUS).2,10 The Head Injury Serum Markers
for Assessing Response to Trauma (HeadSMART) study
model relies on acute mTBI symptoms as predictors.11

The CENTER-TBI study developed a range of models
which, unlike previous models, included the injury
severity score (ISS), thereby capturing some of the extra-
cranial injury burden.35 Their best performing model will
be referred to as CENTER-PLUS as it includes a psy-
chological assessment at 2–3 weeks.35 The next best
model not reliant on CT abnormalities (henceforth the
CENTER-ED model), is based on post-concussion
symptoms in the ED.35 Table 1 summarises these five
existing prognostic models using clinical variables2,11,35

which were used as reference models to assess if the
addition of serum biomarkers/DTI would provide incre-
mental value.

Statistical analysis
Statistical analysis was conducted in R 4.3.1 (R Project
for Statistical Computing). The statistical code is freely
Model name Pre-injury variables Injury

UPFRONT-ED Age
Sex
Education level
Prior mental health problems
Age*Education level (interaction)

Alcoh
Neck
GCS
PTA ≥

UPFRONT-PLUS Education level
Prior mental health problems

Alcoh
Neck
GCS
PTA ≥

HeadSMART Age
Prior depression,

Positiv
Mode
Mild o
Mild o

CENTER-ED Age
Sex
Prior mental health problems
Pre-injury health (ASA)

ISS
GCS
Mecha
Pupils
Concu

CENTER-PLUS Age
Prior mental health problems

ISS
GCS
Mecha

GCS, Glasgow Coma Score; PTA, Post-traumatic amnesia; ASA level, American Society o
variables for neck pain and coping styles and had to substitute prior depression for prior m
the CENTER-TBI database. The variable pupil was also excluded as unreactive pupils we

Table 1: Existing models predicting incomplete recovery after mTBI.

www.thelancet.com Vol 75 September, 2024
available at https://github.com/DrSophieRichter/
DTImTBI. The association between visible traumatic
abnormalities on MRI and an incomplete recovery was
calculated using odds ratios. Unless otherwise indicated,
data are presented as mean (95% confidence interval).
Statistical tests were two-tailed, and p-values were
considered significant if <0.05 after adjustment for
multiple comparisons using the Benjamini-Hochberg
method (applied per table).

Outcome data were missing in <18% and <3% of
patients in the larger serum biomarker and smaller DTI
cohorts, respectively. Missing data for acute variables
ranged from 0–17% to 0–12%, respectively. Variables
collected at two weeks were missing for 62–63% and
25–27% of patients, respectively. This may reflect the
fact that patients who returned for DTI at 2 weeks post-
injury could then also be interviewed about their
symptoms. Therefore, reference models using two-week
data were only used in the DTI cohort, not the larger
biomarker cohort. Missing data was handled under the
missing at random (MAR) assumption using multiple
imputation as implemented in the R mice package. We
used the MAR assumption according to the guidance on
management of missing data in studies of TBI which
was supported by the patients with and without missing
data being similar in the most characteristics except for
educational level which tended to be higher in patients
with complete data (Supplementary Table S1).36 Ten
imputed datasets were generated, and all subsequent
analyses performed first within each imputed dataset
variables Two week variables

ol intoxication
pain

1 h

–

ol intoxication
pain

1 h

Anxiety
Depression
Concussion symptom score
Avoidant coping style
Passive coping style

e head CT
rate-severe headache
r worse difficulty concentrating
r worse photophobia

–

nism of injury

ssion symptoms score

–

nism of injury

Concussion symptom score
Post-traumatic stress disorder

f Anesthesiologists Physical Status; ISS, Injury severity score. We had to omit the
ental health problems, as the original variables were not (consistently) recorded in
re almost never observed (n = 3) in our cohort.

5
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before pooling results using Rubin’s rules. To assess the
approach taken for handling missing data sensitivity
analyses were performed using best (assumption of
complete recovery) and worst (assumption of incom-
plete recovery) case-analysis.

Given prior studies have found an association be-
tween NFL and DTI values at later timepoints correla-
tions between whole brain MD and FA with NFL (on a
logarithmic scale) were assessed using Pearson corre-
lation coefficient.37,38 To identify the most prognostic of
the 48 white matter tracts we used lasso logistic
regression (see Supplementary Methods 2 for further
details). “Incomplete recovery” was the outcome vari-
able, the 96 DTI variables (FA and MD each for 48
tracts) were candidate predictor variables. The FA and
MD values were age-corrected (as described above),
centred and scaled (i.e., z-scored). The penalty factor
lambda which would minimize the mean prediction
error was identified through 10 × 10 cross-validation.
The resulting model would have a reduced number of
DTI variables—only those with the greatest prognostic
value (see results section). We used this model to
calculate for each patient the odds of an incomplete
recovery i.e., the odds of an incomplete recovery based
on DTI information alone (the “DTI score”). To assess
the robustness of the DTI age-correction method
described above a sensitivity analysis was performed
using DTI data not corrected for age.

To understand if serum biomarkers/DTI could
improve the reference models, we fitted the reference
models with and without the serum biomarkers/DTI
score. Because reference models had to be refitted to our
study cohort (i.e., recalibrated with coefficients being
updated), their model performance here would differ
from that reported on different study cohorts in the
literature. Model performance was measured using the
area under the receiver operating characteristic curve
(AUC), the Cox calibration intercept and a slope, the
Nagelkerke R2, sensitivity, specificity, and positive and
negative predictive values. Two nested models (the same
model with versus without the DTI score) were
compared using a likelihood ratio test.39 To provide
realistic estimates of how well the models would
perform on new unseen patient data, we performed
internal validation of all model metrics using 200
bootstrap samples within each of 10 imputed datasets.

To understand if biomarkers could be used to select
patients for DTI, we performed an exploratory analysis
in those patients with DTI and biomarkers (NFL, GFAP
and S100B). For the primary analysis we set a minimum
sensitivity of 0.90 and chose a threshold concentration
for each biomarker that would yield the highest speci-
ficity using the R package OptimalCutpoints. As a
sensitivity analysis we also tested minimum sensitivities
of 1.00, 0.95 and 0.80.

Results were reported as per TRIPOD for prognostic
studies.22
Role of the funding source
The funders of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report.
Results
Role of serum biomarkers for prognosis
Among 1025 patients with biomarkers, aged 18–93
(median 48), 656 (64%) male, 385 (38%) had an
incomplete recovery (Supplementary Table S2). On this
cohort, the CENTER-ED model performed best in
isolation, with an AUC of 0.69 (0.65–0.72) and R2 of
17% (11–22) (Table 2). GFAP and NFL did not improve
any reference models (Supplementary Tables S3 and
S4). S100B improved some reference models but none
exceeded the performance of the CENTER-ED model
without biomarkers (Table 2). Using all three bio-
markers together the results are almost identical to
those of S100B alone supporting the conclusion that
GFAP and NFL do not improve model performance
(Supplementary Table S5). Model coefficients are given
in Supplementary Table S6. The worst-case sensitivity
analyses found there was no benefit of adding GFAP, a
marginal benefit of adding NFL for some models (except
for the best performing model) and marginal improve-
ment of all models when adding S100B (Supplementary
Tables S7–S10). The best-case analysis showed no
benefit adding GFAP, no benefit adding NFL and mar-
ginal improvement to all models when adding S100B
(Supplementary Tables S11–S14). A sensitivity analysis
of NFL timing performed with and without subacute
NFL found no improvement in model performance
(Supplementary Table S15).

Role of DTI for prognosis
MRI was available for 153 patients (aged 20–70 (median
44) years, 71% male) and 157 controls (aged 21–68
(median 39) years, 57% male) (Supplementary Figure S1,
Supplementary Tables S1 and S16). At 3 months, 70
(46%) patients had incomplete recovery. The MRI was
obtained at a median of 13 (Q1–Q3 3–19) days, i.e.,
within 3 days, within 4–14 days and within 15–31 days in
50 (33%), 35 (23%) and 68 (44%) of patients, respectively.
Traumatic abnormalities were visible on MRI in 38 (25%)
patients but their association with outcome did not reach
statistical significance (Supplementary Table S17).

There was a weak negative association between
whole brain white matter FA and NFL concentration
consistent with poorer white matter integrity being
associated with higher NFL levels (Supplementary
Figure S3). This association disappeared when
adjusted for age. There was no associated between MD
and NFL concentrations. Using DTI, 21 of 48 white
matter tracts, predominantly from the left hemisphere,
were identified as prognostically relevant (Table 3,
Supplementary Figure S4). The top three prognostic
www.thelancet.com Vol 75 September, 2024
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Metric S100B only UPFRONT-ED HeadSMART CENTER-ED

w/o S100B with S100B w/o S100B with S100B w/o S100B with S100B

Area under the curve 0.57 (0.53–0.61) 0.57 (0.53–0.61) 0.60 (0.56–0.64) 0.58 (0.54–0.62) 0.62 (0.58–0.66) 0.69 (0.65–0.72) 0.69 (0.66–0.73)

Variation explained (%) 2 (0–5) 5 (1–8) 7 (3–11) 4 (1–8) 7 (3–11) 17 (11–22) 17 (12–23)

Sensitivity 0.13 (0.03–0.24) 0.28 (0.16–0.40) 0.33 (0.23–0.44) 0.33 (0.20–0.45) 0.36 (0.25–0.48) 0.48 (0.40–0.56) 0.48 (0.40–0.57)

Specificity 0.93 (0.87–0.98) 0.82 (0.73–0.90) 0.80 (0.73–0.88) 0.81 (0.73–0.88) 0.79 (0.73–0.86) 0.77 (0.72–0.83) 0.78 (0.72–0.83)

Positive predictive value 0.60 (0.50–0.70) 0.56 (0.50–0.62) 0.58 (0.53–0.64) 0.58 (0.51–0.65) 0.59 (0.53–0.65) 0.64 (0.58–0.69) 0.64 (0.59–0.69)

Negative predictive value 0.57 (0.54–0.60) 0.58 (0.54–0.61) 0.59 (0.56–0.63) 0.59 (0.56–0.63) 0.60 (0.57–0.64) 0.65 (0.61–0.68) 0.65 (0.61–0.68)

Likelihood ratio test p-value <0.001 <0.001 0.056

All models are predicting incomplete recovery (extended Glasgow Outcome Scale score <8) at 3 months in patients with a mild traumatic brain injury and a normal CT. Numbers are given as means (95%
confidence interval). All numbers have been corrected for optimism using bootstrapping. Note that the incremental value of biomarkers was assessed in three reference models while the incremental value
of DTI was assessed on five reference models because two reference models required data obtained 2-weeks post-injury which was only consistently available in the smaller DTI cohort. An incremental
prognostic effect was seen with S100B in some base models, as shown here. No improvement in prognostic efficiency was seen with addition of GFAP or NFL values in any of the models (see Supplemental
Tables S2 and S3).

Table 2: Clinical model performance with and without S100B.

Articles
tracts included the left superior cerebellar peduncle, the
right uncinate fasciculus, and the left posterior thalamic
radiation.

The addition of DTI data in the form of a DTI score
(see methods) significantly increased the AUC of all
models to >0.80 and R2 to >70%, p < 0.001 (Table 4,
Fig. 1). Fig. 2 illustrates that model calibration was
adequate for all models with and without DTI, but that
White matter region

Region Hemisphere

Superior cerebellar peduncle left

Uncinate fasciculus right

Posterior thalamic radiation left

Fornix/Stria terminalis left

Retrolenticular part of internal capsule left

Tapetum left

Genu of corpus callosum commissural

Cingulum (hippocampus) left

Sagittal stratum left

Pontine crossing tract commissural

Corticospinal tract right

Cingulum (hippocampus) right

Middle cerebellar peduncle commissural

Medial lemniscus right

Inferior cerebellar peduncle left

Body of corpus callosum commissural

Splenium of corpus callosum commissural

Superior fronto-occipital fasciculus left

Posterior limb of internal capsule left

Posterior thalamic radiation right

Superior fronto-occipital fasciculus right

The table shows those tracts from JHU ICBM-DTI-81 atlas which were identified as pro
determined by the frequency of selection, i.e., the proportion of times the tract was sel
bootstrap samples x 10 multiply imputed datasets). FA freq = how often the tract was s
selected for its mean diffusivity (MD) value, Mean freq = average of FA and MD.

Table 3: White matter tracts of high prognostic value identified by lasso reg

www.thelancet.com Vol 75 September, 2024
DTI improved discrimination of patients with com-
plete versus incomplete recovery. Model coefficients
are given in Supplementary Table S18. The sensitivity
analysis using DTI data not corrected for age found
similar results to the age-adjusted data (Supplementary
Table S19). The sensitivity analysis of best and worst
case scenarios showed that adding DTI substantially
improved all models (Supplementary Tables S20–S21).
Frequency of selection

FA freq MD freq Mean freq

0.94 0.91 0.92

0.83 0.94 0.88

0.96 0.78 0.87

0.79 0.87 0.83

0.61 0.88 0.74

0.78 0.58 0.68

0.55 0.67 0.61

0.91 – –

– 0.91 –

0.90 – –

– 0.87 –

– 0.78 –

– 0.77 –

0.75 – –

– 0.72 –

– 0.67 –

– 0.66 –

– 0.62 –

0.54 – –

– 0.49 –

0.38 – –

gnostic based on lasso regression. Tracts are listed in order of prognostic value
ected as prognostically relevant in the 2000 runs that comprised the analysis (200
elected for its fractional anisotropy (FA) value, MD freq = how often the tract was

ression.
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Role of serum biomarkers to select patients for DTI
A subgroup of 108 patients within the DTI cohort had
biomarkers sampled within 24 h (Supplementary
Table S22). Biomarker thresholds were chosen to yield
the highest possible specificity for the prediction of an
incomplete recovery, given a minimum sensitivity of
0.90. If we had decided to only obtain DTI in patients
with biomarker concentrations above the chosen
threshold, then using serum biomarkers could have
avoided 1 in 5 DTI scans, with GFAP performing best
<12 h and NFL best 12–24 h from injury (Table 5). At
the cutoff thresholds shown in this table <3% of patients
would not have qualified for DTI even though they
eventually did not recover completely. Results for
different cutoff thresholds are shown in Supplementary
Table S23. The results of the sensitivity analysis in the
overlap cohort are presented in Supplementary
Tables S24–S28. The results show that the best per-
forming reference model (CENTER-ED) is improved
marginally by S100B, reaching an AUC of 0.68
(0.61–0.76). In contrast, the same model is substantially
improved by DTI, reaching an AUC of 0.83 (0.80–0.86).
These results show that the conclusions drawn from the
larger biomarker and DTI cohorts do also hold for the
smaller overlap cohort.
Discussion
To our knowledge, this prognostic study of incomplete
recovery after mTBI, is the first to assess the value of
DTI and the first to focus specifically on patients with a
normal CT. The findings showed that no biomarker
containing model outperformed the best reference
model based on clinical variables, suggesting that the
studied serum biomarkers may not be useful in CT-
negative mTBI, if other clinical characteristics are
available. The findings also demonstrate that incorpo-
ration of FA and MD from DTI scans substantially
improve existing prognostic models, with AUCs >0.8
and a R2 >70%. Based on subgroup analyses we show
that acute concentrations of GFAP or NFL could
potentially aid the patient selection for early DTI after
mTBI.

Our analysis yielded a short-list of the most prog-
nostic white matter tracts for functional outcome after
mTBI. While both left and right sided structures, as well
as commissural tracts were represented in this list, it
was noteworthy that left sided structures were, in gen-
eral, ranked more highly on this list. The predominance
of left-sided tracts relevant to functional outcome after
mTBI observed in our study has also been reported by
Palacios et al.15 We concur with their speculation
regarding the importance of the left hemisphere for
language processing and right-hand actions. The top
three tracts included the left superior cerebellar
peduncle, the right uncinate fasciculus and the left
posterior thalamic radiation. Potentially acceleration-
www.thelancet.com Vol 75 September, 2024
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Fig. 1: Receiver operating characteristics curves for models with (yellow line) and without (green line) diffusion tensor imaging (DTI).
AUC (95% CI), Area under the curve (95% confidence interval).
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deceleration forces may act more strongly on long as-
sociation tracts and the delicate bridges of the superior
cerebellar peduncles. Alternatively, these tracts hold
particular functional importance.

The relevance of thalamo-cortical connections in
general and the left posterior thalamic radiation in
particular is consistent with previous studies demon-
strating altered structural or functional thalamic con-
nectivity in the acute-subacute phase of patients with
mTBI and persistent symptoms.18,40 These might be
explained by the role of thalamocortical connections in
brain-wide information processing including attention,
working memory, motor coordination, and sleep–wake
cycles.41 Diffusion abnormalities in the superior cere-
bellar peduncle have previously been reported, although
cerebellar structures in general have received less
attention in DTI studies of mTBI.42 The superior cere-
bellar peduncles consist predominantly of efferent fibers
from the cerebellum to the thalamus. Both the superior
cerebellar peduncle and the posterior thalamic radiation
are vital parts in the prefrontal-parietal-cerebellar
network.43 According to the predictive brain state
model, this network, with feed-forward timing from the
cerebellum, is responsible for anticipating events,
thereby targeting attention.43 A breakdown of this
network due to white matter shearing, has been pro-
posed to account for the attention and memory deficits
www.thelancet.com Vol 75 September, 2024
observed after TBI.43 Although alterations in the right
uncinate fasciculus have been observed in previous DTI
studies of mTBI, its role in TBI recovery is less clear.17

Abnormalities in the tract has been implicated in the
development of depression, anti-social behavior, and
post-TBI post-traumatic stress disorder.44 Patients with
an emotionally resilient mTBI phenotype have been
found to have differences in DTI metrics to patients
with a neuropsychiatrically distressed phenotype.45

Potentially it is a combination of biomechanical
vulnerability to shear stress and a lack of functional
reserve if damaged, that make certain tracts more
prognostically important. Our finding that DTI is highly
predictive alongside the lack of predictive power for
subacute NFL is supportive of the hypothesis that DTI
may be measuring pre-injury “reserve” as well as injury
severity which has important implications for future
preventative strategies of long-term sequelae. Based on
previous association studies, we suspected that early
DTI would improve clinical prediction models.14,15,17–19

However, we were surprised by the magnitude of
improvement that the we observed - the addition of DTI
to clinical models raised model performance to AUCs
>0.8 and R2 values ≥70%. These results were robust
during internal validation using bootstrapping, sug-
gesting that if a new patient were to present to one of
the CENTER-TBI sites and be scanned using the
9
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Fig. 2: Calibration plots for models with and without diffusion tensor imaging (DTI). Each prognostic model is presented on a new row.
Each row shows the calibration plot of the same model without (left-hand panel) and with (right-hand panel) DTI as a predictor. Dots with
bars = mean predicted probability of unfavorable outcome with its 95% confidence interval. Solid line = calibration line that should be followed
by a perfectly calibrated model. Dashed line = calibration line of the actual model, fitted using linear regression. Coloured line = calibration line
of the actual model, fitted using locally estimated scatterplot smoothing.
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Sample Time N Cutoff Sensitivity Specificity Avoided MRIs Unnecessary MRIs Missed incomplete
recoveries

Number needed
to scan

GFAP <12 h 63 0.13 0.92 (0.73–0.97) 0.30 (0.18–0.46) 13 (21%) 26 (41%) 2 (3%) 2.1

GFAP 12–24 h 44 0.09 0.95 (0.72–0.99) 0.22 (0.10–0.44) 6 (14%) 18 (41%) 1 (2%) 1.9

S100B <12 h 63 0.04 1.00 (0.76–1.00) 0.11 (0.05–0.26) 4 (6%) 33 (52%) 0 (0%) 2.3

S100B 12–24 h 44 0.03 1.00 (0.72–1.00) 0.04 (0.01–0.26) 1 (2%) 22 (50%) 0 (0%) 2.1

NFL <12 h 63 2.56 0.92 (0.73–0.97) 0.08 (0.03–0.23) 5 (8%) 34 (54%) 2 (3%) 2.5

NFL 12–24 h 44 5.41 0.90 (0.68–0.97) 0.35 (0.19–0.56) 10 (23%) 15 (34%) 2 (5%) 1.8

Biomarker cutoff levels were chosen assuming a minimum sensitivity of 0.90. Avoided MRIs refers to the number of patients which would not be scanned due to their biomarker level falling below the
cutoff threshold and who would make a complete recovery (true negatives). Unnecessary MRIs refer to the number of patients who would have been scanned as their biomarker value exceeds the cutoff
threshold but who would make a complete recovery (false positives). Missed incomplete recoveries refers to the number of patients who would not be scanned as their biomarker value falls below the
cutoff threshold but who nonetheless would not recover completely (false negatives). Cutoff units are ng/ml (GFAP), μg/L (S100B) and pg/ml (NFL).

Table 5: Using biomarkers to identify patients for DTI, using a minimum sensitivity of 0.9.

Articles
CENTER-TBI protocol, we could predict their probabil-
ity of recovery with good accuracy. Having such a reli-
able prognostic model could allow us to stratify patients
for clinical follow up or interventional trials within days
of their injury (Supplementary Figure S5). Perhaps
equally importantly, our findings provide a robust bio-
logical basis for incomplete recovery, which was previ-
ously unexplained or labelled as functional neurological
disorder.46

Prediction of outcome for patients who have mTBI
and a normal CT is particularly challenging and there
are few studies which have focused on this cohort
despite them being the majority of patients affected by
mTBI. The best existing clinical prognostic models for
mTBI were all derived on cohorts which included pa-
tients with traumatic lesions detectable on CT. We
observed that these models (without DTI or biomarkers)
performed worse in our cohort than in their derivation
cohorts, even though the model developers performed
the same internal validation procedure as we did.2,11,35 In
part this may be due to the slight modifications we had
to make to the models, as not all variables were recorded
in the CENTER-TBI dataset. However, even in the vali-
dation paper by Mikolic et al., which used CENTER-TBI
variables as we did, the AUC for the UPFRONT-PLUS
model was 0.70 (95% CI 0.66–0.75), much higher than
we observed.10 The poorer performance of the models is
most likely due to the differences in case mix, i.e., that
outcome prediction appears to be more difficult in pa-
tients with a normal CT than in those with CT
abnormalities.

The findings that the tested blood biomarkers have
little to no prognostic value over clinical parameters in
patients with mTBI are consistent with prior studies
where the prognostic value was greater in patients with a
more severe burden of injury characterised by lower
GCS and/or CT findings.12,13,47 Their potential use to
help rationalise selection of patients for MRI provides
important context for future use in clinical pathways. An
improved understanding of how best to integrate all the
information obtained from clinical, blood and imaging
www.thelancet.com Vol 75 September, 2024
biomarkers is critical to enable more refined assessment
which in turn may inform clinical trial design and lead
to improved management and outcomes.

Whilst the prospective multi-centre design and
formal prognostic methodology are major strengths of
this paper, there are also limitations. Our study focused
on patients with mTBI who presented to hospital and
satisfied criteria for CT-scanning. Whether DTI shows
equal prognostic value in patients on the even milder
spectrum of TBI, i.e., those not qualifying for a CT or
those not presenting to hospital, remains unclear. While
the quantitative MRI analysis occurred after data
collection was closed for patient safety the clinical se-
quences were available for clinical teams to review
which may introduce treatment bias. In addition, our
time window for DTI ranged from 0 to 31 days. We have
previously shown that DTI changes are dynamic and
more prognostic closer to the time of injury in a cohort
of patients with mTBI without and without lesions on
CT.14 Future studies should endeavor to use a more
uniform and/or earlier timepoint. Only patients aged
20–70 years old were included to align our control
population used to age-correct DTI metrics. Whether
the prognostic value of DTI extends to children or older
adults, especially those with pre-existing neurological
disease, remains to be determined. Furthermore, not all
patients who had serum biomarkers sampled also had
DTI data available and vice versa, requiring us to use
differently sized sub-cohorts from the CENTER-TBI
study.

Our analysis using serum biomarkers to triage pa-
tients for DTI was based on a sub-sample of patients too
small to fully control for difference in sample timing.
The suggested threshold concentrations therefore need
to be externally validated in a larger sample with a pre-
defined sample time (or times) which could also
consider the individual kinetic profiles of different
serum biomarkers. No sites at the time of recruitment
had access to point of care (POC) biomarker testing
outside of S100B, and only two subjects in the MRI
cohort had S100B levels obtained in the ER. At time of
11
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recruitment S100B was obtained only as decision sup-
port for CT and it is unlikely it caused any bias to the
results obtained.48 Future studies should be wary of this
potential source of bias as POC testing becomes more
widespread.

Access to rehabilitation may confound prognostic
studies. In the cohort with MRI only one was admitted
to an inpatient rehabilitation facility and 24% were
noted to have some form of outpatient therapy. The was
mainly physiotherapy, with only one patient given
cognitive therapy and five access to psychological ser-
vices, and is consistent with the broader CENTER-TBI
cohort,49 further emphasising the lack of rehabilitation
resources offered to patients specific to mTBI. In addi-
tion, given that extracranial injury may also influence
outcome, more complete characterisation in the acute
phase and how much it contributes to long-term
outcome may add important insights in future
studies.16,34,50

Now that we have established a potential prognostic
role for DTI future studies should assess if a new model
can be developed that can predict GOSE on an ordinal
scale and/or more refined outcome measures to capture
the nuances of recovery after mTBI. In addition, in or-
der to maximise the numbers for the analysis we did
include patients from all strata and understanding
whether there are different prognostic factors for
different strata may be important for any future clinical
implementation.

External validation of these results is required. In
particular, some of the patients included may have been
part of the derivation cohort for the CENTER-ED/
CENTER-PLUS models, which may result in over-
estimation of the predictive power of the model. The
analyses presented here are notable for finding a strong
prediction signal from DTI despite being based on a
multi-site study. This suggestions that DTI metrics may
be sensitive prognostic biomarkers in this patient pop-
ulation. Implementation of comparable sequence
acquisition between scanners needs to be recognised as
a major barrier to the generalisation of DTI findings.
Clinical implementation therefore will require collabo-
ration between clinical and research institutions to
choose similar MRI models and acquisition sequences
alongside MRI manufacturers to synchronise their
hardware and default settings is required.

This study showed that DTI can substantially
improve existing prognostic models using clinical vari-
ables in patients with mTBI and a normal CT brain, and
suggest that DTI is the is the best currently available
prognostic tool for this population, outperforming
serum biomarkers. Serum biomarkers may help to
select those patients who may most benefit from the
prognostic value of an MRI. A combination of clinical
features, early biomarkers for MRI selection and DTI
offer promise for the design of future clinical pathways
which will help with appropriate stratification to ensure
patients who require it are offered follow up and so
potentially improve outcomes, and to inform the design
of future clinical trials. Further studies are needed to
reproduce these findings before adoption into clinical
pathways.
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