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Summary
Background Traumatic brain injury (TBI) is a major health problem in children. Blood-based biomarkers interpreted 
by use of normative values might improve the accuracy of diagnosis. Ultrasensitive assays can quantify serum 
concentrations of the neuronal microtubule-associated protein tau, which is increased in adult brains following TBI. 
We aimed to determine if serum total tau correlates with TBI diagnosis, severity, and radiological findings on CT 
scans in children younger than 18 years.

Methods In this case-control study, we included venous blood samples from healthy control children in the Canadian 
Laboratory Initiative on Pediatric Reference Intervals (CALIPER) biobank. For TBI cases, we recruited children 
(aged 0–17 years) who presented to the emergency department within 24 h of a TBI in three tertiary-care paediatric 
hospitals (Toronto, Vancouver, and Melbourne). Children were eligible if they required hospital observation for a 
minimum of 4 h or admission to the intensive care unit, and were excluded if they had had hospital treatment for a 
previous TBI, had birth trauma, or their parents could not speak English or French and therefore could not readily 
give consent. All available control samples were used and a case-control match was therefore not done. Venous and 
arterial blood samples were collected from patients with TBI within 28 h of injury (day 1). We used an ultrasensitive 
single-molecule immunoassay to measure serum total tau in blood samples. We first generated reference intervals of 
serum total tau from the control group, and used these normative data to interpret injury-associated changes in 
serum total tau in children with TBI. Concentrations of serum tau were measured in all CALIPER participants and 
patients with TBI, and no participants were excluded before analysis.

Findings We included samples from 416 control participants from the CALIPER cohort. Median total tau concentrations 
did not differ between sexes (p=0·12), but three significant reference intervals based on age groups were identified 
(1–3 years [0·88–19·2 pg/mL], 4–15 years [0·93–5·31 pg/mL], and 16–19 years [0·79–4·20 pg/mL]). Blood samples 
were obtained from 158 patients with TBI recruited between April 30, 2011, and June 28, 2013. Serum total tau on 
day 1 of TBI was negatively associated with Glasgow Coma Scale (GCS) score (rs=–0·42, 95% CI –0·55 to –0·28, 
p<0·0001). Median total tau was 2·86 pg/mL (IQR 1·52–4·83) in patients with GCS score 13–15 points (n=114), 
7·08 pg/mL (3·75–41·1) in those with GCS score 9–12 points (n=13), and 8·48 pg/mL (2·53–70·6) in those with GCS 
score 3–8 points (n=31). Notably, participants who had GCS scores of 15 points had median total tau concentrations 
(2·57 pg/mL [1·50–4·61]) indistinguishable from those of control participants (2·46 pg/mL [1·77–3·42]), whereas 
those with GCS score 13–14 points had elevated total tau (6·41 pg/mL [2·97–42·5]). Serum total tau was not strongly 
associated with CT findings in patients with mild TBI.

Interpretation Serum total tau might help to differentiate between patients with mild TBI (GCS 13–14 vs GCS 15), but 
larger studies are needed to validate these results before this biomarker can be used for diagnosis and prognosis.
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Introduction
Traumatic brain injury (TBI) is the leading cause of death 
and acquired disability in children. In high-income 
countries, an estimated 691 in 100 000 children are treated 
in emergency departments because of TBI annually, 
74 in 100 000 require hospital admission, and nine in 
100 000 die.1 Diagnosis and management of TBI in 

children can be challenging as their physiology, injury 
mechanism, clinical symptoms and signs, and risk of 
long-term sequelae and delayed recovery vary on the basis 
of age and developmental stage.2,3 Although CT scans can 
provide rapid diagnosis of intracranial injuries, there is 
concern about exposure to radiation, the need for sedation 
in very young children, and overuse of the technique.4
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Blood biomarkers can potentially assist in clinical 
prediction and decision making. Biomarkers indicative 
of neuronal (γ-enolase, also known as neuron-specific 
enolase [NSE], and ubiquitin carboxy-terminal hydrolase 
isozyme L1 [UCH-L1]), axonal (neurofilament light 
polypeptide [NF-L] and microtubule-associated protein 
tau), and astroglial (glial fibrillary acidic protein [GFAP] 
and the calcium-binding protein S100-B [S100B]) damage 
in TBI have been studied.5,6 However, studies of TBI 
biomarkers in children lag behind studies in adults in 
both size and scope.7,8 A particular challenge is the rapid 
development and maturation of the CNS during 
childhood and adolescence, which might affect baseline 
and post-injury biomarker concentrations.3,9

Serum total tau is increased after TBI in adults and 
might be associated with post-concussion symptoms.10–15 
However, there are no large-scale studies of serum total 
tau after paediatric TBI, nor have paediatric normative 
concentrations for serum total tau been established to 
guide post-TBI interpretation. We therefore aimed to 
establish valid reference intervals for a research assay 
of serum total tau for children aged 1–18 years, using 
healthy participants from the Canadian Laboratory 
Initiative on Pediatric Reference Intervals (CALIPER) 
cohort, to guide the interpretation of laboratory test 

results.9,16 We used these reference intervals as a proxy 
of tau concentrations before injury to assess the 
diagnostic potential of serum total tau in a cohort of 
patients with TBI. We characterised the response of 
serum total tau on day 1 of injury in relation to TBI 
severity and describe its temporal profile in the first 
week after injury.

Methods
Study design and participants
In this case-control study, serum samples from healthy 
control participants were drawn from CALIPER, a 
Canada-wide, multicentre collaborative project 
coordinated by the Hospital for Sick Children (Toronto, 
ON, Canada),9 as well as from the Hospital for Sick 
Children’s core laboratory. CALIPER was initiated in 2008 
and recruited healthy male and female children aged 
1–18 years. For our study, we excluded CALIPER 
participants from the neonatal or paediatric intensive care 
units, those undergoing therapeutic drug monitoring and 
testing, and those who had any reported abnormal 
laboratory test results. Participants with a history of 
chronic illness or metabolic disease, acute illness 
(including mild TBI and concussion) within the past 
month, or prescribed medication over the past month 

Research in context

Evidence before this study
Children have a high incidence of traumatic brain injury (TBI) 
caused by falls, vehicle crashes, sport participation, and abuse. 
In preparation for this study, we searched for blood biomarker 
studies in paediatric TBI in National Centre for Biotechnology 
Information (USA) databases from Jan 1, 1990, to 
Sept 30, 2018, using the search terms “traumatic brain injury”, 
“children OR pediatric”, “blood OR serum OR plasma”, and 
“biomarker”. Studies were included if participants were aged 
between 0 and 19 years and one or more blood proteins or 
metabolites were measured. Studies were excluded if 
participants were older than 19 years, blood biomarkers were 
not measured, data were derived from animal models, or if 
they were not primary publications. Both the number of 
control participants (if present) and patients with TBI, and 
type of control group (ie, healthy or orthopaedic injury) 
were used to ascertain study quality. 165 publications were 
found, of which 64 remained after applying the exclusion 
criteria above. 51 studies focused solely on paediatric TBI, and 
13 studies compared patients with TBI to control participants 
(two studies included control children with orthopaedic injury 
and 11 studies included healthy children as controls). 
22 studies included 50 participants or fewer, 12 studies had 
between 51–100 participants, and 13 studies had more than 
100 participants. However, only one study had more than 
100 participants in each of the TBI and control groups. 
Therefore, there are few studies in children that compare a 
well powered TBI cohort with an equally well powered control 

group, and valid normative data for paediatric TBI blood 
biomarkers are not available.

Added value of this study
Our study used a rigorous approach to establish normative 
data for paediatric serum total tau concentrations that meet 
the guidelines of the US Clinical and Laboratory Standards 
Institute. We studied a well powered cohort of healthy 
children aged 1 to less than 19 years to guide interpretation 
of changes in serum total tau concentrations in children after 
TBI. Serum total tau varies by age but not by sex in children. 
After TBI, serum total tau concentrations were elevated in all 
patients with a Glasgow Coma Scale (GCS) score below 
15 points, could discriminate between patients with mild TBI 
(GCS 13–14 vs GCS 15), and peaked on the first day of injury, 
except in patients with severe TBI, in whom it remained 
elevated for at least 7 days.

Implications of all the available evidence
Serum total tau could help to differentiate patients with various 
degrees of mild TBI, as its concentrations in patients with GCS 
scores of 15 points subjects were indistinguishable from those 
of control participants, whereas concentrations in patients with 
GCS scores of 13–14 were elevated. Serum total tau at day 1 was 
not useful for predicting positive radiological findings on CT 
scans. As serum total tau concentrations vary widely in children 
younger than 4 years, its diagnostic value for TBI might be 
weaker in infants and toddlers compared with school-aged 
children and adolescents.
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were excluded. Additional control samples were selected 
from specific outpatient clinics (eg, dentistry, fracture, or 
day surgery clinics) at the Hospital for Sick Children that 
see metabolically healthy children for the purpose of the 
patient visit, and were included in the pool of samples 
analysed by the hospital’s core laboratory. Any blood tests 
ordered for these patients were reviewed to ensure the 
results were within the reference intervals for healthy 
individuals. These samples have been used for previously 
published CALIPER studies (appendix).1,2

TBI cases were obtained from the Serum Biomarkers 
and Quality of Life in Children with Traumatic Brain 
Injury (BTBI) study. Children with TBI were identified 
through screening of daily hospital admissions, and 
enrolled after informed or deferred consent by a parent 
or guardian was obtained on admission at one of 
three tertiary-care paediatric hospitals: the Hospital for 
Sick Children, Sainte-Justine Hospital (Montreal, QC, 
Canada), and the Royal Children’s Hospital (Melbourne, 
VIC, Australia) using the Pediatric Research Academic 
Initiative in SickKids Emergency (PRAISE) training 
programme. Participants were followed up for 12 months 
after injury. Eligibility criteria were age from 0 to 17 years 
at the time of injury, presentation to the emergency 
department requiring observation for a minimum of 4 h, 
or admission to the intensive care unit, within 24 h of a 
clinically diagnosed TBI of any severity, and consent for 
blood sampling. Participants were excluded if they had a 
previous TBI that had required hospital admission, birth 
trauma (ie, injuries sustained during labour or delivery), 
or whose parents or guardians were not fluent in English 
or French.

The study protocol was approved by the ethics review 
board at each institution. The use of CALIPER and BTBI 
samples was approved by the University of British 
Columbia Clinical Research Ethics Board.9 Research was 
completed in accordance with the Helsinki Declaration 
and in compliance with the standards of the Canadian 
and Australian National Research Councils.

Procedures
Information on patient demographics, Glasgow Coma 
Scale (GCS) score for consciousness, injury mechanisms, 
and physiological parameters were collected from 
children with TBI into a case-report form using 
standardised procedures. The maximum GCS score on 
hospital admission was used to classify TBI severity as 
per the US National Institutes of Health’s Common 
Data Element recommendations: mild 13–15 points, 
moderate 9–12 points, and severe 3–8 points. CT of the 
head was ordered at the discretion of the treating 
physician. CT scans were interpreted by board-certified 
radiologists masked to study protocol. Radiology reports 
were uploaded to a central database, in which a second 
board-certified radiologist reviewed and coded the data. 
The main radiological findings of interest were 
presence of intracranial lesions, including intracranial 

haemorrhage (epidural, subdural, or subarachnoid), 
diffuse axonal injury, compression or trapping of a 
lateral ventricle, partial or complete effacement of the 
basal cisterns, midline shift, cerebral oedema, or 
contusion.

We analysed the time courses of total tau in children 
with mild, moderate, and severe TBI who had had repeat 
serum sampling to determine if tau concentrations 
followed different trajectories. In the subset of children 
with severe TBI in this sampling group, we also determined 
if these trajectories were different between those with 
suspected secondary brain injury and those without. To do 
this, we analysed their correlation with physiological and 
treatment intensity variables that are associated with 
secondary brain injury, including hypotension, hypoxia, 
seizures, high intracranial pressure, and intensity variables 
for intracranial pressure therapy, according to their relative 
risk of adverse effects as published by the Brain Trauma 
Foundation Severe TBI Management Guidelines.17 
Predefined threshold values used for the physiological 
variables are listed in the appendix.

Clinical blood samples (both venous and arterial) for 
quantification of serum total tau were collected from 
patients with TBI within 28 h of injury (day 1). Additional 
serum samples collected on days 2, 3, and sometimes 
7 were also available for some participants depending on 
their time of discharge from hospital after injury. If blood 
was drawn for clinical reasons unrelated to the study, 
deferred consent was allowed for the storage of up to 
three blood samples. When consent was not obtained 
after the blood draw, samples were discarded. Venous 
blood samples were drawn for CALIPER participants. 
For all samples, blood was collected into serum 
separator tubes, allowed to clot for 30 min, centrifuged 
(4000–5000 rpm, 8–10 min), separated, and stored at 
–80°C within 5 h of collection.

Total tau concentration in serum was measured by 
single-molecule array (Simoa) research immunoassay on 
an HD-1 analyser (Quanterix; Lexington, USA) following 
the manufacturer’s protocol (see appendix for details on 
quality control, lot use, and lot harmonisation).

Statistical analysis
The number of participants needed was determined 
using the US Clinical and Laboratory Standards Institute 
guidelines for establishing reference intervals, which 
require between 40 and 120 participants (appendix).16 No 
participants were excluded for the primary analysis, but 
outliers were removed from the normative dataset when 
generating the reference intervals of serum total tau 
(appendix). The intervals represent the central 95% of 
analyte concentrations with 90% confidence within a 
normative population, and were established in 
accordance with guideline EP28-A3c (appendix). When 
establishing the intervals, we used the Tukey test to 
identify outliers for normally distributed data and the 
adjusted Tukey test for skewed data.

See Online for appendix
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Descriptive statistics including means and SDs or 
medians and IQRs and frequency were used to describe 
continuous and categorical variables. We tested the 
association between serum total tau and demographic 
and injury characteristics using the Spearman’s rank 
correlation test, Mann-Whitney test (two groups), and 
Kruskal-Wallis test (three or more groups) for continuous 
variables, or Fisher’s exact test for categorical variables. 
Diagnostic accuracies were calculated using receiver 
operating characteristic (ROC) curves and the associated 
area under the curve (AUC). Where appropriate, ROC 
curves were built using logistic regression models. Serial 
tau samples were analysed using the Wilcoxon matched-
pairs signed rank test or Friedman’s test with Dunn’s 
multiple comparison test.

All statistical tests were two-sided and a p value of less 
than 0·05 was considered significant. p values from 
analyses of secondary or subgroups comparisons are 
reported after correcting for multiple comparisons to 
limit type I errors. For comparisons of three or more 
groups of non-normally distributed data, we corrected 
for multiple comparisons using Dunn’s test, following 
the group-wise Kruskal-Wallis test. No multiple 
comparisons were used for the area under the ROC 
(AUROC) analysis, when calculating reference intervals, 
and when comparing samples from CALIPER and 
outpatient participants.

Statistical analyses were done using Prism (version 7.03, 
GraphPad), SPSS (version 24), and R (version 3.5.1).

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. The corresponding author had full 
access to all the data in the study and had final 
responsibility for the decision to submit for publication. 
All authors approved the final version of the manuscript 
before submission.

Results
Participants were recruited between April 30, 2011, and 
June 28, 2013. Of 10 125 healthy children in the CALIPER 
cohort, 8628 blood samples were examined for eligibility 
and 4718 were confirmed to be eligible for analysis. Of 
these, 339 samples that were evenly distributed across 
the study age range and between sexes were randomly 
selected and included and analysed in this study. 
However, because we only had serum samples from one 
child younger than age 3 years and 23 children aged 
3–5 years, additional residual samples from 77 children 
(39 boys and 38 girls) of these ages were collected from 
the Hospital for Sick Children’s core laboratory 
(appendix). As no significant difference was detected in 
serum total tau concentrations in outpatients aged from 
3 to 5 years versus those from the CALIPER cohort 
(appendix), the outpatients were merged with the 
CALIPER participants to form the control group (n=416, 
median age 10·4 years [IQR 6·2–15·40]), and 210  
(51%) samples from boys and 206 (49%) samples from 
girls were used to establish reference intervals for serum 
total tau.

Median total tau in serum samples from all 
416 participants in the control group was 2·54 pg/mL 
(IQR 1·78–3·56 pg/mL, range 0·36–24·2 pg/mL; 
figure 1). The Harris and Boyd method8 for partitioning 
biochemical reference data into subgroups was used 
to test any significant differences in age and sex. 
Although total tau concentrations did not significantly 
differ between sexes (median for boys 2·67 pg/mL, 
IQR 1·96–3·67, and girls 2·31 pg/mL, 1·70–3·51; 
p=0·12), three age partitions were required (ie, 1–3 years, 
4–15 years, and 16–19 years), each containing more than 
the required 40 participants per interval. The youngest 
age category represented the widest reference interval 
(0·88–19·2 pg/mL). Reference intervals were narrower 
for the middle (0·93–5·31 pg/mL) and oldest 
(0·79–4·2 pg/mL) age groups (figure 1, appendix).

Figure 1: Generation of reference intervals for serum total tau concentrations from control samples
(A) Serum total tau concentrations in healthy children from the Canadian Laboratory Initiative on Paediatric Reference Intervals (CALIPER) cohort. (B) Three age partitions for serum total tau 
concentrations were generated and outliers removed. Outliers were removed using the Tukey test twice for normally distributed data and the adjusted Tukey test twice for skewed data. No partitions 
were required for sex. (C) Upper and lower limits (97·5th and 2·5th percentiles) and their respective 90% CIs for each reference interval of serum total tau were defined (appendix).
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We screened 1680 children with TBI across our three 
sites. Of them, 199 met the eligibility criteria and were 
approached for consent. Consent was refused in 
40 patients, and one patient who was enrolled did not 
have blood drawn for the study. Total tau was therefore 
measured in serum samples from day 1 from 
158 paediatric patients with TBI (figure 2, table). 
Participants were divided into three groups on the basis 
of the severity of their TBI; the median age for those with 
mild TBI was 11·5 years (IQR 6·6–14·3), 5·0 years 
(2·2–14·3) for those with moderate TBI, and 5·0 years 
(2·2–14·3) for those with severe TBI. Within the TBI 
cohort, there was no effect of sex on serum total tau 
(median for boys 3·43 pg/mL IQR 1·57–6·30, and girls 
3·04 pg/mL 1·70–14·2; p=0·91), age, or exact time of 
sample collection within the first 28 h (appendix). Serum 
total tau at day 1 in the TBI cohort was negatively 
associated with GCS score (rs=–0·42, 95% CI 
–0·55 to –0·28, p<0·0001). 

12 outlier patients were then excluded from the 4–15 
years age group and five from the 16–19 years age 
group. After exclusion, there were significant differences 
in total tau concentrations between control CALIPER 
patients (n=399; median total tau 2·46 pg/mL, 
IQR 1·77–3·42, p<0·0001 for group-wise differences in 
GCS scores) and each of the three TBI groups stratified 
by GCS score: median total tau was 2·86 pg/mL 
(IQR 1·52–4·83) in patients with a GCS score of 
13–15 points (n=114), 7·08 pg/mL (3·75–41·1) in those 
with a GCS score of 9–12 points (n=13), and 8·48 pg/mL 
(2·53–70·6) in those with a GCS score of 3–8 points 
(n=31; figure 3, appendix). Serum total tau was higher 
than the defined reference interval in 21 (18%) patients 
with GCS scores 13–15 points, 7 (54%) with 9–12 points, 
and 17 (55%) with 3–8 points.

As serum total tau concentrations were widely 
distributed within the mild TBI group and the spectrum 
of mild TBI is itself broad and poorly defined by GCS, we 
subdivided this group into those with GCS scores of 
15 points (n=105) and those with 13–14 points (n=9). This 
division showed that the total tau concentrations in 
control participants were indistinguishable from patients 
with GCS scores of 15 points (median 2·57 pg/mL, 
IQR 1·50–4·61; figure 3). It also identified significant 
differences between patients in the GCS 13–14 group 
(6·41 pg/mL, 2·97–42·5, p=0·014) and either the control 
group or the GCS 15 group, and showed that serum total 
tau in 17 (16%) of patients in the GCS 15 group and four 
(44%) of those in the GCS 13–14 group was above the 
defined reference interval (figure 3, appendix).

The diagnostic accuracy of serum total tau for TBI 
was assessed using the AUROC adjusted bivariately 
for age (<4 years vs ≥4 years; figure 3, appendix). 
Compared with control participants, the AUC was 
0·499 (95% CI 0·428–0·571, p=0·98) for those in the 
GCS 15 group, 0·787 (0·57–1·00, p=0·0036) for the GCS 
13–14 group, 0·89 (0·790–0·999, p<0·0001) for the GCS 

9–12 group, and 0·73 (0·60–0·869, p<0·0001) for the 
GCS 3–8 group. These data suggest that an injury 
threshold of a GCS score below 15 points is associated 
with increased serum total tau concentrations.

We next compared serum total tau concentrations in 
61 patients in the GCS 13–15 group who had head CT 
scans to determine whether total tau was predictive of 
intracranial lesions (appendix). Median serum total tau 
was 4·48 pg/mL (IQR 2·35–12·2) in patients with 
abnormal CT findings and 2·89 pg/mL (1·55–4·36) in 
those with normal CT findings, with an AUROC of 0·649 
(95% CI 0·49–0·81, p=0·061; figure 4).

As the change in biomarker concentrations over time 
might be more informative than a single measurement 
at one timepoint, we quantified serum total tau in a 
subset of 36 patients with TBI who had additional 
samples drawn on days 2, 3, and sometimes 7 after injury 
(table, appendix). In those with mild (n=6) and moderate 
(n=10) TBI, serum total tau concentrations consistently 
decreased over the first 2 days, with median percent 
changes of –53% (IQR –84% to –28%) in those with mild 
TBI and –70% (–78% to –19%) in those with moderate 
TBI (figure 5). By contrast, patients with severe TBI 
(n=20) showed a range of trajectories; total tau declined 
rapidly in four (20%), remained stable and within the 

Figure 2: Profile of patients with TBI recruited and screened through the 
Serum Biomarkers and Quality of Life in Children with TBI programme
TBI=traumatic brain injury.

1680 patients assessed for eligibility

1481 ineligible
 1321 did not meet the inclusion criteria
  456 had no TBI
  25 older than 17 years
  4 not admitted or tested
 836 blood sample not available or 
 older than 24 h
 48 met the exclusion criteria
 38 previous TBI
 10 language restriction
 112 not approached due to budget 
 or timing constraints

199 patients approached for consent

40 refused consent
 10 refused blood sample
 5 child or parent distress
 2 early discharge
 23 not specified

159 patients recruited

1 did not have blood drawn

158 patients analysed for serum total tau
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reference interval range in ten (50%), or was above the 
reference interval and occasionally rising in six (30%) of 
patients. We then determined whether the trajectory of 
serum total tau in children with severe TBI was associated 
with secondary brain injury including intracranial 
hypertension, hypoxia, and hypotension. Patients with 
severe TBI were divided into those who had consistently 
increased total tau (n=6) and those with low or rapidly 
decreasing total tau (n=14; appendix). The only significant 
association was with increased hypoxia in patients with 
increased total tau (four [67%]) compared with those in 
the group with low or decreasing tau (two [14%], p=0·038; 
appendix).

Discussion
To our knowledge, this is the first large-scale study to 
report on serum total tau concentrations in both healthy 
children and children with TBI. We show that serum 
total tau decreases with age, with three significant age 
partitions in healthy children: from 1 to less than 4 years, 
4 to less than 16 years, and from 16 to less than 19 years. 
Serum total tau was significantly increased following TBI 
in paediatric patients with a GCS score below 15 points, 
suggesting that the release of tau from the CNS into the 
blood is increased, or its clearance is impaired, following 
an injury threshold.

Generating valid normative data is a crucial step in the 
analytical and clinical validation of biomarkers. Patients in 
control groups for TBI studies are often drawn from pools 
of patients with orthopaedic trauma, routine outpatients, 
or healthy family members, and in the case of sports-
related studies, pre-season baseline assessments for 
concussion-related endpoints. Additionally, the relatively 
small sample sizes (20–50 participants) of these cohorts 
might not represent true population norms. Representative 
sampling is especially important in paediatrics to account 
for growth and development. One well recognised example 
of an age-dependent biomarker is S100B; serum or plasma 
concentrations of S100B negatively correlate with age in 
children but not in adults, with the highest concentrations 
detected in the first 1–2 years of life.18–21 A similar association 
has also been described for UCH-L1 in children.21 In this 
study, we show that serum total tau is also inversely 
correlated with age, with the most marked changes 
occurring in the first 4 years of life, potentially because of 
synaptic pruning or axonal development that occurs in 
early childhood. Whether there are differences in the 
phosphorylation or truncation of developmental versus 
neurodegenerative total tau needs to be investigated. 
Although modelling can be used to correct for age-
dependent effects, the high and variable nature of these 
blood biomarkers in healthy infants and toddlers, together 
with the additional challenge of accurately measuring 
severity of injury in this age group, might hinder their 
clinical usefulness for TBI.

The advent of ultrasensitive techniques such as Simoa 
and rolling circle amplification enhanced immunoassay 

Day 1 (n=158) Multi-timepoint 
sample group (n=36)

Median age, years 10·6 (5·0–14·1) 8·1 (3·5–13·5)

Sex

Male 117 (74%) 24 (67%)

Female 41 (26%) 12 (33%)

Median weight, kg 35 (18·0–59·8) 30 (15·5–60·0)

GCS score

3–8 31 (20%) 20 (56%)

9–12 13 (8%) 10 (28%)

13–15 114 (72%) 6 (17%)

Mechanism of injury*

Motor vehicle accident 35 (22%) 13 (36%)

Bicycle 14 (9%) 5 (14%)

Fall 59 (37%) 8 (22%)

Sport 34 (22%) 5 (14%)

Other 18 (11%) 6 (17%)

Neurosurgery† 17 (11%) 8 (22%)

Total Pediatric Trauma Score 10 (7–11) 6 (3–8)

Associated major trauma

Head 142 (90%) 34 (94%)

Spine 6 (4%) 4 (11%)

Thorax 13 (8%) 4 (11%)

Cardiovascular 1 (1%) 1 (3%)

Abdomen 7 (4%) 2 (6%)

Genitourinary 4 (3%) 3 (8%)

Pelvic or long bone fracture 41 (26%) 17 (47%)

Other limb injury 2 (1%) 2 (6%)

Admission CT findings

Participants with scan and complete data set‡ 97 (61%) 30 (83%)

Epidural haemorrhage 7 (77%) 2 (7%)

Subdural haemorrhage 33 (34%) 16 (53%)

Subarachnoid haemorrhage 18 (19%) 7 (23%)

Diffuse axonal injury 3 (3%) 2 (7%)

Lateral ventricle 10 (10%) 6 (20%)

Basal cistern 7 (7%) 5 (17%)

Grey or white matter difference 11 (11%) 5 (17%)

Midline shift 12 (12%) 6 (20%)

Oedema 16 (16%) 9 (30%)

Contusion 25 (26%) 10 (33%)

Skull or facial fracture 45 (46%) 18 (60%)

Serum sample information

Median day 1 post-TBI collection time, h 6·8 (3·8–17) 10·3 (5·8–16·7)

Multipoint sample draws

Median number of samples per participant (range) NA 2 (2–4)

Day 2 post-TBI ·· 32 (89%)

Day 3 post-TBI ·· 19 (53%)

Day 7 post-TBI ·· 6 (17%)

Data are number (%) or median (IQR), unless otherwise indicated. TBI=traumatic brain injury. GCS=Glasgow Coma 
Scale. NA=not applicable. *Values may not add up to 100% because of rounding. †Neurosurgery includes placement of 
extraventricular cerebrospinal fluid drain or placement of intraparenchymal pressure monitor, craniectomy, and 
craniotomy and evacuation. ‡A total of nine participants at day 1 and three participants with more than one sample 
had CT scans performed but incomplete or missing forms.

Table: Demographics and injury characteristics of participants with TBI
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using multi-arrayed fiberoptics (a-EIMAF) has facilitated 
many studies on total tau from blood as a biomarker of 
neurological injury and disease.22,23 With the exception of 
one small study using conventional ELISA,24 our study 
represents the first major investigation of serum total tau 
in children with and without TBI. We show that serum 
total tau at day 1 after injury is significantly increased in 
patients with a GCS score lower than 15; however, as 28 
(53%) of these individuals ranked above the reference 
interval for their age group, there was significant overlap 
between control and TBI groups. Although our results are 
consistent with findings for TBI in adults,12,14,15 the 
magnitude of the total tau response might differ between 
adults and children. For example, the TRACK-TBI study15 
of 196 adults with TBI (82% had mild TBI) detected a 
15–25% increase of plasma total tau compared with 
20 healthy control participants during the acute phase of 
injury,15 whereas we report that median serum total tau at 
day 1 was three times higher in patients with GCS scores 
lower than 15 than in control participants (an increase of 
15 times in the 75th percentile). Guzel and colleagues24 
reported an increase of 2–2·5 times in serum total tau at 
day 1 after injury in patients with GCS 14–15 over controls.24 
It is probable that study results will depend on the specific 
assay platform used, as the antigen standards, antibodies, 
and techniques will vary; this caveat is highlighted by the 
difference in absolute total tau concentrations and 
magnitude of response following injury in studies that 
have used a-EIMAF15,25 versus Simoa.10–13

Blood biomarkers are entering into clinical use for 
adult patients with TBI, with the introduction of S100B to 
the Scandinavian Guidelines26 in 2013 and the 2018 US 
Federal Drug Administration’s approval of GFAP and 

UCH-L1 on the basis of the ALERT-TBI study27 for 
reducing the unnecessary use of CT head scans.5 For 
children, three clinical decision rules derived from large 
multicentre studies in the USA and Canada and the UK 
have been developed to identify which patients with mild 
TBI should have a head CT.4 Although elements of the 
Canadian Assessment of Tomography for Childhood 
Head Injury are in the Canadian Paediatric Society’s 
position statement, in Australia, from where most of the 
CT data in our study are derived, no clinical decision 

Figure 3: Serum total tau concentrations in control participants and patients with acute TBI
(A) Serum total tau concentrations from CALIPER participants and patients with TBI divided by injury severity on the basis of GCS scores. (B) Differences in concentrations of serum total tau between 
subgroups of mild TBI (GCS 15 and GCS 13–14) and control. The median and the first and third quartiles (error bars) are shown. (C) Multivariate receiver operating characteristic curves for serum tau 
concentrations in subgroups by TBI severity compared with control participants generated from logistic regression models corrected for age (<4 years vs ≥4 years; appendix). Significance was calculated 
with the Kruskal-Wallis test and Dunn’s multiple comparison test, which does not report specific p values. Comparisons that are not illustrated were not significant as reported by Dunn’s test. 
CALIPER=Canadian Laboratory Initiative on Paediatric Reference Intervals. GCS=Glasgow Coma Scale. TBI=traumatic brain injury.
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rules predominate.4 Consistent with published studies in 
adults,14,15,25 serum total tau did not show any positive 
predictive value for the presence of intracranial lesions 
on CT scans. However, the use of CT was not within the 
screening or inclusion criteria and thus there is a 
potential for selection or ascertainment bias with respect 
to CT imaging. Whether serum biomarkers can add 
value to the current clinical decision rules to reduce CT 
use remains an important question.

Finally, we evaluated the pattern of serum total tau over 
the first week after TBI in a subset of patients, as biomarker 
trajectory might be more informative than single-point 
data.6 Peak serum total tau occurred on day 1 after injury in 
patients with mild and moderate TBI, with a rapid decline 
by day 2, following a similar pattern to data reported for 
S100B, NSE, GFAP, and UCH-L1.6 For patients with severe 
TBI, however, serum total tau did not follow a uniform 
trajectory. Concentrations of total tau steadily increased 
over time in only six (30%) of 20 patients with severe TBI 
who had undergone repeated sampling, which was 
consistent with a previous report12 of sustained elevations 
in plasma total tau in adult patients with TBI followed up 
for up to 90 days. Future studies with larger cohorts of 
patients with severe TBI will be required to determine if 
total tau concentrations or differences in trajectory are 
associated with clinical management, physiological para
meters, at-risk genotypes, or are predictive of outcome.

Strengths of our study include well powered case and 
control groups, and the ability to accurately measure total 
tau in 630 of 631 serum specimens using the Quanterix 
Advantage total tau singleplex ultrasensitive assay.

Our study has several limitations. Control and TBI 
samples were collected through independent studies with 
no control samples from participants younger than 1 year. 
Outpatient control samples from young children were 

used to supplement CALIPER samples, so that only 339 
(82%) of 416 control samples were collected from healthy 
children in the community. The outpatient control samples 
were not specifically excluded for orthopaedic injury, 
which might have affected total tau concentrations. It will 
be important for future neurotrauma studies to exclude 
orthopaedic injury cases from CALIPER. Additionally, 
CALIPER does not specifically collect data on exposure 
to acute illness (including mild TBI and concussion); it 
is therefore possible that some CALIPER control 
participants might have had mild TBI that did not require 
hospital admission or assessment in the emergency 
department, or for which medical attention was not sought 
within the month preceding blood collection.  The ethnicity 
of CALIPER participants is representative of the Canadian 
population but not specifically addressed in our study. The 
ethnicity of the patients who provided the case samples is 
also not available; however, 60 (38%) of 158 case samples 
are from patients of Canadian origin and therefore are 
expected to correspond to the ethnic distribution of 
CALIPER participants. The remaining 92 (62%) case 
samples are from Australian patients with unknown 
correlation with the CALIPER ethnicity distribution. 

The case sample size is significantly smaller for patients 
with moderate and severe TBI, reflecting the natural 
incidence of this injury type. Control and TBI samples 
were assayed with separate lots of reagents in a research-
use-only assay, which is not yet available for clinical use, 
although the variation in assay performance was less than 
20% and there was significant overlap between the 
readings for control participants and patients with GCS 
scores of 15. This limitation can be addressed by using a 
single assay lot wherever possible, as well as validated 
reference materials and increased sample sizes to bridge 
assay lots for consistency, endeavours that were beyond 
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the scope of our study. This study is restricted to a single 
biomarker, serum total tau, in children with TBI compared 
with valid normative data from healthy children, with 
insufficient granularity within the first 28 h of injury and 
data beyond day 1 after injury. Future studies using a 
similarly rigorous approach and larger cohorts are needed 
to validate our results, particularly for total tau trajectories 
during and beyond the first day of injury, and to identify 
additional biomarkers for diagnosis and prognosis. 
Finally, future studies could consider plasma rather than 
serum samples, as total tau concentrations are higher in 
adult plasma compared with serum.28
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