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Cognitive Symptoms after mTBI

• Typical resolution within days to weeks 
• Up to one-third of veterans with mTBI report ongoing symptoms (Terrio et al 

2009;  Schneiderman et al. 2008)
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Veterans experience a wide-range of head injuries

Repetitive head impacts (RHI)

• Mechanism
• Severity 
• Number
• Recency  

Mild (mTBI)

Moderate to severe
TBI

Blasts

Contact Sports

Traumatic brain injury (TBI)



Traumatic Brain injury (TBI) and RHI in veterans

Mild TBI (mTBI)
with or without LOC (<30 min) 

80% 

Moderate/Severe TBI (20%)
LOC > 30 min

RHI
Sub-concussive



No mTBI
83% 

17% mTBI

59% multiple

41% single

Returning OEF/OIF Veterans



Documentation of Veteran head injuries 
Moderate to severe TBI

Some mTBI

Many more 
mTBIs
Most RHI
• Repetitive blasts
• Breaching exercises 
• Training exercises 
• Other unknown 

exposures



Head injury exposure over veteran life time

Childhood Mid-life/adulthoodYoung adulthood

Military Service 

Late life

mTBI mTBI mTBI

Sub-concussive RHI



History focuses on discrete episodes of mTBI
RHI is under-reported

Childhood Young adulthood

Military Service 

mTBI mTBI

Number of head injuries and at 
what ages if possible 

Years of combat exposure
Contact sports history: years of 
exposure 
(not just the concussions/mTBIs)

Subconcussive RHI



RHI: possible exposures during military service
• breaching 
• mortars
• artillery
• rifles 
• hand grenades 
• rocket launchers 
• paratrooping
• boxing or pugil stick training 

Photo courtesy U.S. Marine Corps/Lance Cpl. Angela Wilcox
Kamimori et al 2017



Post-concussive syndrome (PCS)
• Headache in 25-78%
• Mood changes 
• Irritability 
• Light sensitivity 
• Sound sensitivity 
• Changes in attention and 

concentration
• Memory difficulty 
• Vertigo and ataxia 
• Insomnia, sleep fragmentation, 

excessive daytime sleepiness
• Fatigue 



Resolution of PCS after mTBI

• Typical resolution within days to weeks 
• Up to one-third of veterans with mTBI report ongoing PCS (Terrio et al 2009;  

Schneiderman et al. 2008)



PTSD often co-occurs after mTBI in veterans: deficits in 
executive function and emotional processing 
(Vasterling et al. 2006)

PTSD

mTBI
post-
concussive 
syndrome 

BOTH
50%*

*Hoge et al. 2008, Lindquist et al. 2017

Interaction/Increased risk? 

Interaction?
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Some methods for assessing long-term effects of TBI

• Behavior/cognition 

• CSF

Structural  
Imaging/MRI

/ERP

EEG/ERP



Impact of mTBI on long-term cognition is controversial

• Some studies show cognitive impairment after mTBI highly 
related to PTSD, mood (Vasterling et al. 2012) 

•Dose effect: Number of mTBIs may increase risk of long-
term cognitive deficits and dementia (Kaup et al. 2016, 
Barnes et al. 2018)



• mTBI: slower processing speed vs. controls 
(controlling for PTSD and depression) 

• Blast exposure on average 10 years prior(2021)



Apolipoprotein E (APOE) gene
• Facilitates uptake, transport and distribution of lipids 
• Three major allelic variants : ∈ 2, ∈ 3, ∈ 4
• Differ in structure and function
• Major genetic risk determinant in late-onset AD (APOE ∈ 4 confers 

risk and ∈ 2 is protective)
• Possible role in recovery from neurotrauma, risk of 

neurodegeneration  

(Yamazaki, Y. Nature 2019)



• APOE4 carriers: poorer memory 
performance following TBI (any 
severity)

• APOE2 status: protective against 
memory declines after TBI

• Not true for executive function 



Older veterans with remote TBI have slowed 
processing and executive dysfunction

Kaup et al. 2016 and similar findings Peltz et al. 2017



Deficits most severe after multiple mTBIs or 
moderate/severe TBI 

Kaup et al. 2016
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Does Loss of Consciousness matter in mTBI ?

Barnes et al. 2018

• mTBI with LOC associated with slightly higher risk of future dementia (HR 2.5)
• Even without LOC mTBI is associated with dementia risk (HR 2.36)



Dementia risk and type of head injury exposure in 
veterans

mTBIRHI

>
mTBI

mTBI

mTBI

?



How much military-related RHI is too much ?



Increased risk with RHI and TBI combination

TBI 
with 
LOC

RHI >
mTBI
w/o 
LOC



Dementia risk and type of head injury exposure in 
veterans

mTBI

>
mTBI

Moderate to severe TBI



PTSD may be an independent dementia risk factor

• 2 fold greater risk of all cause dementia among PTSD group (before 
and after excluding those with TBI)

Yaffe et al. 2010



• Data on Veterans aged >=55 years, VA for 1999–2019, compared risk of ADRD 
between 
• Veterans with incident TBI (n = 9440) 

And 3 comparison groups: 
• (1) The general population of Veterans who receive care at the VA (All VA) (n = 119,003)

• (2) Veterans who received care at a VA emergency department (VA ED) (n = 111,342)

• (3) Veterans who received care at a VA ED for non-TBI trauma (VA ED NTT) (n = 65,710)



TBI as dementia risk factor greatest compared 
to all veteran population 

(Albrecht et al 2022)



Multiple head injuries early in life: cognitive 
impairments and dementia rates increase decades later

mTBI mTBI

Subacute Typical PCS 
period with 
resolution Extension of PCS period possible

Increased dementia risk 
Impaired memory, attention 
and processing speed 
difficulties 

Young adulthood Mid-life/adulthood Late life (decades later)
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Assessing Long-term effects of TBI

• Behavior/cognition 

• CSF

Structural  
Imaging/MRI

/ERP

EEG/ERP



ERPs distinguish 
mild AD from HC 
(Cecchi et al 2015)

Time-locked to tasks

Direct measure of 
brain physiology 

Low cost

Non-invasive 

(Luck, 2000)



ERP

Auditory oddball paradigm



P200 ERP component 

• Positive going peak 200 
msec after stimulus 
onset
• Associated with 

impaired attention and 
working memory 



ERPs as candidate biomarker of remote mTBI
• Older veterans with 

cognitive complaints 
• With and without remote 

head injury 
• Matched for age and 

education 
• Decreased P200 amplitude 

in head injury group
• Associated with impaired 

stimulus classification and 
processing  

Turk et al. 2021



• Visual oddball paradigm: 80% 
standard, 10% target, 10% emotional 
distractors (faces)

• Asked to press button for targets

• Younger to middle aged veterans 
with PTSD and TBI 

• healthy age matched community 
members without TBI



N200 ERP component 

• Fronto-centrally negative 
• 150 to 300 msec post stimulus 
• Reflects cognitive control
• Indexes stimulus novelty 
• Involved in response inhibition
(Folstein et al 2008) 

(Boudewyn et al) (Samima et al)



N200 increased amplitude to standard tones after 
negative distractors for veterans with TBI+PTSD 

(Campbell et al 2021)



Take aways: 

• Veterans: increased responses to distractors (less filtering of 
irrelevant information)

• PTSD+TBI group : reduced ERPs to task-relevant targets in attention 
task

• ERP measures of attention and inhibition associated with diagnosis, 
not PTSD severity 



• 46 mTBI without PTSD 
• 41 PTSD without mTBI
• 40 age matched healthy controls 
• Participants with mTBI + PTSD were excluded
• Go/No-Go Task: 
• Press button to target word: “PRESS” in green color and withhold if red color 
• EEG/ERP and fMRI

(Neurobiology of Stress, 2021)



Inhibition trials: N200 amplitude increased in mTBI
and PTSD groups 

(Korgoankar, 2021)



Conclusions :

•PTSD and mTBI : commonalities in neural mechanisms 
for impaired response inhibition 

• Increased N2 amplitude in mTBI : greater cognitive 
effort needed during response inhibition
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Can  a combination of behavioral and ERP 
measures help determine which veterans with TBI 
have or will progress to neurodegenerative 
conditions (AD, CTE)?

Chronic cognitive 
effects of TBI alone

Progressive 
cognitive deficits 
associated with 
AD or CTE



Specific clinical features of CTE by initial 
clinical presentation
• 85% Memory impairment
• 79% Executive dysfunc.
• 73% Attention & 

concentration difficulties
• 64% Sadness/depression
• 64% Hopelessness
• 58% Explosivity
• 58% Language impairment
• 55% Visuospatial

difficulties

• 52% “Out of control”
• 52% Physically violent
• 49% Verbally violent
• 46% Impulse control prob.
• 30% Suicidal 

ideation/attempts
• 30% Motor symptoms 

(parkinsonism, tremor, gait 
abnormalities, falls)

Neurology 2013; 81: 1122–1129 



Dual process model of memory

•Familiarity- general sense of knowing 
• Example: know someone’s face not how you know them 

•Recollection-detailed retrieval of information regarding prior 
encounter 
• Example: recalling you met the person last week at a party



Recollection and familiarity are distinct 

Familiarity 
• Entorhinal and parahippocampal

regions 
• FN400 ERP correlate

Recollection
• Hippocampus dependent 
• LPC ERP correlate



Budson & 
Solomon, 
2021

Stage III CTE: 
Tau deposition in 
medial temporal lobes 

6 confidence judgments: 
6: certain that the word is old
5: sort of certain that the word is old
4: not at all certain that the word is old
3: not at all certain that the word is new
1: certain that the word is new



Decreased recollection and familiarity as behavioral 
correlate of neurodegeneration 

• Familiarity spared in normal aging but affected by AD (Wolk et al 
2008)
• Could a similar pattern occur in early CTE (stage III tau deposition in 

MTL) with loss of both familiarity and recollection?



Older Controls MCI 
Mild AD  

Familiarity and Recollection impaired in MCI and AD 

(Ally et al 2009)



Design
• Study phase: 60 words 

• Deep encoding (30 words; 10 negative, 10 neutral, 10 
positive)
• Use the word in a sentence (1,2,3,4,5,6)

• Shallow encoding (30 words; 10 negative, 10 neutral, 10 
positive)
• Did the word have an ‘e’?

• Test phase: 120 words 
• 30 from deep encoding 
• 30 from shallow encoding
• 60 unstudied (20 negative, 20 neutral, 20 positive)
• 6 confidence judgments: 

• 6: certain that the word is old
• 5: sort of certain that the word is old
• 4: not at all certain that the word is old
• 3: not at all certain that the word is new
• 1: certain that the word is new

X2 
(counterbalanced such 
that order of shallow 
and deep encoding 

phases reversed ) 240 
total words tested 



Hypothesis : recollection and familiarity will be 
impaired in veterans with greater number of TBIs 
(and more risk of neurodegenerative disease)
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ERP correlate of familiarity 
• Topographic maps 300-500 msec post-stimulus
• FN400 frontally (negative voltages in pink) in the healthy control
• Hypothesis: relatively decreased amplitude of the FN400 
for the mTBI group at risk of neurodegeneration
• decrease in FN400 : 
• More time since TBI, greater number of TBIs 

0.3000s - 0.4992s

11.6 uV

-11.6 uV

Contour interval = 1.451e-006VmTBIHealthy 
control

-5.5 uV

5.5 uV



Poor effort decreases accuracy and complicates 
clinical mTBI diagnosis in veterans
•Poor effort in up to 6-68% of younger veterans 
(Armistead-Jehle, 2010; Gfeller & Roskos, 2013)
• Issues of secondary gain 
• Issues of feeling need to exaggerate to 
demonstrate non-specific symptoms that may 
not be “believed” by some clinicians
•Traditional effort measures can be “coached”
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• Decreased P300 amplitude: 
non-manipulatable measure 
allows reliable detection of 
AD vs. malingerers when 
combined with standard 
effort measures like the 
TOMM

• Future directions: ERPs as 
alternative effort measure in
veterans with head injury 



Outline
1. Prevalence and nature of Head Injury exposure in veterans

2. Updates on long-term Behavioral and Cognitive outcomes

3. TBI and head injury as dementia risk factor 

4. Electrophysiologic changes after head injury among veterans

5. Attempts to separate long-term effects of TBI vs. neurodegeneration

6. Structural imaging findings after TBI 

7. Cerebrospinal fluid measures 



• Behavior/cognition 

• CSF

Structural  
Imaging/MRI

/ERP

EEG/ERP

Assessing Long-term effects of TBI



Structural imaging of trauma related to mTBI
• White matter lesions and 

microhemmorhages possible
• Not sensitive or specific to prior 

mTBI
• Lack of correlation between 

imaging and cognition

Bottom line: 
Clinical management usually 
unaffected by imaging after remote 
mTBI
Research based imaging of WM 
tracts (DTI techniques most 
promising)

Salat et al 2017

WM lesions

microhemorrhage





Conclusions 
• Veterans with remote mTBI+ LOC: number of mTBIs was correlated with 

increased number perivascular spaces

• Quality of sleep: modulates relationship between mTBIs and PVS volume 
• Poor sleepers had increased PVS volume with each mTBI exposure 

• Significant positive correlation between PVS burden and severity of post-
concussive symptoms (particularly balance problem)

• Glymphatic clearance possibly impacted impacted by PVS (most active in 
sleep)

Mcconnell et al 2016 Biological Chemistry 



Exposure to blast pressure independently associated with hippocampal 
volume loss (beyond PTSD and mTBI) 

U.S. Marine 
Corps photo, 
Cpl. Shawn 
Valosin
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Some methods for assessing long-term effects of head injury

• Behavior/cognition 

• CSF

Structural  
Imaging/MRI

/ERP

EEG/ERP



Elevated p-tau231 and decreased Abeta42 in 
early stage CTE post-mortem

Turk et al 2021



Elevated p-tau231 in Late stage CTE vs. AD 
post-mortem 

Turk et al 2021



P-Tau231 and Abeta42 helped correctly 
classify CTE vs. controls (A) and CTE vs. AD (B)

Turk et al 2021



Interpretation of increased p-tau231 in CSF

(McKee et al 2015)



• Older veterans with and without mTBI

• TBI group: significantly higher levels of 
p-tau, P = .03 and t-tau P = .04

(adjusting for age and APOE ε4 positivity)



Poorer processing speed was associated with higher 
levels of p-tau and t-tau within the TBI group 

Clark et al 2021



Long-term Cognitive Symptoms after mTBI

• APOE4 increases risk of ongoing memory loss years after TBI
• Executive dysfunction and processing speed difficulties not unusual years 

later 
• Multiple TBIs confer greater dementia risk 
• ERPs showed impaired stimulus classification and decreased filtering of

irrelevant information 
• ERP and cognitive testing in combination may allow separation of 

neurodegenerative disease vs. chronic TBI
• MRI: increased perivascular spaces and possibly decreased glymphatic

clearance
• Hippocampal volume loss with increased blast pressure
• CSF measures of p-tau231, abeta, and t-tau may be elevated long-term  

Re-consideration of mTBI in 
veterans, especially multiple 
impacts as having long-term 
impact on cognition and 
dementia risk 



Thank you! 
• Veterans
• Lab members at the Center for Translational Cognitive Neuroscience 
• BU ADRC/CTE center colleagues 


