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Abstract
Introduction: Head injuries (HI) are a risk factor for dementia, but the underlying etiology is not fully known. Understanding whether tau might mediate this relationship is
important.
Methods: Cognition and tau deposition were compared between 752 individuals with
(impaired, n = 302) or without cognitive impairment (CN, n = 450) with amyloid and
[18 F]flortaucipir positron emission tomography, HI history information, and cognitive
testing from the Alzheimer’s Disease Neuroimaging Initiative and the Indiana Memory
and Aging Study.
Results: Sixty-three (38 CN, 25 impaired) reported a history of HI. Higher neuropsychiatric scores and poorer memory were observed in those with a history of HI. Tau was
higher in individuals with a history of HI, especially those who experienced a loss of
consciousness (LOC). Results were driven by impaired individuals, especially amyloid
beta-positive individuals with history of HI with LOC.
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Discussion: These findings suggest biological changes, such as greater tau, are associated with HI in individuals with cognitive impairment. Small effect sizes were observed;
thus, further studies should replicate and extend these results.
KEYWORDS

Alzheimer’s disease, head injury, mild cognitive impairment, tau, traumatic brain injury,
[18F]flortaucipir positron emission tomography (PET)

1

INTRODUCTION

Alzheimer’s disease (AD) affects more than 5.7 million people in

2
2.1

METHODS
ADNI participants

the United States.1 Mild cognitive impairment (MCI) is considered
a prodromal stage of AD.2 Pathological AD is defined by the pres-

Data used in the preparation of this article were obtained from ADNI

ence of amyloid beta (Aβ) plaques and tau neurofibrillary tangles

(http://adni.loni.usc.edu). See supporting information, http://adni.loni.

(NFT).1

usc.edu, and previous reports26–34 for more details. Informed consent

Traumatic brain injury (TBI) associated with head injury (HI) is a

was obtained according to the Declaration of Helsinki. Self-reported

risk factor for dementia, including AD and other neurodegenerative

medical history was manually reviewed for the presence of a reported

conditions.3–6 Chronic traumatic encephalopathy (CTE) is associated

HI with or without LOC. In ADNI, no direct question was asked about HI

with repeated TBI and characterized by deposition of hyperphospho-

and data were only acquired through self-initiated report. All included

rylated tau at the sulcal depths, along with TDP-43 and Aβ in some

individuals were screened for the presence of a reported HI with or

cases, and neuronal loss.7,8 Neuroimaging studies of individuals with

without LOC. These incidents were often a fall (“fall - hit head on

TBI have shown abnormalities in white matter microstructure9,10 and

curb, unconscious for 4-5 h”), sports participation (“Three helmeted

gray and white matter atrophy in symptomatic individuals thought to

hits resulting in LOC for a few seconds in High School football”), acci-

have CTE.11–13 In addition, a history of a HI was associated with cortical

dent (“Head injury [no LOC] from MVA [MRI negative]”), or other

thinning in AD-like regions in preclinical AD.14 Amyloid positron emis-

event (“Concussion”). These described events are only selected exam-

sion tomography (PET) studies in individuals with HI due to sports con-

ples. Participants were divided by diagnosis and history of HI with or

cussions and/or military-related injuries have been mixed, with some

without LOC. A second analysis divided participants based on diagno-

studies showing increased amyloid deposition,9,15 especially in those

sis and history of HI with LOC (any amount of time). Diagnosis was

with cognitive impairment,16 and others showing no increased amy-

assessed as described previously26,34 at http://adni.loni.usc.edu, and

loid positivity.17–19 Studies with [18 F]flortaucipir tau PET in small sam-

in the supporting information. Due to small sample sizes, participants

ples of suspected CTE and/or others with repetitive HI due to sports

were pooled into two diagnostic categories, including cognitively nor-

or military exposure (often case reports or small cohort studies) have

mal (CN) and cognitively impaired.

indicated increased [18 F]flortaucipir binding in subcortical regions
and the frontal, occipital, and temporal lobes.11,12,17,18,20–24 However, a neuropathological study using autoradiography in five cases

2.2

IMAS participants

of CTE indicated minimal sensitivity of [18 F]flortaucipir to CTE tau
pathology.25

IMAS is a longitudinal observational study of older adults at risk for

The goal of this study was to assess tau deposition with

and with clinical AD. For more information, see supporting informa-

[18 F]flortaucipir PET in older adults with and without a history of

tion. Informed consent was obtained according to the Declaration of

HI in a large sample of older individuals from the Alzheimer’s Disease

Helsinki. The participants were asked about history of HI, along with

Neuroimaging Initiative (ADNI) and the Indiana Memory and Aging

presence and length of LOC. As in ADNI, participants were divided

Studies (IMAS). We sought to determine whether tau deposition in

based on diagnosis and HI history, with or without LOC first and then

patients at risk for or with clinical AD would be exacerbated by HI.

based on diagnosis and HI with LOC (any amount of time).

We first evaluated differences in tau deposition on a regional level
between older adults with and without a history of HI. Then, we
evaluated regional tau differences between those with and without

2.3

Amyloid PET imaging

HI with loss of consciousness (LOC). We evaluated differences in
tau deposition using voxel-wise analysis. Finally, we assessed the

ADNI [18 F]florbetapir and [18 F]florbetaben scans were downloaded

interaction of Aβ deposition and HI on tau deposition on regional and

and processed with standard techniques (see supporting information).

voxel-wise analyses.

Standardized uptake value ratio (SUVR) images were converted to
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Centiloid (CL) units as previously described.35,36 However, processing
was done in SPM12, so new formulas were created. Specifically, SUVR
from the CL cortical region of interest (ROI) for [18 F]florbetapir scans
was adjusted using the formula ([181.04*SUVR]-192.1), while the cortical SUVR from [18 F]florbetaben scans were adjusted using the formula ([158.47*SUVR]-162.9). See Figure S1 in supporting information

and Co.) or

[18 F]florbetaben

1. Systematic Review: To investigate our research question of the impact of history of head injury on tau deposition and cognition, we searched PubMed for: “head
injury,” “Alzheimer’s,” “tau,” “[18F]flortaucipir,” “traumatic

for confirmation of successful CL processing.
IMAS amyloid PET scans were done with

RESEARCH IN CONTEXT

[18 F]florbetapir

(Eli Lilly

(Life Molecular Imaging) as described

previously36,37 and in the supporting information. The resulting SUVR

brain injury (TBI),” and “chronic traumatic encephalopathy (CTE).” We then combined the returned articles to
generate a summary of previous reports of associations
between tau and history of head injury.

images were converted to CL units as described above.
Global amyloid in CL units was extracted using the CL cortical ROI.
CL≥20.76 was considered Aβ positive (Aβ+), as this cut-off best pre-

2. Interpretation: Our results provide new evidence that
Alzheimer’s disease–related tau deposition in cognitively

dicted the SUVR cut-offs produced by UC Berkeley (SUVR > 1.11

impaired individuals may be exacerbated by a history of

for [18 F]florbetapir and SUVR > 1.08 for [18 F]florbetaben, data not

head injury, particularly one with loss of consciousness.
These findings provide evidence that changes in tau may

shown).

be important underlying biology linking history of head
injury with dementia risk.

2.4

3. Future directions: To confirm the current findings, addi-

[18 F]Flortaucipir PET imaging

tional analyses with larger and more diverse samples
Pre-processed ADNI

[18 F]flortaucipir

scans were downloaded

(http://adni.loni.usc.edu) and processed using standard techniques in

and longitudinal studies would be beneficial. In addition, longitudinal prospective studies of older adults with

SPM12. In IMAS, [18 F]flortaucipir scans were collected as described

impaired cognition and head injury with tau positron

previously36,37 and in the supporting information. [18 F]Flortaucipir

emission tomography are warranted.

SUVR was extracted from regions from subject-specific parcellations
using FreeSurfer v6. Specifically, bilateral mean SUVR was extracted
from the medial temporal lobe (MTL), inferior parietal, precuneus, and
intermediate group variability ([2*(SQRT[η2 /1- η2 ])*(3*[k-1]/[k+1])]),

frontal lobe.

where k is number of groups (k = 4).38
Exploratory voxel-wise analyses were completed to evaluate the

2.5

Statistical analyses

relationship of diagnosis and HI with [18 F]flortaucipir SUVR across the
whole brain. Two-way ANCOVA models (diagnosis by HI), masked for

Demographic and neuropsychological variables were compared

gray and white matter, were calculated in SPM12 to evaluate tau depo-

between groups using a Chi-square (for dichotomous variables [i.e.,

sition across all participants and in impaired individuals only, covaried

sex]) or a two-way analysis of covariance (ANCOVA). Age, sex, and

for age, sex, global cortical amyloid, cohort, and race/ethnicity. Sepa-

years of education were included as covariates where appropriate. A

rate models were calculated for those with a history of any HI and

P-value < .05 was considered significant for all comparisons.

for those with only HI with LOC. Voxel-wise results were displayed at

Mean [18 F]flortaucipir SUVR in all regions was not normally distributed. Thus, we performed a rank-based normal transformation

cluster-level P< .05 (family-wise error [FWE] correction for multiple
comparisons).

and performed target analyses with transformed variables. Both the

We also sought to determine whether Aβ positivity and HI

raw and transformed SUVR values had consistent results. We present

interact to influence tau deposition. Thus, transformed and raw

the transformed [18 F]flortaucipir SUVR values in the body of the

[18 F]flortaucipir SUVR were compared between groups (Aβ positiv-

manuscript and the raw [18 F]flortaucipir SUVR in the supporting infor-

ity by history of HI) using a two-way ANCOVA model, covaried for

and raw [18 F]flortaucipir SUVR

was com-

age, sex, diagnosis, and race/ethnicity (all), as well as cohort (raw only).

pared between groups (diagnosis by history of HI) using a two-way

Other covariates (years of education, APOE ε4 carrier status) were

ANCOVA model, covaried for age, sex, global cortical amyloid, and

tested for inclusion into the model but were non-significant and did not

race/ethnicity (all analyses), as well as cohort (raw values only). Other

change the pattern of results. Cohen’s d effect sizes were calculated as

covariates (education, apolipoprotein E [APOE] ε4 carrier status) were

described above. The association of Aβ positivity by history of HI with

tested for inclusion, but were non-significant and did not change

LOC with tau deposition was also evaluated on a voxel-wise level using

the pattern of results. Both of these analyses were repeated for HI

a two-way ANCOVA, masked for gray and white matter and covaried

with LOC. Finally, Cohen’s d was calculated to estimate effect size

for age, sex, global cortical amyloid, cohort, and race/ethnicity. Voxel-

using a transformation of η2 for the main effect of diagnosis and HI

wise results were displayed at cluster-level P < .05 (FWE correction for

([(2*[SQRT(η2 /1- η2 ])])

multiple comparisons). All analyses were repeated for HI with LOC.

mation figures. Transformed

and for the interaction using an adjustment for
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Demographics and neuropsychological performance

Cognitive Normals
No head injury

Head injury

No head injury

DX
P-value

HI Pvalue

DX by HI
P-value

n/a

n/a

Head injury

n

412

38

277

25

n/a

Cohort distribution (ADNI,
IMAS)

375, 37

24, 14

250, 27

19, 6

P < .001

Age (y)

72.47 (7.38)

72.21 (7.52)

74.84 (8.52)

75.52 (8.17)

.007

.844

.658

Education (y)

16.61 (2.46)

17.34 (2.11)

16.19 (2.56)

16.92 (2.53)

.209

.029

.995

Sex (M, F)*

164, 248

14, 24

156, 121

18, 7

Ethnicity/Race (% Non-Hispanic
White)*

87.38%

86.84%

89.53%

84.00%

.880

APOE Genotype (% ε4
positive)a, *

36.83%

37.14%

40.38%

54.54%

.363

Diagnosis (% MCI, % AD)*

n/a

n/a

74.73%, 25.27%

68.00%, 32.00%

CDR – Memoryb

0.02 (0.11)

0.04 (0.14)

0.68 (0.45)

0.76 (0.48)

<.001

.232

.410

0.02 (0.11)

0.05 (0.16)

0.56 (0.32)

0.62 (0.39)

<.001

.121

.569

CDR – Sum of Boxes

0.07 (0.23)

0.13 (0.41)

2.33 (2.35)

2.70 (2.42)

<.001

.293

.452

GDS Totalc

0.88 (1.28)

1.25 (1.56)

2.11 (2.18)

2.35 (2.33)

<.001

.204

.772

FAQ Totald

0.18 (0.80)

0.27 (0.77)

6.00 (7.29)

7.11 (7.11)

<.001

.370

.448

NPI-Q Totale

1.12 (2.70)

3.34 (9.13)

5.34 (7.63)

6.80 (8.79)

<.001

.016

.720

26.29 (2.66)

26.42 (2.09)

21.35 (4.88)

20.67 (4.37)

<.001

.578

.405

CDR – Global

b
b

MoCA Total Scoref,l

<.001

.763

RAVLT – Immediate Recall

46.35 (10.39)

44.56 (8.87)

32.99 (11.35)

30.78 (7.46)

<.001

.163

.883

RAVLT – Delayed Recallg,l

8.35 (4.30)

7.29 (3.59)

3.66 (4.23)

2.37 (2.65)

<.001

.039

.838

30.33 (9.06)

32.03 (9.96)

41.27 (20.94)

37.98 (14.18)

<.001

.696

.223

73.08 (33.67)

77.85 (30.48)

122.08 (78.38)

146.91 (82.83)

<.001

.058

.197

21.89 (5.58)

22.26 (4.16)

16.71 (6.06)

14.95 (4.82)

<.001

.353

.159

Self ECog – Memory Score

1.65 (0.53)

1.71 (0.56)

2.38 (0.78)

2.36 (0.77)

<.001

.833

.679

Self ECog – Total Scorej

1.38 (0.35)

1.41 (0.36)

1.9 (0.62)

1.82 (0.45)

<.001

.708

.437

Informant ECog – Memory
Scorek

1.34 (0.44)

1.46 (0.5)

2.55 (0.93)

2.62 (0.92)

<.001

.323

.770

Informant ECog – Total Scorek

1.18 (0.27)

1.28 (0.3)

2.06 (0.77)

2.18 (0.80)

<.001

.149

.914

Mean Global Cortical Amyloid
Centiloidm

20.60 (2.10)

11.24 (6.97)

46.84 (2.56)

50.95 (8.51)

<.001

.115

.714

Amyloid Positivity (% positive)*

32.38%

28.95%

58.12%

64.00%

g,l

Trail Making A (seconds)

h,l

Trail Making B (seconds)h,l
Animal Fluency Scorei,l
j

a

Impaired

<.001

77 participants missing (59 CN-no HI, 3 CN-HI, 12 IMP-no HI, 3 IMP-HI).
5 participants missing (3 CN-no HI, 2 IMP-no HI).
c
12 participants missing (3 CN-no HI, 2 CN-HI, 5 IMP-no HI, 2 IMP-HI).
d
39 participants missing (8 CN-no HI, 1 CN-HI, 24 IMP-no HI, 6 IMP-HI).
e
12 participants missing (5 CN-no HI, 7 IMP-no HI).
f
24 participants missing (11 CN-no HI, 13 IMP-no HI).
g
20 participants missing (10 CN-no HI, 1 CN-HI, 8 IMP-no HI, 1 IMP-HI).
h
24 participants missing (3 CN-no HI, 1 CN-HI, 17 IMP-no HI, 3 IMP-HI).
i
4 participants missing (1 CN-no HI, 3 IMP-no HI).
j
53 participants missing (13 CN-no HI, 3 CN-HI, 32 IMP-no HI, 5 IMP-HI).
k
90 participants missing (31 CN-no HI, 8 CN-HI, 47 IMP-no HI, 4 IMP-HI).
l
Covaried for age, sex, and years of education.
m
Covaried for age, sex, cohort, and race/ethnicity.
*Chi-square test.
Abbreviations: ADNI, Alzheimer’s Disease Neuroimaging Initiative; APOE, apolipoprotein E; CDR, Clinical Dementia Rating; CN, cognitively normal; HI, head
injury; DX, diagnosis; HI, head injury; IMAS, Indiana Memory and Aging Study; IMP, impairment; MCI, mild cognitive impairment; MoCA, Montreal Cognitive
Assessment; NPI-Q, Neuropsychiatric Inventory–Questionnaire; RAVLT, Rey Auditory Verbal Learning Test.
BOLD p-values represent those meeting statistical significance after multiple comparison correction; Italicized BOLD p-values represent those meeting statistical significance without multiple comparison correction; Italicized p-values (non-BOLD) represent those with trend-level significance.
b
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3

RESULTS

were associated with diagnostic status, such that amyloid was significantly greater in impaired individuals than CN. No significant inter-

Demographics, clinical measures, and
3.1
cognitive performance

action effect of history of HI and diagnosis on amyloid deposition
was observed. Impaired individuals demonstrated cognitive impairment relative to CN on all measures. Interestingly, individuals with

Of 450 CN, 38 (8.4%) self-reported a history of HI with or without

HI showed higher levels of neuropsychiatric symptoms as reported

a LOC, as did 25 (8.3%) of 302 impaired participants. In addition,

on the Neuropsychiatric Inventory–Questionnaire (NPI-Q). This was

18 (4.0%) of 450 CN reported a HI with LOC, as did 13 (4.3%) of

primarily driven by increased levels of agitation/aggression, frontal

302 impaired participants. Demographic, clinical, and cognitive mea-

symptoms (elation/euphoria, apathy/indifference, disinhibition, irri-

sures are displayed in Table 1. Cohort distribution was different across

tability/lability), and delusion/hallucination scores rather than mood

groups, with IMAS being a greater percentage of those reporting HI

disturbances, grouped as in Trzepacz et al. (data not shown, all P < .05).39

relative to ADNI. Approximately 25% of IMAS participants reported

Alternatively, grouped according to Apostolova et al.,40 history of

a history of HI versus only 6% of ADNI participants. No difference

HI was associated with increased levels of distress/tension and psy-

in MCI/AD distribution was observed between those with and with-

chotic behaviors, rather than affective symptoms (data not shown, all

out HI. Age was greater in impaired individuals than CN. Education

P < .05). Finally, individuals with HI showed lower performance on

was higher in those with HI relative to those without. Sex was sig-

delayed recall and a trend toward poorer performance on Trail Making

nificantly different by group, which was driven by diagnosis rather

B (Table 1), even when covaried for amyloid positivity. When adjusted

than HI. Global amyloid and amyloid positivity were not associated

for multiple testing, only the effect of HI on NPI-Q remained significant.

with history of HI. However, global amyloid and amyloid positivity

All effects of diagnosis also remained significant.

F I G U R E 1 Tau deposition by diagnosis and history of head injury. Individuals with a history of head injury (HI) with or without a loss of
consciousness (LOC) show greater normal transformed [18 F]flortaucipir SUVR in the (A) medial temporal lobe (DX: P < .001, d = 0.313; HI:
P = .034, d = 0.156; DX by HI: P > .1), (B) inferior parietal lobe (DX: P < .001, d = 0.307; HI: P = .024, d = 0.166; DX by HI: P > .1), (C) precuneus (DX:
P < .001, d = 0.302; HI: P = .025, d = 0.165; DX by HI: P > .1), and (D) frontal lobe (DX: P < .001, d = 0.309; HI: P = .038, d = 0.153; DX by HI: P > .1).
This effect appears to be driven by the impaired participants in the study. Age, sex, mean global amyloid, and race/ethnicity were included as
covariates. Note: Participants include 412 CN without history of HI, 38 CN with history of HI, 277 impaired without history of HI, 25 impaired with
history of head injury. Abbreviations: ADNI, Alzheimer’s Disease Neuroimaging Initiative; CN, cognitively normal; d, Cohen’s d; DX, diagnosis;
HI, head injury; IMAS, Indiana Memory and Aging Study; LOC, loss of consciousness; SUVR, standardized uptake value ratio
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F I G U R E 2 Tau deposition by diagnosis and history of head injury with loss of consciousness. Individuals with a history of head injury (HI) with a
loss of consciousness (LOC) show significantly greater normal transformed [18 F]flortaucipir SUVR in the (A) medial temporal lobe (DX: P < .001,
d = 0.296; HI with LOC: P = .049, d = 0.144; DX by HI with LOC: P = .104, d = 0.215), (B) inferior parietal lobe (DX: P < .001, d = 0.295; HI with
LOC: P = .025, d = 0.164; DX by HI with LOC: P = .096, d = 0.220), (C) precuneus (DX: P < .001, d = 0.294; HI with LOC: P = .036, d = 0.154; DX by
HI with LOC: P = .083, d = 0.230), and (D) frontal lobe (DX: P < .001, d = 0.296; HI with LOC: P = .034, d = 0.149; DX by HI with LOC: P = .086,
d = 0.227). This effect appears to be due to increased tau in impaired participants with HI with LOC. Age, sex, mean global amyloid, and cohort
were included as covariates. Note: Participants include 432 CN without history of HI with LOC, 18 CN with history of HI with LOC, 289 impaired
without history of HI with LOC, 13 impaired with history of head injury with LOC. Abbreviations: ADNI, Alzheimer’s Disease Neuroimaging
Initiative; CN, cognitively normal; d, Cohen’s d; DX, diagnosis; HI, head injury; IMAS, Indiana Memory and Aging Study; LOC, loss of consciousness;
SUVR, standardized uptake value ratio

3.2
Regional tau deposition by diagnosis and
history of HI

d = 0.2–0.25) and was significant using the raw values (Figure S3; all
P < .05, Cohen’s d = 0.4–0.45). Again, increased tau in impaired participants with HI relative to those without was observed, but not in

A main effect of HI was observed where participants with HI showed

CNs. As expected, significant effects of diagnosis were also observed

greater tau deposition in the MTL, inferior parietal lobe, precuneus,

(all P < .05, Cohen’s d = 0.3–0.45).

and frontal lobe relative to those without using both transformed (Figure 1A-D; all P < .05) and raw values (Figure S2 in supporting information; all P < .05). The main effect of HI had a Cohen’s d value of 0.1 to

3.3

Voxel-wise analysis

0.2, representing a small effect size. No interaction between diagnosis
and HI was observed using the transformed values, but an interaction

A significant effect of HI (with or without LOC) was observed, with

was observed when evaluating the raw values (Figure S2; all P < .05,

higher [18 F]flortaucipir SUVR in bilateral superior and medial parietal

Cohen’s d = 0.25–0.3). A significant main effect of HI with LOC on tau

lobes and frontal lobe on voxel-wise analysis (Figure 3A). In addition,

deposition in all assessed regions was observed in with the transformed

a significant interaction between diagnosis and HI was observed in

values (Figure 2A-D; all P < .05, Cohen’s d = 0.1–0.2) and the raw val-

the bilateral superior lateral and medial parietal lobes (Figure 3B). In

ues (Figure S3 in supporting information; all P < .05, Cohen’s d = 0.2–

impaired participants only, significantly higher [18 F]flortaucipir SUVR

0.25). A trend for an interaction between diagnosis and HI with LOC

was observed in the bilateral superior frontal lobes and superior and

was observed using the transformed values (Figure 2; P ≤ .10, Cohen’s

medial parietal lobes (Figure S4A in supporting information) in those
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F I G U R E 3 Voxel-wise effect of diagnosis and history of head injury on tau deposition. (A) A significant main effect of history of head injury (HI)
with or without a loss of consciousness (LOC) was observed, with significant clusters indicating greater [18 F]flortaucipir SUVR in the parietal and
frontal lobes. (B) In addition, an interaction between diagnosis and history of HI was observed, with significant clusters in the medial and lateral
parietal lobes. (C) A similar but more extensive pattern of the frontal and parietal lobes shows a significant main effect of TBI with LOC. (D) An
interaction between diagnosis and history of HI with LOC was also observed, with significant clusters in the frontal and parietal lobes. Significant
effects of diagnosis were also observed (data not shown). All results shown at a cluster-wise threshold of P < 0.05 (family-wise error correction for
multiple comparisons) and covaried for age, sex, global cortical amyloid, and cohort. Note: For (A) and (B), participants include 412 CN without
history of HI, 38 CN with history of HI, 277 impaired without history of HI, 25 impaired with history of head injury; for (C) and (D), participants
include 432 CN without history of HI with LOC, 18 CN with history of HI with LOC, 289 impaired without history of HI with LOC, 13 impaired with
history of head injury with LOC. Abbreviations: CN, cognitively normal; HI, head injury; L, left; LOC, loss of consciousness; R, right; TBI, traumatic
brain injury

with HI relative to those without. No effect of HI was observed in CN

with LOC was observed for the transformed values, but interaction was

only, suggesting the findings are primarily driven by the impaired indi-

significant with the raw values (Figure S5; all P < .05, Cohen’s d = 0.45–

viduals.

0.5).

A significant effect of HI with LOC was also observed, with higher

Voxel-wise analyses indicated that the interaction between Aβ pos-

[18 F]flortaucipir SUVR in the bilateral superior and medial parietal

itivity and HI was significant with greater tau deposition in the bilat-

lobes and superior frontal lobes (Figure 3C). In addition, the interaction

eral parietal and frontal lobes (Figure S6A in supporting information).

of diagnosis and HI with LOC was significant in widespread bilateral

In impaired individuals only, a significant interaction of HI with LOC

regions of the parietal and frontal lobes (Figure 3D). Again, in impaired

and Aβ positivity was observed in the bilateral parietal and frontal

individuals only, higher [18 F]flortaucipir SUVR was observed in bilat-

lobes was observed (Figure S6B). No effect of HI or Aβ positivity was

eral medial and lateral parietal lobes and frontal regions (Figure S4B) in

observed in CNs (data not shown).

those with HI with LOC relative to those without. No effect of HI with
LOC was seen in CN only.

4
3.4
Regional tau deposition by amyloid positivity
and history of HI with LOC

DISCUSSION

In this sample, we observed that 8.4% of cognitively normal individuals and 8.3% of impaired participants self-report a history of HI
with or without a LOC. Further, 4.0% of cognitive normal and 4.3%

A main effect of HI with LOC was observed in the MTL, inferior parietal

of impaired participants reported a HI with LOC. Greater tau deposi-

lobe, precuneus, and frontal lobe using both transformed (Figure 4; all

tion was observed in older adults with a history of HI, with or without

P < .05, Cohen’s d = 0.14–0.2) and raw values (Figure S5 in supporting

LOC, in the frontal, temporal, and parietal lobes. This effect was also

information; all P < .05, Cohen’s d = 0.2–0.25) with small effect sizes

observed in those with HI with LOC only. These results were similar in

as indicated by Cohen’s d. Aβ+ individuals with HI with LOC had higher

voxel-wise analysis. Observed effects were driven by individuals with

tau than all other groups. No interaction of amyloid positivity and HI

cognitive impairment. No significant effects of HI were observed in CN.
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F I G U R E 4 Tau deposition by amyloid positivity and history of head injury with loss of consciousness. A main effect for history of head injury
(HI) with a loss of consciousness (LOC) was observed in the (A) medial temporal lobe (Aβ status: P < .001, d = 0.348; HI with LOC: P = .046,
d = 0.146; Aβ status by HI with LOC: P > .1), (B) inferior parietal lobe (Aβ status: P < .001, d = 0.362; HI with LOC: P = .020, d = 0.171; Aβ Status by
HI with LOC: P > .1), (C) precuneus (Aβ status: P < .001, d = 0.343; HI with LOC: P = .035, d = 0.155; Aβ status by HI with LOC: P > .1), and (D)
frontal lobe (Aβ status: P < .001, d = 0.344; HI with LOC: P = .044, d = 0.148; Aβ status by HI with LOC: P > .1). Although not significant, a trend
toward an interaction was observed, such that Aβ positive participants with a history of HI with LOC showed the highest normal transformed
[18 F]flortaucipir SUVR as a group. Age, sex, mean global amyloid, race/ethnicity, and diagnostic group were included as covariates. Note:
Participants include 411 Aβ negative participants without history of HI, 20 Aβ negative participants with history of HI, 310 Aβ positive participants
without history of HI, 11 Aβ positive participants with history of head injury. Abbreviations: Aβ, amyloid beta; ADNI, Alzheimer’s Disease
Neuroimaging Initiative; d, Cohen’s d; DX, diagnosis; HI, head injury; IMAS, Indiana Memory and Aging Study; LOC, loss of consciousness

No significant effect of HI on amyloid was observed. We also observed

on tau, similar to previous reports. However, given the recent report

significantly higher neuropsychiatric symptoms and poorer cognition

about the lack of sensitivity of [18 F]flortaucipir to CTE-related tau on

in older adults with HI. Finally, we observed an interaction between

autoradiography, it seems unlikely that the higher tau observed in the

amyloid positivity and HI with LOC. Aβ+ individuals with HI with LOC

present study is reflective of CTE.25 Further, the anatomical locations

had the highest group levels of tau, which were driven by impaired indi-

of the higher tau deposition in those with HI overlap with those known

viduals. Of note, the effects of HI on tau showed only small to medium

to be higher in patients with MCI and AD. Thus, it is plausible that

effect sizes in the full sample. However, in IMAS only, which directly

the increased tau observed in the present study is an exacerbation of

asked participants about history of HI, the effect sizes were medium

“AD-like” tau rather than CTE in these individuals. Thus, we hypoth-

to high (Cohen’s d = 0.6–0.7).

esize that a history of HI may be accelerating or exacerbating the

This aritcle is the first to our knowledge to evaluate the association

deposition of tau in individuals with AD pathology rather than causing

between history of HI and tau deposition on PET in an aging cohort

co-occurring CTE pathology. Although CTE and AD tau are similar in

who were not specifically recruited for a history of HI nor were from

structure and contain both 3R and 4R tau, a recent cryomicroscopy

high-risk groups (i.e., military or sport). However, our findings are

study showed slight differences in the protein conformation of CTE-

similar to those observed previously in individuals with repeated HI

related tau and AD-related tau.42 However, because we only have PET

due to sports and military exposure, specifically increased tau depo-

studies and not neuropathology, at the current time we cannot discern

sition on PET in those with repeated HI.11,12,17,18,20–24,36,41 Further,

whether the higher tau is due to co-occurring mild CTE, exacerbation

our analyses showed relatively small effect sizes for the impact of HI

of the AD tau, or some other type of tau associated with HI in these
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cases. Future longitudinal studies in larger samples and potentially

of Defense award number W81XWH-12-2-0012). ADNI is funded by

with PET tracers specific to different tau species and conformations,

the National Institute on Aging, the National Institute of Biomedical

or with neuropathological confirmation, are needed to fully explore

Imaging and Bioengineering, and through generous contributions from

the nature of the higher tau we observed in those with a history of HI.

the following: AbbVie; Alzheimer’s Association; Alzheimer’s Drug Dis-

One limitation of our study is that all HIs were self-reported and

covery Foundation; Araclon Biotech; BioClinica, Inc.; Biogen; Bristol-

thus, may have been underestimated, overestimated, or biased in

Myers Squibb Company; CereSpir, Inc.; Cogstate; Eisai Inc.; Elan Phar-

reporting. In IMAS, history of HI was asked directly along with pres-

maceuticals, Inc.; Eli Lilly and Company; EuroImmun; F. Hoffmann-La

ence/absence and length of LOC. The rate of HI in IMAS (≈25%) is sim-

Roche Ltd and its affiliated company Genentech, Inc.; Fujirebio; GE

ilar to previously reported rates of TBI-related emergency department

Healthcare; IXICO Ltd.;Janssen Alzheimer Immunotherapy Research

visits, hospitalizations, and deaths in older individuals.43 However, in

& Development, LLC; Johnson & Johnson Pharmaceutical Research

ADNI, HI was only determined as part of a general medical history

& Development LLC; Lumosity; Lundbeck; Merck & Co., Inc.; Meso

interview if the participant volunteered the information. As only 6%

Scale Diagnostics, LLC; NeuroRx Research; Neurotrack Technologies;

of ADNI participants reported HI, we are likely underestimating the HI

Novartis Pharmaceuticals Corporation; Pfizer Inc.; Piramal Imaging;

rate in ADNI. When the analyses of tau deposition associations with

Servier; Takeda Pharmaceutical Company; and Transition Therapeu-

HI are done in IMAS only, we observe a similar pattern to the overall

tics. The Canadian Institutes of Health Research is providing funds

results with less power due to the smaller sample size.

to support ADNI clinical sites in Canada. Private sector contributions

Our study has a few other notable limitations. Although the largest

are facilitated by the Foundation for the National Institutes of Health

study to date with [18 F]flortaucipir in individuals with and without a

(www.fnih.org). The grantee organization is the Northern California

history of HI, the results rest on only 25 impaired participants with

Institute for Research and Education, and the study is coordinated by

HI. Much larger samples are needed for replication and expansion of

the Alzheimer’s Therapeutic Research Institute at the University of

these findings. In addition, because the self-reported HIs were not the

Southern California. ADNI data are disseminated by the Laboratory for

focus of ADNI and IMAS, we had incomplete information about LOC,

Neuro Imaging at the University of Southern California.

age of injury, or other important factors. Direct questioning about his-

Additional support for this work is from the National Institute

tory of HI likely better captures the actual rate and effect of HI in older

on Aging (K01 AG049050, R01 AG061788, R01 AG19771, and P30

adults. Finally, we considered the reports as a history of HI rather than a

AG10133) and Donor’s Cure Foundation. Part of this research was also

TBI history as reporting of concussive sequelae was incomplete. Future

supported in part by Lilly Endowment, Inc., through its support for the

studies with more direct questioning and complete capture of HI infor-

Indiana University Pervasive Technology Institute, and in part by the

mation, as well as well-designed prospective studies of HI and demen-

Indiana METACyt Initiative. The Indiana METACyt Initiative at IU was

tia are needed.

also supported in part by Lilly Endowment, Inc. This material is based

In summary, older adults with a history of HI, particularly those with
cognitive impairment, have greater tau deposition than those without

upon work supported by the National Science Foundation under Grant
No. CNS-0521433.

a history of HI. These findings support the importance of HI in cerebral
tau pathology in dementia and suggest that HI should be considered
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