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Multicompartmental models and diffusion 
abnormalities in paediatric mild traumatic 
brain injury
Andrew R. Mayer,1,2,3,4 Josef M. Ling,1 Andrew B. Dodd,1 David D. Stephenson,1 

Sharvani Pabbathi Reddy,1 Cidney R. Robertson-Benta,1 Erik B. Erhardt,5 

Robbert L. Harms,6 Timothy B. Meier,7,8,9 Andrei A. Vakhtin,1 Richard A. Campbell,4 

Robert E. Sapien10 and John P. Phillips1,3

The underlying pathophysiology of paediatric mild traumatic brain injury and the time-course for biological recovery 
remains widely debated, with clinical care principally informed by subjective self-report. Similarly, clinical evidence 
indicates that adolescence is a risk factor for prolonged recovery, but the impact of age-at-injury on biomarkers has not 
been determined in large, homogeneous samples. The current study collected diffusion MRI data in consecutively re-
cruited patients (n = 203; 8–18 years old) and age and sex-matched healthy controls (n = 170) in a prospective cohort de-
sign. Patients were evaluated subacutely (1–11 days post-injury) as well as at 4 months post-injury (early chronic 
phase). Healthy participants were evaluated at similar times to control for neurodevelopment and practice effects. 
Clinical findings indicated persistent symptoms at 4 months for a significant minority of patients (22%), along with re-
sidual executive dysfunction and verbal memory deficits. Results indicated increased fractional anisotropy and re-
duced mean diffusivity for patients, with abnormalities persisting up to 4 months post-injury. Multicompartmental 
geometric models indicated that estimates of intracellular volume fractions were increased in patients, whereas esti-
mates of free water fractions were decreased. Critically, unique areas of white matter pathology (increased free water 
fractions or increased neurite dispersion) were observed when standard assumptions regarding parallel diffusivity 
were altered in multicompartmental models to be more biologically plausible. Cross-validation analyses indicated 
that some diffusion findings were more reproducible when ∼70% of the total sample (142 patients, 119 controls) 
were used in analyses, highlighting the need for large-sample sizes to detect abnormalities. Supervised machine learn-
ing approaches (random forests) indicated that diffusion abnormalities increased overall diagnostic accuracy (patients 
versus controls) by ∼10% after controlling for current clinical gold standards, with each diffusion metric accounting for 
only a few unique percentage points. In summary, current results suggest that novel multicompartmental models are 
more sensitive to paediatric mild traumatic brain injury pathology, and that this sensitivity is increased when using 
parameters that more accurately reflect diffusion in healthy tissue. Results also indicate that diffusion data may be 
insufficient to achieve a high degree of objective diagnostic accuracy in patients when used in isolation, which is to 
be expected given known heterogeneities in pathophysiology, mechanism of injury and even criteria for diagnoses. 
Finally, current results indicate ongoing clinical and physiological recovery at 4 months post-injury.
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Introduction
Paediatric mild traumatic brain injury (pmTBI) represents a serious 
public health concern based on the sheer number of youth affected 
each year (∼750 000 cases) in the USA alone, estimated incidence of 
persistent post-concussive symptoms (20–35%) and the potential 
risk for altered developmental trajectories.1–3 Multiple white mat-
ter (WM) and grey matter (GM) abnormalities may exist post-injury, 
with each pathology exhibiting unique time-courses for recovery.4,5

However, systematic reviews indicate a lack of large, prospective 
imaging1,6 and biofluid7 studies examining the physiological effects 
of pmTBI. Preclinical8,9 and clinical (age 13 or older)3 data indicate 
that age-at-injury influences recovery, potentially as a result of dif-
ferences in plasticity or injury during critical periods. The impact of 
age on more objective markers of injury remains relatively un-
known due to heterogeneous sampling strategies that conflate in-
jury severity (i.e. mild through severe TBI) and overlapping 
neurodevelopment periods in clinical studies.10,11

Diffusion MRI (dMRI) is arguably the most widely used biomark-
er for investigating microstructural pathophysiology in vivo follow-
ing pmTBI.1,6 Several independent studies have reported increased 
fractional anisotropy (FA) in the subacute (SA) stage (i.e. first days to 
few weeks post-injury) of pmTBI relative to both healthy (HC) and 
orthopaedically injured controls,12–16 with some studies also re-
porting reduced mean diffusivity (MD).12,13,16 Others have reported 
no differences,17–19 or reduced FA during the SA injury stage of 
pmTBI20–22 and in patients with persistent post-concussive symp-
toms.23 Diffusion tensor imaging (DTI) findings are typically attrib-
uted to changes in water volume fractions (i.e. oedema), myelin or 
neurite structure, with a subset of studies indicating that DTI ab-
normalities persist beyond typical clinical recovery periods.14,15

The majority of pmTBI studies so far have used a single b-value and 
assumed that diffusion occurs in a linear fashion. Microstructural abnor-
malities associated with trauma4,24 can manifest as the same DTI signal 
(e.g. changes in membrane structure or vasogenic oedema as reduced 
FA), as DTI scalars are only statistical representations (i.e. magnitude es-
timates) of diffusion vectors. In contrast, multi-shell acquisition schemes 
in conjunction with multicompartmental, geometric models of 
non-Gaussian diffusion can provide additional information on micro-
structure volume fractions that can be used to further explain underlying 
biological mechanisms such as oedema and microstructural integrity.25,26

Commonly estimated tissue volume fractions include free water and 
neurite density, as well as the relative dispersion of neurites.

Previous studies in adult mTBI27–29 suggest that Neurite 
Orientation Dispersion and Density Imaging (NODDI)30 indices of 
intracellular volume fraction (Vic, also commonly referred to as neur-
ite density and used interchangeably herein), isotropic volume frac-
tion (Viso, also commonly referred to as free water and used 

interchangeably herein) and orientation dispersion index (ODI) pro-
vide both statistically unique and overlapping information relative 
to FA and MD. However, multicompartmental models have been cri-
tiqued25 for using certain constraints and/or assumptions such as 
fixed rates of intracellular and extracellular diffusivity at 1.7 ms/µm2 

(NODDI),30 or increased extracellular relative to intracellular diffusiv-
ity in WM (WM tract integrity model).31 These assumptions reduce the 
likelihood of degeneracy during non-linear fitting.25 However, in vivo 
experiments and empirical data each suggest that intracellular paral-
lel diffusivity is greater than extracellular diffusivity in WM and that 
magnitude and ratio of parallel diffusivities vary across tissue (WM 
> GM) classes.32,33 The effects of using more biologically informed 
(i.e. tissue-specific rates of parallel diffusivity) multicompartmental 
diffusion models in pmTBI remains to be investigated.

The current study therefore examined the effect of age-at-injury 
and subsequent recovery on traditional DTI metrics and estimated 
volume fractions in a large cohort of prospectively recruited pmTBI 
patients and age/sex-matched HC. We proposed that pmTBI would 
exhibit increased FA/Vic and decreased MD/Viso relative to HC,28 that 
these abnormalities would persist up to 4 months post-injury14 and 
that abnormalities would be more evident in adolescents relative to 
younger children.3,11 It was hypothesized that volume fractions 
from biologically informed multicompartmental models would be 
more sensitive to WM pathology. Finally, we predicted that more 
objective injury characteristics [loss of consciousness (LOC)] and 
post-traumatic amnesia (PTA) would be associated with dMRI abnor-
malities whereas self-reported post-concussive symptoms (PCS) and 
clinical risk scores3 would not account for significant variance at cur-
rent sample sizes due to anticipated smaller effect sizes.19,34,35

Materials and methods
Participants

Patients (8–18 years of age) were consecutively recruited from local 
emergency department and urgent care settings between July 2016 
and February 2020 in this prospective cohort design (Fig. 1). Data 
collection occurred during SA (1–11 days post-injury) and early 
chronic (EC, ∼4 months post-injury) injury phases. Inclusion cri-
teria were based on both American Congress of Rehabilitation 
Medicine (upper threshold)36 and Zurich Concussion in Sport 
Group (lower threshold),37 and included Glasgow Coma Score 
≥13, LOC (if present) limited to 30 min, PTA (limited to 24 h), alter-
ation in mental status at the time of injury or at least two new 
PCS. HC were recruited to match based on age and sex, and as-
sessed at identical time intervals to control for neurodevelopmen-
tal confounds and/or repeat assessment.
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Exclusion criteria for both groups included history of (i) previous 
TBI with >30 min LOC; (ii) neurological diagnosis; (iii) psychiatric 
disorders other than adjustment disorder; (iv) developmental dis-
orders (autism spectrum disorder or intellectual disability); (v) his-
tory of substance abuse/dependence; (vi) contraindications for MRI 
including pregnancy; and (vii) non-English speaking. Patients were 
excluded if general anaesthesia was administered during hospital-
ization, or for injury to the dominant hand. Additional exclusion 
criteria for HC included Attention-Deficit Hyperactivity Disorder 
or learning disability diagnoses. A positive urine test also resulted 
in exclusion. The study was approved by the University of New 
Mexico Institutional Review Board and informed consent/assent 
was obtained based on the Declaration of Helsinki.

The final SA sample (Supplementary material and Fig. 1) included 
204 pmTBI (83 females; age 14.5 ± 2.9; 7.4 ± 2.2 days post-injury) and 
173 matched HC (73 females; age 14.2 ± 2.8). A total of 152 pmTBI 
(63 females; 130.9 ± 14.5 days post-injury; 124.0 ± 14.6 days between 
visits; 81.3% retention without individuals excluded from study) 
and 155 HC (65 females; 124.2 ± 15.7 days between visits; 95.5% reten-
tion without study excludes) returned for the second visit.

Clinical assessments

A Common Data Elements battery of primary and secondary measures 
(Supplementary material and Supplementary Table 1) was administered 
at both visits, with retrospective ratings of symptoms (i.e. 1 month be-
fore) also acquired when possible. Measures included previous medical 
history, the New Mexico Assessment of Pediatric Traumatic Brain Injury 
semi-structured interview,38 the Alcohol, Smoking and Substance 
Involvement Screening Test,39 self and parent reports of concussion 
symptom severity (Post-Concussion Symptom Inventory),40,41 Patient 
Reported Outcomes Measurement Information System for sleep,42 anx-
iety and depression,43 a brief pain rating (0–10 Likert scale),44 self-report 
of Tanner stage of development,45 Headache Impact Test (HIT-6),46 the 
Strengths and Difficulties Questionnaire,47 Conflict and Behavioral 
Questionnaire,48 Pediatric Quality of Life Inventory (PedsQL-Generic 
Core)49 and the Glasgow Outcome Scale Extended (GOS-E) 
Pediatric Revision.50 Parental distress was measured with the Brief 
Symptom Inventory (BSI-18).51 A modified version of the 5P risk score52

was calculated on the basis of available clinical data (Supplementary 
material). A binary indication of symptomatic versus asymptomatic 
PCS status was calculated using HC data and published methods 
(Supplementary material).53 Estimates of reading ability and effort 
were obtained,54 as well as primary (attention and processing speed) 
and secondary (working memory, executive functioning and long-term 
memory recall) cognitive domains (Supplementary material).

Image acquisition

High resolution T1-weighted (voxel size= 1.0 mm3), T2-weighted (voxel 
size=1.15 × 1.15× 1.5 mm), susceptibility-weighted (voxel size =1.0 × 
1.0× 1.5 mm) and fluid-attenuated inversion recovery (voxel size =0.8 
×0.8 ×3 mm) images were collected on a Siemens 3 T TrioTim scanner 
with a 32-channel head coil. High angular resolution dMRI scans were 
acquired using a twice-refocused spin-echo sequence with 165 
diffusion-weighted gradients (55 each at b=800 s/mm2, b =1600 s/ 
mm2, b=2400 s/mm2) and the b =0 experiment repeated eight times 
(72 interleaved slices; repetition time =4000 ms; echo time=108 ms; 
flip angle =84˚; refocus flip angle =157˚; number of excitations = 1; voxel 
resolution=2.0 ×2.0 ×2.0 mm; field of view=224 mm; multi-band fac-
tor=3). Full details on imaging sequences are presented in 
the Supplementary material. Structural magnetic resonance images 

were reviewed by a board-certified neuroradiologist blinded to partici-
pant group and rated for pathology.55 A subset of pmTBI participants 
(n =99) received CT scans as part of routine care.

Image processing

MRI and dMRI data were preprocessed using AFNI (v.20.0.51), FSL (v.6.0.4) 
and SPM (v.12). Susceptibility artefacts (using reverse phase-encoded 
images), eddy currents and head motion were first corrected using FSL 
TOPUP and EDDY.56 Data from all three shells were used for non-linear 
DTI calculations with AFNI.57 The NODDI algorithm (MATLAB v.2020a)30

was used with all default parameters (isotropic diffusivity=3.0× 
10−3 mm2/s, intracellular diffusivity=1.7×10−3 mm2/s, extracellular dif-
fusivity=1.7×10−3 mm2/s). Biologically informed multicompartmental 
models (code presented in Appendix A of the Supplementary material) 
were also computed using the python-based Microstructure Diffusion 
Toolbox (MDT, v.1.2.6).26 For these models, isotropic diffusivity remained 
fixed (3.0×10−3 mm2/s) but separate diffusivity magnitudes and con-
straints were set for WM and GM based on existing literature.25,32,33

Specifically, intracellular diffusivity was fixed at 1.7×10−3 mm2/s for 
WM, whereas extracellular diffusivity was constrained to be <1.7× 
10−3 mm2/s. For GM, intracellular diffusivity was fixed at 1.2× 
10−3 mm2/s, whereas extracellular diffusivity was unconstrained.

Statistical analysis

Primary and secondary clinical data were assessed using age at first 
visit (unit = months; equivalent to age-at-injury) as a covariate, as 
well as retrospective ratings when applicable (Supplementary 
Table 1). Clinical analyses were conducted with either generalized 
linear models (Group effect only) or generalized estimating equa-
tions (Group and Visit effect), using Gaussian, gamma or negative 
binomial distributions and were Bonferroni-corrected. Voxel-wise 
dMRI analyses (AFNI’s 3dLME module) were conducted with 2 × 2 
[Group (HC versus pmTBI) × Visit (SA versus EC)] mixed factor mod-
els, with age-at-injury and mean framewise displacement entered 
as additional covariates, and subject intercept treated as a random 
effect. Voxel-wise diffusion results were corrected using both para-
metric (P ≤ 0.001) and minimum volume thresholds based on latest 
recommendations.58 Clinical and imaging results are reported for 
main effects of Group, Group × Visit, Group × Age and Group × Visit 
× Age interactions. Finally, a random forests approach59,60 was 
used to determine classification accuracy from both clinical and 
dMRI data (Supplementary material).

Data availability

The data that support the findings of this study will be openly available 
in FITBIR at fitbir.nih.gov, reference number FITBIR-STUDY0000339 at 
the conclusion of this study.

Results
Demographics

The pmTBI and HC groups did not differ in terms of handedness, age, 
self-reported Tanner stage of development and biological sex (all 
P-values ≥ 0.429; see Supplementary Table 2). Conversely, significant 
group differences were observed for self-reported history of previous 
head injuries (χ2 = 8.96, P = 0.003; pmTBI = 17.2%, HC = 6.9%), parental 
self-reported psychopathology (BSI-18; Wald-χ2 = 12.73; P ≤ 0.001; 
pmTBI > HC), maximum parental education (Wald-χ2 = 48.06; P ≤ 
0.001; pmTBI < HC), premorbid reading ability [Wide Range 
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Achievement Test 4 (WRAT4); Wald-χ2 = 29.11; P ≤ 0.001; pmTBI < HC] 
and effort [Test of Memory Malingering—10-item short version 
(TOMMe10); Wald-χ2 = 19.38; P ≤ 0.001; pmTBI < HC]. The latter two 
measures were therefore included as additional covariates for neuro-
psychological analyses.

Clinical measures

Table 1 presents all clinical and neuropsychological results. A sig-
nificant Group × Visit × Age (Wald-χ2 = 6.30; P = 0.012) interaction 
for self-reported PCS severity was observed. Follow-up tests con-
ducted at each visit indicated a significant Group × Age interaction 
in PCS severity at the SA (36.8% pmTBI symptomatic; Wald-χ2 = 
25.76; P = 0.005) but not EC (15.8% pmTBI symptomatic; P = 0.700) 
visit. Significant group effects (P < 0.002; pmTBI > HC) were ob-
served at both visits, but were larger at the SA visit. A positive asso-
ciation was observed at SA between PCS and age for pmTBI 
(β = 0.061; Wald-χ2 = 5.79; P = 0.016) with a negative association for 
HC (β = −0.096; Wald-χ2 = 19.60; P < 0.001). A significant Group × 
Visit × Age interaction (Wald-χ2 = 6.50; P = 0.011) also existed for 
self-reported behavioural disturbances (Conflict Behavior 
Questionnaire), but follow-up tests at the Visit level were not sig-
nificant for Group × Age interactions (all P-values ≥ 0.05). Trend dif-
ferences in behavioural problems (pmTBI > HC) were present at the 
EC (P = 0.072) but not SA (P = 0.446) visit. There were no significant 
group effects or interactions for the primary measure of quality of 
life (all Bonferroni-corrected Ps > 0.0167).

Secondary clinical measures (Bonferroni correction 0.05/7 = 
0.007) indicated Group × Visit interactions for anxiety, sleep, pain 
and headaches (all P-values ≤ 0.007), characterized by increased 
symptoms (pmTBI > HC) at the SA visit (all P-values ≤ 0.001). There 

were no group-wise differences for anxiety, pain and headache (all 
P-values > 0.05) at the EC visit. Sleep complaints were still increased 
for pmTBI but at a lower level relative to the SA visit (P = 0.008). Main 
effects of group (worse outcomes for pmTBI) were observed for sec-
ondary measures of depression, a parent-rated multi-dimensional 
measure of behavioural functioning (Strengths and Difficulties 
Questionnaire) and trauma-related functional outcome (GOS-E, all 
P-values ≤ 0.001).

Cognitive testing

Significant Group × Visit interactions were observed for the primary 
cognitive domains of attention (Wald-χ2 = 7.39; P = 0.007) and pro-
cessing speed (Wald-χ2 = 6.44; P = 0.011) after controlling for effort 
and reading ability. Simple effects testing indicated worse perform-
ance at the SA visit for pmTBI relative to HC (all P-values < 0.01) 
coupled with statistically equivalent performance at follow-up 
(all P-values > 0.05). Secondary cognitive analyses indicated Group 
effects (HC > pmTBI) for executive functioning (P = 0.004) and long- 
term memory recall (P < 0.001). There were no significant Group ef-
fects or interactions for working memory (all Bonferroni-corrected 
P-values > 0.0167).

Structural imaging findings

A total of 8/99 patients had positive day-of-injury CT scans for 
intracranial pathology or skull fracture. Four more pmTBI with 
negative CT scans were diagnosed with additional findings on their 
MRI scans that were probably related to trauma.55

Overall relationships between dMRI measures

Secondary analyses (Supplementary Table 3 and Supplementary 
Fig. 1) confirmed that similar statistical relationships existed be-
tween the NODDI volume fractions and DTI metrics in healthy ado-
lescents as previously reported for adults.28 This included a very 
strong relationship between ODI and FA as indicated by R2 values,28

with more moderate relationships between other metrics. However, 
the magnitudes of relationships with DTI scalars were significantly 
changed when using volume fractions from the more biologically in-
formed composite model in MDT (Supplementary Table 3 and 
Supplementary Fig. 2), including both decreased (FA with ODI in 
both GM and WM; MD and Vic in GM) and increased (FA with Vic in 
WM) R2 values. Surprisingly, there were only small/moderate rela-
tionships between NODDI and biologically informed MDT volume 
fraction estimates with the exception of Viso (Supplementary 
Table 4 and Supplementary Figs 3 and 4).

DTI findings

A significant Group × Visit × Age (Wald-χ2 = 13.60; P < 0.001) inter-
action existed for mean framewise displacement. A significant 
negative relationship existed between age and framewise displace-
ment SA (β = −0.026; P < 0.001), whereas the Group × Age interaction 
was significant at the EC visit (Wald-χ2 = 10.53; P = 0.001). This inter-
action resulted from a negative relationship between age and FD for 
pmTBI (β = −0.031; P < 0.001) but not HC (P = 0.283). Framewise dis-
placement was therefore used as a covariate for all dMRI analyses.

Voxel-wise results of MD indicated a Group × Visit × Age interaction 
(Fig. 2A and D) within left cerebellar lobule V/VI (1393 µl). Follow-up 
analyses indicated a significant Group × Age interaction SA (Wald-χ2 

= 4.63; P = 0.031), with a main effect of Group at the EC visit (Wald-χ2 

= 6.55; P = 0.011; HC > pmTBI). The SA interaction resulted from a 

Figure 1 Participant recruitment and retention. Flowchart of enrolment, 
inclusion and data quality control from the SA and EC phases of injury 
for patients with a pmTBI, as well as matched HC. The asterisk denotes 
the total number of participants who were eligible to return, which is the 
sum of participants with usable dMRI data and those with quality assur-
ance issues.
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negative association between MD and age for HC (β= −0.003; P = 0.003) 
that was absent for pmTBI (P = 0.635). Regions of decreased MD (Fig. 2B 
and E; HC > pmTBI) were observed in the right insula/superior tem-
poral gyrus (BAs 13/22; 1517 µl), right superior temporal/supramarginal 
gyrus (BAs 13/40/41; 1340 µl), right post-central gyrus (BAs 2–5; 1549 µl), 
left fusiform gyrus (1590 µl), left visual cortex/cuneus (BAs 17/18; 
1448 µl) and the right (BAs 7/19; 2790 µl) and left (BAs 7/19; 3058 µl) pre-
cuneus/cuneus. A single cluster (3853 µl) encapsulating grey/white 
junctions between the left thalamus and internal capsule, as well as 
between the cerebellar peduncles, brainstem and Lobules I–IV of the 
cerebellum, also exhibited evidence of decreased MD.

No significant voxel-wise interactions (factors of Group, Age or 
Visit) existed for FA. A main effect of increased FA for pmTBI rela-
tive to HC (Fig. 2C and F) was present in the bilateral visual cortex 
and cuneus (BAs 17/18/23/30; 1950 µl).

NODDI findings

No significant voxel-wise interactions (factors of Group, Age or 
Visit) existed for Viso, Vic or ODI.

A main effect of Group (Fig. 3A and C) characterized by de-
creased Viso (HC > pmTBI) was observed in the right post-central 
gyrus (BAs 2–5; 1413 µl), right superior parietal lobule (BA 7; 1225 µl), 
right precuneus/cuneus (BAs 7/19; 1458 µl) and the left superior par-
ietal lobule/precuneus/cuneus (BAs 7; 1554 µl). Qualitative compari-
sons of Fig. 2C and Fig. 3A and B indicate that most of the 
significant GM regions for NODDI Viso also exhibited significant group 
effects in the MD analyses.

A main effect of increased Vic (Fig. 4A, C and E) was also observed 
for pmTBI in the right temporal pole (BAs 38; 1351 µl), right inferior/ 
middle temporal gyrus and inferior longitudinal fasciculus (BA 21; 
5075 µl), along the grey/white junction of the right inferior tem-
poral/fusiform gyrus with the inferior longitudinal/vertical 

occipital fasciculus (BA 37; 2775 µl), left fusiform gyrus (BA 37; 
1237 µl), left middle occipital gyrus (BA 19/37/39; 1234 µl) and the bi-
lateral precuneus extending into the right posterior cingulate (BA 
18/31; 1450 µl).

There were no significant main effects observed with NODDI es-
timates of ODI.

MDT findings

Similar to the NODDI model, there were no significant voxel-wise 
interactions (factors of Group, Age or Visit) for the biologically in-
formed MDT measurements of Vic, Viso or ODI.

Only minor differences in the main effect of Group existed be-
tween NODDI and MDT estimates of Viso for GM (Fig. 3B and D). 
Specifically, decreased Viso was again observed for pmTBI in the 
right post-central gyrus and inferior parietal lobule (BAs 2–5/40; 
3848 µl), right superior parietal lobule (BA 7; 1490 µl), right precu-
neus/cuneus (BAs 7/19; 1328 µl) and left superior parietal lobule/ 
precuneus/cuneus (BAs 7/19; 1968 µl). However, clusters of in-
creased Viso (pmTBI > HC) were present in WM for the MDT model 
within the right anterior corona radiata (1108 µl), as well as within 
the right superior longitudinal fasciculus, internal and external 
capsule extending into the putamen (1952 µl).

The biologically informed MDT model resulted in improved sen-
sitivity for detecting changes in Vic (Fig. 4B). Spatially overlapping 
areas clusters of increased Vic (pmTBI > HC) were observed in the 
right parahippocampal/fusiform gyrus (BA 37; 1711 µl) and right fu-
siform gyrus (BA 37; 1155 µl) in the NODDI (Fig. 4C) and MDT 
(Fig. 4D) models. The right superior/middle temporal gyrus also 
showed overlapping increased Vic for pmTBI (BAs 20/21; 9206 µl) 
but extended further into adjoining inferior longitudinal and uncin-
ate fasciculi. The MDT model also indicated multiple other unique 
areas of increased Vic for pmTBI relative to the NODDI model in 

Table 1 Clinical and neuropsychological data

Metric Outcome SA pmTBI (n= 204) SA HC (n= 173) EC pmTBI (n= 152) EC HC (n= 155)

Symptom measures
PCSI (% max)a,b P 13.9 (4.8–34.9) 2.9 (0–8.8) 4.8 (0–15.5) 3.2 (0.8–8.7)
PROMIS Sleepa S 19 (13.5–24) 13 (11–16) 18 (12–23) 14 (11–17)
PROMIS Anxietya S 3 (0–8) 1 (0–4) 2 (0–6.5) 1 (0–5)
PROMIS Depressionc S 2 (0–8) 0 (0–3) 1 (0–6) 1 (0–3)
Pain Scalea S 3 (1–5) 0 (0–1) 0 (0–2) 0 (0–1)
HIT-6a S 52 (44–59) 40 (36–46.5) 44 (40–55) 42 (38–47)

Behavioural and outcome measures
CBQa,b P 1 (0–2) 1 (0–2) 1 (0–3) 1 (0–2)
PedsQL P – – 85.9 (75.5–94.0) 90.2 (82.6–95.7)
SDQc S – – 7 (4–10) 4 (2–8)
GOS-Ec S 1.5 (1–4) 1 (1–1) 1 (1–2) 1 (1–1)

Cognitive measures
TOMMe10c S 10 (9–10) 10 (10–10) 10 (10–10) 10 (10–10)
WRAT4c S 49.0 (43.3–54.7) 54.7 (48.0–62.7) 49.3 (44.0–56.7) 55.3 (49.3–62.7)
PSa P 46.8 ± 7.6 50.5 ± 8.1 50.3 ± 8.5 52.3 ± 8.8
ATa P 47.8 (42.2–53.3) 52.2 (46.7–55.6) 50 (44.5–55.5) 52.2 (47.8–56.7)
WM S 46.8 ± 8.0 50.4 ± 10.6 48.3 ± 9.5 50.5 ± 11
EFc S 47.2 ± 7.1 50.5 ± 6.7 50.4 ± 6.8 52.9 ± 6.3
HVLT Delayc S 8 (6–10) 9 (7–10) 7 (6–9) 9 (7–10)

Data are either formatted at mean ± standard deviation or median (interquartile range). AT = attention; CBQ = Conflict Behavior Questionnaire; EF = executive function; HVLT 
Delay = Delayed recall on Hopkins Verbal Learning Task (measure of long-term memory); PCSI = Post-Concussion Symptom Inventory (presented as percent of maximum score 

to account for age-related scale differences); PROMIS = Patient Reported Outcomes Measurement Information System; PS = processing speed; SDQ = Strengths and Difficulties 

Questionnaire; WM = working memory. 
aGroup × Visit interaction. 
bGroup × Age or Group × Visit × Age interaction. 
cGroup main effect.
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cortical GM, subcortical GM, cerebellum and WM (full listing in 
Supplementary material) (Fig. 4F).

In contrast to the null NODDI findings, the biologically informed 
MDT model indicated increased ODI for pmTBI patients (Fig. 5) 
within the right anterior corona radiata/inferior fronto-occipital 
fasciculus extending into orbitofrontal cortex (BAs 11/47; 2439 µl), 
the grey/white junction of the left inferior temporal gyrus with 
the inferior longitudinal fasciculus (BA 20; 823 µl), the left fusiform 
gyrus/lobule VIIa of the cerebellum (BA 20/36; 812 µl), the right pos-
terior external capsule/fornix extending into the parahippocampal 
gyrus (BA 28; 2560 µl), the left external capsule/fornix extending 
into the parahippocampal gyrus (BA 13; 3881 µl), the left superior 
cerebellar peduncle extending into Lobules I–VI (4272 µl) and the 
right cerebellar Lobules VI/VIIIa/VIIIb/IX (980 µl).

Effect size estimates and reproducibility of findings

Calculated voxel-wise Cohen’s d effect sizes maps were generally in 
the small to medium range for both DTI and biologically informed 
MDT metrics (Supplementary Figs 5–8).

Cross-validation analyses examined the reproducibility of imaging 
findings. Specifically, DTI and MDT analyses were repeated (300 itera-
tions) at reduced sample sizes (50, 60 and 70% of total sample) without 
replacement. Voxels exhibiting a main effect of Group (uncorrected 
P-values of 0.01 due to repeated tests) were then summed and divided 
by the total number of iterations. Reproducibility was excellent (>80%) 

for most significant regions at 70% (142 pmTBI, 119 HC) of the total sam-
ple size for both DTI metrics (Supplementary Fig. 9) and the biologically 
informed MDT algorithm (Fig. 6). Of interest, the cerebellar peduncles, 
superior corona radiata, internal and external capsule demonstrated 
highly reproducible Group effects of increased Viso in the 70% sample 
analyses that were either absent (peduncles) or right lateralized in the 
full sample due to spatial volume requirements for family-wise error 
corrections. However, reproducibility decreased at the 60% 
(122 pmTBI, 103 HC) sample size and became poor to moderate when 
only 50% (102 pmTBI, 85 HC) of the sample was used.

dMRI abnormalities and clinical correlations

Our final set of analyses examined the relationship between clinical 
indices of injury severity (Supplementary Table 5) and dMRI abnor-
malities in pmTBI only, as well as classification accuracy of dMRI 
abnormalities relative to clinical gold standards. A weighted aver-
age was calculated from all of the significant clusters in the five pri-
mary patterns showing differences between pmTBI and HC 
(individual patterns of decreased GM Viso, increased WM Viso, in-
creased Vic and increased ODI in the biologically informed MDT 
model, and FA). MD (overlap with GM Viso) and NODDI results 
were excluded to eliminate redundancies.

As predicted, results (Supplementary Table 5; uncorrected for 
multiple comparisons) indicated that LOC was positively asso-
ciated with both Vic (P = 0.007) and WM Viso (P = 0.005) in the 

Figure 2 Voxel-wise analyses of traditional dMRI metrics. Results from the analysis of MD and FA for patients with pmTBI (red diamonds) and HC (blue 
diamonds). (A) A cluster within the left cerebellar Lobule V/VI that exhibited a Group × Visit × Age interaction (red: P < 0.001; yellow: P < 0.0001) for MD. 
Plotted data (D) indicate a significant negative association between residualized MD and age at the SA visit for HC, which was not significant at the EC 
visit. (B) The regions that demonstrated main effects of Group for MD (HC > pmTBI) are displayed in cool colours (dark blue: P < 0.001; cyan: P < 0.0001), 
with (E) presenting box-and-scatter plots [elements: median, interquartile range (IQR) and 3 × IQR or local maxima/minima) for selected regions of 
interest (ROIs) [post-central gyrus (PC), precuneus (PCu), insula extending into superior temporal gyrus (Ins/STG), visual cortex (VC), and thalamus 
(Thal)] for both right (R) and left (L) hemispheres. (C) The bilateral (B) VC was associated with increased FA for pmTBI (red: P < 0.001; yellow: P < 
0.0001), with (F) presenting the box-and-scatter plot. Locations of the axial (z) slices for all panels are given according to the Talairach atlas.

http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac221#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac221#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac221#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac221#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac221#supplementary-data
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pmTBI group, with the presence of complicated pmTBI associated 
with increased ODI (P = 0.003). Sports-related injuries accounted 
for significant variance in FA (P = 0.012), Vic (P = 0.020) and ODI (P = 
0.002), whereas past history of pmTBI and PTA were not significant. 
Although our initial hypothesis was that clinical variables would 
not be associated with dMRI abnormalities, the 5P risk score was 
negatively associated with FA (P = 0.007) and positively associated 
with Vic (P = 0.005), WM Viso (P = 0.020) and ODI (P = 0.002). PCS sever-
ity did not account for significant variance. None of the injury se-
verity variables were associated with decreased Viso in GM.

Finally, supervised machine learning algorithms (random for-
ests) investigated the diagnostic accuracy of the 5P risk score and 
Post-Concussion Symptom Inventory (Model 1), versus the diagnos-
tic accuracy when weighted averages for FA, ODI, Vic, GM Viso and 
WM Viso were included in the model (Model 2). Results from Model 
1 indicated ∼71.0% balanced diagnostic classification accuracy (sen-
sitivity 73.4%, specificity 68.6%; Fig. 7), with the 5P score accounting 
for the greatest variance (11.4%). Classification accuracy increased 
up to 80.2% (sensitivity 82.0%, specificity 78.4%) when the five differ-
ent patterns of dMRI abnormalities were included, although the 5P 
score maintained the highest variable importance score of 7.2%.

Discussion
Despite the large public health burden, our understanding of the 
pathophysiology of pmTBI remains relatively antiquated, with 

diagnosis and prognosis primarily determined by symptom self- 
report.1 Thus, even when youth accurately self-report symptoms, 
clinicians may not be able to detect any potential lingering physio-
logical abnormalities that should principally inform care.61

Consistent with previous studies,14,15 current results provide add-
itional evidence of DTI abnormalities (FA and MD) that persist up 
to 4 months post-injury, as well as tissue-dependent changes in 
free water volume fractions and increased intracellular volume. 
These diffusion abnormalities improved classification accuracy by 
∼10% even when controlling for current gold standards such as 
clinically derived risk scores and PCS.3 However, individual dMRI 
metrics only accounted for a few percentage points in terms of 
diagnostic accuracy, with all voxel-wise effect size maps in the 
small to medium range. Collectively, results suggest that dMRI ab-
normalities assessed in the current study are unlikely to be suffi-
cient for accurate diagnosis of pmTBI when used in isolation.

A minority of participants self-endorsed significant PCS at both 
the SA (40.9%) and EC (21.9%) visits, even when applying a norma-
tive method that significantly reduces the number of false posi-
tives.53 Small but significant deficits in attention and processing 
speed were present at the SA visit but showed evidence of full re-
covery, whereas residual cognitive deficits were present for verbal 
memory and executive functioning at 4 months. Previous studies 
have also reported continued cognitive deficits following 
pmTBI,62–66 although others have reported null results in both 
paediatric and adult samples.67 Collectively, both current and pre-
vious findings suggest incomplete clinical recovery for a minority of 

Figure 3 Voxel-wise analyses of Viso. This figure presents the main effect of Group from analyses of isotropic volume fractions (Viso) using either the 
standard NODDI algorithm (A and C) or a biologically informed MDT algorithm (BI-MDT; B and D). Data for patients with paediatric mild traumatic brain 
injury (pmTBI) (red diamonds) are plotted with warm colours in all panels, with HC (blue diamonds) data plotted with cool colours. Locations of sagittal 
(x) and axial (z) slices are given according to the Talairach atlas in the left (L) and (R) hemispheres. Both NODDI (A) and BI-MDT (B) indicated a main effect 
of group for regions of decreased Viso (HC > pmTBI) in predominantly GM regions [post-central gyrus (PC),inferior (IPL) and superior (SPL) parietal lobule, 
precuneus (PCu)] for pmTBI relative to HC (dark blue: P < 0.001; cyan: P < 0.0001). In contrast, only the BI-MDT model was sensitive to regions of in-
creased WM Viso [anterior corona radiata (aCR) and the internal capsule (IC) extending into putamen] for pmTBI (red: P < 0.001; yellow: P < 0.0001). (C 
and D) Box-and-scatter plots [elements: median, interquartile range (IQR), and 3 × IQR or local maxima/minima] for selected regions of interest 
(ROI) for each metric.
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pmTBI patients up to 4 months post-injury across multiple do-
mains, highlighting the need for multi-dimensional clinical 
assessments.68

Similar to previous pmTBI studies, FA was increased12–16 and 
MD decreased.12,13,16 DTI abnormalities in the current sample 
were primarily limited to GM and persisted up to 4 months post- 
injury,14,15 suggesting that physiological recovery may require an 
extended period of time. Although other studies have reported 
null and contradictory results, a pattern of increased FA and re-
duced MD represents the most consistently reported DTI results 
in systematic reviews.1,6 Methodological (e.g. whole-brain versus 
region of interest versus tract-based analyses, use of different con-
trol groups) and statistical factors also probably contribute to dis-
parities in findings across studies. Calculated voxel-wise effect 
size maps for the current study were typically in the small to 

medium range (0.30–0.50), and cross-validation results indicated 
that larger samples (∼n = 120–140 per group) may be necessary to re-
liably detect differences.

One recent cross-sectional study69 reported null findings when 
comparing DTI and NODDI volume fraction estimates in seven 
WM tracts in a large cohort of pmTBI relative to orthopaedically in-
jured controls. In contrast, current findings from voxel-wise ana-
lyses indicated that intracellular volume fractions were increased 
for both GM and WM following pmTBI, whereas free water volume 
estimates varied as a function of tissue type (WM = increased; GM = 
decreased). Findings of decreased GM free water fractions and re-
duced MD were typically observed in the same regions,28,70 whereas 
differences in intracellular volume fractions were more wide-
spread, occurred in both GM and WM and did not necessarily track 
with traditional DTI metrics. Similar to previous studies,29,71,72 the 

Figure 4 Voxel-wise analyses of Vic. Results from analyses of Vic using either the standard NODDI (A) or a biologically informed MDT algorithm 
(BI-MDT; B) for the main effect of Group. Locations of coronal (y) and axial (z) slices are given according to the Talairach atlas in anterior (A) and posterior 
(P) positions in the left (L) and (R) hemispheres. Both models demonstrated increased Vic (red: P < 0.001; yellow: P < 0.0001) for patients with pmTBI (red 
diamonds) relative to HC (blue diamonds), although findings were more extensive in the biologically informed model. NODDI (C) and BI-MDT (D) 
box-and-scatter plots [elements: median, interquartile range (IQR) and 3 × IQR or local maxima/minima] for common regions of interest, including 
the middle and inferior temporal gyrus (MTG/ITG) and the fusiform gyrus (Fu) extending into parahippocampal gyrus (PH) or ITG. (E) Exemplar regions 
unique to the NODDI algorithm including the temporal pole (TP), middle occipital gyrus (MOG) and bilateral (B) precuneus and posterior cingulate (PCu/ 
PCC). (F) Exemplar regions unique to the BI-MDT algorithm, including superior and middle frontal gyrus (SFG/MFG), the MFG alone, orbital aspect of the 
inferior frontal gyrus (oIFG), posterior insula and superior temporal gyrus (pINS/STG) and visual cortex/cuneus (VC). There were many other significant 
regions of interest from the BI-MDT analysis (Supplementary material) that are displayed [e.g. supramarginal gyrus (SMG), thalamus (Thal)] but not 
plotted.

http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac221#supplementary-data
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sensitivity of multicompartmental volume estimates to group 
pathology appears to be higher than traditional DTI metrics. 
Previous adult studies have reported decreased intracellular vol-
ume fractions during SA mTBI27,29 as well as increased intracellular 
volume fractions in repetitive mTBI,28 with either non-significant 
differences27 or increased WM free water.28,29

It has been suggested25,32 that the assumptions used in several 
geometric models30,31 are invalid. However, the impact of these as-
sumptions on the detection of clinical pathology is unknown. 
Current results indicate that differentially modelling intra- and 
extracellular parallel diffusivities in a tissue-specific fashion funda-
mentally alters statistical relationships between diffusion metrics 
and potentially affects the clinical sensitivity of volume fraction es-
timates. Specifically, strong statistical relationships were observed 
between NODDI estimates of ODI and FA in healthy children and 
adults in current and previous studies,28,70 with other studies dem-
onstrating NODDI volume estimates can be approximated from 
single-shell acquisitions at higher b-values.73 In contrast, this rela-
tionship did not exist between FA and MDT estimates of ODI, and 
estimates of Vic and ODI were statistically dissimilar across 
NODDI and MDT when intracellular and extracellular diffusivity va-
lues were altered in a tissue-dependent fashion to be more biologic-
ally plausible.25,32,33 The MDT model was also more sensitive to WM 
pathology for both free water and ODI estimates. These group dif-
ferences in free water and ODI WM values were shown to be highly 
reproducible in our cross-validation analyses, and did not appear to 
be simply related to thresholding effects. Reproducibility analyses 

also suggested that increased free water in WM was consistently 
observed in other tracts such as the cerebellar peduncles, but did 
not meet the necessary volume threshold for full family-wise error 
correction.

Although histopathological-imaging correlates exist for both 
DTI and multicompartmental models,74–77 there are no true gold 
standards for measuring cellular dysfunction with standard in 
vivo, human imaging. Exponential differences exist between im-
aged tissue volumes on a conventional scanner (e.g. typically 8 μl) 
versus volumes represented by the intra/extracellular milieu for 
neurites (typically 1–8 × 10–9 μl) and neurons. Most trauma-related 
changes to parenchymal microstructure will alter the rate of diffu-
sion, with frequently cited pathologies including structural damage 
(e.g. changes in axonal membranes, dendrites or myelin), altera-
tions in the net concentration of intraaxonal and extraaxonal water 
(cytotoxic or vasogenic oedema), and inflammatory processes.1,6

Critical to the field of trauma, the presence of tissue pathology 
(e.g. axonal beading, axonal swelling, oedema) both increases bio-
logical variability and fundamentally alters the assumptions that 
multicompartmental models use.25,72 These limitations caution 
against the strict interpretation of volume fraction estimates as 
being indicative of changes in ‘neurite density’ and ‘free water’ as 
is done in healthy tissue, and exponentially complicate the ex-
trapolation to cellular pathology.74,78

In light of these caveats, decreased GM free water and MD esti-
mates could be indicative of a cytotoxic oedema as free water shifts 
from extracellular to intracellular compartments,72 although find-
ings of increased FA have also previously been interpreted to be po-
tentially indicative of a cytotoxic oedema.1 Two recent studies 
reported increased intracellular and decreased free water fractions 
in affected relative to non-affected tissue in ischaemic stroke pa-
tients,72,79 where cytotoxic oedema has been more readily estab-
lished as a known pathophysiology. In contrast, increased free 
water fractions has been interpreted to be indicative of vasogenic 
oedema due to blood–brain barrier leakage,29,71 which was only ob-
served in WM in the current study when parallel diffusivity para-
meters were set to more biologically meaningful values. Similarly, 
the increased ODI observed in the current sample was also predom-
inantly limited to WM, and suggests either structural pathology or 
vasogenic oedema resulting in more dispersion in neurites.

It is more challenging to interpret findings of increased intracel-
lular volume following pmTBI. Although it is unlikely that there 
would be increased neurite density post-pmTBI, both trauma and 
secondary inflammatory processes are known to change the 
morphology of cellular substrates post-injury.80,81 Previous adult 
mTBI studies have also interpreted findings of decreased intracel-
lular volume as being indicative of vasogenic oedema.27,29

Intracellular volume fractions have also been shown not to correl-
ate with cortical thickness in patients with psychotic spectrum dis-
orders,82 another putative measure of the density of neurites in GM. 
Thus, although current findings of increased Vic and decreased Viso 

have been reproduced across two forms of acquired brain in-
jury,72,79 additional modelling and preclinical correlates are re-
quired to understand underlying microstructural correlates.

Previous work suggests that LOC/PTA is not predictive of func-
tional and symptom-based outcomes in mTBI, especially at more 
chronic time points.83,84 Others have suggested that mTBI should 
be stratified into definitive, probable and possible categories based 
on LOC.85 LOC and PTA have higher reliability and specificity rela-
tive to PCS,38,53,86 and have recently demonstrated a dose- 
dependent response for sport-related concussion severity in blood- 
based biomarker studies.87,88 Similar to previous studies,34,35 no 

Figure 5 Voxel-wise analyses of ODI. Regions showing significantly 
(red: P < 0.001; yellow: P < 0.0001) increased ODI for patients with 
pmTBI (red diamonds) relative to HC (blue diamonds) using the biologic-
ally informed MDT algorithm (BI-MDT; A). Locations of sagittal (x) and 
axial (z) slices are given according to the Talairach atlas in the left (L) 
and (R) hemispheres. (B) Box-and-scatter plots [elements: median, inter-
quartile range (IQR) and 3 × IQR or local maxima/minima] for selected re-
gions of interest, including the anterior corona radiata (aCR) extending 
through other WM tracts to orbitofrontal cortex (OFC), entire (EC) or 
only posterior (pEC) aspects of the external capsule extending into an-
terior insula and parahippocampal gyrus (PH), and superior cerebellar 
peduncle (sCP) extending into Lobules I-VI of the cerebellum.
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significant relationships were observed between group-wise dMRI 
abnormalities and self-reported PCS, whereas LOC was associated 
with both changes in intracellular volume fractions and increased 

WM free water. Both sport-related injuries and the presence of 
complicated pmTBI also accounted for significant unique variance 
in terms of dMRI abnormalities within pmTBI patients. Other 

Figure 6 Cross-validation of multicompartmental model results. Results from cross-validation analyses of Viso (A), Vic (B) and ODI (C) data from the 
biologically informed MDT (BI-MDT) algorithm at 50, 60 and 70% of the total sample size (sampled without replacement; 300 iterations). For each metric, 
a statistical threshold (uncorrected P < 0.01) was applied to main effect of Group for each iteration on a voxel-wise basis. Active voxels were then 
summed across iterations and divided by the number of iterations to form percentage values. Voxels demonstrating main effects are colour-coded 
by both direction of effect (paediatric mild traumatic brain injury (pmTBI) > HC = warm; HC > pmTBI = cool) and level of reproducibility. In the first 
step, voxels were colour-coded for each sample size where a minimum of 80% reproducibility was achieved (50% of sample: yellow or cyan; 60% of sam-
ple: orange or middle blue; 70% of sample: red or dark blue). In the second step, voxels that achieved a minimum of 60% reproducibility at 70% of the 
total sample size were denoted (pink or green colours). Data are both projected to the surface and displayed for selected axial slices (z; see Figs 3–5) 
according to the Talairach atlas for Vic and Viso, whereas results are presented in volume format only for ODI due to limited GM involvement.
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studies have reported decreased FA in the uncinate fasciculus21

and left middle frontal gyrus WM23 when pmTBI with persistent 
symptoms were treated as a binary group. However, a large aggre-
gate study (n ≈ 50 000) recently suggested that thousands of sam-
ples may be necessary to reliably observe brain-wide associations 
with complex psychological constructs such as cognition and be-
haviour,89 which probably extrapolates to persistent PCS given its 
observed psychometric properties.53 Contrary to a priori predic-
tions, the 5P prediction rule3 was both associated with several 
dMRI abnormalities and had the highest diagnostic sensitivity/spe-
cificity during a supervised machine learning approach, even rela-
tive to PCS. Thus, current results indicate that diagnostic predictive 
accuracy of the 5P prediction rule should be evaluated in future bio-
marker pmTBI studies as well.

A frequently overlooked factor for pmTBI studies is the potential 
confounding effects of age-at-injury on emotion, cognition and brain 

structure, all of which vary with biological sex and pubertal stage.10,11

Theories derived from preclinical models suggest improved outcomes 
in the very young due to increased plasticity following TBI,90 although 
contrary evidence also exists for injuries occurring during critical per-
iods.8,9,91 Age-at-injury was associated with increased self-reported 
PCS in the pmTBI group, but did not account for any additional vari-
ance in terms of diffusion abnormalities or cognitive dysfunction. 
These results therefore replicate adolescence as a risk factor for 
slower symptom-based recovery,3 but do not provide a clear physio-
logical basis for this phenomenon from a microstructural perspective. 
Other pmTBI studies have also reported null findings in terms of 
age-at-injury for both diffusion92 and resting state metrics of regional 
homogeneity and low-frequency fluctuations in neural activity.93

In contrast, another study11 reported that middle childhood was 
associated with both greater injury and increased recovery on diffu-
sion and structural imaging metrics relative to adolescents (less in-
jury coupled with less recovery). Other clinical studies have 
indicated worse outcomes for children who were injured before 
7 years of age,94 as well as improved imaging outcomes in older ado-
lescents with severe TBI.10 Several of these studies spanned the 
spectrum of injury severity and sampled at various time points post- 
injury, whereas the current study adopted a relatively homogenous 
sampling strategy both in terms of injury severity and acuity. Thus, 
current null findings for age-at-injury results may not generalize to 
more severe or chronically injured samples, or to children <8 years 
old. Studies on typical development have report increased FA and 
decreased MD in WM regions as a function of age,95 along with com-
plex, non-linear changes in cortical thickness, subcortical volumes, 
WM volumes and functional connectivity.96–98 Age-related micro-
structural changes include a combination of synaptic pruning of ex-
cessive connections in conjunction with increased myelination,99

especially for prefrontal cortex. Larger sample sizes may therefore 
be required to detect any putative, complex interactions between 
age-at-injury and development trajectories on diffusion metrics. 
The current study may also not have sampled results over a suffi-
cient period of time post-injury or in a broad enough cohort to detect 
age-at-injury effects. For example, age-at-injury effects could be 
more prevalent in younger samples (children <7 years of age),94 or 
may express themselves over a longer period than the 4 months 
used in the current study.

Strengths of the current study include a large and homogenous 
sample with a high retention rate for follow-up visits (>80%). All 
data were collected at the same imaging centre and on the same 
machine, reducing concerns about inter-scanner and vendor- 
related differences in imaging signals that may overwhelm the 
smaller effect sizes associated with mild TBI.29,92,92,100 On the other 
hand, this single-centre approach also increased the risk of sam-
pling bias and limits the generalization of findings. The former limi-
tation was partially mitigated by our extensive cross-validation 
analyses, which demonstrated reproducible findings at ∼70% of 
the total sample size. Second, most group differences on DTI me-
trics were observed in GM or grey/white junctions. Although animal 
studies suggest that diffusion sequences are capable of capturing 
GM microstructural changes, FA approaches the noise floor in GM 
and thus may be inherently less reliable.75 Third, the current study 
did not include an orthopaedically injured control cohort, which 
may provide a better control for non-specific injury effects as well 
as potential differences in sampling strategies for imaging find-
ings.101 Fourth, although our estimates of intra- and extracellular 
diffusivity were based on the literature,25,32,33 it is likely that these 
parameters will continue to evolve. Finally, although it is impera-
tive to recognize limitations associated with deducing cellular 

Figure 7 Group classification using random forest machine learning al-
gorithm. (A) The receiver operating characteristics (ROC) results from 
the random forest supervised machine learning algorithm for classify-
ing patients with paediatric mild traumatic brain injury (pmTBI) relative 
to HC. Two models compared diagnostic accuracy with current clinical 
gold standards [5P risk score (5P) and percentage of total possible score 
on the Post-Concussion Symptom Inventory (PCSA, %; solid line) or clin-
ical gold standards plus significant dMRI findings (dashed line)]. dMRI 
variables included the weighted average of increased (pmTBI > HC) FA, 
decreased (HC > pmTBI) GM and increased WM Viso, increased Vic and in-
creased ODI. All volume fraction estimates were obtained from the bio-
logically informed MDT algorithm. Estimates for area under the 
curve (AUC), balanced accuracy (BA), sensitivity (Sen) and specificity 
(Spe) are provided for each model. (B) The variable importance for 
each metric in each model.
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pathology from imaging metrics, a far more critical limitation for 
the field of concussion is the continued reliance on self-reported 
symptoms to both diagnose injury and prognose outcomes from 
both psychometric53,102 and tautological perspectives.

In summary, current dMRI findings provide corroboration of an 
incomplete clinical and pathophysiological recovery from pmTBI at 
4 months post-injury and highlight the continued need for large, 
prospective studies on the physiological consequences of 
pmTBI.1,6 Effect size calculations, supervised machine learning 
classification algorithms and cross-validation results all indicate 
that the magnitude of these dMRI abnormalities are likely to be in 
the small to medium range. Current results suggest that novel mul-
ticompartmental models are more sensitive to putative pmTBI 
pathology and that sensitivity increased when using parameters 
that more accurately reflect diffusion in healthy tissue. However, 
current results also suggest that dMRI data in isolation may be in-
sufficient to achieve a high degree of objective diagnostic accuracy 
in pmTBI. This finding is to be expected given known heterogene-
ities that exist for pathophysiology, mechanism of injury and 
even clinical definitions of pmTBI (7.1–98.7% classified as mTBI 
across 17 definitions).102 Similar to current clinical gold standards,3

multiple imaging, autonomic, neurosensory and blood-based bio-
markers are likely to be necessary to fully understand the patho-
physiological consequences of paediatric head trauma.103
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