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eMETHODS 
 
[11C]PIB PET 
[11C]PIB PET data were acquired as described in a previous study.1  Briefly, data were acquired for 90 minutes (58 
time frames) following an injection of 539 MBq (428 – 660 MBq) and reconstructed using 3-dimensional filtered 
back projection with corrections applied for randoms, dead time, normalization, scatter, attenuation and sensitivity.  
There was no significant difference in the injected activity for the control and TBI groups (554 ± 16 MBq vs. 528 ± 
62 MBq; p=0.11). 
 
In 7 TBI subjects and 4 controls we obtained 18 blood samples via a radial artery cannula (6 × 20s, 3min, 4min, 
5min, 7min, 10min, 15min, every 10min thereafter).  Radioactivity concentration in both whole blood and plasma 
was measured in a gamma well counter.  Seven blood samples were used to determine the radio-labelled metabolite 
fraction in plasma (3min, 6min, 10min, 20min, 45min, 60min, 75min after injection).  Concentrations of hydrophilic 
metabolites and [11C]PIB were determined by solid-phase extraction of plasma.2  For each subject, the metabolite 
fraction data were fitted with the Hill function3 to derive a metabolite-corrected plasma input function. 
 
To segment grey and white matter ROIs a 65% threshold was applied to probability maps determined from MRI, 
which had then been smoothed to match the spatial resolution of PET (eFigure 1).  A threshold of 65% was chosen 
for initial segmentation as a compromise between maximizing ROI volume and making each ROI as homogeneous 
as possible in terms of the contribution made by grey or white matter to the ROI PET signal.  To further reduce 
partial volume error between grey and white matter signals, 5 iterations of the Lucy-Richardson deconvolution 
algorithm4,5 with a 6.8mm FWHM Gaussian point spread function were applied to the emission data prior to 
estimation of DVR.  The estimated final contribution of white matter voxels to the cortical grey matter ROI values 
in the control and TBI groups was 9.3 ± 0.7% and 9.1 ± 0.1%, respectively.  At this level, the increase found in 
cortical grey matter DVR in TBI could not be accounted for by the contribution made from white matter.  A similar 
analysis showed that the increase in striatal DVR seen in the TBI subjects could also not be accounted for by 
contamination from white matter (which was estimated to be 9.1 ± 0.7% and 9.7 ± 1.2% in control and TBI subjects, 
respectively). 
 

 

eFigure 1. The left panel shows the grey matter probability map from T1 weighted MR image, smoothed to PET resolution, with 
ROIs defined in red using a 65% grey matter threshold.  The right panel shows the same ROIs on the grey matter probability map at 
native MR resolution. 
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We also analysed [11C]PIB DVR and SUVR in a range of cortical grey and white matter sub-regions.  The grey 
matter ROIs were defined using the Automatic Anatomical Labeling (AAL) atlas6 implemented in the WFU 
PickAtlas software package7.  To warp the AAL ROIs to subject MR space, the T1-weighted image of each subject 
was spatially normalised to the MNI152 template using SyN8 and the AAL regions were warped from MNI to MR 
space using the inverse transformation of the spatial normalisation.  The cortical ROIs were then produced from the 
overlap between the warped AAL regions and the cortical grey matter ROI illustrated in eFigure 1.  Frontal, 
temporal, parietal and occipital white matter regions were formed from the intersection of the aforementioned global 
white matter ROI and TD lobes in the WFU PickAtlas warped to subject MR space using the same method as for the 
AAL regions. 
 
Autoradiography And Immunocytochemistry 
Briefly, tissue blocks were dissected from fresh, unfixed brain.  These blocks were then frozen in isopentane at -
40oC and stored at -80oC until required.  Blocks used in this study were selected to include: medial temporal lobe 
including the hippocampus, cingulate gyrus and adjacent corpus callosum, thalamus, and cerebellum.  From these 
blocks, a series of 8µm cryostat sections were cut and prepared for either immunocytochemistry or autoradiography. 
 
Immunocytochemistry: Following fixation in acetone for 10 minutes, sections were immersed in Avidin/Biotin 
Blocking Kit (Vector Laboratories, Burlingame, CA, USA), followed by blocking serum (normal horse serum; 
Vectastain Universal Elite Kit, Vector Labs).  Sections were then incubated in primary antibody for 20h at 4oC.  
Immunostaining for β-amyloid was performed with a monoclonal antibody directed to the N-terminal epitope amino 
acid residues Aβ/8–17 (clone 6F/3D; Dako, Carpinteria, CA, USA; 1:75), or with a monoclonal antibody specific to 
amyloid precursor protein (clone 22C11; Millipore, Billerica, MA, USA; 1:50,000).  Visualization was achieved 
using a DAB kit (Vector Labs), following which the sections were scanned using a digital slide scanner 
(NanoZoomer; Hamamatsu, Hertfordshire, UK) and viewed using the SlidePath Tissue IA system (Dublin, Ireland). 
 
Autoradiography: Sections were thawed to room temperature prior to 3 consecutive 5 min incubations in phosphate 
buffer saline (PBS, pH7.4) at 4°C.  Slides were then incubated in PBS containing 10% ethanol and 0.5nM N-methyl-
[3H]2-(4’-methylaminophenyl)-6-hydroxybenzothiazole ([3H]PIB, Perkin Elmer LAS, UK) for 1 hour at room 
temperature.  Non-specific binding was determined in the presence of 10µM BTA-1 (Sigma Aldrich, UK) in 
adjacent sections.  After incubation with radioligand, sections were washed for 2 x 30s in PBS at 4°C and then 30 s 
in distilled water at 4°C.  Sections were dried in air before exposure to Kodak Biomax MR film. 
 
 
eRESULTS 
 
1. Validation of Reference Tissue Logan Plot Analysis In TBI Using Plasma Input Logan Plot Analysis 
In patients (n=7) for whom arterial blood samples were available, [11C]PIB DVR calculated from reference tissue 
Logan analysis was compared to the ratio of target and reference tissue distribution volumes (VT) determined from 
plasma input Logan analysis.9  The reference tissue method that we used has been previously validated in healthy 
subjects, and it was not our intention to repeat this validation in healthy controls with such a small number of 
subjects.  Our TBI data show concordance between the two derivations of DVR in 28 large regions in seven subjects 
with varying DVR values (eFigure 2).  The inference that we draw from these data are that our results cannot easily 
be explained by differences in reference tissue Logan plot performance in the TBI population. 
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eFigure 2. Plot of [11C]PIB DVR derived using Logan plot analysis: with plasma input on x axis vs. reference tissue on y axis.  
Separate data points are shown for cortical grey matter, striatum, thalamus and white matter ROIs in TBI patients (n=7).  The linear 
regression was y = 0.85x + 0.27; p <0.001, r2: 0.89. 
 
2. Blood Brain Barrier Disruption As A Potential Artifactual Cause Of Increased [11C]PIB Binding In TBI 
We undertook analysis to determine whether the increased [11C]PIB DVR we observed in patients may have been 
the consequence of changes in blood-brain barrier (BBB) function in TBI.  To do this, we compared kinetic 
parameters determined from metabolite-corrected plasma two tissue compartmental modeling (4 kinetic parameters 
plus blood volume) for controls (n=4) and patients (n=6) imaged at early time points, for which BBB disruption is 
most likely to have been a factor.  We specifically looked for differences in (K1/k2)/(K1’/k2’) where K1 and k2 
represent bidirectional transport of radiotracer across the BBB, and K1’ and k2’ represent the same parameters for the 
reference tissue region – the cerebellum in this case.10  The term (K1/k2)/(K1’/k2’) is the ratio of the free distribution 
volumes in the target and reference tissues; this has previously been used to assess whether kinetic analysis using a 
reference tissue is being affected by BBB dysfunction.11  This analysis revealed no differences in (K1/k2)/(K1’/k2’) 
between healthy controls and TBI patients in the two regions showing statistically significant DVR increases in TBI, 
namely cortical grey matter (p=0.46) and striatum (p=0.94). Critically, three of the above six TBI patients were 
amongst the five patients who showed the highest DVR values in cortical grey matter (see eFigure 4). 
 
In addition, we explored the spatial distribution of [11C]PIB binding, with particular reference to perilesional areas 
that showed high MR signal on T2-weighted and FLAIR sequences, and were likely to represent the areas of 
maximal BBB disruption (eFigure 3).  This analysis showed no excess [11C]PIB binding in areas of vasogenic 
oedema, suggesting that BBB disruption was not an important confound in application of reference tissue kinetic 
analysis for [11C]PIB PET in TBI patients. 
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eFigure 3. [11C]PIB DVR map from a patient within 4 weeks of TBI (left), corresponding FLAIR MR image (right) and coregistration 
of the two (centre).  Note the widespread [11C]PIB binding, but with no excess binding in perilesional regions around the frontal 
contusions. 
3. Regional Variation in [11C]PIB Binding 
[11C]PIB DVR was significantly different between TBI patients and controls in all of the AAL-defined cortical 
ROIs, except for the medial temporal lobe/hippocampus (eTable 1).  Broadly similar results were observed when we 
compared SUVR values in these ROIs, although differences in two of the regions which had shown significant 
differences between controls and TBI patients in [11C]PIB DVR (cingulum posterior, parietal) just failed to reach 
significance for differences in SUVR comparisons (p = 0.07).  The differences in cortical grey matter [11C]PIB 
binding observed in ROIs defined using a 65% grey matter threshold (eFigure 1) were fully replicated in global 
cortical ROIs defined using the AAL atlas12 (global grey in eTable 1), both for comparisons of DVR and SUVR (p < 
0.005 for both comparisons).  There were no differences in [11C]PIB DVR or SUVR in any of the white matter 
ROIs. 

eTable 1.  Median (25th, 75th quartile) DVR and SUVR values for control and TBI subjects in cortical and white matter sub-regions, 
and regions determined from smoothed probability maps (bold), together with p-values for the group differences (p values are 
uncorrected for multiple comparisons). 

DVR 

Region Control TBI p-value (uncorrected) 
Global grey 1.01 (0.98, 1.02) 1.06 (1.03, 1.11) <0.005 
Cingulum anterior 0.91 (0.90, 0.93) 1.00 (0.92, 1.06) <0.05 
Cingulum posterior 1.00 (0.99, 1.02) 1.07 (1.04, 1.09) <0.05 
Frontal 0.98 (0.96, 1.00) 1.05 (1.02, 1.10) <0.005 
Hippocampus 0.98 (0.95, 1.00) 0.99 (0.94, 1.03) 0.896 
Lateral temporal 1.02 (0.99, 1.03) 1.07 (1.03, 1.10) <0.01 
Occipital 1.06 (1.03, 1.07) 1.10 (1.08, 1.16) <0.005 
Parietal 0.98 (0.95, 1.01) 1.06 (0.98, 1.08) <0.05 
White frontal 1.38 (1.34, 1.43) 1.40 (1.31, 1.55) 0.48 
White occipital 1.29 (1.25, 1.33) 1.40 (1.23, 1.46) 0.14 
White parietal 1.36 (1.33, 1.39) 1.38 (1.27, 1.51) 0.34 
White temporal 1.37 (1.30, 1.39) 1.38 (1.28, 1.52) 0.55 
    
Cortical grey matter 1.01 (0.98, 1.02) 1.06 (1.03, 1.10) <0.009 
Striatum 1.01 (0.98, 1.04) 1.12 (1.04, 1.16) <0.012 
Thalamus 1.21 (1.15, 1.25) 1.15 (1.09, 1.28) 0.59 
White matter 1.39 (1.34, 1.42) 1.45 (1.31, 1.55) 0.29 
 

SUVR 

Region Control TBI p-value (uncorrected) 
Global grey 1.02 (1.00, 1.05) 1.09 (1.06, 1.11) <0.005 
Cingulum anterior 0.89 (0.88, 0.97) 1.04 (0.97, 1.09) <0.01 
Cingulum posterior 0.99 (0.97, 1.09) 1.15 (1.03, 1.26) 0.07 
Frontal 1.00 (0.97, 1.02) 1.09 (1.07, 1.13) <0.005 
Hippocampus 1.05 (1.02, 1.09) 1.06 (0.99, 1.11) 0.90 
Lateral temporal 1.02 (1.01, 1.07) 1.11 (1.06, 1.13) <0.05 
Occipital 1.09 (1.05, 1.09) 1.12 (1.11, 1.15) <0.01 
Parietal 1.01 (0.91, 1.04) 1.06 (1.01, 1.12) 0.07 
White frontal 1.71 (1.58, 1.78) 1.78 (1.60, 1.99) 0.29 
White occipital 1.57 (1.49, 1.65) 1.66 (1.58, 1.82) 0.13 
White parietal 1.68 (1.58, 1.77) 1.72 (1.63, 1.90) 0.31 
White temporal 1.68 (1.54, 1.76) 1.72 (1.58, 1.93) 0.42 
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Cortical grey matter 1.02 (1.00, 1.06) 1.08 (1.06, 1.12) <0.002 
Striatum 0.96 (0.87, 0.97) 1.05 (1.00, 1.14) 0.01 
Thalamus 1.12 (1.05, 1.16) 1.14 (0.98, 1.24) 0.22 
White matter 1.73 (1.59, 1.79) 1.77 (1.63, 1.98) 0.70 
 

 
 
 
 
 
 
4. Temporal Patterns of [11C]PIB Binding 
Our sample size was too small to allow statistical analysis, and we have limited data at late time points, but our 
findings on temporal patterns of binding are presented here to explore the possibility that binding was time variant, 
so as to inform the timing of any subsequent studies.  In broad terms, both cortical grey matter and white matter 
compartments tended to show highest binding in the first weeks following TBI, with less consistent and lower 
binding at later time points (eFigure 4).  Indeed, despite the absence of significant overall intergroup differences in 
white matter, DVR at early time points was elevated above the control range in many subjects.  However, while 
striatal binding also increased over the first few weeks post-injury, this was not as marked as in cortical grey matter.  
Temporal patterns of DVR in the thalamic ROI were variable and followed no consistent pattern.  
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eFigure 4. Plot of [11C]PIB DVR vs. time in different ROIs in TBI patients.  The shaded area represents the full range of values 
obtained from healthy controls, while the purple line denotes the mean value for the control population in each ROI.  The red arrows 
in the top panel identify patients in whom DVR was elevated above the control range and in whom kinetic parameters determined 
from metabolite-corrected plasma were available. 
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