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Among the most discussed subjects in the field 
of traumatic brain injury (TBI) is the impact of 
American professional football on brain func-

tion. Attempts to quantitate objectively the acute effects of 
trauma may be regarded as a precursor to curbing chronic 
consequences, which manifest themselves seemingly arbi-
trarily, and often years after the insult.

Niogi et al.18 have studied 49 active National Football 
League (NFL) players with diffusion tensor imaging (DTI) 
MRI at baseline and after brain injury. Twenty-five players 
had acute concussions, of whom 21 had a history of prior 
concussion, and 24 did not have concussions and denied 
prior concussion (although one might postulate that given 
their level of play, such denial may be implausible). This 
study represents the largest series of sports concussion pa-
tients with both preinjury and relatively acute postinjury 
imaging using sophisticated MRI. There were no statisti-
cally significant differences between the DTI MR images 
of these two groups when studied either as regions of in-
terest (ROIs) or using tract-based spatial statistics (TBSS). 
Furthermore, there were no differences between DTI of 
players who had engaged in professional-level play for 4 
or more years versus those who had played for less than 
3 years. When both groups were compared to normal 
healthy control subjects, there were again no statistically 
significant differences. Thus, even if the players all falsely 
repudiated their concussion history, there were still no DTI 
imaging stigmata to betray them.

Given the lack of differences on group comparison, the 
investigators compared players who were concussed to 
their own baseline imaging. Three of 6 concussed players, 
2 of whom had loss of consciousness, had no changes in 
fractional anisotropy (FA) relative to baseline. In addition, 
there was “no correlation between concussion grading and 
symptom recovery or concussion grading and presence of 
DTI findings.”

The results of this paper add to our understanding of 
brain injury: it is now clear that the heterogeneity of con-

cussion encompasses pathophysiologies that are distinct 
from structural and connectivity disorders visible on DTI 
MRI (i.e., the famous, “Not all concussive brain injury hap-
pens in the white matter!”). While DTI studies assessed in 
comparison to a preinjury baseline may aid in classifica-
tion of injury, studies performed without a baseline and in 
comparison to population norms have lesser utility. One 
wonders whether serum markers, quantitative electroen-
cephalography, or eye tracking would be disrupted in pa-
tients with concussion with loss of consciousness in the 
absence of DTI changes. One might speculate that physi-
ological measures of brain function might be beneficial. 
Niogi et al.18 have demonstrated that DTI imaging reveals 
(at best) only a part of the problem, and now we are tasked 
with finding tools that classify the remainder.

The work of Niogi et al.18 builds on a rich and mud-
dled history of DTI to classify brain injury. The diffusion 
measurements derived from DTI include ROI, voxel-based 
analysis, TBSS, and tractography. Each of these methods 
has its own limitations and has led to variable results in 
detecting changes in diffusion measurements across TBI 
and control groups. Variability among studies in terms of 
injury severity, age, postinjury interval, and a variety of 
mechanisms of injury contribute to a lack of clarity on the 
direction of change and location of these diffusion mea-
surements.

At both acute and chronic postinjury intervals, the ma-
jority of studies report decreased FA and increased mean 
diffusivity in TBI, although a subset of studies has shown 
the opposite.3,6,11,14,16,19,22 The most commonly reported 
white matter regions affected are among those investigat-
ed by Niogi et al.18 Specifically, these include the corpus 
callosum, followed by the internal capsule and superior 
longitudinal fasciculus, corona radiata, anterior thalamic 
radiation (anterior corona radiata), and inferior longitudi-
nal fasciculus.16

An early meta-analysis on 13 mild TBI studies found 
decreased FA and increased mean diffusivity,2 mostly in 
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the corpus callosum. Subsequently, a meta-analysis of 17 
mild TBI (mTBI) studies, using tract-based spatial statis-
tics, revealed decreased FA in the splenium of the corpus 
callosum, forceps minor, and superior longitudinal fascic-
ulus.1 Finally, a more comprehensive analysis on 44 studies 
found decreased FA in 88% of brain regions examined and 
increased mean diffusivity in 95% of brain regions exam-
ined following mTBI.25

In adult populations with sports-related mechanism of 
injury, the majority of studies have focused on the chronic 
stage of injury, with few investigating acute and subacute 
stages of injury or longitudinal study designs. Of those 
studies examining the acute stage of injury, variable re-
sults have been found, with 2 studies reporting an increase 
in FA,10,26 1 reporting a decrease in FA,15 and 1 reporting 
bidirectional changes in FA.23 Variation in mean diffusiv-
ity changes were also reported, with 2 reporting an in-
crease17,23 and 1 reporting a decrease.10 As a result, further 
research is needed to clarify the direction of change for 
these diffusion measurements in sports-related TBI in an 
adult population.

Previous research on sports-related mechanism of in-
jury using tract-based spatial statistics has also reported 
variable results in direction of change and location. Of 
those studies, 4 found no change in FA,4,5,13,27 while 2 
showed an increase in FA;21,26 however, 7 reported a de-
crease in FA.7–9,12,15,20,24 Across these studies, variation was 
also reported in mean diffusivity, with many studies not 
reporting this measurement.

Taken together, previous research on changes in FA 
after sports-related mechanisms of injury is possibly ex-
plained by the heterogeneous nature of injury, time from 
injury to assessment, and convoluted methodologies.

In summary, Niogi et al.18 are to be congratulated for 
this contribution to the literature. It adds to our under-
standing that the pathophysiology of acute sports-related 
TBI may be more complex than we had previously con-
templated, and emphasizes that additional tools are needed 
for the assessment of these athletes. Until our understand-
ing of the acute pathophysiology of injury reliably encom-
passes more than at least half the afflicted population, we 
can hardly hope to tackle its chronic phase. With apologies 
to Hamlet, this study suggests that, at least with regards to 
brain injury, “There are more things in Heaven and Earth, 
Horatio, than are dreamt of in your philosophy.”
https://thejns.org/doi/abs/10.3171/2019.5.JNS19892
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Mahan and Samadani provide an excellent review on 
the dominant issues facing white matter imaging evalu-
ation of TBI and sports-related concussion (SRC). Their 
reminder that “not all concussive brain injury happens in 
the white matter” is particularly noteworthy. We are taught 

that diffuse axonal injury is a hallmark of TBI,11 but this 
is a dated concept that is hard to dislodge despite grow-
ing evidence to the contrary.7,14,15,16 Certainly, axonal injury 
plays a substantial role and is a dominant form of dam-
age as evidenced by numerous histopathological studies. 
As such, development and testing of novel techniques to 
assess the white matter, such as advanced quantitative dif-
fusion imaging, remain critical. However, even when using 
internal baseline controls to increase the sensitivity and 
specificity of DTI findings, our study demonstrates that 
white matter injury alone cannot fully account for the mor-
bidity associated with SRC, nor is it predictive of time to 
recovery. There is growing evidence that cerebrovascular 
injury,16 metabolic and functional changes,7,14 autonomic 
dysregulation,12 and mental health13 (whether new, present 
before, or exacerbated by the trauma) contribute to what is 
now recognized to be postconcussive syndrome. Genetics, 
baseline physiology, preexisting psychosocial morbidities, 
and the mechanism of injury all likely play a role in pre-
dicting whether an individual patient will develop chronic 
postconcussive syndrome, or heal rapidly.5 Today, clini-
cians and researchers have the benefit and burden of tak-
ing a much more comprehensive approach toward treating 
and examining TBI.

Numerous group studies of TBI, including meta-anal-
yses reviewed by Mahan and Samadani, strongly sug-
gest DTI is sensitive to white matter changes following 
TBI.1,2,10,17,18 In fact, cumulative subconcussive impacts also 
appear to cause changes to the white matter.6 While these 
studies speak to the great potential of DTI to study white 
matter following TBI, they do not address two important 
facets. First, the clinical importance of these cumulative 
impacts is unknown. It is unclear if subconcussive impacts 
are healthy and stimulate brain development, promote neu-
roplasticity, and are neuroprotective against more forceful 
and harmful concussive impacts. After all, athletes tend to 
recover from concussion faster than nonathletes.9 Or per-
haps the opposite is true in the case that cumulative trauma 
is harmful. Or perhaps there is little risk or benefit at all.

Second, these group studies do not address the substan-
tial barriers that exist to using DTI in a clinical setting 
for individual patients. Almost all studies of DTI compare 
groups to a normal cohort. The true range of variability of 
the normal population remains unknown and it is unclear 
whether dozens or hundreds of control subjects are suffi-
cient to capture this variability. Because  DTI is markedly 
sensitive to white matter changes, but entirely nonspecific, 
defining an appropriate control comparison for an individ-
ual patient is challenging, if not insurmountable. Properly 
selecting a cohort of controls or statistically accounting for 
comorbidities, age, sex, socioeconomic status, handedness, 
intelligence, recreational activities, genetics, and prior dis-
ease/trauma may be impossible. We hoped to address this 
limitation by comparing our subjects to their own internal 
premorbid baseline. While the concept and our results are 
promising, larger studies are needed to show the impact of 
this approach. Furthermore, while this approach might be 
reasonable in a high-risk sports population with access to 
resources, obtaining baseline imaging in the general popu-
lation is unfeasible. Developing techniques to robustly as-
sess quantitative imaging in individuals is critical.
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As Mahan and Samadani aptly report, there is a “rich 
and muddled history of DTI” to classify brain injury. A va-
riety of analysis techniques, acquisition methods, scanner 
hardware, inclusion/exclusion criteria, and time of imag-
ing postinjury all contribute to a lack of clarity on how to 
synthesize the vast amount of information available. Mea-
surement variability due to these factors and a lack of stan-
dardization prevent quantitative diffusion imaging data to 
be compared robustly across studies. It is also important 
to note that DTI is a rather simplistic model of diffusion. 
More advanced forms of quantitative diffusion imaging, 
such as diffusion kurtosis imaging3 or the use of biophysi-
cal models such as the neurite orientation dispersion and 
density imaging,8 allow for a much more detailed descrip-
tion of water diffusion in the brain (e.g., higher-order statis-
tics such as orthogonal kurtosis or metrics such as neurite 
density and orientation dispersion), potentially providing 
superior metrics for white matter injury. It is important to 
note that while standardization may improve acquisition 
and analysis uniformity across studies and institutions, it 
may impede future innovation.

Larger research studies assessing individuals with 
highly sensitive and specific methods (perhaps against an 
individual’s premorbid baseline imaging) are necessary to 
broaden our understanding of TBI. The reason that com-
parison to premorbid baseline imaging is so valuable is 
because there is no gold standard or litmus test for con-
cussion.4 Without a gold standard for concussion diagnosis 
(beyond a clinical diagnosis), determining the precision 
of a new biomarker is impossible, a prerequisite to deter-
mining its usability. Because of this, the goals shift from 
developing a diagnostic technique to trying to understand 
the biological changes that contribute to postconcussive 
syndrome and to developing a biomarker to assess these 
biological changes to monitor progression, recovery, or 
treatment response. Larger multisite studies not solely ex-
amining white matter, but also perfusion, cerebrovascular 
reactivity, functional connectomes, and metabolism in the 
framework of the individual’s mental health, genetics, and 
physiology will be necessary to improve our understanding 
and ability to diagnose and treat TBI.

By synthesizing this body of research, we now know 
that TBI is a complex and heterogenous disease. Moreover, 
we are only beginning to scratch the surface of our under-
standing of TBI, postconcussive syndrome, and the tech-
niques we are using and developing to assess TBI.
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