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Summary 
 
 
TBI causes cognitive impairment but it remains contested which cognitive domains are most 
affected. Further, moderate-severe TBI is known to be deleterious, but studies of mild TBI 
(mTBI) show a greater mix of negative and positive findings . This study examines the longer-
term cognitive effects of TBI severity and number of mild TBI in later life. We examined a 
subset (n=15,764) of the PROTECT study, a cohort assessing risk factors for cognitive decline 
(ages between 50 and 90). Participants completed cognitive assessments annually for four 
years. Cognitive tests were grouped using a Principal Components Analysis (PCA) into working 
memory, episodic memory, attention, processing speed and executive function. Lifetime TBI 
severity and number were retrospectively recalled by participants using the Brain Injury 
Screening Questionnaire (BISQ). Linear Mixed Models examined the effect of severity of head 
injury (non-TBI head strike, mild TBI (mTBI) and moderate-severe TBI) and number of mTBI at 
baseline and over time. mTBI was considered as a continuous and categorical variable 
(groups: 0 mTBI, 1 mTBI, 2 mTBIs, 3 mTBIs and 4+ mTBIs). Of the participants 5,725 (36.3%) 
reported at least one mild TBI and 510 (3.2%) at least one moderate-severe TBI, while 3,711 
(23.5%) had suffered at worst a non-TBI head strike and 5,818 (32.9%) reported no head 
injuries. The participants had suffered their last reported head injury an average (SD) of 29.6 
(20.0) years prior to the study. Regarding outcomes, there was no worsening in longitudinal 
cognitive trajectories over the study duration but at baseline there were significant cognitive 
deficits associated with TBI.  At baseline, compared to those without head injury, individuals 
reporting at least one moderate-severe TBI had significantly poorer attention (B=-0.163, 
p<0.001), executive scores (B=-0.151, p=0.004) and processing speed (B=-0.075, p=0.033). 
Those who had suffered at least a single mTBI also demonstrated significantly poorer 
attention scores at baseline compared to the no head injury group (B=-0.052, p=0.001). 
Compared to those with no mTBI, those in the 3 mTBI group manifested poorer baseline 
executive function (B=-0.149, p=0.025) and attention scores (B=-0.085, p=0.015). At baseline, 
those who had suffered 4 or more mild TBIs demonstrated poorer attention (B=-0.135, 
p<0.001), processing speed (B=-0.072, p=0.009) and working memory (B=-0.052, p=0.036), 
compared to those reporting no mTBI. TBI is associated with fixed, dose, and severity-
dependent cognitive deficits. The most sensitive cognitive domains are attention and 
executive function, with approximately double the effect compared to processing speed and 
working memory. Post-TBI cognitive rehabilitation should be targeted appropriately to 

domain-specific effects. Significant long-term cognitive deficits were associated with 3 
lifetime mTBI, a critical consideration when counselling individuals post-TBI about continuing 
high-risk activities. 
 
  



 

 

Introduction 
 
In the United Kingdom 2% of the population (~1.4 million people) attend emergency each 
year with a head injury1. It is the leading cause of death in people under 40. Traumatic Brain 
Injury (TBI) increases risk of dementia by 1.5 – 3 times and estimates suggest that TBI 
contributes between 3.4% and 15% of dementia burden2,3. While it is clear that TBI cause 
cognitive deficits, the time course of these deficits, the cognitive domains most affected and 
the impact of repeat TBI remain subjects of debate. 
 
The Centres for Disease Control states that TBI is “caused by a bump, blow, or jolt to the head, 
or penetrating head injury”. Importantly, not all head injuries cause TBI. A TBI, by definition, 
must disrupt the normal function of the brain4. TBIs vary in severity from “mild” (a transient 
alteration in mental status or loss of consciousness of less than 30 minutes) to “severe” 
(extended period of amnesia or unconsciousness greater than 30 minutes), as defined by the 
Mayo TBI Severity Classification System5. Definitions of TBI continue to develop and some 
include intracranial lesions on imaging, focal neurological deficits or cognitive/emotional 
symptoms 6. 

 
TBI and cognitive deficit time course: fixed steps or accelerating decline? 
 
TBI results in acute, direct neuronal damage and some studies suggest that subsequent to the 
acute period there is a chronic accumulation of pathological tau, amyloid beta and TDP-43 
with concomitant microglial activation, that persists for years post-injury7. Pre-clinical 
research suggests that the initial acute injury should result in a precipitous cognitive 
impairment while the chronic phase of accumulating proteinopathies should result in a 
progressive dementia-like process and thus more rapid cognitive decline over subsequent 
decades 8 (see Figure 1). However, these pre-clinical findings remain contested given the small 
study samples, uncontrolled confounders and predominant male populations in the studies 
9,10 . Indeed, the more rapid cognitive decline has not yet been borne out in the literature. 
While TBI has been shown to cause a sudden cognitive deficit that improves then stabilises in 
the months after the injury11,12, studies have not consistently demonstrated a subsequent 
and more rapid cognitive decline13–16.  
 

Cognitive domains affected by Moderate-Severe TBI 
Moderate-severe TBI has been associated with deficits in a number of cognitive domains, 
including episodic memory, processing speed, attention, working memory and executive 
function17–19.  Episodic memory deficits (67.5%) and attention deficits (56.7%) are the most 
frequent subjective complaints reported 4 years following moderate-severe TBI20. 
Interestingly, a 2007 meta-analysis21 found that in the years following moderate-severe TBI, 
deficits in processing speed (cohen’s d = 1.10) were greater than attention span (cohen’s d 
= 1.01). By contrast, working memory deficits, while important, are substantially smaller 
according to a recent meta-analysis that included studies of participants between 4 and 39 
years post injury (verbal working memory Cohen’s d = 0.37 and visuospatial working memory 
Cohen’s d = 0.69)12. While there has not been a large quantitative synthesis of the effect of 
moderate-severe TBI on executive function there is a large body of evidence supporting its 
clinical importance in TBI sufferers22. The developing literature on specific cognitive domain 



 

 

effects of TBI continue to inform evidence-based guidelines23 for cognitive rehabilitation post 
TBI. 
 

Mild TBI: How many is too many? 
 
It has been understood for some time that moderate-severe TBI causes neurological damage 
and global cognitive impairment, but recent human studies have demonstrated that a single 
mTBI can cause similar pathophysiological changes, including diffuse axonal injury, altered 
neurotransmitter activity and modified levels of brain excitability24,25. Epidemiological studies 
have had mixed results however, with a preponderance of studies indicating a single mTBI 
has no discernible cognitive effects26. Studies have also examined whether multiple mTBIs 
can cause cognitive deficits comparable to a single moderate-severe TBI and how many can 
be incurred before these deficits become apparent. A number of studies of young athletes 
have found that individuals who had suffered either 2+ or 3+ mTBIs had significantly 
worsened cognitive outcomes27–29 several years following the injury, although several others 
have found no association30,31. Most of these studies examining the cognitive effect of 
multiple mTBI examined only athletes, focussed on those in their 20s, were cross-sectional in 
design and did not follow participants for more than 7 years.  
 
There is a paucity of studies examining the effect of TBI on cognitive domains in a long term, 
longitudinal cohort. This study uses the Brain Injury Screening Questionnaire (BISQ)32, a 
validated retrospective screening tool for head injuries to assess the impact of lifetime TBI. It 
is the largest study to date to explore the cognitive effects of TBI and examines both baseline 
cognitive scores and cognitive change over time. Specifically, it considers changes in old age 
whereas most studies have considered populations in younger adulthood. It focuses on two 
key questions: (I) Which cognitive domains are most susceptible to mTBI and moderate-
severe TBI in the long term? and (II) Do increasing numbers of mTBI worsen cognitive baseline 
scores and/or cognitive trajectories? 
 
 



 

 

 
 
 
Figure 1: Post TBI Acute neuropathologies and chronic neurodegeneration (A) Healthy, myelinated axon prior to traumatic brain injury 
(TBI). (B) Acute axonal damage with demyelination of the axon (panels i and ii). (C) Chronic neuropathologies. (i) Tau pathology (ii) Amyloid 
B plaques. Taken from Graham NS, Sharp DJ. Understanding neurodegeneration after traumatic brain injury: from mechanisms to clinical 
trials in dementia. Journal of Neurology, Neurosurgery & Psychiatry 2019;90:1221-12333. This figure has been copied in accordance with 
the Creative Commons Attribution 4.0 Unported (CC BY 4.0) license (https://creativecommons.org/licenses/by/4.0/) 
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Methods 
 

Participant Population 
The PROTECT study, launched in November 2015, (www.protectstudy.org.uk)  is an ongoing 
online investigation of a large cohort of 50 to 90 year old individuals examining genetic and 
epidemiological risk factors for cognitive decline33. Individuals were required to have access 
to a computer and were excluded from the study if they had a diagnosis of dementia at 
baseline. Ethics approval was gained from the UK London Bridge National Research Ethics 
Committee (Ref. 13/LO/1578). Participants had a baseline assessment (Wave 1) and up to 
four years of annual assessments (Waves 2 - 5). The entire PROTECT cohort comprises ~ 
28,000 participants but this study included only the subset for whom TBI data was available 
(n = 15,764). Comprehensive descriptions of the study have been published previously33. 
 

Classification of TBI 
 
Information on TBI was gathered using the Brain Injury Screening Questionnaire (BISQ)32, 
which was an optional but encouraged self-administered survey within the PROTECT study. 
The BISQ screens for lifetime history of head injuries and captures the aetiology of the injury 
(sports related, motor vehicle crashes etc.), the age of first/last TBI, the number of injuries 
and the severity or each episode (length of time unconscious/dazed or confused).  
 
Each reported head injury was classified, based on available data, into three categories 
according the Mayo TBI Severity Classification System: 

1. Non-TBI Head Strike - a head injury without any subsequent loss of consciousness or 
dazed or confused episode. 

2. mTBI – a head injury followed by loss of consciousness (LOC) of less than 30 minutes 
or a dazed or confused episode. 

3. Moderate-severe TBI – a head injury followed by a LOC of 30 minutes or longer. 
 
In the first analysis individuals were grouped based on the worst injury they had suffered (i.e. 
No head injury (comparison group), Non-TBI Head Strike, mTBI or moderate-severe TBI). This 
was then followed by an analysis of the effect of the number of mTBI. Ideally, we would have 
explored the effects of increasing numbers of both mild and moderate-severe TBI but there 
were not a sufficient sample of those with multiple moderate-severe TBI to explore this. Using 
the BISQ data each instance of mTBI reported was summed into a total and those who had 
not had a TBI were used as the comparison group. To assess whether any association between 
numbers of mTBI and cognitive outcomes existed mTBI number was first examined as a 
continuous variable. Then, to establish a threshold at which the number of mTBI may cause a 
significant deterioration, mTBI was examined as a categorical variable examining the 
following groups: 0 mTBI (comparison group), 1 mTBI, 2 mTBIs, 3 mTBIs and 4+ mTBIs. In order 
to reduce confounding in this part of the analysis all those who had suffered a moderate-
severe TBI were excluded from this second part of the analysis.  
 

Calculation of cognitive domain scores 
 

The PROTECT Study included three batteries of cognitive tests. The PROTECT Cognitive Test 
Battery (PCTB) comprised the Digit Span test, Paired Associates Learning Test, Baddeley 



 

 

Grammatical Reasoning Test (Verbal Reasoning) and the Spatial Working Memory (Self 
ordered search) test. There has been 4 years of follow up for this battery. The second 
cognitive battery, COGTRACK, involved a number of tests assessing reaction time, processing 
speed, attention and episodic memory (see appendix A for battery descriptions). This testing 
battery was ceased after 3 years of follow up. The third cognitive battery was added after 3 
years of the study running and included the Stroop switching task and the Trail Making Test 
B. The uptake of the third testing battery has been considerably smaller (n = 5,184 vs 15,764) 
and there has only been a small portion of those individuals (n = 714) with 1 year follow up 
for these tests. As such, only baseline analysis, not longitudinal analysis, was performed for 
executive function scores. 
 
The participants were asked to perform 3 repeats of each cognitive test at least 12 hours apart 
within the space of a week. The mean of the repeats was taken to be the test score for that 
wave. Naturally, not all participants completed three repeats. In those who did there were 
significant learning effects (i.e. scores improved with test repetition), thus the number of test 
repeats within each wave was included as a covariate in all of our analyses. 
 
In order to develop cognitive domain scores an orthogonal rotated principal components 
analysis was performed on the baseline values of 11 outcome measures. Four were taken 
from the PCTB (Digit Span, Paired Associates Learning, Verbal Reasoning, Self-Ordered 
Search) and seven measures were taken from the COGTRACK assessment (Picture recognition 
Original stimuli accuracy, Picture recognition new stimuli accuracy, Attentional Intensity 
Index, Sustained Attention Index, Attentional Fluctuation Index, Cognitive Reaction Time, 
Memory Retrieval Speed) (see appendix A for details). 
 
For the main PCA the KMO test result was 0.717 and the Bartlett’s Test of Sphericity p-value 
was <0.001 indicating an acceptable fit34. The tests grouped into four dimensions (see 
appendix B). 
 
In ordered to ensure that the constructs remained valid throughout the waves the PCA 
analysis was repeated for each wave and it was confirmed that the tests reliably aggregated 
into the same four groupings. Additional PCAs for each wave were performed on the subset 
that contained TMTB and Stroop Tests. The KMO test result was 0.69, the TMTB and Stroop 
tests reliably aggregated into their own component and the results were otherwise 
unchanged. 
 
Each test score for all waves was standardised based on baseline mean and standard 
deviations. Tests in which higher scores indicated poorer performance (e.g. reaction time 
tests) were inverted, such that higher Z scores always indicated better performance. All Z 
scores were winsorized to between 5 and -5 SD from the mean. 
 
Domain scores were calculated from the mean of the Z scores of the tests grouped by the 
PCA. The following domain scores were computed: 

1. Working Memory - Digit Span, Paired Associates Learning and Self-Ordered 
Search. The Verbal reasoning task was excluded from this domain score as it did 
not fit conceptually within working memory, despite being linked by the PCA. 



 

 

2. Episodic Memory - Picture recognition Original stimuli accuracy and Picture 
recognition New stimuli accuracy 

3. Processing Speed/Reaction Time - Attentional Intensity Index, Cognitive Reaction 
Time and Memory Retrieval Speed  

4. Attention - Sustained Attention Index and Attentional Fluctuation Index  
5. Executive - Trail Making Test B and Stroop Switching Test 

 
The domain scores were assessed for normal distribution by examining visually and testing 
for skewness. If the skewness was greater than 1 or less than -1 the score was transformed 
into a normal distribution. The attention domain score was negatively skewed and thus was 
inverted, log transformed and re-standardised to achieve a normal distribution. 
 

Classification of covariates 
 

Sex was coded in binary; 0 = men, 1 = women. Education was coded as a 6-level ordinal 
variable; 1 = Secondary Education, 2 = Post-secondary education, 3 = Vocational Qualification, 
4 = Undergraduate degree, 5 = Post graduate degree, 6 = Doctorate. Smoking was coded as a 
three-level variable; 0 = Never smoked, 1 = Previous Smoker and 2 = Current Smoker. All fully 
adjusted analyses included a previously validated vascular risk scoring system 35, as vascular 
risk factors are known contributors to cognitive decline and may confound the effect of TBI. 
Vascular risk was calculated as a score out of five, the sum of the following dummy variable 
co-morbidities; hypertension, stroke, coronary heart disease, diabetes and high cholesterol. 
Individual history of any previous psychiatric diagnosis was coded as a dummy variable; 0 = 
no previous diagnoses, 1 = any previous diagnoses.  
 

Statistical Analysis 
 
For all analyses partially and fully adjusted models were run. Model construction was decided 
using fitting parameters Akaike Information Criteria and Bayesian Information Criteria. It is 
known that rates of cognitive decline change with age and thus rather than using a simple 
time in study variable as the “time” variable, this study used a grand mean-centered “age at 
each wave” as the “time” variable. Furthermore, to account for non-linear decline of cognitive 
scores an age2 was also included. Partially adjusted models controlled for age, age2, sex, 
education status and number of repeats in the wave and included an interaction for either 
TBI severity or mTBI number and age at each wave. Models also including a TBI severity*age2 
were considered but ultimately excluded as they worsened model fit. Fully adjusted models 
additionally controlled for smoking, the composite vascular risk score and any history of 
psychiatric diagnoses. Fully adjusted models are reported and discussed in this paper, 
partially adjusted model results are included in the supplementary data (see appendix C) and 
are discussed if there are discrepancies between fully and partially adjusted models. 
 
Intergroup differences for continuous variables were assessed using ANOVA and for 
categorical variables using Chi-Squared analysis (see table 1). Linear mixed models (LMMs) 
were used to examine the effect of TBI cognitive domain scores at study baseline (irrespective 
of age) and on score trajectories (dependent on age). The first analysis used those who had 
not had a head injury as the comparator group, and assessed cognitive outcomes of those 
with with Non-TBI head strikes, mTBI and moderate-severe TBI. As a supplement to this an 



 

 

analysis was also run also using the mTBI group as the comparator (Supplementary Tables 5 
and 6). The second analysis compared those with 1, 2, 3 or 4+ mTBI with those who had 
suffered no mTBI and the third examined mTBI number as a continuous variable. The models 
specified a random intercept and slope (time varying age variable) while the other terms were 
treated as fixed effects. Statistical analyses were performed using R (Version 4.0.3). 
 

 

  



 

 

Results 
 

Participant Characteristics 
 
The cohort consisted of 15,764 participants of whom 6,227 (39.5%) reported at least one TBI 
and 510 (3.2%) at least one moderate-severe TBI (Table 1). Compared to those with no TBI 
history, those who had suffered mild or moderate-severe TBI had higher rates of previous and 
current smoking, hypertension, stroke, coronary disease, diabetes, high cholesterol, and 
psychiatric disease as well as marginally higher rates of attrition throughout the study. The 
participants had suffered their last reported head injury an average (SD) of 29.6 (20.0) years 
prior to the study and their first head injury an average of 38.7 (18.5) years prior. 

 
Effect of TBI severity on cognitive outcome 
 

At baseline, in the fully adjusted model, compared to those without head injury, individuals 
reporting at least one moderate-severe TBI had significantly poorer attention (B=-0.163, 
95%CI [-0.237, -0.088], p<0.001), executive scores (B=-0.151, 95%CI [-0.254, -0.049], p=0.004) 
and processing speed (B=-0.075, 95%CI [(-0.144, -0.006], p=0.033) (Figure 2A and Table 2). 
Those who had suffered at least a single mild TBI also demonstrated significantly poorer 
attention scores at baseline (B=-0.052, 95%CI [-0.082, -0.022], p=0.001). Interestingly, 
compared to those who reported no head injuries, those who report non-TBI head strikes 
(B=0.099, 95%CI [0.063, 0.134], p<0.001) and mild TBI (B=0.074, 95%CI [0.042, 0.107], 
p<0.001) had significantly better episodic memory scores at baseline. Compared to those with 
mTBI, the moderate-severe TBI group had significantly worse attention scores (B = -0.103, 
95% CI [-0.176, -0.03], p = 0.006) and episodic memory (B = -0.14, 95% CI [-0.218, -0.061], p < 
0.001) (Supplementary Table 6). There were no significant differences between head injury 
severity groups in the trajectories of cognition with increasing age. 
 

mTBI number and cognitive outcomes 
 
At baseline, in the fully adjusted model, increasing numbers of mTBI (measured as a 
continuous variable) was significantly associated with deficits in attention (B=-0.025, 95%CI -
0.033, -0.016], p < 0.001), executive function (B=-0.021, 95%CI [-0.038, -0.004], p = 0.015), 
processing speed (B=-0.011, 95%CI [-0.019, -0.003], p=0.005) and working memory (B=-0.009, 
95%CI [-0.016, -0.002], p=0.011)  (Figure 2C and Table 3). Conversely, there was a trend in 
those who had suffered mTBI to have a better trajectory of episodic memory decline over 
time (B=0.007, 95%CI [0.002, 0.013], p=0.014) although there was no effect for episodic 
memory at baseline. Considering mTBI number as a categorical variable, in the fully adjusted 
model, those in the 3 mTBI group, manifested poorer executive function (B=-0.149, 95%CI [-
0.279, -0.019], p=0.025) and attention scores (B=-0.085, 95%CI [-0.152, -0.017], p=0.015) 
(Figure 2B and Table 4). Those who had suffered 4 or more mTBIs demonstrated poorer 
attention (B=-0.135, 95%CI [-0.194, -0.076], p<0.001), processing speed (B = -0.072, 95%CI [-
0.126, -0.018], p=0.009) and working memory (B=-0.052, 95%CI [-0.1, -0.003], p=0.036) at 
baseline compared to those with no mTBI. Interestingly, at baseline those who had one mild 
TBI had significantly better working memory (B=0.049, 95%CI [0.021, 0.078], p=0.001) and 
episodic memory (B=0.051, 95%CI [0.015, 0.087], p=0.006) compared to those who reported 



 

 

no mTBI. There were no significant differences between the mTBI groups (0 mTBI vs 1, 2, 3 or 
4+ mTBI) in cognitive trajectories with increasing age.   
 
 
 

 
 
 

 
 
Figure 2: Box plots with 95% confidence intervals to showing the effect sizes of various TBI effects at baseline. Part A shows the effect of 
worst reported TBI severity on cognitive domains at baseline. The comparison group were those who had reported no previous head injuries. 
Part B shows the effect of the number of mild TBIs reported (categorical) on cognitive domains at baseline. The comparison group were 
those who had reported no previous mild TBIs. Those with a moderate-severe TBI were excluded from this analysis. Part C shows the effect 
of the number of mild TBI (continuous) on cognitive domains at baseline (e.g. For each additional reported mTBI there was a worsening of  
0.021 standard deviations in attention score). 
  



 

 

 

 

 

 
 Total (n = 

15,764) 
Uninjured 
(n = 5,818, 
32.9%) 

Non-TBI Head 
Strike (n = 3,711, 
23.5%) 

Mild TBI (n = 
5,725, 36.3%) 

Moderate to Severe 
TBI (n = 510, 3.2%) 

Significance 
of intergroup 
differences 
(p) 

Age (mean +/- SD) (n = 15,764) 62.7 +/- 7.3 62.9 +/- 7.1 62.7 +/- 7.2 62.4 +/- 7.3 62.9 +/- 7.7 0.001** 

Sex (M%/F%) (n = 15,764) 24.4% vs 75.6% 17.2% vs 82.8% 22.4% vs 77.6% 32.0 % vs 68.0% 37.3% vs 62.7% <0.001** 

Highest Educational Attainment (%) 
(n = 15,762)a 

1 - 13.0% 
2 - 11.1% 
3 - 20.0% 
4 - 33.8% 
5 - 18.1% 
6 - 4.0% 

1 - 14.4%, 
2 - 11.3%, 
3 - 19.9%, 
4 - 33.1%, 
5 - 17.8%, 
6 - 3.5% 

1 - 12.4%, 
2 - 10.8%, 
3 - 19.2%, 
4 - 35.5%, 
5 - 17.7%, 
6 - 4.5% 

1 - 12.1%, 
2 - 11.3%, 
3 - 20.6%, 
4 - 33.2%, 
5 - 18.7%, 
6 - 4.2% 

1 - 12.2%, 
2 - 8.8%, 
3 - 19.0%, 
4 - 37.6%, 
5 - 18.4%, 
6 - 3.6% 

<0.001** 

Ethnicity (n = 15,764) (% White 
European) 

97.3%  97.4%  97.4%  97.4%  96.0%  0.047* 

Smoking Status (n = 15,608) (%)b  1 – 55.3% 
2 – 41.4% 
3 – 2.8% 

1 – 59.3% 
2 – 38.2% 
3 – 2.5% 

1 – 56.8% 
2 – 40.6% 
3 – 2.6% 

1 – 50.6% 
2 – 46.2% 
3 – 3.3% 

1 – 51.9% 
2 – 42.7% 
3 – 5.4% 

<0.001** 

Hypertension (Y%) (n = 15,612) 23.8% 23.4% 23.0% 24.7% 26.1% 0.137 

Stroke (Y%) (n = 15,612) 1.4% 1.0% 1.3% 1.7% 3.4% <0.001** 

Coronary Disease (Y%) (n = 15,612) 4.3% 3.5% 4.2% 5.1% 7.0% <0.001** 

Diabetes (Y%) (n = 15,612) 3.4% 2.9% 3.2% 4.1% 4.0% 0.006** 

High Cholesterol (n = 15,612) 8.0% 7.4% 7.9% 8.4% 10.4% 0.047* 

Any history of psychiatric illness (n = 
15,271) 

33.6% 31.0% 33.6% 38.6% 42.5% <0.001** 

Total Number of Head Injuries (mean 
+/- SD) (n = 15,764) 

2.2 +/- 3.1 0 2.7 +/- 2.4 3.8 +/- 3.5 4.7 +/- 4.7 <0.001** 

Age at first head injury (mean +/- SD) 
(n = 6236) 

25.4 +/- 19.8 NA 27.0 +/- 21.1 24.8 +/- 19.2 23.9 +/- 17.4 <0.001** 

Years since first injury at wave 1 
(mean +/- SD) (n = 5983) 

38.7 +/- 18.5 NA 34.1 +/- 19.6 39.1 +/- 18.1 39.9 +/- 7.1 <0.001** 

Age at last head injury (mean +/- SD) 
(n = 5034) 

35.71 +/- 21.3 NA 34.1 +/- 22.7 35.9 +/- 20.8 36.5 +/- 20.7 <0.001** 

Years since last injury at wave 1 
(mean +/- SD) (n = 4574) 

29.6 +/- 20.0 NA 31.0 +/- 20.8 29.2 +/- 19.6 29.5 +/- 19.2 <0.001** 

Follow up (% of baseline)       

Wave 1 (Baseline) 100% (15764) 100% (5818) 100% (3711) 100% (5725) 100% (510) - 

Wave 2 (~ 1 year) 81.6% (12858) 82.7% (4813) 82.1% (3049) 80.2% (4592) 79.2% (404) 0.002** 

Wave 3 (~ 2 years) 70.0% (11036) 71.4 % (4156) 70.5% (2618) 68.5% (3920) 67.1% (342) 0.002** 

Wave 4 (~ 3 years) 58.7% (9257) 60.3% (3508) 59.2% (2200) 57.0% (3263) 56.1% (286) 0.003** 

Wave 5 (~ 4 years) 45.3% (7148) 46.9% (2278) 45.6% (1692) 43.7% (2503) 44.1% (225) 0.007** 

 
Table 1: Summary of study population characteristics in comparing those with no TBI, non-TBI head strikes, mild TBI and severe TBI. 
aEducational Status coded as follows; 1 = Secondary Education (GSCE/O levels), 2 = Post-secondary education (College, A levels, NVQ3 or 
below), 3 = Vocational Qualification (Diploma, certificate, BTEC, NVQ4 and above or similar), 4 = Undergraduate degree (BA, BSc etc.), 5 = 
Post graduate degree (MA, MSc, etc), 6 = Doctorate (PhD) 
bSmoking status coded as follows: 1 - Never smoked, 2 - Prev smoker, 3 - Current smoker) 
*p<0.05 
**p<0.01. 

 

 

 

  



 

 

 
 Executive   Working Memory  Episodic Memory  Processing Speed   Attention   

Variable B (95 CI) P B (95 CI) P B (95 CI) P B (95 CI) P B (95 CI) P 

Effect at study 
baseline 

          

Non-TBI Head Strike 0.061 (0.014, 0.109) 0.012* 0.026 (-0.003, 
0.056) 0.079 

0.099 (0.063, 
0.134) <0.001** 

-0.004 (-
0.034, 0.027) 0.823 

-0.022 (-0.055, 
0.012) 0.204 

Mild TBI -0.037 (-0.08, 0.006) 0.089 0.025 (-0.001, 
0.052) 0.061 

0.074 (0.042, 
0.107) <0.001** 

-0.006 (-
0.034, 0.021) 0.65 

-0.052 (-0.082, -
0.022) 0.001** 

Moderate-Severe 
TBI 

-0.151 (-0.254, -
0.049) 

0.004** -0.06 (-0.126, 
0.006) 0.076 

-0.066 (-
0.147, 0.015) 0.109 

-0.075 (-
0.144, -0.006) 0.033* 

-0.163 (-0.237, -
0.088) <0.001** 

Trajectories over 
increasing age (5-
year increments) 

          

Agea 

- - 
-0.007 (-0.018, 
0.003) 0.183 

-0.027 (-
0.042, -0.012) <0.001** 

-0.139 (-
0.152, -0.126) <0.001** 

0.026 (0.006, 
0.045) 0.01** 

Age2 

- - 
-0.023 (-0.026, -
0.02) <0.001** 

-0.017 (-
0.021, -0.012) <0.001** 

-0.008 (-
0.012, -0.003) <0.001** 

-0.026 (-0.032, -
0.019) <0.001** 

Non-TBI Head 
Strike*Age - - 

-0.006 (-0.022, 
0.011) 0.5 

-0.023 (-
0.046, 0) 0.051 

0.008 (-0.013, 
0.028) 0.478 

-0.018 (-0.048, 
0.012) 0.236 

Mild TBI*Age 
- - 

-0.007 (-0.021, 
0.008) 0.372 

0.007 (-0.013, 
0.027) 0.49 

0.014 (-0.004, 
0.033) 0.125 

-0.007 (-0.034, 
0.019) 0.587 

Moderate-Severe 
TBI*Age - - 

-0.012 (-0.047, 
0.023) 0.497 

0.032 (-0.017, 
0.08) 0.198 

0.025 (-0.019, 
0.069) 0.272 

0.04 (-0.024, 
0.104) 0.217 

 

 
Table 2: Summary of Linear Mixed Model results examining effect of head injury category (most severe injury sustained) on cognition domain scores in model adjusted for Sex, Age, Education, Smoking status, 
combined vascular risk score and history of psychiatric diagnoses. This model compares all head injury groups to individuals in the cohort who have had no head injuries i.e. a B of -0.211 at baseline means that the 
group had a mean score -0.211 standard deviations lower than those with no head injuries. 
The executive function model was examined only at baseline because at the time of this study there was only a small cohort of individuals with longitudinal data and the follow up was for a maximum of 1 year. 
*p<0.05 
**p<0.01 
aThe unit of age is 5 year increments i.e. the B indicates the number of standard deviations change in cognitive score with each additional 5 years of age 
  



 

 

 

 
 Executive  Working Memory  Episodic Memory  Processing Speed  Attention 

Variable B (95 CI) P B (95 CI) P B (95 CI) P B (95 CI) P B (95 CI) P 

Effect at study baseline          

mTBI number 
-0.021 (-0.038, -0.004) 0.015* 

-0.009 (-0.016, -
0.002) 0.011* 0 (-0.009, 0.01) 

0.93
6 

-0.011 (-0.019, -
0.003) 

0.005*
* -0.025 (-0.033, -0.016) 

<0.001
** 

Trajectories over increasing age (5-year increments) 

Age - - -0.028 (-0.035, -
0.021) 

<0.001
** 

-0.036 (-0.045, -
0.027) 

<0.0
01** 

-0.134 (-0.142, -
0.126) 

<0.001
** 0.012 (0, 0.024) 0.048* 

Age2 - - -0.022 (-0.025, -
0.019) 

<0.001
** 

-0.016 (-0.021, -
0.012) 

<0.0
01** 

-0.008 (-0.012, -
0.004) 

<0.001
** -0.026 (-0.033, -0.02) 

<0.001
** 

mTBI 
number*Age 

- - -0.001 (-0.005, 
0.004) 0.764 0.007 (0.002, 0.013) 

0.01
4* 

-0.001 (-0.006, 
0.005) 0.812 -0.003 (-0.01, 0.005) 0.504 

 

 
Table 3: Summary of Linear Mixed Model Results examining effect of numbers of lifetime mTBI as a continuous variable on cognitive domain scores. This model compares all mTBI groups to individuals in the cohort 
who have had no TBI. It is adjusted for age, sex, education, cognitive test repeats in wave, vascular risk scores, smoking status and a history of psychiatric diagnoses. This analysis excluded those who had a previous 
moderate-severe TBI. Age is grand-mean centred and measured in units of 5 years i.e. an effect size of age of -0.196, means that with each increase of 5 years of age the domain score will on average decrease by 
0.196 standard deviations. 
The executive function model was examined only at baseline because at the time of this study there was only a small cohort of individuals with longitudinal data and the follow up was for a maximum of 1 year. 
*p<0.05 
**p<0.01 
  



 

 

 
 

 Executive  Working Memory  Episodic Memory  Processing Speed  Attention  

Variable B (95 CI) P B (95 CI) P B (95 CI) P B (95 CI) P B (95 CI) P 

Effect at study baseline          

1 mTBI 
-0.019 (-0.083, 0.045) 0.566 

0.049 (0.021, 
0.078) 

0.001*
* 0.051 (0.015, 0.087) 

0.00
6* 

0.026 (-0.005, 
0.056) 0.104 -0.025 (-0.059, 0.009) 0.145 

2 mTBI 
-0.034 (-0.117, 0.05) 0.432 

-0.007 (-0.044, 
0.029) 0.688 0.01 (-0.036, 0.057) 

0.66
1 

-0.004 (-0.043, 
0.035) 0.85 -0.043 (-0.087, 0) 0.05* 

3 mTBI 
-0.149 (-0.279, -0.019) 0.025* 

-0.042 (-0.097, 
0.014) 0.143 

0.009 (-0.064, 
0.082) 

0.81
5 

-0.06 (-0.122, 
0.001) 0.055 -0.085 (-0.152, -0.017) 0.015* 

4+ mTBI 
-0.092 (-0.201, 0.017) 0.099 

-0.052 (-0.1, -
0.003) 0.036* 0.01 (-0.054, 0.073) 

0.75
9 

-0.072 (-0.126, -
0.018) 

0.009*
* -0.135 (-0.194, -0.076) 

<0.001
** 

Trajectories over increasing age (5-year 
increments)         

Age 

- - 
-0.024 (-0.032, -
0.016) 

<0.001
** 

-0.042 (-0.053, -
0.031) 

<0.0
01** 

-0.137 (-0.147, -
0.127) 

<0.001
** 0.013 (-0.002, 0.028) 0.081 

Age2 

- - 
-0.023 (-0.026, -
0.02) 

<0.001
** 

-0.017 (-0.022, -
0.012) 

<0.0
01** 

-0.009 (-0.013, -
0.004) 

<0.001
** -0.026 (-0.033, -0.02) 

<0.001
** 

1 mTBI*Age 
- - 

-0.011 (-0.027, 
0.005) 0.192 0.02 (-0.002, 0.043) 

0.07
5 0.021 (0, 0.041) 0.045* 0.003 (-0.027, 0.032) 0.861 

2 mTBI*Age 
- - 

-0.017 (-0.038, 
0.003) 0.101 

-0.004 (-0.032, 
0.025) 

0.81
1 0 (-0.026, 0.026) 0.997 -0.004 (-0.043, 0.034) 0.824 

3 mTBI*Age 
- - 

0.008 (-0.024, 
0.04) 0.633 

0.031 (-0.013, 
0.076) 

0.16
9 

-0.004 (-0.044, 
0.037) 0.859 -0.024 (-0.084, 0.036) 0.427 

4+ mTBI*Age 
- - 

-0.004 (-0.032, 
0.024) 0.797 

0.019 (-0.021, 
0.058) 

0.35
2 

-0.004 (-0.04, 
0.031) 0.806 -0.001 (-0.054, 0.052) 0.964 

 
Table 4: Summary of Linear Mixed Model Results examining effect of numbers of lifetime mTBI (1, 2, 3 or 4+.) on cognitive domain scores. This model compares all mTBI groups to individuals in the cohort who have 
had no TBI. The model is adjusted for age, sex, education, cognitive test repeats in wave, vascular risk scores, smoking status and a history of psychiatric diagnoses. This analysis excluded those who had a previous 
moderate-severe TBI. Age is grand-mean centred and measured in units of 5 years i.e. an effect size of age of -0.196, means that with each increase of 5 years of age the domain score will on average decrease by 
0.196 standard deviations. 
The executive function model was examined only at baseline because at the time of this study there was only a small cohort of individuals with longitudinal data and the follow up was for a maximum of 1 year. 
*p<0.05 
**p<0.01 



 

 

 
 
 
 

 



 

 

 
 
 



 

 

Discussion 
 
TBI is associated with chronic, fixed deficits rather than accelerating cognitive decline 
 
Grouping participants either by TBI severity or by mild TBI numbers showed consistently that 
there were no worsened trajectories of cognitive decline over time for those who had 
suffered a TBI. Rather, there were significant deficits at baseline that remained fixed for the 
duration of the study. Specific effects on domains are discussed in subsequent sections. On 
average participants had their last TBI 29.6 years prior to the study and only 1.3% of TBI 
sufferers had their last TBI in the preceding 3 months. Thus, the effects largely reflect the 
chronic phase of TBI. The findings are consistent with the Ruttan et al (2008) meta-analysis 
that demonstrated that cognitive deficits post moderate-severe TBI remained stable over 
time from the 1 year to the 4.5+ years epochs13,36. 
 
By contrast, pre-clinical models of TBI suggest that chronic changes should cause long term 
neurodegeneration and thus an accelerative cognitive decline rather than just an additive, 
fixed injury. For example, microglia remain active at the site of injury for years after the injury 
and are thought to contribute to the chronic effects of diffuse axonal injury and the 
accumulation of pathological proteins6–8. Furthermore, the tau proteinopathy caused by the 
injury and inflammation performs progressive self-seeding, in which it spreads in a prion like 
fashion. In mouse models of TBI P-tau is initially only present at the injury site, after 6 months 
it is detected in the contralateral hemisphere8,37,38. The apparent conflict between the pre-
clinical and clinical results may on one hand merely indicate a lack of mouse model fit for 
human cognitive studies but on the other hand it may suggest that the chronic inflammatory 
changes in the brain provide some level of protection from or prevention of chronic 
neurodegeneration, as some studies indicate39. In either case, the results from this study and 
other epidemiological studies suggest that in the chronic phase of a TBI an individual will 
experience fixed cognitive deficits rather than a persistent, accelerative neurodegenerative 
process. 
 

Cognitive domain deficits associated with TBI 
 

This study found that a history of moderate-severe TBI was associated with significantly 
poorer attention, executive and global cognitive scores at baseline but did not affect the 
trajectories of these cognitive scores as they aged. Of the cognitive domain scores attention 
was the most sensitive to moderate-severe TBI, followed by executive function and 
processing speed. The secondary analysis examining the effect of numbers of mTBI 
corroborated this hierarchy finding again that attention was most sensitive the effects of 
mTBI, followed by executive function, processing speed and working memory, with no 
significant effect reported for episodic memory. These findings are supported by evidence 
that cortical frontal regions are the most common direct foci of primary TBI injury (e.g. from 
forces of a punch or motor vehicle) and secondary injury, from the coup/contra-coup bruising 
effect of rapid cranial acceleration and deceleration40. Furthermore, previous imaging studies 
have identified the poles of the frontal lobe as one of the most common sites of grey matter 
atrophy and axonal rarefaction post-TBI41,42. But these findings are at odds with the findings 
of the CENTER-TBI study (n = 1554)43 which found that 6 months after TBI one of the most 
affected domains was learning and memory whereas tests of attention and executive function 



 

 

tended to be less impacted. These differences are not as striking, when considering that 
CENTER-TBI used verbal memory tests to assess memory whereas this study used visual 
memory and that some of the tests they classified as processing speed measures (e.g. TMTB) 
this study classified as executive function (e.g. TMTB). Even with this considered, the findings 
of no association with episodic memory is perplexing as much of the self-reported data on 
TBI that that have found that episodic and working memory are the most frequently reported 
complaints several years post-TBI20. Explaining this, Vakil (2005) argued that the profile of 
memory deficits is consistent with predominant patterns of frontal injury rather than medio-
temporal injury or pure amnesia. Deficits are more pronounced in recall rather than 
recognition tasks, indicating that memory problems occur secondary to executive 
dysfunction44. Understanding the most vulnerable cognitive domains is critical as it allows for 
evidence-based prioritisation in post-TBI cognitive rehabilitation23. 
 

Three or more mTBI associated with significant cognitive deficits 
 

This study found that those who reported three mTBI had significantly worse executive 
function and attention scores, and those who reported 4+ mTBI had worsened attention, 
processing speed and working memory. Whereas most studies for repeated mTBI have 
focussed on young athletes in the acute or sub-acute phase (<3 months post) this study 
examined the mid to late life general population largely in the chronic phase of TBI (>3 months 
post). This is a critically important result. It gives a clear threshold at which mid to late life 
cognitive deficits can be realistically expected. Legal regulations and medical guidelines 
around when to stop higher risk activities, such as contact sports, are hotly debated45. Most 
experts agree that recommendations to cease the higher risk activity should be case by case 
depending upon the severity of the injury, the extent of the ongoing deficits and the force of 
subsequent TBI-inducing force (vis-a-vis “Fighters Chin” syndrome46). However, such 
assessments can be insensitive to small effects, often lack a pre-TBI baseline and assess 
current rather than future function. When making recommendations for those who have 
suffered recurrent TBI clinicians should be cognizant that some long-term cognitive deficits 
can be expected after 3 or more mTBI. Although the effect sizes for the cognitive deficits at 3 
or 4+ mTBI were small (i.e. all B < 0.2), the effects were dose-dependent. That is, the deficit 
increased step-wise with increased numbers of reported mTBI (see tables 3 and 4) and thus 
recommendations should indicate that each additional mTBI increases risk of substantial 
cognitive decline. As previously mentioned there was no greater decline in cognitive scores 
with time in study for those with higher numbers of mTBI suggesting that in the chronic phase, 
mTBI causes a dose dependent, fixed cognitive deficit. 
 

Ability to recall historical TBI associated with better memory 
 

Interestingly, those in the Non-TBI head strike or mild TBI group (table 2), had significantly 
better episodic memory compared to those who had no head injuries. Similarly, those in the 
1 mTBI group had significantly better episodic and working memory compared to those with 
no mTBI. This likely reflects that accurately recalling events from many years ago requires 
good episodic memory. It is likely that some individuals reporting no historical TBIs or head 
injuries may have in fact had prior injuries but lack the memory capacity to recall them. This 
may have led to an underestimation of the effect of TBI on cognition as it is likely that some 



 

 

of the “healthy” comparison group had in fact suffered TBI. This highlights an inherent 
weakness in the retrospective design of this study, which is discussed further below. 
 

Strengths and Limitations 
 
The key strengths of this study are the large sample size, the longitudinal design and 
comprehensiveness of the BISQ screening tool. The sample size of 15,764 makes this study 
nearly twice as large as any other study examining cognitive test outcomes post-TBI. This 
allowed for detection of small effect sizes and for reliable and powerful subgroup analysis. 
The longitudinal design of the study allowed for inspection of trajectories of cognitive scores 
rather than just cross-sectional associations. The BISQ characterises each discrete head injury 
and the context in which it happened, allowing for a quantitative breakdown of injuries by 
number and timing. 
 
The main limitations of this study include missing data, unmeasured confounders, 
retrospective recall of injuries, challenges with follow-up and difficulties with domain 
interpretation. There are a number of unmeasured covariates such as lower socioeconomic 
status, physical health and history of alcohol/drug use, that are known to affect cognitive 
scores and be associated with higher rates of TBI, potentially confounding the results. The 
retrospective design of the study, with elderly participants often recalling details of events 
more than three decades in the past, may have caused an underreporting of head injuries 
and thus an underestimate of the size of their effect. While the comprehensive, structured 
nature of the BISQ improves the accuracy of the data collection, results should be interpreted 
with the understanding of mixed reliability of long-term recall in older individuals. The 
longitudinal follow up at four years was 45.3%, although a significant loss to follow up it is 
comparable to other longitudinal studies of ageing. This issue of missing follow up data was 
mitigated using the linear mixed model design. While the PCA is a useful tool for reducing 
dimensionality, the domains produced are imperfect constructs. For the domain of executive 
function both the Trail Making Test B and Stroop Switching Task are timed and partly reflect 
processing speed. Thus, results may partially reflect deficits in speed rather than executive 
function. Further, the episodic memory relied purely on a measure of pictorial recall rather 
than tests of verbal, numeric or narrative memory and thus its generalisability to the 
commonly understood idea of episodic memory is limited. 
 

Conclusion 
 

TBI in the chronic phase is associated with fixed, dose and severity dependent cognitive 
deficits rather than more rapid rates of cognitive decline. The most sensitive cognitive 
domains are attention and executive function, with approximately double the effect 
compared to processing speed and working memory. Post-TBI cognitive rehabilitation should 
thus be targeted based on the domain specific effects. Finally, significant long-term cognitive 
deficits begin to be seen after only three lifetime mTBI. This should be carefully considered 
when counselling individuals post-TBI about continuing high risk activities. 
 
 
Funding and Acknowledgments 
 



 

 

Acknowledgements: We would like to acknowledge all the staff at the University of Exeter 
College of Medicine and Health and Kings College London involved in the administration of 
the PROTECT study as well as the PROTECT participants themselves. 
Funding: This paper represents an independent research part funded by the National 
Institute for Health Research (NIHR) Biomedical Research Centre at South London and 
Maudsley NHS Foundation Trust and King’s College London. This research was also 
supported by the NIHR Collaboration for Leadership in Applied Health Research and Care 
South West Peninsula.  
Role of the funding source: The study sponsors provided funding but otherwise the design, 
collection, analysis, and interpretation of data, the writing of the report, and the decision to 
submit the paper for publication was done by the funded researchers independent of the 
funding bodies. 
 
Data sharing statement: Deidentified participant data and data dictionary for the PROTECT 
study is available on request from the PROTECT study team at the University of Exeter 
(support.protect@exeter.ac.uk). Access is available after approval of a proposal and a 
signed data access agreement. 
 
Disclosures: Clive Ballard collected consulting fees from the following companies: Acadia, 
AARP, Addex, Biohaven, Eli Lily and Company, Enterin Inc, Exciva, H.Lundbeck A.S, Janssen 
Pharmaceuticals, Novo Nordisk, Orion Corp., Otsuka America Pharm Inc, Sunovion Pharm. Inc, 
Suven, Roche, Axosome and Biogen. Clive Ballard is on Advisory Boards for the following 
companies: Acadia, Roche, Novo-Nordisk, AARP, Biogen and Synexus. Clive Ballard received 
an Honorarium from Harvard University for speaking; 
Adam Hampshire is owner and director of Future Cognition Ltd, a software development 
company the consulted on the development of the cognitive assessment software. 
 
Statement of contribution: All authors have contributed to the work, agree with the 
presented findings, and that the work has not been published before nor is being 
considered for publication in another journal. 
Dr Matthew Lennon contributed to methodology, formal analysis, visualisation, writing the 
original draft, and review & editing drafts. 
Helen Brooker contributed to conceptualisation, data curation, methodology, project 
administration, software, supervision, data validation and verification and review & editing 
drafts. 
Dr Byron Creese contributed to conceptualisation, data curation, methodology, project 
administration, software, supervision, validation and review & editing drafts. 
Tony Thayanandan contributed to supervision and review & editing drafts. 
Grant Rigney contributed to supervision and review & editing drafts. 
Professor Dag Aarsland contributed to funding acquisition, conceptualisation, data 
curation, methodology, project administration, resources, and review & editing drafts. 
Professor Adam Hampshire contributed to conceptualisation, data curation, methodology, 
project administration and resources. 
Professor Clive Ballard contributed to funding acquisition, conceptualisation, data curation, 
methodology, project administration, resources, and review & editing drafts. 
Dr Anne Corbett contributed to funding acquisition, conceptualisation, data curation, 
methodology, project administration, resources, and review & editing drafts. 

mailto:support.protect@exeter.ac.uk


 

 

Dr Vanessa Raymont contributed to methodology, project administration, resources, 
supervision and review & editing drafts. 
 

 
 
 
 

  



 

 

References 
 

1. Lawrence T, Helmy A, Bouamra O, et al. Traumatic brain injury in England and Wales: 
prospective audit of epidemiology, complications and standardised mortality. BMJ 
Open 2016;6(11):e012197–e012197; doi: 10.1136/bmjopen-2016-012197. 

2. Livingston G, Huntley J, Sommerlad A, et al. Dementia prevention, intervention, and 
care: 2020 report of the Lancet Commission. Lancet (London, England) 
2020;396(10248):413–446; doi: 10.1016/S0140-6736(20)30367-6. 

3. Graham NSN, Sharp DJ. Understanding neurodegeneration after traumatic brain 
injury: From mechanisms to clinical trials in dementia. J Neurol Neurosurg Psychiatry 
2019;90(11):1221–1233; doi: 10.1136/jnnp-2017-317557. 

4. Centers for Disease Control and Prevention. Report to Congress on Traumatic Brain 
Injury in the United States: Epidemiology and Rehabilitation. Atlanta, GA; 2015. 

5. Malec JF, Brown AW, Leibson CL, et al. The mayo classification system for traumatic 
brain injury severity. J Neurotrauma 2007;24(9):1417–1424; doi: 
10.1089/neu.2006.0245. 

6. Smith DH, Johnson VE, Stewart W. Chronic neuropathologies of single and repetitive 
TBI: substrates of dementia? Nat Rev Neurol 2013;9(4):211–221; doi: 
10.1038/nrneurol.2013.29. 

7. Johnson VE, Stewart JE, Begbie FD, et al. Inflammation and white matter 
degeneration persist for years after a single  traumatic brain injury. Brain 2013;136(Pt 
1):28–42; doi: 10.1093/brain/aws322. 

8. Tagge CA, Fisher AM, Minaeva O V, et al. Concussion, microvascular injury, and early 
tauopathy in young athletes after impact head injury and an impact concussion 
mouse model. Brain 2018;141(2):422–458; doi: 10.1093/brain/awx350. 

9. Walker A, Chapin B, Abisambra J, et al. Association between single moderate to 
severe traumatic brain injury and long-term tauopathy in humans and preclinical 
animal models: a systematic narrative review of the literature. Acta Neuropathol 
Commun 2022;10(1):13; doi: 10.1186/s40478-022-01311-0. 

10. Johnson VE, Stewart W, Trojanowski JQ, et al. Acute and chronically increased 
immunoreactivity to phosphorylation-independent  but not pathological TDP-43 after 
a single traumatic brain injury in humans. Acta Neuropathol 2011;122(6):715–726; 
doi: 10.1007/s00401-011-0909-9. 

11. Rabinowitz AR, Hart T, Whyte J, et al. Neuropsychological Recovery Trajectories in 
Moderate to Severe Traumatic Brain  Injury: Influence of Patient Characteristics and 
Diffuse Axonal Injury. J Int Neuropsychol Soc 2018;24(3):237–246; doi: 
10.1017/S1355617717000996. 

12. Dunning DL, Westgate B, Adlam ALR. A meta-analysis of working memory 
impairments in survivors of moderate-to-severe traumatic brain injury. 
Neuropsychology 2016;30(7):811–819; doi: 10.1037/neu0000285. 

13. Ruttan L, Martin K, Liu A, et al. Long-Term Cognitive Outcome in Moderate to Severe 
Traumatic Brain Injury: A Meta-Analysis Examining Timed and Untimed Tests at 1 and 
4.5 or More Years After Injury. Arch Phys Med Rehabil 2008;89(12 SUPPL.):S69–S76; 
doi: 10.1016/j.apmr.2008.07.007. 

14. Svingos AM, Asken BM, Jaffee MS, et al. Predicting long-term cognitive and 
neuropathological consequences of moderate to severe traumatic brain injury: 
Review and theoretical framework. J Clin Exp Neuropsychol 2019;41(8):775–785; doi: 



 

 

10.1080/13803395.2019.1620695. 
15. Finnanger TG, Olsen A, Skandsen T, et al. Life after Adolescent and Adult Moderate 

and Severe Traumatic Brain Injury: Self-Reported Executive, Emotional, and 
Behavioural Function 2-5 Years after Injury. Behav Neurol 2015;2015; doi: 
https://doi.org/10.1155/2015/329241. 

16. Sigurdardottir S, Andelic N, Wehling E, et al. Neuropsychological functioning in a 
national cohort of severe traumatic brain  injury: demographic and acute injury-
related predictors. J Head Trauma Rehabil 2015;30(2):E1-12; doi: 
10.1097/HTR.0000000000000039. 

17. Carroll LJ, Cassidy JD, Peloso PM, et al. Prognosis for mild traumatic brain injury: 
results of the WHO Collaborating Centre  Task Force on Mild Traumatic Brain Injury. J 
Rehabil Med 2004;(43 Suppl):84–105; doi: 10.1080/16501960410023859. 

18. Frencham KAR, Fox AM, Maybery MT. Neuropsychological studies of mild traumatic 
brain injury: a meta-analytic review of  research since 1995. J Clin Exp Neuropsychol 
2005;27(3):334–351; doi: 10.1080/13803390490520328. 

19. Schretlen DJ, Shapiro AM. A quantitative review of the effects of traumatic brain 
injury on cognitive  functioning. Int Rev Psychiatry 2003;15(4):341–349; doi: 
10.1080/09540260310001606728. 

20. Jourdan C, Bayen E, Pradat-Diehl P, et al. A comprehensive picture of 4-year outcome 
of severe brain injuries. Results from the  PariS-TBI study. Ann Phys Rehabil Med 
2016;59(2):100–106; doi: 10.1016/j.rehab.2015.10.009. 

21. Mathias JL, Wheaton P. Changes in attention and information-processing speed 
following severe traumatic brain injury: A meta-analytic review. Neuropsychology 
2007;21(2):212–223; doi: 10.1037/0894-4105.21.2.212. 

22. Stuss DT. Traumatic brain injury: relation to executive dysfunction and the frontal 
lobes. Curr Opin Neurol 2011;24(6). 

23. Cicerone KD, Goldin Y, Ganci K, et al. Evidence-Based Cognitive Rehabilitation: 
Systematic Review of the Literature From  2009 Through 2014. Arch Phys Med 
Rehabil 2019;100(8):1515–1533; doi: 10.1016/j.apmr.2019.02.011. 

24. Smith DH, Johnson VE, Trojanowski JQ, et al. Chronic traumatic encephalopathy — 
confusion and controversies. Nat Rev Neurol 2019;15(3):179–183; doi: 
10.1038/s41582-018-0114-8. 

25. Babikian T, McArthur D, Asarnow RF. Predictors of 1-month and 1-year 
neurocognitive functioning from the UCLA  longitudinal mild, uncomplicated, 
pediatric traumatic brain injury study. J Int Neuropsychol Soc 2013;19(2):145–154; 
doi: 10.1017/S135561771200104X. 

26. Iverson GL, Karr JE, Gardner AJ, et al. Results of scoping review do not support mild 
traumatic brain injury being associated with a high incidence of chronic cognitive 
impairment: Commentary on McInnes et al. 2017. PLoS One 2019;14(9):e0218997–
e0218997; doi: 10.1371/journal.pone.0218997. 

27. Moser RS, Schatz P, Jordan BD. Prolonged effects of concussion in high school 
athletes. Neurosurgery 2005;57(2):300–306; doi: 
10.1227/01.neu.0000166663.98616.e4. 

28. Collins MW, Grindel SH, Lovell MR, et al. Relationship between concussion and 
neuropsychological performance in college  football players. JAMA 
1999;282(10):964–970; doi: 10.1001/jama.282.10.964. 

29. Iverson GL, Gaetz M, Lovell MR, et al. Cumulative effects of concussion in amateur 



 

 

athletes. Brain Inj 2004;18(5):433–443; doi: 10.1080/02699050310001617352. 
30. Guskiewicz KM, Marshall SW, Broglio SP, et al. No evidence of impaired 

neurocognitive performance in collegiate soccer players. Am J Sports Med 
2002;30(2):157–162; doi: 10.1177/03635465020300020201. 

31. Iverson GL, Brooks BL, Lovell MR, et al. No cumulative effects for one or two previous 
concussions. Br J Sports Med 2006;40(1):72–75; doi: 10.1136/bjsm.2005.020651. 

32. Dams-OʼConnor K, Cantor JB, Brown M, et al. Screening for traumatic brain injury: 
findings and public health implications. J Head Trauma Rehabil 2014;29(6):479–489; 
doi: 10.1097/HTR.0000000000000099. 

33. Brooker H, Wesnes KA, Ballard C, et al. An online investigation of the relationship 
between the frequency of word puzzle use and cognitive function in a large sample of 
older adults. Int J Geriatr Psychiatry 2019;34(7):921–931; doi: 10.1002/gps.5033. 

34. Kaiser HF. An index of factorial simplicity. Psychometrika 1974;39(1):31–36; doi: 
10.1007/BF02291575. 

35. Makkar SR, Lipnicki DM, Crawford JD, et al. APOE ε4 and the Influence of Sex, Age, 
Vascular Risk Factors, and Ethnicity on Cognitive Decline. Journals Gerontol Ser A 
2020;75(10):1863–1873; doi: 10.1093/gerona/glaa116. 

36. Ashman TA, Cantor JB, Gordon WA, et al. A comparison of cognitive functioning in 
older adults with and without traumatic  brain injury. J Head Trauma Rehabil 
2008;23(3):139–148; doi: 10.1097/01.HTR.0000319930.69343.64. 

37. Kondo A, Shahpasand K, Mannix R, et al. Antibody against early driver of 
neurodegeneration cis P-tau blocks brain injury and  tauopathy. Nature 
2015;523(7561):431–436; doi: 10.1038/nature14658. 

38. Gentleman SM, Nash MJ, Sweeting CJ, et al. Beta-amyloid precursor protein (beta 
APP) as a marker for axonal injury after head  injury. Neurosci Lett 1993;160(2):139–
144; doi: 10.1016/0304-3940(93)90398-5. 

39. Corps KN, Roth TL, McGavern DB. Inflammation and neuroprotection in traumatic 
brain injury. JAMA Neurol 2015;72(3):355–362; doi: 10.1001/jamaneurol.2014.3558. 

40. Bigler ED. Traumatic brain injury, neuroimaging, and neurodegeneration. Front Hum 
Neurosci 2013;7:395; doi: 10.3389/fnhum.2013.00395. 

41. Mckee AC, Daneshvar DH. The neuropathology of traumatic brain injury. Handb Clin 
Neurol 2015;127:45–66; doi: 10.1016/B978-0-444-52892-6.00004-0. 

42. Wilde EA, McCauley SR, Hunter J V, et al. Diffusion tensor imaging of acute mild 
traumatic brain injury in adolescents. Neurology 2008;70(12):948–955; doi: 
10.1212/01.wnl.0000305961.68029.54. 

43. Wilson L, Horton L, Kunzmann K, et al. Understanding the relationship between 
cognitive performance and function in daily life after traumatic brain injury. J Neurol 
Neurosurg Psychiatry 2021;92(4):407 LP – 417; doi: 10.1136/jnnp-2020-324492. 

44. Vakil E. The effect of moderate to severe traumatic brain injury (TBI) on different 
aspects  of memory: a selective review. J Clin Exp Neuropsychol 2005;27(8):977–
1021; doi: 10.1080/13803390490919245. 

45. Skerrett P. Experts Debate: How Many Concussions Are Too Many for an Athlete? 
2016. 

46. Giza CC, Hovda DA. The new neurometabolic cascade of concussion. Neurosurgery 
2014;75 Suppl 4(0 4):S24-33; doi: 10.1227/NEU.0000000000000505. 

 

 



 

 

 


