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OBJECTIVES To image amyloid deposition in patients with traumatic brain injury (TBI) using
carbon 11–labeled Pittsburgh Compound B ([11C]PiB) positron emission tomography (PET) and
to validate these findings using tritium-labeled PiB ([3H]PiB) autoradiography and
immunocytochemistry in autopsy-acquired tissue.

DESIGN, SETTING, AND PARTICIPANTS In vivo PET at tertiary neuroscience referral center and
ex vivo immunocytochemistry of autopsy-acquired brain tissue from a neuropathology
archive. [11C]PiB PET was used to image amyloid deposition in 11 controls (median [range] age,
35 [24-60] years) and in 15 patients (median [range] age, 33 [21-50] years) between 1 and 361
days after a TBI. [3H]PiB autoradiography and immunocytochemistry for β-amyloid (Aβ) and
β-amyloid precursor protein in brain tissue were obtained from separate cohorts of 16
patients (median [range] age, 46 [21-70] years) who died between 3 hours and 56 days after
a TBI and 7 controls (median [range] age, 61 [29-71] years) who died of other causes.

MAIN OUTCOMES AND MEASURES We quantified the [11C]PiB distribution volume ratio and
standardized uptake value ratio in PET images. The distribution volume ratio and the
standardized uptake value ratio were measured in cortical gray matter, white matter, and
multiple cortical and white matter regions of interest, as well as in striatal and thalamic
regions of interest. We examined [3H]PiB binding and Aβ and β-amyloid precursor protein
immunocytochemistry in autopsy-acquired brain tissue.

RESULTS Compared with the controls, the patients with TBI showed significantly increased
[11C]PiB distribution volume ratios in cortical gray matter and the striatum (corrected P < .05
for both), but not in the thalamus or white matter. Increases in [11C]PiB distribution volume
ratios in patients with TBI were seen across most cortical subregions, were replicated using
comparisons of standardized uptake value ratios, and could not be accounted for by
methodological confounders. Autoradiography revealed [3H]PiB binding in neocortical gray
matter, in regions where amyloid deposition was demonstrated by immunocytochemistry;
white matter showed Aβ and β-amyloid precursor protein by immunocytochemistry, but no
[3H]PiB binding. No plaque-associated amyloid immunoreactivity or [3H]PiB binding was seen
in cerebellar gray matter in autopsy-acquired tissue from either controls or patients with TBI,
although 1 sample of cerebellar tissue from a patient with TBI showed amyloid angiopathy in
meningeal vessels.

CONCLUSIONS AND RELEVANCE [11C]PiB shows increased binding following TBI. The
specificity of this binding is supported by neocortical [3H]PiB binding in regions of amyloid
deposition in the postmortem tissue of patients with TBI. [11C]PiB PET could be valuable in
imaging amyloid deposition following TBI.
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T here is increasing acceptance of epidemiological and
pathophysiological links between traumatic brain in-
jury (TBI) and Alzheimer disease (AD).1-3 β-Amyloid (Aβ)

plaques, a hallmark of AD, are found in up to 30% of patients
who die in the acute phase following TBI4-7; they appear
within hours of injury and are present in all age groups. In
contrast, in individuals dying of nonneurological causes,
Aβ plaques tend to be confined to elderly individuals.5

At autopsy, Aβ plaques in patients with TBI are predomi-
nantly found in gray matter but have also been reported in
white matter.8 The dominant Aβ species found in TBI-
associated plaques and oligomers is Aβ42,7,9,10 which is the
aggregation-prone species also found in AD. Autopsy stud-
ies conducted at varying intervals after TBI suggest that
these deposits are cleared over a period of weeks following
injury.11 Recent postmortem evidence suggests that, follow-
ing TBI, the Aβ deposition associated with “normal” aging
may be subsequently accelerated,12 but our inability to
quantify amyloid binding in vivo limits a broader under-
standing of the temporal profile and outcome of amyloid
deposition in TBI.

Positron emission tomography (PET) may provide one so-
lution to this problem. Several carbon 11–labeled and fluorine
18–labeled PET ligands for amyloid imaging have been devel-
oped and used in AD.13 The most widely studied of these, Pitts-
burgh compound B (PiB),14 is widely validated as a marker of
cerebral amyloid deposition. In individuals with AD, and in the
general population, the relative distribution of Aβ as mea-
sured by carbon 11–labeled PiB ([11C]PiB) PET correlates well
with neuropathology, with a predilection for high frontal, tem-
poroparietal, and striatal binding and relatively low but still
significant mesial temporal binding.13

However, documented amyloid deposition may be unas-
sociated with [11C]PiB binding seen on PET scans,15-17 or it may
have distinct patterns of binding across the brain, depending
on the genetic abnormality predisposing to amyloid
deposition,18 suggesting molecular heterogeneity in amyloid
species in relation to [11C]PiB binding. Therefore, before using
serial [11C]PiB PET to examine amyloid deposition in patients
with TBI, we need to be certain of the correspondence be-
tween [11C]PiB PET imaging and pathology. Furthermore, we
have no idea of the time points following injury when changes
in amyloid deposition might be best detected. Given these con-
siderations, we have undertaken a cross-sectional pilot study
of [11C]PiB PET for patients with moderate to severe TBI, im-
aged at a range of times after TBI. To validate our imaging find-
ings, we also undertook a comparison of in vitro tritium-
labeled PiB ([3H]PiB) binding against immunocytochemistry
for Aβ in autopsy-acquired brain tissue obtained from a sepa-
rate cohort of patients.

Methods
This is a cross-sectional study of a convenience sample of pa-
tients with TBI and age-matched controls, using [11C]PiB PET.
Patients with TBI were recruited up to a maximum of 1 year
after injury. Validation of the PET findings was undertaken in

postmortem tissue from a separate series of individuals, ob-
tained from a neuropathology archive.

Cohorts
[11C]PiB PET was performed for 15 participants (median [range]
age, 33 [21-50] years) who had a moderate to severe TBI (me-
dian [range] Glasgow Coma Scale score, 8 [3-12]) (Table 1). Par-
ticipants were selected based on a study plan that aimed to re-
cruit patients at different times (up to 1 year) following TBI.
Seven of these patients were still receiving critical care at the
time of imaging, and they were selected as they were suffi-
ciently stable to undergo PET imaging at times when access
to the PET facility was available. The imaging characteristics
of injury were assessed at admission by computed tomogra-
phy using the Marshall score,19 and outcome was defined using
the Glasgow Outcome Scale.20 All studies were undertaken fol-
lowing informed consent from participants or from a patient
representative if the patient did not have the capacity to pro-
vide consent. [11C]PiB PET was also performed for 11 healthy
controls (median [range] age, 35 [24-60] years), none of whom
had any symptoms, signs, or diagnoses of neurological dis-
ease or showed any abnormalities on magnetic resonance
imaging (MRI) scans of the brain, and all of whom had a nor-
mal score on the Mini-Mental State Examination. [11C]PiB PET
studies were approved by a regional research ethics commit-
tee (National Research Ethics Service Committee East of En-
gland–Cambridge Central; Imaging Cerebral Amyloid Deposi-
tion Using Positron Emission Tomography; study 05/Q0108/
350) and by the UK Administration of Radioactive Substances
Advisory Committee (reference RPC 83/3387/20183).

Autoradiography and immunocytochemistry for valida-
tion of PiB binding were performed on autopsy-acquired hu-
man brain tissue from the unique Glasgow TBI Archive held
at the Southern General Hospital, in Glasgow, Scotland. The
material examined was obtained from 16 individuals (me-
dian age, 46 [21-70] years) who had sustained a TBI and had
died at intervals of 3 hours to 56 days after injury. We also ex-
amined brain tissue from 7 controls (median age, 61 [29-71]
years) with nonneurological cause of death. Use of this mate-
rial was approved by the appropriate research ethics commit-
tee (West of Scotland Research Ethics Service; reference 10/
S0709/58). In each case, matched coronal sections from the
level of the lateral geniculate nucleus (including the corpus cal-
losum and adjacent parasagittal white matter, the thalamus and
adjacent internal capsule, the hippocampus and the medial
temporal lobe, and the insular cortex and adjacent subcorti-
cal white matter) were selected for analysis, together with sec-
tions of the cerebellar cortex.

[11C]PiB PET
[11C]PiB PET data were acquired as described in a previous
study21 (eAppendix and eFigures 1 and 2 in Supplement). For
11 participants (including 4 controls), we obtained arterial blood
samples to provide a metabolite-corrected plasma input func-
tion for kinetic analysis. To facilitate segmentation into tis-
sue classes and delineation of anatomical regions of interest
(ROIs), participants also underwent an anatomical MRI scan
with the 3-T Siemens Tim-Trio (Siemens Medical Solutions).
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Images were acquired using a 3-dimensional magnetization-
prepared rapid gradient-echo sequence (repetition time/
echo time/inversion time = 2300 milliseconds/2.98 millisec-
onds/900 milliseconds; flip angle, 9°; 1 average; 176 slices;
256 × 256 matrix size; 1 × 1 × 1-mm voxel size).

Statistical Parametric Mapping version 8 (SPM8; http:
//www.fil.ion.ucl.ac.uk/spm/doc/) was used to align the PET
images, coregister a mean-aligned PET image to the MR im-
age from the same participant, and segment the MR images.
The gray and white matter probability maps produced by SPM8
segmentation were smoothed with an isotropic gaussian func-
tion to approximate the PET resolution 5 cm off-axis (6.8-mm
full-width at half maximum [FWHM]). An ROI was delin-
eated in the superior gray matter of the cerebellum using a 90%
threshold on the smoothed gray matter probability map and
was applied to the coregistered PET images to provide a ref-
erence tissue time-activity curve. The regional and voxel-
wise distribution volume ratios (DVRs) were determined with
the reference tissue input Logan graphical method22 (fitting
time >40 minutes). The regional standardized uptake value ra-
tios (SUVR) were also determined from data acquired 50 to 70
minutes after injection, normalized by the cerebellum ROI sig-

nal. The DVRs and the SUVRs were quantified in 4 ROIs delin-
eated using the smoothed probability maps: white matter and
3 gray matter ROIs (cortical gray matter, the striatum [cau-
date nucleus and putamen], and the thalamus) (eAppendix and
eFigure 1 in Supplement).

The cortical gray matter ROI approximated a previous
quantification technique used for [11C]PiB PET in AD by Mor-
ris et al,23 which quantified the mean nondisplaceable bind-
ing potential (BPND) in cortical ROIs (the prefrontal cortex, gy-
rus rectus, lateral temporal cortex, and precuneus).24 However,
we did not wish to make any a priori assumption about where
binding would be seen in TBI, and hence defined an ROI that
included all cortical gray matter. To verify this approach and
explore the regional distribution of [11C]PiB binding, we also
quantified the [11C]PiB DVR and SUVR in multiple cortical and
white matter ROIs (eAppendix and eTable in the Supple-
ment). To reduce partial volume error, especially between gray
and white matter signals, 5 iterations of the Lucy-Richardson
deconvolution algorithm25,26 with a 6.8-mm FWHM gaussian
point-spread function were applied to the emission data prior
to estimation of the DVR and the SUVR (eAppendix and eFig-
ure 1 in Supplement).

Table 1. Clinical Characteristics of the Participants Who Underwent [11C]PiB PET Studiesa

Participant
No. Sex

Age at
PET, y

Age at
TBI, y

Mechanism
of Injury

Preintubation
GCS Score

Marshall
Score,
First CT
Scan Lesionsb

Midline
Shift, mm

DAI/TAI on
MRIc

Injury to
PET

Interval, d
Glasgow
Outcome Scale

Patients
with TBI

1 M 23 22 RTA (car) 3 EML SDH,
contusions

10 DAI 339 Good recovery

2 M 36 36 Assault 7 EML EDH,
contusions

8 DAI 10 Good recovery

3 F 46 46 RTA
(motorcycle)

3 DI II Contusion 0 DAI 11 Severe disability

4 M 37 37 RTA
(motorcycle)

7 DI II Contusion 0 DAI 14 Good recovery

5 M 50 50 RTA (car) 8 DI I Contusion 0 DAI 2 Good recovery

6 M 28 28 RTA
(motorcycle)

3 DI II Contusion 0 DAI 54 Severe disability

7 M 25 25 RTA (cyclist) 8 DI I None 0 DAI 7 Moderate
disability

8 M 45 45 RTA
(pedestrian)

7 EML SDH,
contusion

10 41 Severe disability

9 M 21 21 RTA (car) 7 DI I None 0 DAI 10 Good recovery

10 M 31 31 RTA
(motorcycle)

8 DI I None 0 TAI 2 Moderate
disability

11 M 27 27 RTA
(motorcycle)

5 DI I None 0 7 Vegetative state

12 M 33 33 RTA (car) 10 DI I None 0 DAI 3 Good recovery

13 M 44 44 Fall 10 NEML Bilateral
contusions

4 349 Good recovery

14 M 24 24 RTA (cyclist) 5 DI I None 0 DAI 71 Good recovery

15 M 43 42 RTA
(motorcycle)

5 NEML Contusions 0 DAI 109 Vegetative state

Abbreviations: [11C]PiB PET, carbon 11–labeled Pittsburgh Compound B positron
emission tomography; CT, computed tomography; DAI, diffuse axonal injury
(defined as �4 foci of TAI, in conformance with National Institute of
Neurological Disorders and Stroke Common Data Elements terminology); DI,
diffuse injury; EDH, extradural hematoma; EML, evacuated mass lesion; GCS,
Glasgow Coma Scale; MRI, magnetic resonance imaging; NEML, nonevacuated
mass lesion; RTA, road traffic accident; SDH, subdural hematoma; TAI,

traumatic axonal injury; TBI, traumatic brain injury.
a [11C]PiB PET was used to image amyloid deposition in 11 controls (median

[range] age, 35 [24-60] years [only 1 female control]).
b Only some with significant mass effect.
c The MRI scan was the first available, but in some instances this was the one

that accompanied the PET study and was hence weeks after the original injury.
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Autoradiography and Immunocytochemistry
Acute TBI cases and noninjured controls were identified within
the Glasgow TBI Archive. Details on tissue collection and pro-
cessing were as described previously.27 Immunostaining for Aβ
and β-amyloid precursor protein (βAPP) was performed with
a monoclonal antibody directed to the N-terminal epitope
amino acid residues Aβ/8–17 (clone 6F/3D; Dako; 1:75) and a
monoclonal antibody specific to APP (clone 22C11; Millipore;
1:50 000). For autoradiography, slides from sections adjacent
to those used for immunocytochemistry were incubated in
phosphate-buffered saline containing 10% ethanol and 0.5nM
N-methyl-[3H]2-(4′-methylaminophenyl)-6-hydroxybenzo-
thiazole ([3H]PiB; PerkinElmer LAS).

For both immunocytochemistry and autoradiography,
plaque density was assessed in sections or film images by an
investigator blind to whether the brain tissue was from a pa-
tient with TBI or a control. Furthermore, in the immunocyto-
chemistry-stained sections, plaques were assessed as either fi-
brillary or diffuse in nature. The extent and distribution of
axonal pathology were assessed in the APP-stained sections,
again by an investigator blind to whether the brain tissue was
from a patient with TBI or a control, and its nature as either
vascular axonal injury (arising as a consequence of raised in-
tracranial pressure) or diffuse traumatic axonal injury re-
corded, with the extent and distribution of Aβ-positive axo-
nal profiles recorded in adjacent sections. Finally,
corresponding autoradiographic images were reviewed for evi-
dence of white matter amyloid binding. The tissue blocks avail-
able primarily provided access to cerebral and cerebellar gray
and white matter. We do not have data on immunocytochem-
istry or [3H]PiB binding in the striatum.

Statistical Analysis
No sample size estimates were obtained prior to this explor-
atory study because no pilot data were available. Statistical
analysis was performed using Statview version 5 (SAS Insti-
tute). Data are expressed as medians and ranges, unless oth-
erwise stated. Measures of PiB binding were compared using
the Mann-Whitney U test, with P < .05 after correction for mul-
tiple comparisons considered statistically significant for de-
finitive analyses. Comparisons of [11C]PiB binding in cortical
and white matter subregions (eAppendix and eTable in the
Supplement) were primarily undertaken to explore the re-
gional distribution of [11C]PiB binding; these exploratory analy-
ses are reported with uncorrected P values.

Results
The characteristics of the participants who underwent [11C]PiB
PET are listed in Table 1. There were no significant differ-
ences in age at PET imaging between patients with TBI and con-
trols (P = .29).

Plasma-based kinetic analysis indicated that the validity
of reference tissue modeling was not affected by TBI (eAppen-
dix and eFigure 2 in the Supplement). Controls showed rela-
tively low [11C]PiB binding, predominantly in the central white
matter and deep gray matter structures (Figure 1). Patients with
TBI showed greater binding in both these areas (Figure 1), but
there was substantial spatial variation and temporal varia-
tion among participants. Lesional and perilesional regions in
and around contusions (n = 9) or underlying subdural hema-
tomas showed very little excessive [11C]PIB binding com-

Figure 1. Carbon 11–Labeled Pittsburgh Compound B ([11C]PiB) Distribution Volume Ratio (DVR) Maps From a
Control and 3 Patients With Traumatic Brain Injury (TBI)
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Transverse, coronal, and sagittal
sections of DVR maps from a healthy
control and 3 patients at varying time
intervals after TBI, overlaid on
coregistered T1-weighted magnetic
resonance imaging scans. All maps
have the same intensity range (DVRs
between 1.00 and 1.30) to aid
comparability. The interval between
TBI and imaging is shown on the
right.
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pared with normal tissue (eFigure 3 in Supplement). In par-
ticular, regions that showed a high signal on fluid-attenuated
inversion recovery and T2-weighted MRI scans and were also
sites of maximal vasogenic edema showed no particular in-
crease in the [11C]PiB DVR. Compartmental modeling with me-
tabolite-corrected plasma input, available for 6 patients with
TBI, imaged at early time points after injury, and 4 controls,
showed no difference in the kinetic parameters characteriz-
ing transport of the tracer across the blood-brain barrier be-
tween the 2 groups (eAppendix in the Supplement).

The [11C]PiB DVRs in the patients with TBI compared with
the controls (Figure 2) were significantly higher in cortical gray
matter (P = .009 [P = .04 after correction]) and the striatum
(P = .01 [P = .048 after correction]), but not in white matter
(P = .29) or the thalamus (P = .59). The data suggest temporal
variations in binding (eFigure 4 in Supplement), but our sample
size and numbers at later time points were too small to draw
robust conclusions. Analysis using the [11C]PiB SUVRs re-
sulted in identical results, with significantly higher SUVRs in
cortical gray matter and the striatum in the patients with TBI
(P < .01 and <.05, respectively, corrected for multiple compari-
sons) but not in the thalamus or white matter (P = .22 and .70,
respectively; eTable in Supplement).

Analysis of the [11C]PiB DVRs in cortical subregions showed
significantly higher values for patients with TBI than for con-
trols (uncorrected P < .05; eTable in Supplement) in all re-
gions except the medial temporal/hippocampal ROI. The
[11C]PiB DVRs in ROIs defined within white matter were not
significantly different between patients with TBI and con-
trols. The regional distribution of differences in [11C]PIB
SUVRs was similar to that of [11C]PIB DVRs (eTable in
Supplement).

Data from immunocytochemistry and [3H]PiB binding in
autopsy-acquired sections from controls and patients with TBI
are shown in Table 2. No plaque-associated [3H]PiB binding or

Aβ immunoreactivity was detected in any of the sections of
the cerebellar cortex from controls or from patients with TBI
(Figure 3). However, cerebellar tissue from a 61-year-old woman
who survived 12 hours after a severe TBI showed amyloid an-
giopathy in meningeal vessels, both by immunocytochemis-
try and autoradiography (Figure 3). The sections from pa-
tients with TBI had more frequent and denser plaques in
neocortical gray matter than did the sections from controls,
both by immunocytochemistry and [3H]PiB binding, with im-
munocytochemistry being the more sensitive of the 2 tech-
niques. In participants who showed [3H]PiB binding to neo-
cortical gray matter, there was good correspondence between
the 2 techniques in identifying regions with Aβ plaques. How-
ever, although fibrillar and diffuse plaques were identified
using both techniques, [3H]PiB binding was greatest in par-
ticipants with fibrillar plaque and was less evident or absent
in participants with only diffuse plaque (Figure 4). [3H]PiB bind-
ing was seen in 4 of the 6 patients in whom cortical plaque was
identified by immunocytochemistry, and no instances of false-
positive [3H]PiB binding were seen in regions that did not show
plaque by immunocytochemistry. Axonal Aβ and βAPP were
detected by immunocytochemistry exclusively in patients with
TBI, where they were found in 87.5% and 100% of participants,
respectively. However, we were unable to demonstrate [3H]PiB
binding in white matter regions that showed substantial and ex-
tensive axonal Aβ and βAPP immunohistochemistry. The tis-
sue blocks that were available for analysis did not allow us to
explore the immunocytochemistry or [3H]PiB binding in the
striatum.

Discussion
We demonstrate, for the first time, that [11C]PiB shows in-
creased binding in cortical gray matter and the striatum fol-

Figure 2. Box and Whisker Plots of Regional Carbon 11–Labeled Pittsburgh Compound B Distribution Volume Ratios (DVRs) for Controls and Patients
With Traumatic Brain Injury (TBI)
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Plots of DVRs in cortical gray matter, white matter, striatal, and thalamic regions
of interest from controls and patients with TBI patients are shown. The
horizontal line inside each box represents the 50th percentile; the top and
bottom borders of each box represent the 75th and 25th percentiles,
respectively; the whiskers above and below each box represent the 90th and

10th percentiles, respectively; and the circles beyond the whiskers represent
outliers. Significant differences between the 2 groups were found for cortical
gray matter (P = .009 [P = .04 when corrected for multiple comparisons]) and
the striatum (P = .01 [P = .048 when corrected for multiple comparisons]).
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lowing TBI. Correspondence between immunocytochemis-
try and [3H]PiB binding in separate samples of autopsy-
acquired tissues supports the inference that [11C]PiB binding

is a marker of Aβ plaque in gray matter with regard to TBI. Tis-
sue binding of [3H]PiB was observed in neocortical regions in
4 of the 6 tissue samples in which plaque was identified by im-
munocytochemistry, suggesting that PiB binding is moder-
ately sensitive at detecting Aβ plaque. However, there were no
instances of false-positive [3H]PiB binding in tissue in which
no plaque was present, suggesting that PiB binding is a rela-
tively specific marker of cortical Aβ plaque. Although indi-
vidual patients showed increases in [11C]PiB binding in white
matter, we were unable to show significant group differences
between patients and controls. Immunocytochemical exami-
nation of autopsy-acquired brain tissue from patients with TBI
showed that these white matter regions exhibit substantial
amounts of Aβ staining, but we were unable to directly corre-
late this with [3H]PiB binding in the same regions. We could
not demonstrate any significant increase in thalamic [11C]PiB
binding in vivo by PET imaging or in thalamic [3H]PiB binding
in postmortem tissue.

We could only find one prior study28 that examined amy-
loid deposition in cerebellar tissue in patients with TBI. This
study included 14 cases and found cerebellar amyloid in just
2 samples, for which it was present as diffuse deposits rather
than as the fibrillar plaque that was associated with [3H]PiB
binding in our autoradiographic studies. In our series of 16 pa-
tients with TBI and 7 controls whose tissue samples were ex-
amined postmortem, no parenchymal Aβ plaque in cerebel-
lar tissue was found. Furthermore, we were unable to show

Table 2. Data on Participants From the Glasgow TBI Archive Whose
Brains Were Used for ICC and [3H]PiB Autoradiographic Studies

Characteristic

Participants, No. %
Controls
(n = 7)

Patients With TBI
(n = 16)

Age, median (range), y 61 (29-71) 46 (21-70)

Post-TBI survival, range, d 3-56

Neocortical plaque detected by
ICC

2 (29) 6 (38)

Neocortical plaque detected by
[3H]PiB binding

1 (14) 4 (25)

Axonal Aβ detected by ICC 0 (0) 14 (88)

Axonal βAPP detected by ICC 0 (0) 16 (100)

White matter detected by [3H]PiB
binding

0 (0) 0 (0)

Cerebellar axonal βAPP detected
by ICC

0 (0) 11 (69)

Cerebellar plaque detected by ICC 0 (0) 0 (0)

Cerebellar plaque detected by
[3H]PiB binding

0 (0) 0 (0)

Cerebellar meningeal amyloid
angiopathy

0 (0) 1 (6)

Abbreviations: Aβ, β-amyloid; βAPP, β-amyloid precursor protein; [3H]PiB,
hydrogen 3–labeled Pittsburgh Compound B; ICC, immunocytochemistry; TBI,
traumatic brain injury.

Figure 3. Images of β-Amyloid (Aβ) in Cerebellar Tissue From Tritium-Labeled Pittsburgh Compound B ([3H]PiB) Autoradiography and
Immunocytochemistry

A B C

D E F

[3H]PiB autoradiography and immunocytochemistry were performed for 2
patients who died 30 hours (A-C) and 12 hours (D-F) after a traumatic brain
injury (TBI). The 2 red boxes shown in the low magnification regions (B and E,
respectively) were selected for higher magnification (C and F, respectively).
[3H]PiB binding is shown for the patient who died 12 hours after a TBI; this
binding corresponds to vascular amyloid in meningeal vessels (D [arrowheads]),

which are revealed by immunocytochemistry (E [original magnification ×3] and
F [original magnification ×50]) and best seen at high magnification (F
[arrowheads]). The neocortical tissue of the patient who died 30 hours after a
TBI (A-C) is also shown in Figure 4A-C, where the neocortical tissue shows clear
amyloid plaque and [3H]PiB binding, whereas the cerebellar tissue does not.
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plaque-related [3H]PiB binding in cerebellar tissue in any of the
participants. However, amyloid deposition in cerebellar tis-
sue was found in 1 patient with TBI (6% of the TBI tissue ex-
amined), in the form of amyloid angiopathy. Although these
data suggest that [11C]PiB binding in the cerebellum is uncom-
mon, it remains possible that amyloid angiopathy may have
contributed to cerebellar cortical [11C]PiB binding in PET stud-
ies. However, it is important to note that the presence of such
binding in the cerebellar reference region used for [11C]PiB PET
would lead to a reduction in the calculated DVR and SUVR in
target ROIs (eg, cortical gray matter and the striatum), rather
than the increase we observed in patients with TBI. Together
with a range of analyses (eAppendix and eFigure 2 in the
Supplement), this provided reassurance that our demonstra-
tion of increased [11C]PiB PET binding in cortical regions and
the striatum was unlikely to be a methodological artifact.

The cortical [11C]PiB binding that we demonstrate was
quantified using techniques similar to those used in the AD lit-
erature. For example, Morris et al23 used the mean cortical bind-
ing potential from 4 regions (the prefrontal cortex, the gyrus
rectus, the lateral temporal region, and the precuneus) to dif-
ferentiate patients with AD from controls, based on knowl-
edge of brain areas that show a predilection for Aβ deposition
in AD,29,30 with a mean cortical binding potential threshold
value of 0.18 (equivalent to a DVR of 1.18 [DVR = BPND + 1]) to
define abnormality.23 Although we used a wider range of cor-
tical regions (all of the cortex), we were able to demonstrate a
significant difference in cortical [11C]PiB binding between pa-

tients and controls. Although intercenter comparisons are im-
perfect, it is worth noting that some of the cortical [11C]PiB DVRs
that we found in early TBI were well within the spread of cor-
responding BPND values reported for amnestic mild cognitive
impairment.30 Indeed, in one of our patients (Figure 1 [sec-
ond row]), the cortical [11C]PiB DVR widely exceeded corre-
sponding BPND levels suggested as diagnostic thresholds for
AD,23 which have been reported to show high sensitivity and
specificity for the diagnosis of AD.

We showed that there was no significant increase in [11C]PiB
binding in white matter in the patients with TBI as a group.
However, visual inspection of images suggested increased
[11C]PiB binding in the white matter of individual patients (par-
ticularly early after TBI; Figure 1 and eFigure 4 in Supple-
ment). Binding of [11C]PiB in white matter in AD is thought to
be nonspecific31 because of negative in vitro binding assays and
because Aβ plaques are not found in white matter in AD. One
study32 has suggested that binding of PiB in white matter is to
a separate myelin epitope and that such binding might be used
to detect demyelination.

However, in our patients, the binding of [11C]PIB oc-
curred in regions of white matter that are known to show abun-
dant axonal Aβ deposition following TBI and to contain dam-
aged axon terminals that are known to bind thioflavin (which
is closely chemically related to PiB).33 Finally, the binding of
PiB to myelin shown by Stankoff et al32 was decreased, rather
than increased, in the presence of white matter inflammation
and injury in the setting of multiple sclerosis, suggesting that

Figure 4. Images of β-Amyloid (Aβ) in Adjacent Tissue Sections From the Parasagittal Cortex From Tritium-Labeled Pittsburgh Compound B ([3H]PiB)
Autoradiography and Immunocytochemistry

A B C

D E F

[3H]PiB autoradiography and immunocytochemistry were performed for 2
patients who died 30 hours (A-C) and 5 days (D-F) after a traumatic brain injury
(TBI). Note the regional correspondence in fibrillary Aβ plaque detection with
the 2 techniques. However, the predominantly diffuse plaque in the patient

who died 30 hours after a TBI is more evident in the stained sections (B and C).
The higher magnification fields (C and F [scale bars, 100 μm]) correspond to the
boxes (B and E, respectively [scale bars, 1 mm]) in the low magnification
regions.
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white matter inflammation and injury, on their own, would not
readily account for the increased binding that we demon-
strate in our patients. Given these considerations and our rela-
tively small sample size, we cannot exclude the possibility that
a larger PET study, or one focused on early TBI, might dem-
onstrate significant increases in white matter binding of
[11C]PiB. However, even if subsequent imaging studies do dem-
onstrate increased binding of the ligand in white matter fol-
lowing TBI, a further investigation is needed to determine why
we were unable to replicate this with [3H]PiB binding.

The early binding of [11C]PiB in the striatum in our pa-
tients broadly replicates the atypical early binding demon-
strated in patients who carry mutations in the presenelin-1 (PS1)
gene.34 As a proposed mechanism of amyloid deposition,35 such
PS1 mutations, and other genetically driven early-onset forms
of AD, may all overproduce Aβ (particularly Aβ42), in contrast
to typical late-onset AD, for which diminished clearance may
play a larger part.36 The topography of [11C]PiB binding ob-
served in our study would therefore be concordant with cur-
rently proposed mechanisms of overproduction leading to amy-
loid deposition in TBI.3

Our study has significant limitations, the most important
of which are its small sample size and the absence of serial
imaging. Perhaps most importantly, although our imaging data
are entirely concordant with previous postmortem studies that
have examined amyloid deposition in TBI, the small propor-
tion of late studies in our 15-patient cohort limits inferences
regarding the temporal pattern of [11C]PiB binding in vivo and
requires confirmation in a larger cohort. By performing ki-
netic analysis with a metabolite-corrected plasma input func-
tion for 6 patients with TBI and 4 controls, we explored the pos-
sibility that the increased cortical and striatal [11C]PiB binding
might have been an artifact of the disruption of the blood-
brain barrier following TBI; however, we found no differ-
ences in key kinetic parameters between these groups (eAp-
pendix in the Supplement). Three of the patients with the

highest cortical gray matter [11C]PiB DVRs had such data avail-
able (eFigure 4 in Supplement), providing some reassurance
that blood-brain barrier abnormalities were unlikely to be an
important cause of elevated [11C]PiB DVRs. However, al-
though we found no increase in [11C]PiB DVRs in areas of T2-
weighted hyperintensity on MRI scans, we did not perform con-
trast-enhanced MRI or computed tomography, and hence we
have no direct imaging of blood-brain barrier dysfunction in
our patients. Future studies will need to more fully address this
potential confounder. Finally, the autopsy-derived brain tis-
sue samples that we used to assess [3H]PiB binding were all ob-
tained within the first 70 days after TBI. Tissue-based valida-
tion of PiB binding at later time points will require additional
data.

The use of [11C]PiB PET for amyloid imaging following TBI
provides us with the potential for understanding the patho-
physiology of TBI, for characterizing the mechanistic drivers
of disease progression or suboptimal recovery in the sub-
acute phase of TBI, for identifying patients at high risk of ac-
celerated AD, and for evaluating the potential of antiamyloid
therapies. Future studies could use [11C]PiB PET to serially fol-
low the course of amyloid deposition and clearance following
TBI, in a way that is self-evidently impossible with postmor-
tem studies, and to perhaps document the reemergence of Aβ
decades after TBI.12 Such an approach would also allow for the
analysis of Aβ deposition in TBI in the context of cognitive func-
tion and host genotype (particularly APOE),37 which were not
addressed in the present study. [11C]PiB PET could also help
us in identifying the proportion of patients with moderate to
severe TBI who do show amyloid deposition, and in explor-
ing whether any patients with mild TBI show such deposition
because postmortem evidence is unavailable for this latter
group. Additional studies are also needed to further explore
the white matter binding that we demonstrate in PET stud-
ies, and to determine whether this is an artifact or whether it
represents a useful marker of white matter injury.
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