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Head trauma and in vivo measures of

amyloid and neurodegeneration in a
population-based study

ABSTRACT

Objectives: We determined whether head trauma was associated with amyloid deposition and
neurodegeneration among individuals who were cognitively normal (CN) or had mild cognitive
impairment (MCI).

Methods: Participants included 448 CN individuals and 141 individuals with MCI from the Mayo
Clinic Study of Aging who underwent Pittsburgh compound B (PiB)-PET, fluorodeoxyglucose-PET,
and MRI. Head trauma was defined as a self-reported brain injury with at least momentary loss of
consciousness or memory. Regression models examined whether head trauma was associated
with each neuroimaging variable (assessed as continuous and dichotomous measures) in both
CN and MCI participants, controlling for age and sex.

Results: Among 448 CN individuals, 74 (17%) self-reported a head trauma. There was no differ-
ence in any neuroimaging measure between CN subjects with and without head trauma. Of 141
participants with MCI, 25 (18%) self-reported a head trauma. MCI participants with a head
trauma had higher amyloid levels (by an average 0.36 standardized uptake value ratio units,
p = 0.002).

Conclusions: Among individuals with MCI, but not CN individuals, self-reported head trauma with
at least momentary loss of consciousness or memory was associated with greater amyloid depo-
sition, suggesting that head trauma may be associated with Alzheimer disease-related neuropa-
thology. Differences between CN individuals and individuals with MClI raise questions about the
relevance of head injury-PET abnormality findings in those with MCI. Neurology® 2014;82:70-76

GLOSSARY

AD = Alzheimer disease; CDR = Clinical Dementia Rating; Cl = confidence interval; CN = cognitively normal; DSM-IV =
Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition; FDG = fluorodeoxyglucose; IQR = interquartile range;
MCI = mild cognitive impairment; MCSA = Mayo Clinic Study of Aging; PiB = Pittsburgh compound B; ROl = region of
interest; SUVR = standardized uptake value ratio; TIV = total intracranial volume; WAIS-R = Wechsler Adult Intelligence
Scale-Revised.

Several studies have suggested that a history of head trauma is associated with an increased risk of
Alzheimer disease (AD) dementia and results in an earlier age at onset of dementia compared to
those without a head trauma.'~” However, there is not complete consensus as several other large
studies have not found an association.*'* Further, the mechanism by which head trauma may
increase the risk of AD dementia is not well understood. Autopsy studies have reported significant
amyloid-f deposition in up to 30% of persons who die acutely following a brain injury, including
children."?~"* In line with greater brain amyloid-3 deposition, studies also suggest that CSF levels
of amyloid-B 1-42 are lower, and tau levels higher, immediately after severe traumatic brain
injuries.'®"” Assessments of the long-term effects of head trauma on in vivo measures of amyloid
deposition and Alzheimer-related neurodegeneration are lacking. In the present study, we sought
to determine whether a history of head trauma with at least momentary loss of consciousness and/or
memory was associated with in vivo neuroimaging measures of Alzheimer-related neuropathology,
including amyloid PET imaging, hippocampal volume, and fluorodeoxyglucose (FDG)-PET
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hypometabolism. We included cognitively nor-
mal (CN) individuals and those with mild
cognitive impairment (MCI) enrolled in the
population-based Mayo Clinic Study on Aging
(MCSA).

METHODS Subjects. The MCSA is a population-based study
of cognitive aging among Olmsted County, MN residents that
began in October 2004 and initially enrolled individuals aged 70
to 89 years. Details of the study design and participant recruitment
are provided elsewhere.'®" All MCSA subjects undergo a clinical
and cognitive assessment every 15 months that includes a study
coordinator interview, neurologic evaluation, and neuropsycholog-
ical test battery. Beginning in 2006, both newly and previously
enrolled subjects were offered the opportunity to undergo PET
imaging. The present analyses consisted of 589 individuals with a
self-reported history of head trauma who underwent Pittsburgh
compound B (PiB)-PET, FDG-PET, and MRI.

Standard protocol approvals, registrations, and patient
consents. The study protocols were approved by the Mayo
Clinic and Olmsted Medical Center Institutional Review Boards.
All subjects provided signed informed consent to participate in

the study and in the imaging protocols.

Neuropsychological assessments. A psychometrist adminis-
tered a neuropsychological battery that included 9 tests covering
4 domains: 1) memory (Auditory Verbal Learning Test Delayed
Recall Trial,® Wechsler Memory Scale-Revised Logical Memory
& Visual Reproduction I1*'); 2) language (Boston Naming Test™
and Category Fluency®); 3) executive function (Trail Making Test
B** and Wechsler Adult Intelligence Scale-Revised [WAIS-R] Digit
Symbol subtest®); and 4) visuospatial skills (WAIS-R Picture Com-
pletion and Block Design subtests).*®

For the purpose of determining impairment for an MCI diag-
nosis, the raw scores on each test were age-adjusted using norma-
tive data from the Mayo’s Older American Normative Studies.*

The adjusted test scores within each domain were then summed
and scaled to obtain domain-specific z scores to inform a clinical
MCI diagnosis."® In the current analyses and table 1, z scores were
not adjusted for age but were created by averaging and scaling the
individual z-scored tests within each domain. The domain z
scores were then averaged and scaled to create a global z score.
The measurement of subjective memory complaints was adapted
from the first 5 questions on the Blessed Memory Test. Questions
1 to 4 were given a score of 2 if subjects reported “definitely worse
than when I was younger,” 1 if they reported “slightly worse,” and
0 if they reported “as good or better.” Item 5 (problems remem-
bering appointments correctly) was scored 1 for yes and 0 for no.
Questions 1 to 5 were summed for a score ranging from 0 (no

concern) to 9 (highest concern).

Diagnostic categories. Impairment in a cognitive domain was
assessed by comparing the person’s domain score with the score in
normal subjects from the same population. A score of = —1.0 SD
below the age-specific mean in the general population was con-
sidered possible cognitive impairment. A decision about impair-
ment in a cognitive domain was not based on an algorithm but on
a consensus agreement among the examining physician, study
coordinator, and neuropsychologist, taking into account years
of education, prior occupation, and visual or hearing deficits.'®!"”
MCI was diagnosed according to the following published criteria:
cognitive concern by subject, informant (from Clinical Dementia
Rating [CDRY]), study coordinator, or physician; impairment in
=1 of the 4 cognitive domains; essentially normal functional
activities (from CDR and Functional Activities Questionnaire);
and absence of dementia.”” Dementia was diagnosed according to
the DSM-1V criteria.*®

Assessment of head trauma. Participants completed a medical
history form in which they self-reported whether a previous head
trauma had occurred. Participants were asked the following ques-
tion: “Have you ever experienced any head injuries that led you to
see a doctor, stay in the hospital, lose your memory, or become

unconscious?” If yes, participants were asked “How many head

[ Table 1 Patient characteristics by history of head trauma within clinical diagnosis

Characteristic

Age, y, median (IQR)

Male, n (%)

Education, y, median (IQR)
APOE =4 genotype, n (%)
MMSE, median (IQR)
CDR-SB, median (IQR)

Subjective memory
complaints, median (IQR)

CN

MCI

No head trauma (N = 374) Head trauma (N = 74) p Value

Cognitive z scores, median (IQR)

Global
Memory
Language
Attention

Visual spatial

80 (77, 84) 79 (77, 84) 0.82
197 (53) 45 (61) 0.20
14 (12, 16) 14 (12, 16) 0.94
88 (24) 20 (27) 0.52
28 (27, 29) 29 (28, 29) 0.03
0.0 (0.0, 0.0) 0.0 (0.0, 0.0) 0.81
2(1,3) 2(1,3) 0.40
0.73(0.06, 1.29) 0.87(0.18, 1.47) 0.33
0.81 (0.06, 1.54) 0.81 (0.23, 1.40) 0.81
0.47 (-0.05, 0.95) 0.52(-0.01, 1.11) 0.59
0.54 (-0.10, 1.10) 0.72 (-0.04, 1.28) 0.23
0.56 (0.03, 1.11) 0.70 (-0.19, 1.23) 0.52

No head trauma (N = 116) Head trauma (N = 25) p Value

83 (78, 86) 83 (80, 87) 0.56
74 (64) 15 (60) 0.72
13 (12, 16) 13 (12, 16) 0.64
46 (40) 9 (36) 0.73
26 (24, 27) 26 (24, 27) 0.95
1.0 (0.0, 2.0) 1.0(0.5,1.0 0.37
3(2 5) 4(2 4) 0.93
-0.72(-1.18, -0.27) -0.57(-1.08, -0.17) 0.60
-1.09 (-1.71, -0.43) -1.00 (-1.65, -0.17) 0.64
-0.52(-1.19, 0.07) -0.72(-1.22, -0.18) 0.28
-0.60 (-1.62, 0.13) -0.20(-0.73,0.32) 0.25
-0.17 (-0.73, 0.47) 0.01(-0.70,0.78) 0.63

Abbreviations: CDR-SB = Clinical Dementia Rating-Sum of Boxes; CN = cognitively normal; IQR = interquartile range; MCI = mild cognitive impairment;
MMSE = Mini-Mental State Examination.
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injuries have you had?”, “How old were you at the time of the first
injury?”, “Did this injury cause loss of memory or loss of con-
sciousness?”, and “How long were you unconscious/unable to
remember?” For the purposes of this study, participants were
coded as having a head trauma only when it was accompanied

by at least momentary loss of memory or consciousness.

Amyloid PET methods. PET images were acquired using a
PET/CT scanner (DRX, GE Healthcare). A CT image was obtained
for attenuation correction. The "'C PiB-PET scan, consisting of four
5-minute dynamic frames, was acquired from 40 to 60 minutes after
injection. Image analysis was done using our in-house fully auto-
mated image processing pipeline.” An amyloid PET standardized
uptake value ratio (SUVR) was formed by calculating the median
uptake over voxels in the prefrontal, orbitofrontal, parietal, temporal,
anterior cingulate, and posterior cingulate/precuneus regions of
interest (ROIs) for each subject and dividing this meta-ROI by
the median uptake over voxels in the cerebellar gray matter ROI
of the atlas. We have previously shown in this cohort that 90%
diagnostic sensitivity for clinically diagnosed AD dementia corre-
sponds to a PiB-PET cutpoint of 1.5,%° and therefore included this

cutpoint as our dichotomous outcome.

FDG-PET methods. FDG-PET images were obtained on the
same day 1 hour after the amyloid PET scan. FDG-PET scans
were analyzed using the pipeline described above.”” The angular
gyrus, posterior cingulate, and inferior temporal cortical ROIs
defined an “Alzheimer signature” meta-ROL>*" which was nor-

malized to pons and vermis.

Structural MRI methods. All subjects underwent MRI scan-
ning at 3T with a standardized protocol that included a 3D mag-
netization-prepared rapid acquisition gradient echo sequence.
Hippocampal volume was measured with FreeSurfer software ver-
sion 4.5.0. Each subject’s raw hippocampal volume was adjusted
by their total intracranial volume (TIV) such that the value rep-
resents the difference in cm? between a subject’s measured hip-

pocampal volume and the subject’s predicted volume based on

the subject’s TIV.?°

Statistical methods. Differences in variables between those with
and without a head trauma were initially evaluated by clinical status
(i.e., separately among CN and MCI participants) using Wilcoxon
rank sum tests and X tests. We first assessed the association
between a self-reported history of head trauma and each neuro-
imaging measuring as a continuous outcome using linear regression
controlling for age and sex. Because PiB-PET SUVR values tended
to be skewed toward higher values, we analyzed these data on the
log-transformed  scale. To obtain estimated differences on the
SUVR scale, we back-transformed the estimates and used bootstrap
resampling to obtain confidence intervals (Cls). We note that
results for PiB-PET varied litde when we fit an untransformed
model with or without bootstrap resampling.

We used logistic regression controlling for age and sex to
examine whether head trauma was associated with increased odds
of pathologically significant amyloid and neurodegenerative
changes by dichotomizing each neuroimaging marker at the esti-
mated 90th percentile of the AD distribution in this cohort.** For
example, this corresponds to a PiB-PET cutpoint of 1.5.

RESULTS The characteristics of the 589 participants
by clinical diagnosis and self-reported head trauma
are shown in table 1. Compared to CN individuals,
participants with MCI were more likely to have an
APOE €4 allele (39% vs 24%, p = <0.001), had more

subjective memory complaints (median [interquartile
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range (IQR)]: 3 [2, 5] vs 2 [1, 3], p = <0.001), and
performed significantly (p < 0.001) worse on all cog-
nitive tests. Subjects with MCI were also older (median
[IQR]: 83 [79, 86] vs 80 [77, 84], p < 0.001), and
tended to be male (63% vs 54%, p = 0.06) and to
have less education (median [IQR]: 13 [12, 16] vs 14
[12, 16]), p = 0.08). The median age of first self-
reported head trauma did not differ by cognitive status
(CN: 22 [12, 62] vs MCI: 23 [16, 70], p = 0.39) or
sex (women: 32 [14, 60] vs men: 21 [14, 61], p =
0.39). Within the CN group, those with self-reported
head trauma performed slightly better on the Mini-
Mental State Examinaton (p = 0.03; see table 1).
There were no other differences (all p > 0.05) between
CN subjects with and without a history of head trauma
in any demographic or cognitive characteristic, includ-
ing the proportion with an APOE €4 allele (table 1).
There were also no differences in any factor by self-
reported head trauma in the MCI group.

Frequency of self-reported head trauma in CN and MCI
individuals. The percentage of individuals self-reporting
a head injury with at least momentary loss of conscious-
ness or memory was similar between the CN and MCI
groups (17% vs 18%, p = 0.74). The median number
of years [IQR] between the age of the first self-reported
head trauma and the neuroimaging measure also did
not differ between CN and MCI participants (58
[17-67] years for CN vs 56 [14-67] years for
MCI, p = 0.70).

Relationship between head trauma and neuroimaging
measures among CN and MCI individuals. Among CN
individuals, there were no associations between head
trauma and amyloid accumulation, hippocampal vol-
ume, or FDG-PET hypometabolism when examining
the variables as either continuous or dichotomous
measures (tables 2 and 3, figure).

In contrast to CN individuals, a history of head
trauma in individuals with a diagnosis of MCI was
associated with higher global amyloid levels. In terms
of SUVR units, the mean difference was +0.36 (95%
CI 0.12—-0.60, p = 0.002; table 2 and figure). This
corresponds to a mean level about 18% higher in
those with vs without a head trauma. In terms of
PiB positivity, defined as PiB-PET SUVR >1.5, sub-
jects with MCI had nearly a 5-fold higher odds of
elevated amyloid accumulation compared to those
without a head trauma (odds ratio 4.95, 95% CI
1.69—18.29; table 3). There were no associations (at
2 < 0.05) between head trauma and either FDG-
PET or hippocampal volume when examined as con-
tinuous or dichotomous measures.

In additional analyses among CN individuals,
there were no interactions with head trauma and
APOE genotype for dichotomous or continuous meas-
ures of hippocampal volume, amyloid, or FDG-PET



Table 2 Estimated difference in mean neuroimaging measure for head trauma vs no head trauma from linear

regression models adjusted for age and sex

CN (N = 448) MCI (N = 141)
Neuroimaging outcome Mean difference (95% Cl) p Mean difference (95% Cl) P
PiB-PET, SUVR units? —-0.01 (-0.08, 0.07) 0.86 0.36 (0.12, 0.60) 0.002
FDG-PET, SUVR units 0.02 (-0.02, 0.05) 0.27 0.00 (-0.07, 0.07) 0.98
Adjusted hippocampal volume, cm? 0.13 (-0.06, 0.33) 0.18 —-0.34 (-0.70, 0.03) 0.07

Abbreviations: Cl = confidence interval; CN = cognitively normal; FDG = fluorodeoxyglucose; MCI = mild cognitive impair-
ment; PiB = Pittsburgh compound B; SUVR = standardized uptake value ratio.

2Mean difference and 95% confidence interval based on back-transforming log-transformed linear regression model. The
p values are based on a log-transformed linear regression model.

hypometabolism. The small number of MCI individ-
uals with head trauma who had an APOE &4 allele
(n = 9) precluded us from examining an interactive
effect within this group. However, there were no dif-
ferences between the percentage of APOE €4 allele
carriers among MCI individuals with and without
head trauma (36% vs 40%, p = 0.73).

DISCUSSION In this study, we determined whether
a history of head trauma with at least momentary loss
of consciousness or memory was associated with
in vivo measures of Alzheimer pathology in a popula-
tion-based study of CN and MCI individuals aged 70
years and older. The frequency of self-reported head
trauma did not differ by cognitive status (i.e., CN
vs MCI). Among CN individuals, there were no
associations between a history of head trauma and
amyloid PET, FDG-PET hypometabolism, or hippo-
campal volumes. In contrast, among subjects with
MCI, those with a self-reported head trauma had
higher amyloid PET SUVR. Differences between
the CN and MCI groups raise questions about the
relevance of head trauma—PET abnormality findings
in those with MCI.

Several epidemiologic studies have suggested that a
history of head trauma is associated with an increased
risk of AD,'”” including a prospective study of

Table 3 Odds of abnormal neuroimaging measure in CN and MCI participants
for head trauma vs no head trauma based on logistic regression models
adjusted for age and sex

CN (N = 448) MCI (N = 141)
Neuroimaging outcome OR (95% ClI) P OR (95% CI) p
PiB-PET >1.50 0.91 (0.52, 1.54) 0.72 4.95 (1.69, 18.29) 0.01
FDG-PET <1.31 1.11 (0.64, 1.88) 0.71 1.15(0.47, 2.93) 0.77
Adjusted hippocampal 1.08 (0.56, 1.97) 0.81 1.56 (0.63, 4.05) 0.34

volume < —-0.70

Abbreviations: Cl = confidence interval; CN = cognitively normal; FDG = flurodeoxyglucose;
MCI = mild cognitive impairment; OR = odds ratio; PiB = Pittsburgh compound B.
Abnormal neuroimaging measure was defined as the value corresponding to 90% sensi-
tivity in patients with Alzheimer disease.

hospitalized World War II Navy and Marine veterans
with well-characterized nonpenetrating head injuries.®
In contrast, other large studies and meta-analyses have
not found an increased risk of AD among those with
head trauma.*'* Our findings are in line with these
latter studies in that the frequency of self-reported
head trauma did not differ between CN and MCI
cases. We expected to find at least a trend for more
self-report in patients with MCI based on the liter-
ature and also due to the self-reported nature of the
assessment and potential for recall bias; participants
with cognitive problems may be more likely to seek
an answer for their cognitive changes. Limiting the
head trauma to at least momentary loss of conscious-
ness or memory may have somewhat mitigated this
potential recall bias. It is also possible that we did
not see an association because those most susceptible
to the adverse effects of head trauma developed AD
and thus were not included in the present study
because the MCSA initially enrolled individuals
without dementia.

Studies in mice and rats report a post—traumatic
brain injury increase in intra-axonal amyloid- con-
centrations, but these animals do not develop amyloid
plaques.®** Mice deficient in B-amyloid—converting
enzymes have significantly improved pathologic and

behavioral outcomes following a head injury,®

sug-
gesting that the amyloid-f increases, even without
plaque deposition, are detrimental and result in pro-

36 Swine models of head rota-

gressive brain atrophy.
tional acceleration, which more closely mimic human
pathology, result in swollen axons, increased amyloid-3
levels, and diffuse plaques in both gray and white
mactter.”’” %

Among humans, CSF studies of patients with
severe head trauma also reported lower amyloid-$3
1-42 and/or higher tau levels within a month of
injury.'®"” However, as these individuals had severe
brain trauma, it is unclear whether milder head
trauma would also be associated with in vivo measures
of Alzheimer-related brain pathology in later life. In

the current study, we did not find a relationship
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[ Figure PiB-PET, FDG-PET, and adjusted hippocampal volume by cognitive status and history of head trauma ]
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Box plots with superimposed data points for PiB-PET (A), FDG-PET (B), and adjusted hippocampal volume (C). The p values
indicate the difference between those with and without head trauma based on linear regression models adjusted for age and
sex. Boxes indicate the median and quartiles, with vertical “whiskers” extending to the nearest data point within 1.5 times
the value of the interquartile range. CN = cognitively normal; FDG = fluorodeoxyglucose; MCI = mild cognitive impairment;
PiB = Pittsburgh compound B; SUVR = standardized update value ratio.

between self-reported head trauma and amyloid
deposition, hippocampal volume, or FDG hypome-
tabolism utilizing an “Alzheimer signature” meta-
ROT’" among CN participants. In contrast, among
individuals with MCI, head trauma was associated
with significantly higher amyloid PET deposition
but there were no significant findings for hippocam-
pal volume or FDG-PET hypometabolism. This
result is intriguing given that we did not see a differ-
ence in the frequency of head trauma between CN
and MCI participants. There are several potential
explanations for these findings. First, it is possible

Neurology 82 January 7, 2014

that the higher amyloid, which head trauma may have
contributed to, resulted in progression to MCI and
that is why we only see an association among the MCI
group. Notably, however, there were no differences in
any of the cognitive tests by self-reported head trauma
within the CN or MCI groups, which we might
expect if head trauma was associated with AD pro-
gression. Second, we examined whether the MCI
group had a longer time between the reported age
of the head trauma and neuroimaging measure than
the CN group. If this was the case, it is possible that
the CN group simply did not have as long a time to



develop the neuropathology or associated cognitive
symptoms. However, there were no differences
between CN and MCI participants in the number
of years between the head trauma and neuroimaging
measures. Third, the present study included individ-
uals aged 70 years and older. Studies have suggested
that head trauma is associated with an earlier age at
onset of AD, particularly among APOE €4 carriers.*”
It is possible that those most affected by head trauma,
due either to genetic or other susceptibility or to more
severe injuries, developed cognitive impairment or
dementia prior to their age of enrollment in the
MCSA and therefore are not included in this study.
We did not find an interaction between APOE €4 and
head trauma in CN individuals. Given the small
number of MCI individuals with a head trauma
and an APOE €4 allele, we were unable to accurately
assess an interaction among this group. Lastly, an
alternative explanation, albeit a somewhat controver-
sial one, is that amyloid levels may be a response to
neuronal (i.e., myelin) injury. Therefore, the associa-
tion between head trauma and amyloid appears only
in the MCI group because amyloid is a byproduct of
the myelin repair process and occurs only after a crit-
ical level of demyelination has occurred.®

Limitations of the study warrant consideration.
First, information on head trauma was self-reported,
which is limited by recall bias. However, as there were
no differences between CN and MCI individuals, it is
unlikely that recall bias was an issue. Second, we had
small numbers of individuals with more than one head
trauma or with more than momentary loss of con-
sciousness/memory, which limited our ability to assess
an injury severity association. Despite these limitations,
there are several strengths. The present study incorpo-
rated a large number of CN and MCI individuals from
a population-based study with in vivo neuroimaging.
Many of the previous studies that assessed the long-
term effects of head trauma in relation to AD examined
only clinical onset and did not have estimates of neu-
ropathology. Those that did were autopsy samples of
selected individuals and were not population based.

Head trauma with at least momentary loss of con-
sciousness or memory was associated with greater
amyloid deposition among subjects with MCI but
not CN individuals. The lack of an association in
CN individuals is contradictory but may be more reli-
able given the much larger sample size. However, the
results in MCI suggest that the etiology of cognitive
impairment in MCI individuals with head trauma is
more likely to be AD pathology than in MCI individ-
uals without head trauma. This is consistent with
some human and animal data and deserves additional
study because it would provide in vivo evidence for a
cause and effect mechanistic link between prior head
trauma and AD.
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