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Abstract

The majority of patients with mild traumatic brain injury (mTBI) will have normal Glasgow

coma scale (GCS) of 15. Furthermore, only 5%–8% of them will be CT-positive for an mTBI.

Having a useful biomarker would help clinicians evaluate a patient’s risk of developing intra-

cranial lesions. The S100B protein is currently the most studied and promising biomarker for

this purpose. Heart fatty-acid binding protein (H-FABP) has been highlighted in brain injury

models and investigated as a biomarker for stroke and severe TBI, for example. Here, we

evaluate the performances of S100B and H-FABP for differentiating between CT-positive

and CT-negative patients. A total of 261 patients with a GCS score of 15 and at least one

clinical symptom of mTBI were recruited at three different European sites. Blood samples

from 172 of them were collected� 6 h after trauma. Patients underwent a CT scan and

were dichotomised into CT-positive and CT-negative groups for statistical analyses. H-

FABP and S100B levels were measured using commercial kits, and their capacities to

detect all CT-positive scans were evaluated, with sensitivity set to 100%. For patients

recruited� 6 h after trauma, the CT-positive group demonstrated significantly higher levels

of both H-FABP (p = 0.004) and S100B (p = 0.003) than the CT-negative group. At 100%

sensitivity, specificity reached 6% (95% CI 2.8–10.7) for S100B and 29% (95% CI 21.4–

37.1) for H-FABP. Similar results were obtained when including all the patients recruited, i.e.

hospital arrival within 24 h of trauma onset. H-FABP out-performed S100B and thus seems

to be an interesting protein for detecting all CT-positive mTBI patients with a GCS score of

15 and at least one clinical symptom.
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Introduction

Mild traumatic brain injury (mTBI) is common worldwide, with an annual incidence esti-

mated to be above 600/100,000 individuals.[1] Clinicians diagnose and distinguish mTBI

patients at risk of intracranial lesions using the Glasgow coma scale (GCS) and clinical symp-

toms such as headache, nausea, vomiting, loss of consciousness and amnesia.[2,3] The GCS is

used to estimate the conscious state and patients scoring between 13 and 15 are classified as

having mTBI; indeed the majority of mTBI cases have the GCS best response score of 15.[3]

Subsequently, CT scans are often performed to exclude or confirm the existence of brain

lesions due to the trauma. However, CT scans are harmful to patients, costly and only a few

patients will actually have a brain lesion (5%–8%).[3,4] Developing decision rules for safely

distinguishing between patients who will turn out to be CT-positive and CT-negative could

help to avoid many unnecessary CT scans.

Several guidelines have put forward decision rules for handling mTBI patients, based pri-

marily on the GCS and risk factors (e.g. clinical symptoms).[3,5] However, this still means that

every patient with a symptom will probably undergo a CT-scan. Another approach, which has

been widely studied, is the use of blood-based biomarkers. The individual performances of

GFAP, Tau and UCHL-1, among others, have all been investigated, though S100B remains the

most-studied protein biomarker.[6–16] Moreover, to avoid CT-negative scans, the Scandina-

vian guideline suggests combining clinical criteria and measuring S100B (cut-off 0.1 μg/L).

[5,15] However, the Eastern Association for the Surgery of Trauma guidelines indicate that

S100B should not be relied upon for making such a decision.[17] There remains a need to fur-

ther investigate S100B’s effectiveness (or that of other biomarkers), in conjunction with clinical

risk factors, at differentiating between CT-positive and CT-negative patients.

Previous studies on brain injury models have revealed heart fatty-acid binding protein

(H-FABP) to be a potentially significant brain injury biomarker.[18,19] It has been shown to

be located in the heart but also in the brain and described as an interesting diagnostic marker

in stroke, Creutzfeldt-Jakob, Alzheimer’s and Parkinson’s diseases, subarachnoid haemorrhage

and severe TBI.[18,20–23] In stroke, H-FABP has a rapid increase in concentration with a

peak at 3h after symptom onset and thereafter the concentrations remained high for 5 days.

[20] The early increase of blood concentration and steadiness in time make this protein a

potential interesting tool for brain lesion diagnostics. Furthermore, H-FABP has already been

shown to be able to differentiate between controls and mTBI patients.[23] It thus seemed

worthwhile to investigate H-FABP’s effectiveness further as a potential diagnostic tool for dif-

ferentiating between the CT scan results of mTBI patients. Therefore, the aim of this prospec-

tive multicentre study was to evaluate and compare the capacities of H-FABP and S100B in

discriminating between CT-positive and CT-negative patients with a GCS score of 15 and at

least one additional clinical symptom.

Methods

Inclusion and exclusion criteria

This study recruited a total of 261 patients at three different European sites: Geneva (Switzer-

land), Barcelona (Spain) and Seville (Spain). Written informed consent was obtained from all

patients, or their legal representatives, prior to inclusion. Children (< 18 years) were included

only after written informed consent from a parent or next-of-kind. To participate, patients

needed to fulfil several inclusion criteria: diagnosis of mTBI with a GCS score of 15; presence

of at least one clinical symptom (loss of consciousness, amnesia, vomiting or nausea, headache

or equilibrium disorder); CT scan performed within 24 h of the trauma (where the presence of
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epidural haemorrhage, subdural haemorrhage, subarachnoid haemorrhage, intracerebral

haemorrhage, contusion with haemorrhage, cerebral oedema or skull fracture was classified

as CT-positive); blood sample collected at admission; and age above 14 years old. Exclusion

criteria were: pregnancy; GCS score below 15 at admission to hospital; absence of clinical

symptoms; no head CT scan; and no signed informed consent form. The study was approved

by the relevant local ethics committees: Geneva’s Human Research Ethics Committee (CER:

12–194 / NAC 12–074); Barcelona’s Hospital Universitari Vall d’Hebron Ethics Committee

(PR_AG_195–2012); and Seville’s Virgen del Rocı́o University Hospital Institutional Review

Board (2012PI/120).

H-FABP and S100B assays

Upon hospital arrival, each patient had a serum (Seville and Barcelona) or plasma (Geneva)

sample withdrawn, centrifuged, aliquoted and stored at -80˚C until analysis. Both H-FABP

and S100B were analysed according to the manufacturer’s recommendations. For patients

recruited in Geneva, H-FABP was measured using a HK402 kit from Hycult (Hycult Biotech,

Uden, The Netherlands) with a limit of quantification (LOQ) ranging between 102–25000

pg/mL, and for patients recruited in Spain it was measured using a K151HTD kit from Meso

Scale (Meso Scale Diagnostics, Rockville, MD, USA) LOQ 137–100000 pg/mL. For patients

recruited in Geneva and Barcelona, S100B was measured using an EZHS100B-33K kit from

Millipore (Millipore, Billerica, MA, USA) LOQ 2.7–2000 pg/mL, and in Seville it was mea-

sured using an Elecsys 2010 immunoassay system (Roche Diagnostics, Germany) LOQ 0.005–

39 μg/L. Results are presented in ng/mL for H-FABP and μg/L for S100B.

Statistical analysis

The results from the three sites were merged to form one large multicentre study. Given the

heterogeneity in the three cohorts, in terms of the samples (serum and plasma) and assays

used, the biomarker results were merged by normalisation, using the median or the z-score as

correction factors. This provided comparable results. Patients were dichotomised into CT-pos-

itive and CT-negative groups for statistical analyses. As S100B and H-FABP data were non-

parametrically distributed, as shown by the Kolmogorov-Smirnov test (p< 0.001), the differ-

ence between groups was established using non-parametric Mann-Whitney U tests. Fisher’s

exact test and the chi-square test were used to identify significant differences in clinical data

between the CT groups, and Spearman rank correlation test was used for correlation between

continuous data. The results were further stratified by those clinical factors found to be signifi-

cantly different in the CT-positive and CT-negative groups. IBM SPSS software, version 20.0

(SPSS Inc., Chicago, IL, USA), was used for all the statistical analyses. The proteins’ diagnostic

performances were tested using receiver operating characteristics (ROC) curves with TIBCO

Spotfire S+1 version 8.2 softeware (TIBCO software Inc., Palo Alto, CA, USA). For each pro-

tein, the thresholds were selected at the best cut-off for a sensitivity of 100% and 90%–100%.

Results

The present study included 261 mTBI patients with a GCS score of 15. Of these, 172 patients

came to the hospital� 6 h after trauma, with a mean time (± SD) of 198 min ± 88. The most

common clinical symptoms were a loss of consciousness and amnesia (Table 1). A total of 32

patients (19%) were classified as CT-positive, the majority of whom (72%) were men. The

most frequent CT-findings were subarachnoid haemorrhage and skull fractures (Table 2). Age

was the only clinical variable found to be significantly different between CT-positive and CT-

negative patients (p = 0.001) (Table 1). Comparable demographics were also obtained for each
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cohort separately with only minor differences such as age and the percentage of isolated brain

injuries (S1–S3 Tables).

S100B and H-FABP levels were measured for all patients (at t� 6 h) and showed signifi-

cantly higher concentrations in CT-positive than in CT-negative patients (p = 0.003 and

p = 0.004, respectively). The proteins were also investigated for their individual performances.

S100B was first evaluated at the cut-off level of 0.1 μg/L, as previously suggested by Scandina-

vian guidelines.[5] At this cut-off, S100B showed 42% specificity and 81% sensitivity (Fig 1 and

Table 3). With sensitivity set at 100%, S100B displayed a specificity of 6% and H-FABP dis-

played a specificity of 29%. From a test point of view, investigated using their negative and pos-

itive predictive values (NPV and PPV), both proteins displayed an NPV of 100%. For the PPV,

Table 2. CT-scan findings detected in CT-positive mTBI patients.

CT-scan findings Yes, n

Subarachnoid haemorrhage 15

Subdural haemorrhage 9

Intracerebral haemorrhage 4

Epidural haemorrhage 2

Contusion with haemorrhage 9

Edema 1

Skull fracture 15

https://doi.org/10.1371/journal.pone.0175572.t002

Table 1. Characteristics of mTBI patients,� 6 h post-trauma.

CT- CT+ p-value†

CT scan, n (%) 140 (81) 32 (19)

Trauma to blood sample (min) 0.818‡

Mean (SD) 199 (86) 194 (96)

Median (min.–max.) 203 (35–360) 208 (40–360)

Age (years), mean (SD) 46 (20) 61 (25) 0.001‡

Male, n (%) 101 (72) 23 (72) 0.976

Symtoms, y (%)

Amnesia 84 (60) 24 (75) 0.113

LOC 113 (81) 27 (84) 0.631

Nausea/vomiting 31 (22) 9 (28) 0.47

Headache 59 (42) 8 (25) 0.073

Impaired equilibrium 2 (1) 0 (0) 1

Mechanism of Injury, n (%)

Traffic accident 36 (26) 10 (31) 0.523

Fall 52 (37) 10 (31) 0.531

Assault 25 (18) 5 (16) 0.764

Sports 4 (3) 1 (3) 0.648

Others 19 (14) 6 (19) 0.307

NA 4 (3)

Isolated brain trauma, y (%) 100 (72) 24 (75) 0.727

NA 1 (1)

† Chi-square test or Fisher’s exact test
‡ Mann-Whitney U test

NA: not available

https://doi.org/10.1371/journal.pone.0175572.t001
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H-FABP reached 22%, whereas S100B remained below 20%. The proteins were also evaluated

for their best performance when sensitivity was set in the 90%–100% range. In this case, S100B

reached 19% specificity, but at the cost of its sensitivity dropping to 91%. There was no

observed change in performance for H-FABP (100% sensitivity and 29% specificity).

The H-FABP and S100B markers were further evaluated in combination. Patients were clas-

sified as CT-positive when S100B> 0.042 μg/L and H-FABP > 2.620 ng/mL. Compared to the

H-FABP alone, the panel slightly increased specificity, to 30%, with sensitivity remaining at

100%.

CT-positive patients were found to be significantly older than CT-negative patients

(p = 0.001) (Table 1). When age was tested as an individual parameter, it reached an AUC of

68%. A sensitivity of 100% could not be attained, indicating that age alone has a low value in

identifying CT-positive patients. Significant, though minor, correlations were found between

both S100B and age (rs = 0.171, p = 0.025) and H-FABP and age (rs = 0.293, p< 0.001).

The Scandinavian guidelines use age� 65 years old as a risk factor.[5] After dichotomising

the cohort into< 65 (n = 129) and� 65 years old (n = 43), both S100B and H-FABP showed

higher levels in patients� 65 years old than in younger patients (p = 0.004 and p =<0.001,

respectively). Marker levels were investigated separately within the younger and older patient

groups. In the younger patient group, S100B showed 100% sensitivity and 8% specificity,

whereas H-FABP reached 100% sensitivity and 37% specificity. In the older patient group,

S100B displayed 100% sensitivity and 32% specificity, compared to H-FABP’s 100% sensitivity

and 8% specificity (Table 4).

Fig 1. ROC curves,� 6 h post-trauma, for S100B and H-FABP, representing best performance when

set to: a) 100% sensitivity; b) 90%–100% sensitivity; and c) the S100B cut-off 0.1 μg/L.

https://doi.org/10.1371/journal.pone.0175572.g001

Table 3. Performances when sensitivity was set at 100%, in the 90%–100% range, and when S100B’s cut-off was set at 0.1 μg/L, with correspond-

ing NPV and PPV for patients� 6 h post-trauma.

Protein Cut-off SE % (95% CI) SP % (95% CI) NPV PPV

S100B 0.042 100 (100–100) 6.4 (2.8–10.7) 100 19.6

0.071 90.6 (78.1–100) 19.3 (12.9–25.7) 90 20.4

0.1 81.3 (65.6–93.8) 42.1 (34.3–50.0) 92.6 25.2

H-FABP 2.62 100 (100–100) 29.3 (21.4–37.1) 100 22.4

SE, sensitivity; SP, specificity; NPV, negative predictive value; PPV, positive predictive value

https://doi.org/10.1371/journal.pone.0175572.t003
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The proteins diagnostic performance in patients with only isolated brain trauma was inves-

tigated. The cohort population decreased to 100 CT-negative and 24 CT-positive patients.

Within this subgroup of mTBI patients, both S100B and H-FABP were significantly increased

(p = 0.001) in CT-positive patients. At 100% sensitivity the S100B reached a specificity of 9%

whereas the H-FABP increased to 35%. The diagnostic performance was also investigated in

the small subpopulation of mTBI patients presenting multiple traumas. None of the proteins

had significantly different levels between CT-positive and CT-negative patients and the speci-

ficity decreased for both S100B and H-FABP, 5% and 18% respectively, when sensitivity was

set to 100% (Table 5).

All the results above were based on measurements� 6 h after trauma. However, not all

patients seek help immediately and some are transferred from one medical facility to another,

increasing the time from trauma onset to blood sampling. The proteins’ predictive perfor-

mances were therefore also investigated on all the patients who arrived at the hospitals after an

mTBI event and within 24 h of trauma onset, with a mean time (± SD) of 250 min ± 172. The

number of mTBI patients included here was 261, of whom 41 (16%) were CT-positive (S4

Table). Both H-FABP and S100B levels remained significantly higher in the CT-positive

patients (p = 0.006 and p< 0.001, respectively). The proteins’ ability to differentiate CT-posi-

tive from CT-negative patients displayed similar results to those described for t� 6 h: for

100% sensitivity, S100B reached 6% specificity and H-FABP reached 26% (S5 Table).

Discussion

This multicentre study evaluated H-FABP and S100B as potential protein biomarkers for dif-

ferentiating between CT-positive and CT-negative mTBI patients with GCS scores of 15 and at

least one clinical symptom. H-FABP reached 100% sensitivity and 29% specificity, whereas

S100B reached 100% sensitivity but only 6% specificity. The proteins’ performances were fur-

ther investigated when sensitivity was set in the 90%–100% range. Here, S100B reached a

specificity of 19% with a sensitivity of 91%. However, H-FABP performed better, with 100%

sensitivity and 29% specificity.

Table 4. The performances of H-FABP and S100B biomarkers at 100% sensitivity,� 6 h post-trauma, dichotomised into younger and older

patients.

Age Protein CT-, n CT+, n Cut-off SE % (95% CI) SP % (95% CI)

< 65 S100B 115 14 0.042 100 (100–100) 7.8 (3.5–13.0)

H-FABP 115 14 2.74 100 (100–100) 36.5 (27.8–45.2)

� 65 S100B 25 18 0.091 100 (100–100) 32.0 (16.0–52.0)

H-FABP 25 18 2.214 100 (100–100) 8.0 (0–20.0)

SE, sensitivity; SP, specificity

https://doi.org/10.1371/journal.pone.0175572.t004

Table 5. The performances of H-FABP and S100B biomarkers at 100% sensitivity,� 6 h post-trauma in mTBI subgroups; isolated brain trauma or

multiple trauma patients.

Protein CT-, n CT+, n Cut-off SE % (95% CI) SP % (95% CI)

Isolated brain trauma S100B 100 24 0.052 100 (100–100) 9.0 (4.0–15.0)

H-FABP 100 24 2.62 100 (100–100) 35.0 (26.0–44.0)

Multiple trauma S100B 39 8 0.031 100 (100–100) 5.1 (0.0–12.8)

H-FABP 39 8 2.829 100 (100–100) 18.0 (7.7–30.8)

SE, sensitivity; SP, specificity

https://doi.org/10.1371/journal.pone.0175572.t005
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In parallel to biomarker research, guidelines are becoming increasingly interested in

improving care for mTBI patients based mainly on their GCS scores and risk factors.[3,5] The

WHO Collaborating Centre Task Force on mTBI suggested that patients with a GCS of 15 and

with one or more risk factors (e.g. age> 60 years old, vomiting, headache or amnesia) should

undergo a CT scan.[3] However, these guidelines still mean that there will be many CT-nega-

tive results. In the present study, 140 patients were CT-negative (81%), indicating the need for

a complementary decision-making aid. Scandinavian guidelines give similar recommenda-

tions, but they also suggest using the S100B biomarker with a cut-off level at 0.1 μg/L.[5] Here,

this recommended cut-off level only managed 81% sensitivity and 42% specificity, correspond-

ing to 6 false-negative patients.

Whereas S100B has been widely studied as a protein biomarker for diagnosis and decision

rules in mTBI patients, H-FABP is relatively unknown in this field. H-FABP is a small (15

kDa) cytoplasmic protein whose primary function is to transport long-chain fatty acids.[23] It

was first discovered in the heart, from where it got its name—heart fatty-acid binding protein.

[21] It is abundant in the cardiomyocytes and has been studied for many years as a diagnostic

tool for different heart conditions.[24,25] This small, intracellular molecule has also been

shown to be expressed in the grey matter and neuron cell bodies.[23] H-FABP has therefore

been highlighted as a potential brain injury biomarker for several diseases, such as Alzheimer’s,

Parkinson’s and stroke, and it has been shown to accurately predict the outcome in severe

TBI and be capable of differentiate between mTBI patients and controls.[18,20,22,23,25] The

H-FABP has been shown in stroke to have a rapid increase after symptom onset with a peak at

3h and slowly decrease during 5 days.[20] S100B on the other side has a rapid increase however

also a rapid decrease in concentration limiting the diagnostic time window.[26] The H-FABP

robustness over time makes it interesting as a diagnostic and perhaps also prognostic bio-

marker. The H-FABP kinetics can be an explanation to the results shown here where patients

up to 6h after trauma were included and showed similar results as those included up to 24h

after trauma.

S100B is a small (10 kDa), intracellular, calcium binding protein and is found abundantly

in astrocytes and adipocytes.[27] Because they are found in different locations, measuring

S100B and H-FABP in combination could be interesting. Previous studies in different fields

have highlighted the advantages of combining biomarkers into panels to increase their overall

performance.[28,29] We therefore combined S100B and H-FABP but used individual 100%

sensitivity cut-offs. The sensitivity remained at 100% and the specificity rose to 30%, similar to

the level of H-FABP alone. It would be interesting to investigate the differentiating perfor-

mance of these two molecules and age by using a multivariate analysis. Unfortunately, with

regard to the Monte Carlo method, the study population used here was too small.[30]

As different guidelines state, older age can be classified as a risk factor for intracranial

lesions.[3,5] Salottolo et al. showed that elderly people obtain worse GCS scores than younger

patients with the same type of injury severity, which might explain the significantly higher age

seen in the CT-positive population than in the CT-negative one.[31] The influence of age on

S100B and H-FABP has previously been demonstrated.[21,32–35] The Scandinavian guide-

lines highlighted that age� 65 could be a risk factor for brain lesions.[5] The present cohort

was therefore separated into groups < 65 and� 65 years old. In the younger patient group,

H-FABP showed even better performance than for the entire cohort, with sensitivity at 100%

and specificity of 37%. In the older patient group, however, the best performances at 100% sen-

sitivity were inversed, with S100B reaching 32% specificity and H-FABP only reaching 8%.

These results seem to indicate that H-FABP better discriminates between the CT scan groups

among younger patients and S100B does better among older ones. It has previously been

shown that H-FABP blood concentration tends to increase in elderly people possibly due to
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decrease in renal function.[35] This could explain the results shown here, where elderly CT-

negative patients will be classified as false positive using H-FABP. Due to the low number of

patients in each group, more research is needed to confirm these findings and potentially to

create an age ranking table of performances and cut-offs.

The tissue specificity is an important aspect to take under consideration when evaluating a

biomarker. Therefore, the differential diagnostic performance of both S100B and H-FABP in

mTBI patients with isolated and multiple trauma were evaluated. The capacity of differentiate

between CT-positive and CT-negative patients for both H-FABP and S100B decreased to 18%

and 5% specificity respectively for 100% sensitivity for patients with multiple traumas due to

high blood concentration in CT-negative patients. For mTBI patients with isolated brain

trauma the S100B slightly increased to 9% specificity when sensitivity was set to 100%. Inter-

estingly, the H-FABP performance rose to 100% sensitivity and 35% specificity. These results

are confirmed by previous studies in severe TBI showing H-FABP to have increased levels in

patients with multiple traumas compared to isolated brain traumas.[22]

Another factor that can interfere with biomarker utility is the time between trauma and

sample collection. Different earlier articles have used periods of< 3 h to< 6 h for the evalua-

tion of their biomarkers.[11,12,15] The time to hospital arrival has been shown to vary—

between the median direct admission time of 1 h and a delayed admission time of 4 h post-

trauma—depending on several criteria, such as gender, the influence of alcohol, low energy

trauma, and trauma at home or in a public place.[36] The present study’s main results were

therefore based on arrival� 6 h post-trauma. However, 89 patients in our cohort arrived later

(6–24 h), 9 (10%) of whom were CT-positive, suggesting the need for a decision rule bio-

marker, even for this patient group. To reflect the real clinical situation as accurately as possi-

ble, we included all the patients who arrived at the emergency units within 24 h of trauma

onset. These enlarged inclusion criteria raised the cohort size to 261 patients. The results

obtained showed similar levels of performance to those observed for arrival� 6 h post-trauma.

S100B measurement would only have suggested discharge for 6% of the CT-negative patients

while keeping all the CT-positive patients in the hospital; H-FABP measurement would have

suggested discharge for 26%. The results coincide with what could be expected seen from pre-

viously performed kinetic studies for both S100B and H-FABP. S100B has been shown to rap-

idly increase but also to decline early.[26] H-FABP’s property of remaining stable over time

has been demonstrated previously in stroke patients; the protein’s level increased early and

showed highest levels already 3h after symptom onset and elevated levels were maintained for

several days.[20] The results suggest that measuring H-FABP for a longer period of time post-

trauma could be of benefit to patients arriving a long time after their accident.

Even though this study showed the potential use of H-FABP as a brain injury biomarker for

differentiating between CT-positive and CT-negative patients, there were some study limita-

tions. Patients included within this study are a sub-population of a typical ER mTBI popula-

tion. This selection leads to a higher percentage of CT-positive patients mainly due to the

exclusion of CT-negative patients i.e. mTBI patients with GCS 15 and no additional clinical

symptom. Further limitation was the heterogeneity of the cohorts, due to the differences in

sample collection (serum and plasma), and the use of different immunoassays. Moreover, after

stratifying by age, the remaining sample size was small, and these results should be verified

and validated in a larger cohort.

Conclusion

The present prospective multicentre study compared the measurement of levels of heart fatty-

acid binding protein and S100B as potential tools to aid decision-making when clinicians need
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to objectively evaluate whether mTBI patients can be discharged without undergoing a CT

scan. S100B performed better for older patients (� 65 years old) and H-FABP performed bet-

ter for younger ones (< 65 years old). However, individual performance over the entire popu-

lation revealed that H-FABP was an interesting protein biomarker for differentiating between

CT-positive and CT-negative patients, within both 6 h and 24 h of trauma onset.

Supporting information

S1 Table. Characteristics,�6h post trauma, of the mTBI patients from Barcelona.

(DOCX)

S2 Table. Characteristics,�6h post trauma, of the mTBI patients from Seville.

(DOCX)

S3 Table. Characteristics,�6h post trauma, of the mTBI patients from Geneva.

(DOCX)

S4 Table. Characteristics of all the mTBI patients, t < 24 h after trauma onset.

(DOCX)

S5 Table. When sensitivity was fixed at 100%, the best performance ranged between 90%–

100%, at S100Bs cut-off 0.1 μg/L and corresponding NPV and PPV. The results include all

patients, t< 24 h after trauma onset.

(DOCX)

S1 Dataset. All patient data.

(XLSX)

Acknowledgments

We would like to thank Catherine Fouda and Nadia Walter for their participation in protein

analyses, as well as the medical personal at the resepective hospitals for their tremendous work

in recruiting patients. We also thank the Geneva Hospital Biobank, especially Alexandre Bulla,

for taking care of the samples.

Author Contributions

Conceptualization: JCS.

Data curation: LL.

Formal analysis: LL.

Funding acquisition: JCS.

Investigation: LL.

Methodology: LL.

Project administration: LL JCS.

Resources: JJEG AB JM ARR AER NT MQ RGA CMP EA LR AS KS JCS.

Supervision: JCS.

Validation: LL.

Visualization: LL JCS.

H-FABP: A mTBI biomarker for CT-scans

PLOS ONE | https://doi.org/10.1371/journal.pone.0175572 April 18, 2017 9 / 11

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0175572.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0175572.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0175572.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0175572.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0175572.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0175572.s006
https://doi.org/10.1371/journal.pone.0175572


Writing – original draft: LL.

Writing – review & editing: LL JJEG AB JM ARR AER NT MQ RGA CMP EA LR AS KS JCS.

References
1. Holm L, Cassidy JD, Carroll LJ, Borg J, Neurotrauma Task Force on Mild Traumatic Brain Injury of the

WHOCC (2005) Summary of the WHO Collaborating Centre for Neurotrauma Task Force on Mild Trau-

matic Brain Injury. J Rehabil Med 37: 137–141. https://doi.org/10.1080/16501970510027321 PMID:

16040469

2. (1993) Definition of mild traumatic brain injury. The Journal of Head Trauma Rehabilitation 8: 86–87.

3. Borg J, Holm L, Cassidy JD, Peloso PM, Carroll LJ, von Holst H, et al. (2004) Diagnostic procedures in

mild traumatic brain injury: results of the WHO Collaborating Centre Task Force on Mild Traumatic

Brain Injury. J Rehabil Med: 61–75. PMID: 15083871

4. Melnick ER, Szlezak CM, Bentley SK, Dziura JD, Kotlyar S, Post LA (2012) CT overuse for mild trau-

matic brain injury. Jt Comm J Qual Patient Saf 38: 483–489. PMID: 23173394

5. Unden J, Ingebrigtsen T, Romner B, Scandinavian Neurotrauma C (2013) Scandinavian guidelines for

initial management of minimal, mild and moderate head injuries in adults: an evidence and consensus-

based update. BMC Med 11: 50. https://doi.org/10.1186/1741-7015-11-50 PMID: 23432764

6. Papa L, Lewis LM, Silvestri S, Falk JL, Giordano P, Brophy GM, et al. (2012) Serum levels of ubiquitin

C-terminal hydrolase distinguish mild traumatic brain injury from trauma controls and are elevated in

mild and moderate traumatic brain injury patients with intracranial lesions and neurosurgical interven-

tion. J Trauma Acute Care Surg 72: 1335–1344. https://doi.org/10.1097/TA.0b013e3182491e3d PMID:

22673263

7. Papa L, Lewis LM, Falk JL, Zhang Z, Silvestri S, Giordano P, et al. (2012) Elevated levels of serum glial

fibrillary acidic protein breakdown products in mild and moderate traumatic brain injury are associated

with intracranial lesions and neurosurgical intervention. Ann Emerg Med 59: 471–483. https://doi.org/

10.1016/j.annemergmed.2011.08.021 PMID: 22071014

8. Okonkwo DO, Yue JK, Puccio AM, Panczykowski DM, Inoue T, McMahon PJ, et al. (2013) GFAP-BDP

as an Acute Diagnostic Marker in Traumatic Brain Injury: Results from the Prospective Transforming

Research and Clinical Knowledge in Traumatic Brain Injury Study. Journal of Neurotrauma 30: 1490–

1497. https://doi.org/10.1089/neu.2013.2883 PMID: 23489259

9. Jeter CB, Hergenroeder GW, Hylin MJ, Redell JB, Moore AN, Dash PK (2013) Biomarkers for the diag-

nosis and prognosis of mild traumatic brain injury/concussion. J Neurotrauma 30: 657–670. https://doi.

org/10.1089/neu.2012.2439 PMID: 23062081

10. Heidari K, Vafaee A, Rastekenari AM, Taghizadeh M, Shad EG, Eley R, et al. (2015) S100B protein as

a screening tool for computed tomography findings after mild traumatic brain injury: Systematic review

and meta-analysis. Brain Inj: 1–12.

11. Egea-Guerrero JJ, Revuelto-Rey J, Murillo-Cabezas F, Munoz-Sanchez MA, Vilches-Arenas A, San-

chez-Linares P, et al. (2012) Accuracy of the S100beta protein as a marker of brain damage in traumatic

brain injury. Brain Inj 26: 76–82. https://doi.org/10.3109/02699052.2011.635360 PMID: 22149446

12. Welch RD, Ayaz SI, Lewis LM, Unden J, Chen JY, Mika VH, et al. (2016) Ability of Serum Glial Fibrillary

Acidic Protein, Ubiquitin C-Terminal Hydrolase-L1, and S100B To Differentiate Normal and Abnormal

Head Computed Tomography Findings in Patients with Suspected Mild or Moderate Traumatic Brain

Injury. J Neurotrauma 33: 203–214. https://doi.org/10.1089/neu.2015.4149 PMID: 26467555

13. Neher MD, Keene CN, Rich MC, Moore HB, Stahel PF (2014) Serum biomarkers for traumatic brain

injury. South Med J 107: 248–255. https://doi.org/10.1097/SMJ.0000000000000086 PMID: 24937520

14. Papa L, Silvestri S, Brophy GM, Giordano P, Falk JL, Braga CF, et al. (2014) GFAP out-performs

S100beta in detecting traumatic intracranial lesions on computed tomography in trauma patients with

mild traumatic brain injury and those with extracranial lesions. J Neurotrauma 31: 1815–1822. https://

doi.org/10.1089/neu.2013.3245 PMID: 24903744

15. Biberthaler P, Linsenmeier U, Pfeifer KJ, Kroetz M, Mussack T, Kanz KG, et al. (2006) Serum S-100B

concentration provides additional information fot the indication of computed tomography in patients

after minor head injury: a prospective multicenter study. Shock 25: 446–453. https://doi.org/10.1097/

01.shk.0000209534.61058.35 PMID: 16680008

16. Papa L, Brophy GM, Welch RD, Lewis LM, Braga CF, Tan CN, et al. (2016) Time Course and Diagnos-

tic Accuracy of Glial and Neuronal Blood Biomarkers GFAP and UCH-L1 in a Large Cohort of Trauma

Patients With and Without Mild Traumatic Brain Injury. JAMA Neurol.

17. Barbosa RR, Jawa R, Watters JM, Knight JC, Kerwin AJ, Winston ES, et al. (2012) Evaluation and man-

agement of mild traumatic brain injury: an Eastern Association for the Surgery of Trauma practice

H-FABP: A mTBI biomarker for CT-scans

PLOS ONE | https://doi.org/10.1371/journal.pone.0175572 April 18, 2017 10 / 11

https://doi.org/10.1080/16501970510027321
http://www.ncbi.nlm.nih.gov/pubmed/16040469
http://www.ncbi.nlm.nih.gov/pubmed/15083871
http://www.ncbi.nlm.nih.gov/pubmed/23173394
https://doi.org/10.1186/1741-7015-11-50
http://www.ncbi.nlm.nih.gov/pubmed/23432764
https://doi.org/10.1097/TA.0b013e3182491e3d
http://www.ncbi.nlm.nih.gov/pubmed/22673263
https://doi.org/10.1016/j.annemergmed.2011.08.021
https://doi.org/10.1016/j.annemergmed.2011.08.021
http://www.ncbi.nlm.nih.gov/pubmed/22071014
https://doi.org/10.1089/neu.2013.2883
http://www.ncbi.nlm.nih.gov/pubmed/23489259
https://doi.org/10.1089/neu.2012.2439
https://doi.org/10.1089/neu.2012.2439
http://www.ncbi.nlm.nih.gov/pubmed/23062081
https://doi.org/10.3109/02699052.2011.635360
http://www.ncbi.nlm.nih.gov/pubmed/22149446
https://doi.org/10.1089/neu.2015.4149
http://www.ncbi.nlm.nih.gov/pubmed/26467555
https://doi.org/10.1097/SMJ.0000000000000086
http://www.ncbi.nlm.nih.gov/pubmed/24937520
https://doi.org/10.1089/neu.2013.3245
https://doi.org/10.1089/neu.2013.3245
http://www.ncbi.nlm.nih.gov/pubmed/24903744
https://doi.org/10.1097/01.shk.0000209534.61058.35
https://doi.org/10.1097/01.shk.0000209534.61058.35
http://www.ncbi.nlm.nih.gov/pubmed/16680008
https://doi.org/10.1371/journal.pone.0175572


management guideline. J Trauma Acute Care Surg 73: S307–314. https://doi.org/10.1097/TA.

0b013e3182701885 PMID: 23114486

18. Zimmermann-Ivol CG, Burkhard PR, Le Floch-Rohr J, Allard L, Hochstrasser DF, Sanchez JC (2004)

Fatty acid binding protein as a serum marker for the early diagnosis of stroke: a pilot study. Mol Cell Pro-

teomics 3: 66–72. https://doi.org/10.1074/mcp.M300066-MCP200 PMID: 14581522

19. Lescuyer P, Allard L, Zimmermann-Ivol CG, Burgess JA, Hughes-Frutiger S, Burkhard PR, et al. (2004)

Identification of post-mortem cerebrospinal fluid proteins as potential biomarkers of ischemia and neu-

rodegeneration. Proteomics 4: 2234–2241. https://doi.org/10.1002/pmic.200300822 PMID: 15274117

20. Wunderlich MT, Hanhoff T, Goertler M, Spener F, Glatz JF, Wallesch CW, et al. (2005) Release of

brain-type and heart-type fatty acid-binding proteins in serum after acute ischaemic stroke. J Neurol

252: 718–724. https://doi.org/10.1007/s00415-005-0725-z PMID: 15834650

21. Pelsers MM, Glatz JF (2005) Detection of brain injury by fatty acid-binding proteins. Clin Chem Lab Med

43: 802–809. https://doi.org/10.1515/CCLM.2005.135 PMID: 16201888

22. Walder B, Robin X, Rebetez MML, Copin JC, Gasche Y, Sanchez JC, et al. (2013) The Prognostic Sig-

nificance of the Serum Biomarker Heart-Fatty Acidic Binding Protein in Comparison with S100b in

Severe Traumatic Brain Injury. Journal of Neurotrauma 30: 1631–1637. https://doi.org/10.1089/neu.

2012.2791 PMID: 23590685

23. Pelsers MM, Hanhoff T, Van der Voort D, Arts B, Peters M, Ponds R, et al. (2004) Brain- and heart-type

fatty acid-binding proteins in the brain: tissue distribution and clinical utility. Clin Chem 50: 1568–1575.

https://doi.org/10.1373/clinchem.2003.030361 PMID: 15217991

24. Erenler AK, Yardan T, Duran L, Baydin A (2013) Usefulness of heart-type fatty acid binding protein in

the emergency department. J Pak Med Assoc 63: 1176–1181. PMID: 24601201

25. Lescuyer P, Allard L, Hochstrasser DF, Sanchez JC (2005) Heart-fatty acid-binding protein as a marker

for early detection of acute myocardial infarction and stroke. Mol Diagn 9: 1–7. PMID: 16035729

26. Welch RD, Ellis M, Lewis LM, Ayaz SI, Mika VH, Millis SR, et al. (2016) Modeling the Kinetics of Serum

Glial Fibrillary Acidic Protein, Ubiquitin Carboxyl-Terminal Hydrolase-L1, and S100B Concentrations in

Patients with Traumatic Brain Injury. J Neurotrauma.

27. Kawata K, Liu CY, Merkel SF, Ramirez SH, Tierney RT, Langford D (2016) Blood biomarkers for brain

injury: What are we measuring? Neurosci Biobehav Rev 68: 460–473. https://doi.org/10.1016/j.

neubiorev.2016.05.009 PMID: 27181909

28. Hainard A, Tiberti N, Robin X, Lejon V, Ngoyi DM, Matovu E, et al. (2009) A combined CXCL10, CXCL8

and H-FABP panel for the staging of human African trypanosomiasis patients. PLoS Negl Trop Dis 3:

e459. https://doi.org/10.1371/journal.pntd.0000459 PMID: 19554086

29. Turck N, Vutskits L, Sanchez-Pena P, Robin X, Hainard A, Gex-Fabry M, et al. (2010) A multiparameter

panel method for outcome prediction following aneurysmal subarachnoid hemorrhage. Intensive Care

Med 36: 107–115. https://doi.org/10.1007/s00134-009-1641-y PMID: 19760205

30. Peduzzi P, Concato J, Kemper E, Holford TR, Feinstein AR (1996) A simulation study of the number of

events per variable in logistic regression analysis. J Clin Epidemiol 49: 1373–1379. PMID: 8970487

31. Salottolo K, Levy AS, Slone DS, Mains CW, Bar-Or D (2014) The effect of age on Glasgow Coma Scale

score in patients with traumatic brain injury. JAMA Surg 149: 727–734. https://doi.org/10.1001/

jamasurg.2014.13 PMID: 24899145

32. Calcagnile O, Holmen A, Chew M, Unden J (2013) S100B levels are affected by older age but not by

alcohol intoxication following mild traumatic brain injury. Scand J Trauma Resusc Emerg Med 21: 52.

https://doi.org/10.1186/1757-7241-21-52 PMID: 23830006

33. van Engelen BG, Lamers KJ, Gabreels FJ, Wevers RA, van Geel WJ, Borm GF (1992) Age-related

changes of neuron-specific enolase, S-100 protein, and myelin basic protein concentrations in cerebro-

spinal fluid. Clin Chem 38: 813–816. PMID: 1375875

34. Wolf H, Frantal S, Pajenda G, Leitgeb J, Sarahrudi K, Hajdu S (2015) Analysis of S100 calcium binding

protein B serum levels in different types of traumatic intracranial lesions. J Neurotrauma 32: 23–27.

https://doi.org/10.1089/neu.2013.3202 PMID: 25068442

35. Pelsers MM, Chapelle JP, Knapen M, Vermeer C, Muijtjens AM, Hermens WT, et al. (1999) Influence of

age and sex and day-to-day and within-day biological variation on plasma concentrations of fatty acid-

binding protein and myoglobin in healthy subjects. Clin Chem 45: 441–443.

36. Raj R, Siironen J, Kivisaari R, Kuisma M, Brinck T, Lappalainen J, et al. (2013) Factors correlating with

delayed trauma center admission following traumatic brain injury. Scandinavian Journal of Trauma

Resuscitation & Emergency Medicine 21.

H-FABP: A mTBI biomarker for CT-scans

PLOS ONE | https://doi.org/10.1371/journal.pone.0175572 April 18, 2017 11 / 11

https://doi.org/10.1097/TA.0b013e3182701885
https://doi.org/10.1097/TA.0b013e3182701885
http://www.ncbi.nlm.nih.gov/pubmed/23114486
https://doi.org/10.1074/mcp.M300066-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/14581522
https://doi.org/10.1002/pmic.200300822
http://www.ncbi.nlm.nih.gov/pubmed/15274117
https://doi.org/10.1007/s00415-005-0725-z
http://www.ncbi.nlm.nih.gov/pubmed/15834650
https://doi.org/10.1515/CCLM.2005.135
http://www.ncbi.nlm.nih.gov/pubmed/16201888
https://doi.org/10.1089/neu.2012.2791
https://doi.org/10.1089/neu.2012.2791
http://www.ncbi.nlm.nih.gov/pubmed/23590685
https://doi.org/10.1373/clinchem.2003.030361
http://www.ncbi.nlm.nih.gov/pubmed/15217991
http://www.ncbi.nlm.nih.gov/pubmed/24601201
http://www.ncbi.nlm.nih.gov/pubmed/16035729
https://doi.org/10.1016/j.neubiorev.2016.05.009
https://doi.org/10.1016/j.neubiorev.2016.05.009
http://www.ncbi.nlm.nih.gov/pubmed/27181909
https://doi.org/10.1371/journal.pntd.0000459
http://www.ncbi.nlm.nih.gov/pubmed/19554086
https://doi.org/10.1007/s00134-009-1641-y
http://www.ncbi.nlm.nih.gov/pubmed/19760205
http://www.ncbi.nlm.nih.gov/pubmed/8970487
https://doi.org/10.1001/jamasurg.2014.13
https://doi.org/10.1001/jamasurg.2014.13
http://www.ncbi.nlm.nih.gov/pubmed/24899145
https://doi.org/10.1186/1757-7241-21-52
http://www.ncbi.nlm.nih.gov/pubmed/23830006
http://www.ncbi.nlm.nih.gov/pubmed/1375875
https://doi.org/10.1089/neu.2013.3202
http://www.ncbi.nlm.nih.gov/pubmed/25068442
https://doi.org/10.1371/journal.pone.0175572

