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Off-target binding in the basal ganglia is commonly observed in the
18F-AV-1451 PET studies of the elderly. We sought to investigate the
relationship between this phenomenon in the basal ganglia and iron
accumulation using iron-sensitive R,* MRI. Methods: Fifty-nine
healthy controls and 61 patients with Alzheimer disease and mild
cognitive impairment underwent '8F-AV-1451 PET and Ry* MR stud-
ies. A correlation analysis was performed for age, '8F-AV-1451 bind-
ing, and R,* values. Results: There was an age-related increase in
both '8F-AV-1451 binding in the basal ganglia and Ry* values in the
putamen in both the controls and the Alzheimer disease/mild cogni-
tive impairment patients. '8F-AV-1451 binding in the basal ganglia
increased with Ry* values. Conclusion: Off-target '8F-AV-1451 bind-
ing in the basal ganglia is associated with the age-related increases in
iron accumulation. Postmortem studies are required to further inves-
tigate the nature of this association.
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The most widely investigated tau-selective radiotracer, '8F-
AV-1451, has high affinity to paired helical filaments of tau pro-
tein in Alzheimer disease (AD) and low or intermediate affinity to
straight filaments of tau in various non-AD tauopathies (/). How-
ever, '8F-AV-1451 also binds to structures with high neuromelanin
or melanin content and the choroid plexus, which is considered to
be off-target binding (/,2). Additionally, increased '8F-AV-1451
binding in the basal ganglia is commonly observed even in the
healthy elderly (/,3,4), and appears to be age-related (4).
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A previous autoradiography study showed sparse patterns of
nonspecific 8F-AV-1451 binding in the basal ganglia in the absence
of noticeable tau pathology (3). Other studies showed weak 'SF-AV-
1451 binding in the lesions with acute or subacute hemorrhage (/) and
a topographic similarity between '8F-AV-1451 binding in the basal
ganglia and areas stained by iron-sensitive Prussian blue, hinting at
an association between the '8F-AV-1451 and iron accumulation (2).
However, this association has not been confirmed, and the nature of this
off-target '8F-AV-1451 binding in the basal ganglia remains unclear.

In this study, we investigated the relationship between aging,
I18F-AV-1451 binding, and iron accumulation in the basal ganglia
using iron-sensitive R,* MRI. We also explored the relationship
between !8F-AV-1451 binding and R,* values in the basal ganglia
of healthy controls and a composite group of patients with amnes-
tic mild cognitive impairment (MCI) and AD.

MATERIALS AND METHODS

Subjects

We selected subjects from a consecutive cross-sectional cohort
recruited for a tau PET study. For the inclusion in the tau PET study
cohort, a criteria of probable AD proposed by the National Institute
of Neurologic and Communicative Disorders and Stroke and the
Alzheimer Disease and Related Disorders Association (5) and the
Petersen’s criteria (6) were used for clinical diagnosis of AD and
MCI, respectively. All AD and MCI patients initially presented with
memory disturbance, and no patient presented with atypical clinical
features for variant AD (posterior cortical atrophy, logopenic aphasia, or
frontal-variant AD). We also included healthy controls with no neurologic
abnormality, no memory complaint, and normal cognition on the Korean
version of the Mini-Mental State Examination score. No subject showed
greater than mild-to-moderate white matter changes on fluid-attenuated
inversion recovery MR images. In this study cohort, 151 subjects under-
went quantitative MRI with R,* sequence. According to amyloid posi-
tivity as determined by the consensus of 2 nuclear medicine specialists
using visual assessment of '3F-florbetaben PET images (7), 59 amyloid-
negative controls, 29 amyloid-positive MCI, and 32 amyloid-positive AD
patients were selected for this study. The AD and MCI patients were
combined to create a composite AD/MCI group for simplicity.

This study was approved by the Institutional Review Board of
Gangnam Severance Hospital, and written informed consent was
obtained from all participants.

Acquisition of PET and MR Images

We synthesized '8F-AV-1451 by the nucleophilic substitution of '8F
on the N-Boc nitro precursor. The radiochemical purity was 98%, and
specific activity was greater than 250 GBg/p.mol at the end of synthesis.
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PET images were acquired from 80 to 100 min after the intravenous
injection of 280.3 * 36.5 MBq of '8F-AV-1451 using a Biograph mCT
PET/CT scanner (Siemens Medical Solutions). Before the PET scan, a
head holder was applied to minimize motion during the scan, and brain
CT images were acquired for attenuation correction. After correcting for
attenuation and scatter, 3-dimensional PET images were reconstructed
in a 256 x 256 x 223 matrix with 1.591 x 1.591 x 1 mm voxel size using
the ordered-subsets expectation maximization algorithm. Likewise, am-
yloid PET images were acquired from 90 to 110 min after the injection
of 302.7 = 39.9 MBq of '8F-florbetaben.

R,* MR images were acquired on a 3.0-T MR scanner (Discovery
MR750; GE Healthcare) with a multiecho fast spoiled gradient echo
sequence (repetition time, 65 ms; echo time, 12, with a regular interval
from 1.9 to 27.4 ms; flip angle, 20°; slice thickness, 2.5 mm). Using in-
house software implemented in MATLAB 7.1 (The MathWorks), we
estimated R,* values of each voxel by regression of log signals of the
12 multiecho volumes. For the structural imaging, T1-weighted MR
images were acquired with 3-dimensional spoiled gradient-recalled se-
quences (repetition time, 8.28 ms; echo time, 1.6—-11.0 ms; flip angle,
20°; matrix, 512 x 512; voxel spacing, 0.43 x 0.43 X 1 mm).

Image Processing Steps

We used FreeSurfer 5.3 (Massachusetts General Hospital, Harvard
Medical School; http://surfer.nmr.mgh.harvard.edu) for creating
subject-specific volume-of-interest mask images. T1-weighted MR im-
ages were corrected for inhomogeneity and segmented into gray and
white matter. Subcortical structures were segmented using a probabilis-
tic registration method (8), and subject-specific composite volume-of-
interest mask images for 4 subcortical regions (caudate, putamen,
globus pallidus, and cerebellar cortex) were created. PET images were
coregistered to the MR images, and then SUV ratio (SUVR) images
were created using the binding value of the cerebellar cortex. Regional
SUVRs were measured by overlaying the subject-specific composite
volume-of-interest mask images on the PET images. Likewise, Ry*
images were coregistered to the MR images, and regional R,* values
were measured with the same volume-of-interest mask images.

We used statistical parametric mapping 8 (Wellcome Department of
Cognitive Neurology) and in-house software implemented in MATLAB
for the voxel-based analysis. Coregistered SUVR images of '8F-AV-1451

PET and R,* images were spatially normalized to in-house diffeomor-
phic anatomic registration using an exponentiated lie algebra template by
applying a flow-field normalizing the segments for gray and white matter
(9). Before voxel-based analysis, spatially normalized SUVR and R,*
images were smoothed with 8 mm in full width at half maximum.

Statistical Analysis

We used SPSS 23 (IBM Corp.) for the statistical analysis. The inde-
pendent ¢ test and x? tests were used for the comparison of continuous and
categoric variables in the demographic data, respectively. For the compar-
ison of regional subcortical binding values of 'F-AV-1451 PET and R,*
values, we used an analysis of covariance model with age as a covariate.
Pearson correlation analysis was used for the investigation of the correla-
tion analysis among age, '8F-AV-1451 binding values, and R,* values.

A simple correlation model was used for the voxel-based correlation
analysis between age and either '8F-AV-1451 binding or R,* values. For
the voxel-based correlation between the '8F-AV-1451 PET and R,* MR
images, we used Pearson correlation analysis with an in-house MATLAB
program. When a template brain mask was used, voxels with a false-
discovery rate of less than 0.05 were considered significant.

RESULTS

The demographic characteristics of the 2 subject groups are
summarized in Supplemental Table 1 (supplemental materials are
available at http://jnm.snmjournals.org). AD/MCI patients were gen-
erally older and had a higher frequency of the apolipoprotein E &4
genotype, and worse global cognition as determined by Mini-Mental
State Examination and Clinical Dementia Rating sum-of-boxes
scores, compared with the controls. There were no differences in
sex or years of education between the 2 groups.

Mean putaminal '8F-AV-1451 SUVRs for the AD/MCI patients
were slightly greater than those of the controls after adjusting for age
(P = 0.023). However, there were no differences in '8F-AV-1451
SUVRs for the caudate and globus pallidus or for any subcortical
R,* values between the controls and AD/MCI patients (Table 1).

In the control group, '8F-AV-1451 SUVRs for all 3 regions
correlated highly with age (P < 0.001). Similarly, SUVRs for the

TABLE 1
Regional '8F-AV-1451 SUVR and R,* Values
18F-AV-1451 Ry*
Age vs. '8F-AV-1451 Age vs. Ry* Ro* vs.18F-AV-1451

Groups/

regions Mean SUVR + SD r P Mean Ry* (s7) £ SD r P r P
HC

Caudate 1.21 £0.19 0.463 <0.001 226 +£2.0 0.218 0.096 0.453 <0.001

Putamen 1.54 + 0.27 0.585 <0.001 28.6 + 3.6 0.433 <0.001 0.549 <0.001

Pallidum 1.75 £ 0.29 0.445 <0.001 39.6 + 5.1 0.039 0.772 0.324 0.012
AD/MCI

Caudate 1.32 £ 0.17 0.163 0.210 22.6+2.3 0.085 0.513 0.255 0.048*

Putamen 1.77 + 0.267 0.373 0.003 30.6 £ 5.3 0.221 0.087 0.445 <0.001

Pallidum 1.91 £ 0.25 0.391 0.002 38.0+5.2 0.001 0.996 0.227 0.079

*P < 0.05 for comparisons between HC (healthy control) and AD/MCI groups after adjusting for age.
TRegions failed to survive region-wise correction for multiple comparisons.
Data are presented as mean + SD for regional SUVR and R,* values, and Pearson correlation coefficients () and their P values are also

presented.
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FIGURE 1. Scatterplot showing correlation among age, 8F-AV-1451 SUVRs, and R* values of

putamen. With exception of weak trend for correlation between age and R,* values in AD/MCI
group, '8F-AV-1451 SUVR and Ry* values increased with advancing age and '8F-AV-1451 SUVRs

correlated with Ry* values in both HC and AD/MCI groups. HC = healthy control.

putamen and globus pallidus correlated with age in AD/MCI
patients. Putaminal R,* values correlated with age in the con-
trols (P < 0.001), but no region showed correlation in AD/MCI
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FIGURE 2. Voxel-based analysis results for correlation among age, '8F-AV-1451 SUVRs, and
Ro* values Coordinates for each slice are presented as numbers on left side of figure (distance
from anterior commissure: from ventral to dorsal for axial images and from rostral to caudal for

coronal images). Color scale bars represent -logg P values. HC = healthy control.
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patients. There was a small increasing
trend for R,* values with age (P =
0.087). Regional '8F-AV-1451 SUVRs
correlated with R,* values for the caudate,
putamen, and globus pallidus in the controls
and for the caudate (P = 0.048, failed to
survive multiple comparisons) and putamen
in AD/MCI patients (Table 1; Fig. 1).

In voxel-based analysis, '8F-AV-1451 bind-
ing increased with age in all basal ganglia
regions, most prominently in the putamen
of the controls. In contrast, the correlation
was observed only in the smaller anterior
putamen in the AD/MCI patients. Similarly,
putaminal R,* signal correlated with age in
controls, but only the small anterior putamen
showed a correlation in AD/MCI patients.
18F-AV-1451 binding increased with Ry* sig-
nal in the caudate and putamen in the con-
trols, whereas AD/MCI patients also showed
a correlation between 2 imaging parameters
in the anterior putamen (Fig. 2; Supplemental
Fig. 1).

DISCUSSION

Brain iron concentration is highest in the globus pallidus,
followed by the red nucleus, substantia nigra, putamen, dentate
nucleus, caudate nucleus, and thalamus (/0). Although increases

in pallidal iron plateau after the first 3 de-
cades of life and pallidal iron is less af-
fected by age thereafter, iron levels in the
putamen and caudate steadily increase af-
ter middle age (/0,11). Antemortem iron-
sensitive MR studies have shown regional
vulnerability and age-related changes in
iron accumulation as was observed in our
study (/2). Moreover, the regional gradient
for '8F-AV-1451 binding within the basal
ganglia was similar to that of the R,* val-
ues in this study, whereas '8F-AV-1451
binding values for each region within the
basal ganglia correlated with both age and
R,* values in controls. Although weaker than
in the controls, the age-related correlation be-
tween the 2 parameters was also observed in
the putamen in the AD/MCI group. These
suggest that there should be a direct or indirect
relationship between the 8F-AV-1451 and iron.

Unlike transferrin (a major iron-transporting
protein), which shows a uniform distribu-
tion pattern throughout the gray matter,
ferritin (a major iron-storage protein) gen-
erally correlates with tissue iron levels and
increases with age (/3,14). Neuromelanin
also plays a role in the sequestration of brain
iron and exists in the basal ganglia, premotor
cortex and cerebellum, as well as substantia
nigra (/5). Although neuromelanin pig-
ment concentration also increases with age
in all of these regions, there is no notable
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difference in concentrations between regions other than the substantia
nigra (/5). Considering regional distribution and age-related changes,
iron or ferritin is a possible target of '8F-AV-1451 off-target binding.
However, alternative scenarios should also be considered due to no '3F-
AV-1451 binding to the lesions in superficial siderosis (/) and lack
of regional correspondence between '8F-AV-1451 binding and iron-
sensitive staining in neurodegeneration with brain iron accumulation (2).

CONCLUSION

Off-target '8F-AV-1451 binding in the basal ganglia is associ-
ated with age-related iron accumulation. Postmortem studies are
required to further investigate the nature of this association and
mechanism of off-target binding.
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