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This study aimed to examine global and regional cerebral blood flow and amyloid burden in combat veteranswith andwithout
traumatic brain injury (TBI). Cerebral blood flow (inmilliliters perminute per 100mL) wasmeasured by quantitative [15O]water,
and amyloid burden was measured by [11C]PIB imaging. Mean global cerebral blood flow was significantly lower in veterans
with TBI compared with non-TBI veterans. There were essentially no differences between groups for globally normalized
regional cerebral blood flow. Amyloid burden did not differ between TBI and non-TBI veterans. Veterans who have suffered
a TBI have significantly lower cerebral blood flow than non-TBI controls but did not manifest increased levels of amyloid,
globally or regionally.
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In recent U.S. military conflicts, specifically Operation Iraqi
Freedom and Operation Enduring Freedom, traumatic brain
injury (TBI) has become the “signature wound,” with an es-
timated 28% of medical evacuees experiencing this type of
injury.1 The pathophysiology of blast-induced TBI has been
extensively reviewed,2–5 and a complete description is be-
yond the scope of this article. However, by consensus, the
pathological changes observed in blast-induced neurotrauma
are produced by complex biophysical mechanisms, which
include the kinetic energy effects of blast pressure waves and
the effects of acceleration and rotational forces resulting from
the victim being hit by blunt objects and/or being thrown
against the bodywork of a military vehicle or structure.
In severe blasts, brain damage may be accentuated by sys-
temic factors such as hypoxia or hypotension.2,3 Current
understanding of the neuropathology of blast-induced and
combat-related TBI has been derived primarily from in vitro6

and animal models,7–10 as well as from autopsy findings
in Operation Iraqi Freedom/Operation Enduring Free-
dom veterans who have died from other causes 2–5 years
postdeployment.7,11 From these investigations, the most
consistent findings have been the presence of multifocal ax-
onal damage, widespread microvascular disease, and chronic
CNS inflammation.6,8–10 In addition, recent [18F]fluorodeox-
yglucose positron emission tomography work in Operation
Iraqi Freedom veterans with a history of mild TBI and

persistent postconcussive symptoms showed regional evi-
dence of cerebral hypometabolism.12

In addition to the above-reported neuropathological
changes, there is epidemiological evidence of an association
between a history of TBI and the development of dementia
later in life.13,14 Amyloid plaques are the hallmark pathology
of Alzheimer’s disease, and they are hypothesized to be
a possible link between TBI and the enhanced risk for de-
mentia. More than 20 years ago, it was found that approxi-
mately 30% of patients dying hours to days after a TBI
manifested amyloid plaques,15 even in children as young as
10 years old.16 The pathological cascades associated with the
cellular and biochemical processes that result in amyloid
accumulation after brain trauma have been reviewed by
Johnson et al.17 andMannix andWhalen.18 Recent work has
examined the potential utility of [11C]PIB to image amyloid
deposition in humans with an acute TBI (between 1 and 361
days from the event)19 and in chronic neuropsychological
impairment after a TBI (5–129 months from the event).20

Increased [11C]PIB distribution volume ratios and stan-
dardized uptake value ratios in the cortical graymatter (GM)
and striatum were observed in patients after acute TBI
compared with controls.19 However, in the chronic TBI se-
ries, only three of 12 subjects were amyloid positive with no
correlation between [11C]PIB binding potential and “severity
of injury; initial CT findings; elapsed time from the injury to
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examination; or neuropsychological test scores.”20 In both
series, the mechanism of injury was attributable to a traffic
accident, except for one fall and one assault. None of the
human studies to date have addressed the amyloid burden
during the chronic stages of blast-related TBI.

The consequences of these multifaceted pathophysio-
logical processes underlying combat-related TBI have the

potential to manifest in alterations in ce-
rebrovascular function.4,6,21 Therefore, we
hypothesized that veterans with TBI would
exhibit differences in global cerebral blood
flow (gCBF) and/or regional CBF (rCBF)
and amyloid burden compared with veterans
with similar combat experiences but with-
out a history of TBI. The purpose of this
research was to 1) examine rCBF and gCBF
in response to emotionally evocative videos
depicting real-life situations using [15O]
water positron emission tomography imag-
ing and 2) evaluate the amyloid burden us-
ing [11C]PIB in Operation Iraqi Freedom/
Operation Enduring Freedom veterans with
and without TBI.

METHODS

TBI Definition
The Department of Veterans Affairs and the
Department of Defense define TBI as a trau-
matically induced structural injury and/or
physiological disruption of brain function that
is associated with one of the following: any
period of loss of or a decreased level of con-
sciousness, any loss of memory for events
immediately before or after the injury, any
alteration in mental state at the time of the

injury, neurological deficits that may ormay not be transient,
or an intracranial lesion.22

For this study, a more conservative definition of TBI was
used such that in order to be considered a TBI case, a veteran
would have had a TBI plus either loss of consciousness and/
or posttraumatic amnesia .30 minutes. Exclusion criteria
included a penetrating brain injury and associated spinal
cord injury, as well as evidence of a neurological condition
other than TBI or the presence of a neuroimmunological
disorder, schizophrenia, schizoaffective disorder, or severe
coexisting medical illnesses.

Subjects
The subject group consisted of a sample of 21 Operation Iraqi
Freedom/Operation Enduring Freedommale combat veterans
recruited from consecutive referrals to the Polytrauma Ser-
vices at the Iowa City Veterans Administration Medical Cen-
ter. Ten of these patients had experienced a TBI during their
deployment. Two subjects with TBI were excluded: one sub-
ject was excluded because he was unable to undergomagnetic
resonance imaging, and the otherwas excluded because he did
not undergo the [11C]PIB component of the study and did not
have quantitative CBF data because of a failure to secure an
arterial line during the [15O]water part of the study. One TBI
subject had [11C]PIB data only. Four TBI subjects had a history
of multiple blast exposures. After reviewing all sources of in-
formation related to the traumatic episodes and estimating the

TABLE 1. Subject Characteristics by Group (Non-TBI Controls Versus TBI Cases)a

Characteristic
Non-TBI

Controls (N=11)
TBI

Cases (N=8)

Demographic information
Age (years) 30.4 (5.2) 34.6 (7.8)
Education (years) 13.6 (1.6) 14.5 (2.4)
Time since trauma or return from
deployment (months)

37.5 (30.2) 39.0 (11.9)

Neuropsychological information
Clinician-Administered PTSD Scale
total score

54.1 (26.6) 48.4 (29.7)

Hamilton Depression Rating Scale
score

17.0 (8.7) 16.1 (8.9)

Alcohol Use Identification Test score 7.9 (4.6) 7.3 (5.7)

Cardiovascular risk information
Smoking (%) 27.3 66.7
Diabetes (%) 0 12.5
Hypercholesterolemia (%) 9.1 0
Systolic blood pressure (mm Hg) 123.9 (10.3) 119.0 (6.6)
Body mass index (kg/m2) 27.2 (5.4) 25.6 (3.2)

TBI information
Clinical severityb — Mild (N=5); moderate

to severe (N=3)

a Data are presented as means (standard deviations) or percentages. IED, improvised explosive
device; PTA, posttraumatic amnesia; TBI, traumatic brain injury.

b TBI subject history is as follows. Mild indicates a duration of PTA .30 minutes but ,24 hours.
Cases 4–8 had blast-related mild TBI resulting from exposure to IEDs and mortar bombs. The
number of blast exposures was 5, 15, 1, 2, and 1 for cases 4–8, respectively. Moderate to severe
indicates a duration of PTA .24 hours and ,3 weeks. Case 1 was a veteran who was injured in
a rollover of his vehicle. Case 2 was a veteran who was injured when his helicopter was shot
down by a rocket-propelled grenade. Case 3 was a veteran who was injured when his vehicle
was impacted by an IED.

FIGURE 1. Mean Global Cerebral Blood Flow by Condition as
Described for Subjects With and Without a Traumatic Brain
Injurya
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a TBI, traumatic brain injury.
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length of posttraumatic amnesia, we classified five of these
patients as having had a mild TBI and three patients as having
had a TBIwithin themoderate to severe range. The remaining
veterans (N=11) did not have a history of combat-related TBI
during deployment. Three non-TBI subjects had [11C]PIB data
only. None of the remaining 19 subjects (N=7 TBI and N=8
non-TBI with quantitative CBF data; and N=8 TBI and N=11
non-TBI with [11C]PIB data) had clinically identifiable lesions
on anatomical T1 and T2 magnetic resonance imaging scans.
All subjects gavewritten informed consent in accordance with
policies of the University of Iowa and the Iowa City Veterans
Administration Medical Center institutional review boards as
well as the University of Iowa Medical Radiation Protection
Committee. The purpose and rationale for genetic testing and
the nondisclosure were explicitly addressed in the consent,
and the subject had the option of declining this testing.

Psychiatric Assessment and Apolipoprotein E Status
All subjects underwent a psychiatric assessment before
imaging, consisting of measures from the following in-
struments: the Clinician-Administered PTSD Scale,23 the
Hamilton Depression Rating Scale,24 and the Alcohol Use
Identification Test.25 In addition, apolipoprotein E4 status
was available for seven of 11 non-TBI controls and seven of
eight TBI subjects. None of the subjects were receiving
medications with potential vasoactive effects (e.g., antihy-
pertensive medications, beta-blockers, or calcium channel
blockers). Subjects who were receiving psychotropic medi-
cations (generally antidepressants) had been receiving a
stable dose for at least 4 weeks. Medications were withheld
the day before the imaging procedures and were then re-
sumed immediately after study completion.

[15O]Water Imaging and Analysis
CBF was measured using previously described quantita-
tive [15O]water (1665 MBq/injection) imaging methods.26

Subjects underwent imaging dynamically (2035 seconds/
frame=100 seconds) using an ECAT EXACT HR+ (Siemens
Medical Solutions USA, Inc., Knoxville, Tenn.) while watch-
ing videos designed to induce increasing levels of emotional
stress (H2O1, relaxing; H2O2, noncombat, low stress [city
driving]; and H2O3 and H2O4, combat stress [improvised
explosive device]). Activity images were created by summing
the first 40 seconds postbolus transit and then iteratively
reconstructing the summed data (two iterations/eight sub-
sets, zoom=2.57, Gaussian filter, full width at half maxi-
mum=5.0 mm, brain mode=on, axial filtering=on, and scatter
correction=on). Parametric (i.e., flow) images were created
using the pixel-wise modeling module of PMOD Biomedical
Image Quantification software (PXMOD version 3.5; PMOD
Technologies Ltd., Zurich, Switzerland) from the summed
activity image and the associated arterial input function.27

Flow images were coregistered to individual structural
magnetic resonance imaging from which cortical and
subcortical regions had been determined using FreeSurfer
and BRAINS228 software.We determined graymatter (GM),
white matter (WM), gCBF, and rCBF (in milliliters per
minute per 100 mL) for each condition. In addition,
coregistered magnetic resonance imaging and flow images
were analyzed using the PMOD Neuro Tool (version 3.5).
This tool provides for brain parcellation based on
T1-weighted magnetic resonance imaging segmentation and
the assignment of brain volumes of interest (N=78) based on
this segmentation, using a maximum probability atlas.29 In
addition, this tool derives partial volume–corrected con-
centrations for the volumes of interest based on the geo-
metric transfer matrix described by Rousset et al.30

[11C]PIB Imaging and Analysis
[11C]PIB was prepared according to the methods in and
met all specifications detailed in the CMC section of the
University of Iowa’s Investigational New Drug Application

FIGURE 2. Box Plots of the Mean Blood Flow for Global Gray Matter (Left) and Global White Matter (Right)a
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a Box plots are shown in milliliters per minute per 100 mL for non-TBI subjects and mildly and moderate to severely affected subjects with TBI, as
detailed in Table 1. The moderate to severely affected subjects were significantly different from the non-TBI controls (p=0.02, Wilcoxon) for both
gray matter and white matter, with a trend toward significance for the comparisons between mildly affected TBI subjects and non-TBI controls
(p=0.05 and p=0.11, Wilcoxon, respectively). GM, gray matter; TBI, traumatic brain injury; WM, white matter.
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FIGURE 3. Absolute and Globally-Normalized, Partial-Volume-Corrected Cerebral Blood Flow (mL/min/100 mL) for Non-TBI and
TBI Subjectsa
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a The left panel shows the mean regional partial volume-corrected cerebral blood flow (rCBF) in absolute units (milliliters per minute per 100 mL) across
maximum probability regions, defined as described in the text (left indicates left hemisphere, whereas right indicates right hemisphere) for non-TBI
subjects (white) and TBI subjects (black). Note the similar pattern but different magnitude across regions with the white bars (non-TBI), which are
consistently higher (i.e., higher rCBF) than the black bars (TBI subjects) with only a few exceptions. The right panel shows the normalized regional partial
volume-corrected cerebral blood flow (rCBF/gCBF) in relative units across brain regions for non-TBI subjects (white) and TBI subjects (black). Note
the similar pattern and essentially identical relative magnitude across regions, with only subtle, nonsignificant differences. Regions are shown in
the following respective order: frontal, middle gyrus, left and right; frontal, precentral gyrus, left and right; frontal, straight gyrus, left and right;
frontal, anterior orbital gyrus, left and right; frontal, inferior frontal gyrus, left and right; frontal, superior gyrus, left and right; frontal, medial orbital
gyrus, left and right; frontal, lateral orbital gyrus, left and right; frontal, posterior orbital gyrus, left and right; anterior cingulate, subgenual, left and
right; subcallosal area, left and right; anterior cingulate, presubgenual, left and right; hippocampus, right and left; amygdala, right and left; temporal
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(no. 109,386, principal investigator Dr. Michael M. Graham).
To determine amyloid burden, subjects underwent dynamic
imaging with [11C]PIB (15 mCi610%) for 90 minutes, com-
mencing at injection.31,32 Similar to the procedures de-
scribed above for [15O]water, imaging was performed on an
ECAT EXACT HR+ device with transmission performed
before the tracer injection. The dynamic emission images
were coregistered to structural magnetic resonance imaging
for region definition. The distribution volume ratio was
calculated for each region using the simplified reference
tissue method 2 as implemented by the PMOD Kinetic
Modeling Tool (PKIN, version 3.5) and the bilateral cere-
bellar GM as the reference tissue. In addition, the dynamic
frames acquired from 50 to 70 minutes postadministration
were summed to create a static image. This static image was
converted to standardized uptake values and was then nor-
malized by the standardized uptake value in the cerebellar
GM to create a standardized uptake value ratio image. The
global amyloid burden was determined by calculating a cor-
tical retention ratio, defined as the volume-weightedmean of
either the standardized uptake value ratio or the distribution
volume ratio values for the frontal, parietal, lateral, tempo-
ral, and cingulate regions.

Statistical Analyses
Univariate comparisons between the groups were performed
using the Wilcoxon rank sum test for continuous variables
and the Fisher’s exact test for categorical variables. Means
and standard deviations are reported for continuous meas-
ures. A nonparametric measure of effect size that charac-
terizes the degree of separation of the distributions of
the two groups compared (theta33) is reported, along with
95% confidence intervals.34 A theta value equal to 0.5 denotes
no difference between the groups. For more details about the
interpretation of this effect size measure, see Newcombe.33

The quantitative [15O]water data were analyzed using
a repeated-measures linear model to predict gCBF. The
following factors were considered: group (TBI cases ver-
sus non-TBI controls), condition (scans), and interaction
between group and condition. The lack of independence
between the conditions was accounted for by using the
condition as a repeated-measures factor and a compound
symmetric structure for the variance covariance matrix for
the conditions. After suitable models were fit, the levels of
factors showing statistical significance were compared using
post hoc contrasts implementing a Tukey adjustment for
multiple comparisons.

A similar analytic strategy was used to assess hemispheric
cortical and WM [11C]PIB uptake between the groups. In

this case, the brain side (right versus left) was considered
as a repeated measure within each subject. After suitable
models were fit, the levels of factors showing statistical sig-
nificance were compared using post hoc contrasts imple-
menting a Tukey adjustment for multiple comparisons.

To compare regional [15O]water or [11C]PIB uptake data,
a massive nonparametric univariate comparison approach
controlled by the false discovery rate35 was used.

RESULTS

Background Characteristics and Psychiatric Assessment
Demographic, cardiovascular, and psychiatric measures are
described in Table 1. The groups did not significantly differ
with regard to age, education, time since trauma or return
from deployment, severity of posttraumatic stress disor-
der (Clinician-Administered PTSD Scale total score) or
depressive symptoms (Hamilton Depression Rating Scale
score), or effects of alcohol use (Alcohol Use Identification
Test score). Furthermore, there was no evidence that the
groups differed cognitively, because there were no signifi-
cant differences in any of the neuropsychological tests
assessing attention, processing speed, working memory,
verbal and visual learning, or executive functions. None of
the subjects had significant medical comorbidities, except for
one TBI subject with recently diagnosed and appropriately
controlled type 2 diabetes. Only three subjects (one non-TBI
control and two TBI subjects) had a single apolipoprotein E ε4
allele; therefore, this factor was not included in any analyses.

gCBF
gCBF differed significantly between the TBI and non-
TBI subjects. After adjusting for the interaction between
the groups (i.e., TBI versus non-TBI) and the conditions
(F(3,37)=0.93, p=0.44), the TBI group had lower gCBF than
the non-TBI group on average over the four scans (mean
gCBF=45.4 [SD=4.5] versus 51.7 [SD=5.8]mL/min per 100mL,
theta=0.16, 95% confidence interval=0.05–0.46, F(1,13)=5.36,
p=0.04). In addition, the gCBF differed between conditions
(F(3,37)=3.13, p=0.04). On average, over the two groups, the
low-stress condition H2O2 had higher gCBF than the high-
stress (i.e., combat) condition H2O4 (t(37)=2.93, Tukey-
adjusted p=0.03; Figure 1). gCBF values determined using
the alternative methodology (PMOD Neuro Tool) were in
complete agreement with those determined from FreeSurfer
and Brains2 software (intraclass correlation=0.981, mean
difference=0.5%) and resulted in similar findings with
respect to the group comparisons. For partial volume–
corrected values, after adjusting for the interaction between

lobe, superior gyrus, posterior, right and left; temporal lobe, middle and inferior gyrus, right and left; fusiform gyrus, right and left; temporal lobe,
posterior, left and right; temporal lobe, superior gyrus, anterior, left and right; parietal lobe, postcentral gyrus, left and right; parietal lobe, superior
gyrus, left and right; parietal lobe, inferolateral, left and right; occipital lobe, lateral, left and right; occipital lobe, lingual gyrus, left and right; occipital
lobe, cuneus, left and right; caudate nucleus, left and right; nucleus accumbens, left and right; putamen, left and right; thalamus, left and right;
pallidum, left and right; corpus callosum; substantia nigra, left and right; insula, left and right; anterior cingulate, left and right; posterior cingulate, left
and right; cerebellum, right and left; and brainstem. gCBF, global cerebral blood flow; rCBF, regional cerebral blood flow; TBI, traumatic brain injury.
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the groups and the conditions (F(3,37)=0.89, p=0.46), the TBI
group had lower gCBF than the non-TBI group on average
over the four scans (mean gCBF=57.4 [SD=6.4] versus 65.0
[SD=5.9], theta=0.27, 95% confidence interval=0.10–0.57,
F(1,13)=5.61, p=0.03). In addition, the gCBF differed between
conditions (F(3,37)=3.34, p=0.03). On average, over the two
groups, the low-stress condition H2O2 had higher gCBF
than the high-stress (i.e., combat) condition H2O4
(t(37)=2.91, Tukey-adjusted p=0.03).

The same gCBF pattern (i.e., lower flow in TBI subjects)
was exhibited by the WM and GM as was observed for
the brain as a whole (gCBF). After adjusting for the in-
teraction between the groups and the conditions (F(3,37)=0.85,
p=0.47), the TBI group had lowerWMCBF than the non-TBI
group on average over the four scans (WM CBF: mean=41.8
[SD=4.0] versus mean=47.3 [SD=5.1] mL/min per 100 mL,
theta=0.20, 95% confidence interval=0.06–0.50, F(1,13)=5.36,
p=0.04) and lower GM CBF than the non-TBI group (GM
CBF: mean=47.0 [SD=4.5] versus mean=53.3 [SD=5.5] mL/min
per 100mL, theta=0.20, 95% confidence interval=0.06–0.50,
F(1,13)=5.67, p=0.03). Themore severely affected the subject,
the lower the CBF for both GM and WM (Figure 2).

Given the small sample size, this study was un-
derpowered to detect an interaction between the groups and
the conditions. However, post hoc contrasts adjusted for
multiple comparisons showed that for the non-TBI controls,
the gCBF forH2O2 (i.e., city driving) was significantly higher
than the gCBF for H2O4 (i.e., second viewing of the combat
scenario) (t(37)=2.71, Tukey-adjusted p=0.05). For the TBI
cases, there were no significant differences between the
conditions.

rCBF
No significant quantitative volumetric differences existed
between the TBI and non-TBI groups. Consistent with the
findings from the anatomical magnetic resonance images,
visual inspection of the [15O]water images did not yield any
obvious lesions in any of the subjects. The pattern of blood
flow, however, differed in magnitude between the TBI and
non-TBI groups across all analyzed regions when the rCBF
was expressed in terms of absolute CBF (in milliliters per
minute per 100 mL), whether partial volume corrected or
not. Specific regions that differed between the TBI and
non-TBI groups for both mean rCBF and partial volume–
corrected rCBF were the left medial anterior temporal lobe,
left superior parietal lobe, bilateral inferolateral parietal
lobe, bilateral lateral occipital lobe, and bilateral lingual gy-
rus. However, although global differences were significant,
none of these individual regional differences between
the groups was maintained after controlling for the false
discovery rate. By contrast, when the rCBF values were
globally normalized (relative CBF expressed as a fraction of
the global flow), the two groups had essentially an identical
distribution of blood flow, except for possible subtle differ-
ences in rCBF for specific regions under specific activation
conditions. Regional findings related to the response to the

specific activations (e.g., watching a combat scenario versus
city driving) will be explored in a separate article. See
Figure 3 for absolute and relative (i.e., normalized) partial
volume–corrected regional values expressed as the mean for
non-TBI and TBI subjects, calculated as the average across
all injections.

Amyloid Burden
The cortical retention ratios whether determined from the
standardized uptake value ratio calculated from 50 to 70
minutes postinjection (non-TBI versus TBI: mean=1.14
[SD=0.05] versus mean=1.12 [SD=0.05], theta=0.64, 95%
confidence interval=0.38–0.83, p=0.34) or from the distribu-
tion volume ratio (non-TBI versus TBI: mean=1.03 [SD=0.05]
versus mean=1.03 [SD=0.06], theta=0.57, 95% confidence
interval=0.32–0.78, p=0.65) determined from dynamic data
collected from 0 to 90 minutes analyzed by the simplified
reference tissue method 2 did not differ significantly be-
tween the two groups. None of the subjects were in the
pathological range of the cortical retention ratio, with
a maximum distribution volume ratio of 1.14 (a TBI subject)
and a maximum standardized uptake value ratio of 1.21
(a non-TBI subject). Cerebellar uptake (whole in standard-
ized uptake value units), an important consideration due to
the role of the cerebellum as the reference tissue, also did
not differ between the groups (mean non-TBI versus
TBI=0.62 [SD=0.07] versus 0.56 [SD=0.09], theta=0.68,
95% confidence interval=0.42–0.86, p=0.20). Consistent
with the global and cerebellar measures, none of the regions
parameterized as distribution volume ratios differed be-
tween the groups, except for the left caudate. When re-
gional values were examined in standardized uptake value
ratios, values were marginally higher in the left caudate
and thalamus. In standardized uptake value units (not
normalized by the cerebellar uptake), values were mar-
ginally higher in the non-TBI compared with the TBI
subjects in the left caudate nucleus, bilateral thalami, left
globus pallidus, right anterior cingulate, and corpus cal-
losum. None of these differences were maintained after
controlling for the false discovery rate. In addition, the
uptake of [11C]PIB into the WM did not differ between
the groups or between hemispheres (standardized uptake
value ratio for non-TBI versus TBI: WM-left: mean=1.53
[SD=0.17] versus 1.44 [SD=0.19], theta=0.64, 95% confi-
dence interval=0.37–0.83, p=0.34; WM-right: mean=1.55
[SD=0.17] versus 1.44 [SD=0.19], theta=0.61, 95% confidence
interval=0.35–0.82, p=0.27).

DISCUSSION

CBF, to the brain tissue as a whole and GM and WM sepa-
rately, was reduced globally in veterans who had suffered
a combat-related TBI, as defined above, compared with
veterans who had not experienced a TBI. However, there
was no evidence of systematic regional differences between
the groups averaged across all injections after accounting for
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global flow or evidence of systematic volumetric differences.
Partial volume correction of the image data did not alter the
global or regional results, which indicates that the reduced
flow was not explainable simply by alterations in cortical
dimensions resulting in enhanced partial volume effects.
The finding of a lack of regional differences was in contrast
with the results reported by Kim et al.,36 in which relative
hypoperfusionwas found in the bilateral thalami and bilateral
posterior cingulate with relative hyperperfusion in the right
temporal gyri and right insula. Technical differences be-
tween the studies (specifically, the use of arterial spin la-
beling versus [15O]water blood flow imaging) and differences
between the subject populations (specifically the pre-
ponderance of focal lesions in the study by Kim et al.36) may
explain these inconsistencies.

The pattern of vascular responsivity observed in the non-
TBI subjects (i.e., an increase in gCBF between low-stress
conditions [H2O2] and resting [H2O1] and a subsequent
decrease in gCBF during the high-stress conditions [H2O3
and H2O4]) is consistent with the inverted “U” response
to anxiety that has been reported for CBF and cerebral
glucose metabolism.37 However, the gCBF remained essen-
tially unchanged across conditions for the subjects who had
experienced a TBI, which suggests possible impaired vascular
responsivity. A larger sample of TBI subjects and/or alterna-
tive metrics, such as cerebral vascular reserve measures,
would be needed to address this pathophysiological question.

Although the small sample size precludes definitive
findings, the lack of amyloid burden in this sample of
combat-related TBI subjects studied 20–60 months post-
event was consistent with the report of Kawai et al.,20

who studied patients with chronic posttraumatic neuropsy-
chological impairment. In this report, nine of 12 [11C]PIB-
negative patients had an average binding potential of 0.14
(SD=0.04) (equivalent to distribution volume ratio=1.14)
comparable to the binding potential seen in healthy controls
(0.11 [SD=0.12]; equivalent to distribution volume ratio=1.11)
and to the highest distribution volume ratio in the cur-
rent sample. Kawai et al.20 concluded that “the absence of
Ab deposition determined by [11C]PIB PET in many long-
term survivors with neuropsychological impairment after
moderate-to-severe TBI does not support the premise that
Ab pathology progresses over time in the traumatized
brain.” Chen et al.38 examined brain tissue at autopsy and
found virtually no amyloid plaques (in only one of 18 patients
18–76 years old) in long-term survivors (27 days to 3 years),
despite observing plaques in three of five short-term survi-
vors (27–144 hours). The authors hypothesized that the
long-term regression of amyloid plaques potentially formed
acutely may reflect a change in the balance of amyloid
anabolism and catabolism. Although there is human evi-
dence of the formation of amyloid plaques acutely after TBI,
these studies have not involved subjects who have experi-
enced blast-related TBI. De Gasperi et al.39 examined the
brains of rodents after an experimental blast injury. Rather
than acute increases in brain amyloid, decreases in Ab 40

and Ab 42 were observed. Therefore, the lack of amyloid
burden (whether based on standardized uptake value ratios,
distribution volume ratios, or standardized uptake values) in
combat-related TBI subjects in our study may be the result
of either regression of plaques acutely formed after the
traumatic event or, because of the predominance of blast-
related TBI, may be attributable to a failure of the blast to
elicit increased levels of amyloid. Early and serial imaging of
patients with blast-related TBI will be necessary to elucidate
the underlying amyloid-related pathologies associated with
this type of TBI.

The use of a quantitative rather than a relative approach
to the evaluation of CBFwas critical to identifying the effects
of TBI on CBF. Imaging analysis techniques that use global
normalization may mask pathology that is broadly distrib-
uted across the brain. The global impairment in magnitude
and, possibly, variability of blood flow with TBI observed
is consistent with the hypothesized effects of a blast wave
and/or acceleration/deceleration and rotational forces that
damage tissues and vasculature throughout the entire brain.
Whether the observed globally reduced flow was the result
of vascular pathology that reduced the supply of blood to the
tissues, tissue damage that reduced the demand for blood,
or a combination of both processes cannot be discerned.
However, there is evidence of significant long-term func-
tional sequelae of the combat-associated neurotrauma that
appears to be independent of amyloid-related pathology.
The enhanced risk for the development of dementia in
patients with a history of TBI may potentially be mediated
by changes in CBF or tau, rather than early amyloid de-
position. However, verification of this possible theory would
require the study of a larger group of combat TBI subjects at
multiple time points and, ideally, in conjunction with both
serial amyloid and tau imaging.

CONCLUSIONS

Chronic TBI in these subjects (3–8 years after injury) is
a global phenomenon manifested by alterations in gCBF.
Veterans who have suffered a TBI have significantly lower
CBF than non-TBI controls without increased amyloid lev-
els. This finding is consistent with global vascular damage
(reduced supply) or global reduction in metabolism (reduced
demand) secondary to the TBI.
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