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Correlation between Phase-difference-enhanced MR Imaging
and Amyloid Positron Emission Tomography: A Study
on Alzheimer’s Disease Patients and Normal Controls

Hirotaka Takita1, Satoshi Doishita1,2, Tetsuya Yoneda3, Hiroyuki Tatekawa1*,
Takato Abe4,5, Yoshiaki Itoh5, Daisuke Horiuchi1, Taro Tsukamoto1,

Taro Shimono1, and Yukio Miki1

Purpose: While amyloid-β deposition in the cerebral cortex for Alzheimer’s disease (AD) is often
evaluated by amyloid positron emission tomography (PET), amyloid-β-related iron can be detected
using phase difference enhanced (PADRE) imaging; however, no study has validated the association
between PADRE imaging and amyloid PET. This study investigated whether the degree of hypointense
areas on PADRE imaging correlated with the uptake of amyloid PET.

Methods: PADRE imaging and amyloid PET were performed in 8 patients with AD and 10 age-matched
normal controls. ROIs in the cuneus, precuneus, superior frontal gyrus (SFG), and superior temporal gyrus
(STG) were automatically segmented. The degree of hypointense areas on PADRE imaging in each ROI
was evaluated using 4-point scaling of visual assessment or volumetric semiquantitative assessment (the
percentage of hypointense volume within each ROI). The mean standardized uptake value ratio (SUVR) of
amyloid PET in each ROI was also calculated. The Spearman’s correlation coefficient between the 4-point
scale of PADRE imaging and SUVR of amyloid PET or between the semiquantitative hypointense volume
percentage and SUVR in each ROI was evaluated.

Results: In the precuneus, a significant positive correlation was identified between the 4-point scale of
PADRE imaging and SUVR of amyloid PET (Rs = 0.5; P = 0.034) in all subjects. In the cuneus, a significant
positive correlation was identified between the semiquantitative volume percentage of PADRE imaging
and SUVR of amyloid PET (Rs = 0.55; P = 0.02) in all subjects.

Conclusion: Amyloid-β-enhancing PADRE imaging can be used to predict the SUVR of amyloid PET,
especially in the cuneus and precuneus, and may have the potential to be used for diagnosing AD by
detecting amyloid deposition.
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Introduction

Numerous studies have reported that deposition of amyloid-β
in the cerebral cortex is one of the earliest neuropathological
events in Alzheimer’s disease (AD), occurring decades
before symptom onset.1,2 Non-invasive examination for
early detection of amyloid-β deposition is considered to be
important for early diagnosis of AD.

Amyloid positron emission tomography (PET), using
11C-Pittsburgh compound B (11C-PiB) or other 11C/18F tra-
cers, can visualize the deposition of amyloid-β in the human
cerebral cortex and has been rapidly adopted worldwide.3–8

However, when patients are suspected of having AD, amy-
loid PET is not routinely performed due to radiation expo-
sure, limited availability of PET systems, and relatively high
costs. Meanwhile, several histopathological studies of AD
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reported that iron colocalized with amyloid-β in the cerebral
cortex of postmortem AD patients and transgenic mice with
AD,9–12 and such iron was detected non-invasively using
MRI without radiation exposure. Some previous studies
attempted to visualize amyloid-β-related iron deposition
using T2*-weighted imaging,13,14 susceptibility-weighted
imaging (SWI),15 or quantitative susceptibility mapping
(QSM) sequences.16,17 Among them, QSM was often com-
pared with amyloid PETand was expected to predict amyloid
deposition.18–21 Although some studies reported significant
associations between the susceptibility calculated by QSM
and the standardized uptake value ratio (SUVR) calculated
by amyloid PET in the cerebral cortex of patients with
AD,18,19 others did not show associations between them.20,21

Such a discrepancy might be due to the fact that the suscept-
ibility calculated by QSM represented not only amyloid-β-
related iron but also other high-susceptibility substances,
including age-related iron.20,21 QSM, however, cannot dif-
ferentiate amyloid-β-related iron from age-related iron,
which may limit the use of the QSM sequence.

Phase difference enhanced (PADRE) imaging was
developed,22 and this phase-weighted MRI technique
enhanced phase differences between the target and the sur-
rounding tissue to visualize the target tissue. Using this
technique, some studies differentiated pathologies of central
nervous system disease23 and detected early pathological
changes in some types of neurodegenerative diseases, includ-
ing multiple sclerosis,24 multiple system atrophy,22 amyo-
trophic lateral sclerosis,25 and corticobasal syndrome.26

Recently, Yoneda et al.27 have developed a new technique
of PADRE imaging, which extracts only amyloid-β-related
iron from all types of iron using phase differences, and
succeeded in highlighting amyloid-β-related iron deposition
as hypointense areas on PADRE imaging in the cerebral
cortex of transgenic mice with AD. These hypointense
areas were consistent with the distribution of amyloid-β in
histopathological analysis.27 Tateishi et al.28 visually
assessed hypointense areas of the human brain on amyloid-
β-enhancing PADRE imaging and identified more remark-
able hypointense areas in the cerebral cortex of patients with
AD compared with normal controls (NCs).

However, to date, no study has evaluated the correlation
between PADRE imaging and amyloid PET. We hypothesize
that the degree of hypointense areas detected on PADRE
imaging might correlate with the uptake of amyloid PET.
Therefore, the aim of this study was to investigate whether
the degree of hypointense areas on PADRE imaging corre-
lated with the SUVR of amyloid PET, and whether PADRE
imaging has the potential to be used for diagnosing AD.

Materials and Methods

Subjects
Because this is an exploratory study, to make the correlation
between uptakes of amyloid PET and amyloid-β-enhancing

PADRE imaging clear, we recruited AD patients with amy-
loid PET positive and NCs with amyloid PET negative. The
inclusion criteria for patients with AD were as follows:
1) patients who were suspected of having dementia at the
Department of Neurology at our institution and underwent
MRI and 11C-PiB PET between January 2015 and April
2018; 2) patients who met the diagnostic criteria of probable
or possible AD established by the National Institute of
Neurological and Communicative Disorders and Stroke and
the Alzheimer’s Disease and Related Disorders Association
(NINCDS-ADRDA);29 and 3) patients who were diagnosed
with 11C-PiB PET positive. Finally, eight patients (three
patients retrospectively and five patients prospectively)
were included and classified into the AD group. In contrast,
age-matched, 11 NCs were prospectively recruited from the
advertisements between August 2016 and February 2017.
Experienced neurologists confirmed their cognitive function
using the Mini-Mental State Examination (MMSE) scores,
and the medical history was unremarkable. The NCs also
underwent MRI and 11C-PiB PET. One NC who was with
11C-PiB PET positive was excluded. Finally, 10 NCs were
included and classified into the NC group. A flowchart of the
inclusion and exclusion criteria for this study is presented in
Fig. 1. This study was approved by our institutional review
board. Written informed consent was obtained from all the
participants.

MRI protocol
MRI was performed using a 3T system (Ingenia; Philips
Healthcare, Best, the Netherlands) with a 32-channel head
coil. Volumetric images were obtained in the sagittal plane
with the following parameters: 3D T1-turbo field echo (TFE)
sequence, TR = 5.45–5.69 ms, TE = 2.43–2.55 ms, flip angle
(FA) = 9°, number of sample averaged (NSA) = 1, FOV =
256 × 256 mm, matrix = 256 × 256, and slice thickness = 1
mmwithout a gap. PADRE images were obtained in the axial
plane parallel to the anterior commissure-posterior commis-
sure line with the following parameters: 3D multi-echo gra-
dient echo SWI-phase sequence; TR = 31 ms; TE = 7.2, 13.4,
19.6, and 25.8 ms; FA = 17°; NSA = 1; FOV = 230 × 230
mm; matrix = 640 × 640, 672 × 672, or 768 × 768; slice
thickness = 1 mm without a gap. Phase unwrapping (high-
pass filter with kernel size = 160 × 160 or 192 × 192) was
applied to all datasets using MATLAB (R2018a;
MathWorks, Natick, MA, USA).

Drawing ROIs on PADRE images
In this study, we set automated segmentation to extract target
ROIs using automated anatomical labeling (AAL) 2nd ver-
sion atlas in the Montreal Neurological Institute (MNI) stan-
dard brain with MATLAB and statistical parametric mapping
12 software (SPM12; Wellcome Trust Centre for
Neuroimaging, London, UK).30 An overview is shown in
Supplementary Figs. 1 and 2. 3D T1-TFE images were
segmented into gray matter (GM), white matter (WM), and
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a tissue probability map (TPM) corresponding to the seg-
mented GM was obtained. The brain atlas in the MNI space
(TPM of GM of the atlas) was warped into the individual
native space (individual TPM of GM) using nonlinear regis-
tration, creating a translation matrix. The AAL brain atlas
map in the MNI space was then warped nonlinearly into the
individual native space by applying the translation matrix
with the nearest-neighbor interpolation. The deformed AAL
brain atlas map and deformed TPM of GM were resliced to
fit the dimensions of the native space. By applying a thresh-
old of probability = 0.7 to the deformed TPM of GM, an
individual GM mask was created. We created an AAL atlas-
based GM ROI by overlaying the GM mask on the deformed
AAL brain atlas map. This AAL atlas-based GM ROI par-
tially contained WM and vessels, which might give an
unwanted phase in the histogram while analyzing PADRE
imaging. Thus, we eliminated them by additionally applying
WM and vessel masks to the ROI as follows: first, we
reconstructed PADRE images by selecting the phases of the
WM and vessel at different TEs of 7.2, 13.4, 19.6, and
25.8 ms. Second, we averaged them over all PADRE images
in different TEs with weights of 1:2:9:16. This weighting
procedure resulted in a higher signal from short TE compo-
nents and phase contrast from long TE components, and
averaging also realized a decrease in image noise, resulting
in the creation of high-contrast noise ratio images. Third, a
bias correction was applied to the PADRE images, and
the averaged signal (AS) and standard deviation (SD) of
the cortex in PADRE images were measured to binarize the

PADRE image by setting the threshold AS – SD, creating a
WM and vessel mask (PADREmask).22,31 Finally, regions of
WM and vessels (PADRE mask) were removed from the
AAL atlas-based GM ROI, creating a definitive atlas-based
GMROI. According to a previous PADRE study,28 this study
selected specific brain regions, namely, the cuneus, precu-
neus, superior frontal gyrus (SFG), and superior temporal
gyrus (STG), as target cortex ROIs for the following
examination.

Quantitative evaluation of PADRE images
We assumed that the phase of the cerebral cortex could be
classified into the following two types of iron: age-related
iron and amyloid-β-related iron. To enhance the phase dif-
ference, a double Gaussian distribution model was applied
according to a previous study.28 Based on the central limit
theorem, the phase distributions of age-related iron and amy-
loid-β-related iron showed different Gaussian distributions.
Following the above assumptions, we fit the phase distribu-
tion in the target ROIs, including the cortex of the cuneus,
precuneus, SFG, and STG, for each subject with the sum of
two Gaussian curves D(θ):28

D θð Þ ¼ A1e
�a1 θ�b1ð Þ2 þ A2e

�a2 θ�b2ð Þ2 ;

where A1e�a1 θ�b1ð Þ2 is a Gaussian distribution represent-
ing the phase of age-related iron with real parameters A1, a1,

and b1, and A2e�a2 θ�b2ð Þ2 is a Gaussian distribution

Fig. 1 A flowchart of inclusion and exclusion criteria. AD, Alzheimer’s disease; 11C-PiB, 11C-Pittsburgh compound B; NC, normal control;
NINCDS-ADRDA, National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer’s Disease and Related
Disorders Association; PET, positron emission tomography.
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representing the phase of amyloid-β-related iron with real
parameters A2, a2, and b2. In this model, we set the initial
parameters to fit A1, a1, b1, A2, a2, and b2 as the peak
value of phase distribution, square of SD of phase distri-
bution, phase value of peak of phase distribution, one-
quarter of peak value of phase distribution, a1 – 0.1 rad,
and b1 – 0.1 rad, respectively, for individual echo data.
Figure 2 shows a model of double Gaussian fitting to a
phase-value histogram. The horizontal axis indicates the
phase value, while the vertical axis indicates the frequency
(number of counts) at each phase value. Phase data (solid
line) are fitted by double Gaussians distribution: age-
related iron (dashed line) and amyloid-β-related iron
(dotted line). The intersection (θ0) is numerically derived
using the fitted parameters for each subject. In this study,
PADRE imaging would select a phase band below θ0 to
enhance amyloid-β-related iron.

We derived the intersections in each cortex with GM
ROIs and enhanced the phase band below the intersec-
tions by reconstructing the PADRE. This was due to the
reason that age-related and amyloid-β-related iron deposi-
tions differed depending on the brain regions,32 and,
therefore, the intersection of the double Gaussian curve
may differ among brain regions. After determining the
threshold, which appropriately enhanced amyloid-β-
related iron deposition, with respect to the cuneus, pre-
cuneus, SFG, and STG, we finally created four amyloid-
β-enhancing PADRE images corresponding to each brain
region (the cuneus, precuneus, SFG, and STG). We used
the abovementioned four amyloid-β-enhancing PADRE
images by each subject for the following qualitative and
semiquantitative evaluations.

Qualitative evaluation of PADRE Images
Two neuroradiologists (6 and 10 years of clinical experi-
ence), who were blinded to the information of all

participants, independently assessed the hypointense
areas of the cuneus, precuneus, SFG, and STG on the
corresponding amyloid-β-enhancing PADRE imaging.
According to a previous study,28 a 4-point scale was
used as follows: grade 1, almost no hypointense foci in
the cortex; grade 2, sparse distribution of hypointense
foci in the cortex; grade 3, intermediate distribution of
hypointense foci in the cortex; and grade 4, extensive
distribution of hypointense foci in the cortex (Fig. 3).
When the laterality of the cortex signal was observed,
we chose the cortex with more remarkable signal
changes. When discrepancies occurred between the two
readers, a consensus was reached on the final scale.

Volumetric semiquantitative evaluation of PADRE
Images
An example of the 4-point scale and semiquantitative evalua-
tion is shown in Fig. 4. The volume percentage of hypointense
areas within the ROIs of the cuneus, precuneus, SFG, and
STG was semi-quantitatively calculated as follows: 1) a neu-
roradiologist (6 years of clinical experience) visually and
randomly chose 20 pixels in the hypointense areas within
each ROI using the ITK-SNAP software (PICSL,
Philadelphia, PA, USA; www.itksnap.org); 2) the thresholds
of hypointense areas within each ROI were determined as a
range from the lowest to the highest intensity of 20 pixels
chosen randomly; 3) the hypointense mask within each ROI
was created by the thresholds visually determined using the
Analysis of Functional NeuroImages software (AFNI, 3dcalc;
NIMH Scientific and Statistical Computing Core; Bethesda,
MD, USA; https://afni.nimh.nih.gov) (Fig. 4c and 4g); 4) the
volume of the hypointense mask within each ROI was calcu-
lated using AFNI (3dBrickStat) and defined as the hypointense
volume within each ROI; 5) the volume of each ROI was also
calculated using AFNI (3dBrickStat); and 6) the volume per-
centage of hypointense areas within each ROI was calculated.

Fig. 2 A model figure of double
Gaussian fitting to a phase value
histogram. The horizontal axis
indicates the phase value, and the
vertical axis indicates the fre-
quency (number of counts) at
each phase value. Phase data
(solid line) is fitted by double
Gaussians; age-related iron
(dashed line) and amyloid-β-
related iron (dotted line). The inter-
section (θ0) is numerically derived
by fitted parameters for each sub-
ject.
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Fig. 3 A 4-point scale of visual assessment of PADRE imaging: grade 1, almost no hypointense area in the cortex (arrows); grade 2, sparse
distribution of hypointense area in the cortex (arrows); grade 3, intermediate distribution of hypointense area in the cortex (arrows); grade 4,
dense distribution of hypointense area in the cortex (arrows). PADRE, phase difference enhanced.

Fig. 4 An example of the 4-point scale and semiquantitative evaluation. The upper row (a–d) shows a subject with AD, whose SUVR of
amyloid PET is well correlated with the 4-point scale and the semiquantitative hypointense volume percentage of PADRE images. The lower
row (e–h) shows another subject with AD, whose SUVR of amyloid PET is not well correlated with the 4-point scale and the semiquanti-
tative hypointense volume percentage of PADRE images. (a) is the cuneus of the PADRE image, and the arrows show linear hypointense
areas with grade 3 of the 4-point scale. (b) is the same level as that of (a) in the PADRE image, and the red areas show AAL atlas-based
cuneus ROI. (c) is the same level as that of (a) in the PADRE image, and the red areas show the hypointense mask determined by the
semiquantitative evaluation. The semiquantitative hypointense volume percentage of this subject is 8.02%. (d) is the same level as that of (a)
in amyloid PET and shows high uptake of the tracer in the cuneus. The mean SUVR in the cuneus of this subject is 1.44. (e) is the precuneus
of the PADRE image and shows almost no hypointense areas with grade 1 of the 4-point scale. (f) is the same level as that of (e) in the PADRE
image, and the red areas show AAL atlas-based precuneus ROI. (g) is the same level as that (e) of the PADRE image, and the red areas show
the hypointense mask determined by the semiquantitative evaluation. The semiquantitative hypointense volume percentage of this subject
is 1.16%. (h) is the same level as that of (e) in amyloid PET and shows high uptake of the tracer in the precuneus. The mean SUVR in the
cuneus of this subject is 1.91.
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Acquisition of 11C-PiB PET and calculation of SUVR
11C-PiB PET scans were performed using an Eminence-B/
SET-3000B (Shimadzu, Kyoto, Japan) camera. Participants
were injected with 330–570 MBq of 11C-PiB, and then
scanned using a dynamic acquisition that lasted for 50–70
min. Reconstruction of 11C-PiB images was performed by
filtered back projection using a 5-mm full width at half max-
imum Gaussian filter with attenuation and scatter correction.
Then, SUVR maps were reconstructed with the midbrain as a
reference region using the frame summation of dynamics of
the image for 50 to 70 min after 11C-PiB injection using
PMOD software (version 3.7; PMOD Technologies, Zurich,
Switzerland).33 The SUVR maps were registered to the indi-
vidual native space of MRI using a 6-degree-of-freedom rigid
transformation and a mutual information cost function using
FSL software (FLIRT, version 6.0; FMRIB, Oxford, UK;
http://www.fmrib.ox.ac.uk/fsl/). The definitive atlas-based
GM ROI was applied to each SUVR map, and the mean
SUVR within each ROI was recorded using the ITK-SNAP
software.

Statistical analysis
Statistical analyses of differences between the AD and NC
groups were performed using Fisher’s exact test for sex
ratio and Mann–Whitney U test for differences in age,
MMSE, 4-point scale, semiquantitative volume percentage,
and SUVR. The Spearman’s rank correlation coefficients
among the 4-point scale of PADRE images, semiquantita-
tive volume percentage, and SUVR of amyloid PET in each
ROI (cuneus, precuneus, SFG, and STG) were calculated.
Weighted kappa coefficients with quadratic weights were
calculated to assess the inter-rater agreement between the
two neuroradiologists. The 4-point scale, semiquantitative
volume percentage, and SUVR were also compared among
the ROIs for the AD or NC group alone using the Mann–
Whitney U test with the Benjamini–Hochberg method for
multiple comparison corrections. In the AD or NC group
alone, Spearman’s rank correlation coefficients among the
4-point scale of PADRE images, semiquantitative volume
percentage, and SUVR of amyloid PET in each ROI were
also calculated using the Benjamini–Hochberg method for
multiple comparison corrections. Statistical significance
was set at P < 0.05. Statistical analyses were performed
using R software (version 3.5.2; http://www.r-project.org/)

and GraphPad Prism (Version 8.3; GraphPad Software, San
Diego, CA, USA).

Results

Clinical data
The subjects’ characteristics are shown in Table 1. The AD
group included 8 subjects (female, 3; median age, 74 years;
median MMSE, 21.5), and the NC group included 10 sub-
jects (female, 5; median age, 74 years; median MMSE, 29).
No significant differences were identified in sex (P = 0.66) or
age (P = 0.72) between the AD and NC groups. The MMSE
score of the AD group was significantly lower than that of
the NC group (P = 0.004).

Visual assessment of PADRE imaging
A summary of the 4-point scale of the PADRE images is
presented in Table 2. In the AD group, the mean grades of the
cuneus, precuneus, SFG, and STG were 2.37, 1.75, 2.25, and
1.25, respectively (median: 2.5, 2, 2.5, and 1, respectively).
In the NC group, the mean grades of the cuneus, precuneus,
SFG, and STG were 1.9, 1.3, 2.2, and 1.5, respectively
(median: 2, 1, 2, and 1, respectively). In all ROIs, no sig-
nificant differences were identified between the AD and NC
groups in the 4-point scale (cuneus, P = 0.19; precuneus, P =
0.15; SFG, P = 0.88; STG, P = 0.48). The inter-rater agree-
ment was good (weighted kappa coefficient = 0.63). The 4-
point scale showed no significant differences in any pairs of
brain regions within either group.

Semiquantitative assessment of PADRE imaging
A summary of the semiquantitative evaluation of the PADRE
images is presented in Table 3. In the AD group, the mean
semiquantitative volume percentages of the cuneus, precuneus,
SFG, and STG were 5.08, 4.17, 2.74, and 1.86, respectively
(median: 5.16, 4.45, 2.59, and 1.5, respectively). In the NC
group, the mean semiquantitative volume percentage of the
cuneus, precuneus, SFG, and STG were 2.41, 1.92, 2.02, and
1.56, respectively (median: 2.69, 1.68, 2.32, and 1.71, respec-
tively). In the cuneus and precuneus, the semiquantitative
volume percentage of the AD group was significantly higher
than that of the NC group (cuneus, P = 0.002; precuneus, P =
0.02). In the SFG and STG, no significant differences were
identified between the semiquantitative volume percentage of

Table 1 Summary of clinical data.

Total (n = 18) AD group (n = 8) NC group (n = 10) P value

Female 8 (44.4%) 3 (37.5%) 5 (50%) 0.66
a

Median age (IQR) (year) 74 (69, 81) 74 (70, 77) 74 (68, 81) 0.72b

Median MMSE (IQR) 28.5 (22.75, 29.75) 21.5 (17.5, 26.25) 29 (28.25, 29.75) 0.004b*

aUsing Fisher’s exact test. bUsing Mann–Whitney U test. *Indicating a statistical significance. AD, Alzheimer’s disease; IQR, interquartile range;
MMSE, mini-mental state examination; NC, normal control; SD, standard deviation.
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the AD and NC groups (SFG, P = 0.48; STG, P = 0.97). In the
AD group, the semiquantitative volume percentage in the
cuneus was significantly higher than that in SFG (P = 0.026)
and STG (P = 0.01), while in the NC group, there were no
significant differences in any pairs of brain regions.

SUVR of amyloid PET in each ROI
A summary of the SUVR of amyloid PET in each ROI is
presented in Table 4. In the AD group, the mean SUVR of the
cuneus, precuneus, SFG, and STG were 1.49, 1.92, 1.75, and

1.62, respectively. In the NC group, the mean SUVR of the
cuneus, precuneus, SFG, and STG were 1.14, 1.12, 1.14, and
1.1, respectively. In either pair of regions, the SUVR was
significantly higher in the AD group than in the NC group
(all Ps < 0.001). For the AD group, the SUVR in the pre-
cuneus was significantly higher than that in the cuneus (P =
0.002) and STG (P = 0.02), and the SUVR in the cuneus was
significantly lower than that in the SFG (P = 0.029). For the
NC group, SUVR did not showed significant differences in
any pairs of brain regions.

Table 2 Summary of a 4-point scale of PADRE images.

AD group (n = 8) NC group (n = 10) P value

Cuneus Grade 1 1/8 (12.5) 3/10 (30)

Grade 2 3/8 (37.5) 5/10 (50)

Grade 3 4/8 (50) 2/10 (20)

Grade 4 0/8 (0) 0/10 (0)

Mean (SD) 2.37 (0.74) 1.9 (0.73) 0.19a

Precuneus Grade 1 3/8 (37.5) 7/10 (70)

Grade 2 4/8 (50) 3/10 (30)

Grade 3 1/8 (12.5) 0/10 (0)

Grade 4 0/8 (0) 0/10 (0)

Mean (SD) 1.75 (0.7) 1.3 (0.48) 0.15a

SFG Grade 1 2/8 (25) 2/10 (20)

Grade 2 2/8 (25) 4/10 (40)

Grade 3 4/8 (50) 4/10 (40)

Grade 4 0/8 (0) 0/10 (0)

Mean (SD) 2.25 (0.88) 2.2 (0.78) 0.88a

STG Grade 1 6/8 (75) 6/10 (60)

Grade 2 2/8 (25) 3/10 (30)

Grade 3 0/8 (0) 1/10 (10)

Grade 4 0/8 (0) 0/10 (0)

Mean (SD) 1.25 (0.46) 1.5 (0.7) 0.48a

aUsing Mann–Whitney U test. AD, Alzheimer’s disease; NC, normal control; PADRE, phase difference enhanced; SD, standard deviation; SFG,
superior frontal gyrus; STG, superior temporal gyrus.

Table 3 Summary of semiquantitative volume percentage of hypointense areas within each ROI of the PADRE images.

AD group (n = 8) NC group (n = 10) P value

Cuneus 5.08 (1.57) 2.41 (1.21) 0.002
a*

Precuneus 4.17 (2.02) 1.92 (0.71) 0.02a*

SFG 2.74 (1.35) 2.02 (1.16) 0.48a

STG 1.86 (1.61) 1.56 (0.66) 0.97a

Data are mean with standard deviation in parentheses. aUsing Mann–Whitney U test. *Indicating a statistical significance. AD,
Alzheimer’s disease; NC, normal control; PADRE, phase difference enhanced; SFG, superior frontal gyrus; STG, superior temporal gyrus.
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Correlation between PADRE imaging and SUVR of
amyloid PET
The correlations between the 4-point scale of PADRE
images and SUVR of amyloid PET and between the semi-
quantitative volume percentage and SUVR are shown in
Fig. 5. In the precuneus, a significant positive correlation
was identified between the 4-point scale of PADRE images
and SUVR of amyloid PET (Rs = 0.5, P = 0.034). In the
cuneus, SFG or STG, no significant correlations were
identified between the 4-point scale of PADRE images
and SUVR of amyloid PET (cuneus, Rs = 0.106, P =
0.67; SFG, Rs = –0.024, P = 0.92; STG, Rs = −0.44, P
= 0.064). When evaluating the correlation coefficient using
the AD or NC group alone, no significant correlations
were identified.

In the cuneus, a significant positive correlation was iden-
tified between the semiquantitative volume percentage of
PADRE images and SUVR of amyloid PET (Rs = 0.55, P
= 0.02) in all subjects. In the precuneus, SFG, and STG, no
significant correlations were identified between the semi-
quantitative volume percentage and SUVR of amyloid PET
(precuneus, Rs = 0.43, P = 0.07; SFG, Rs = –0.07, P = 0.77;
STG, Rs = −0.2, P = 0.43). No significant correlations were
identified using the AD or NC group alone.

The correlation between the 4-point scale and semiquan-
titative volume percentage of the PADRE images is shown in
Supplementary Fig. 3.

Discussion

This study showed a significant positive correlation between
the 4-point scale of amyloid-β-enhancing PADRE imaging
and SUVR of amyloid PET in the precuneus and between
the semiquantitative volume percentage of PADRE imaging
and SUVR in the cuneus, although no correlations between
them were identified in the SFG or STG. This study suggested
that amyloid-β-enhancing PADRE imaging in the cuneus and
precuneus could be used to predict the SUVR of amyloid PET.

The difference in our results of the correlation among the
4-point scale, semiquantitative volume percentage, and
SUVR depending on each ROI may be multifactorial.

Several studies on amyloid PET for AD reported that the
mean SUVR in the precuneus was higher than that in the
cuneus, SFG, and STG,34,35 and that the amyloid PET
ligands accumulated from an earlier phase of AD in the
precuneus compared with the cuneus, SFG, and STG.36

Similar to these previous studies, this study showed that the
mean SUVR in the precuneus showed the highest value and
was significantly higher than that in the cuneus and STG.
Hence, the significant positive correlation between the 4-
point scale and SUVR in the precuneus may be due to the
higher number of amyloid plaques in the precuneus than in
the cuneus, SFG, and STG. However, it is unlikely that only
the number of amyloid plaques affects the results of the
correlation between amyloid-β-enhancing PADRE imaging
and amyloid PET since the cuneus, whose mean SUVR of
amyloid PET was the lowest among each ROI, showed a
significant positive correlation between the semiquantitative
volume percentage of PADRE imaging and SUVR of amy-
loid PET. Some studies reported that the cortical iron was
deposited in amyloid plaques, tau tangles, and activated
microglia in AD.37–42 This tau tangles-related iron and acti-
vated microglia-related iron may affect our results regarding
the correlation between amyloid-β-enhancing PADRE ima-
ging and amyloid PET. However, to our knowledge, no study
has reported the difference in tau tangles-and activated
microglia-related iron deposits depending on the brain
region. Thus, further investigation is needed.

Unlike QSM evaluation, amyloid-β-enhancing PADRE
images can stratify amyloid-β-related iron from age-related
iron by evaluating phase differences, which is an advantage
of PADRE imaging. In this study, the substances at a lower
phase than the intersection (θ0) of the double Gaussian dis-
tribution were enhanced as hypointense areas, assuming as
amyloid-β-related iron. This mathematical stratification
method can unbiasedly extract deposition of amyloid-β-
related iron; however, this method requires further improve-
ment because the optimization of iron stratification may
differ depending on the amount of the deposition of amy-
loid-β-related, age-related, tau tangles-related, and activated
microglia-related iron or the parameters of PADRE
sequences. The detection accuracy of amyloid-β-related

Table 4 Summary of SUVR of amyloid PET in each ROI.

AD group (n = 8) NC group (n = 10) P value

Cuneus 1.49 (0.15) 1.14 (0.05) < 0.001
a*

Precuneus 1.92 (0.17) 1.12 (0.06) < 0.001a*

SFG 1.75 (0.18) 1.14 (0.11) < 0.001a*

STG 1.62 (0.17) 1.1 (0.05) < 0.001a*

Data are mean with standard deviation in parentheses. aUsing Mann–Whitney U
test. *Indicating a statistical significance. AD, Alzheimer’s disease; NC, normal
control; PET, positron emission tomography; SFG, superior frontal gyrus; STG,
superior temporal gyrus; SUVR, standardized uptake value ratio.
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Fig. 5 A graph of correlations among the 4-point scale of PADRE images, the semiquantitative hypointense volume percentage of PADRE
images, and SUVR of amyloid PET. The left column of the graph shows the correlations between the 4-point scale of PADRE images and
SUVR of amyloid PET. The horizontal axis indicates the 4-point scale of PADRE images, and the vertical axis indicates the SUVR of amyloid
PET. The right column of the graph shows the correlations between the semiquantitative hypointense volume percentage of PADRE images
and SUVR of amyloid PET. The horizontal axis indicates the semiquantitative hypointense volume percentage, while the vertical axis
indicates the SUVR of amyloid PET. *Indicating a statistical significance by Spearman’s rank correlation. AD, Alzheimer’s disease; NC,
normal control; PADRE, phase difference enhanced; PET, positron emission tomography; SFG, superior frontal gyrus; STG, superior
temporal gyrus; SUVR, standardized uptake value ratio.
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iron of PADRE imaging may improve if PADRE imaging
can stratify amyloid-β-related iron from age-, tau tangles-,
and activated microglia-related iron by evaluating phase
differences.

Using the phase-enhancing stratification method, the
hypointense regions in the cerebral cortex of the PADRE
imaging in the AD group were considered mainly reflecting
amyloid-β-related iron but partially reflecting age-related
iron, tau tangles-related iron, and activated microglia-related
iron. A certain percentage of the AD group showed scarce
hypointense regions in the cerebral cortex with grade 1 on
the 4-point scale on PADRE imaging, although the AD group
in the current study was positive for amyloid PET. In the AD
group with grade 1 on the 4-point scale, only a few parts of
amyloid-β-related iron in each ROI may be enhanced
depending on the amount of the deposition of amyloid-β-,
age-, tau tangles-, and activated microglia-related iron or the
parameters of the PADRE sequences. In contrast, a certain
percentage of the NC group showed hypointense regions in
the cerebral cortex with grade 2 or 3 on the 4-point scale on
PADRE imaging, although the NC group in the current study
was negative for amyloid PET. Such hypointense areas in the
NC group may reflect age-related iron, although no study has
compared the hypointense areas of PADRE imaging with the
pathology of the same area in human brain tissue. A previous
histopathological study reported that iron deposition
increased in the cerebral cortex with aging.32 The amount
of age-related iron deposition also differed depending on the
brain regions.43 To reduce the effect of age-related iron
deposition regarding different ages or different brain regions,
we evaluated the hypointense regions regarding the cuneus,
precuneus, SFG, and STG, independently, for each subject.
However, further optimization may be required to enhance
only amyloid-β-related iron.

Similar to the current study, Tateishi et al.28 also used the
4-point scale on PADRE imaging to assess the deposition of
amyloid-β-related iron. They reported higher 4-point scaling
grades for the AD group compared with the NC group,
whereas the current study showed no significant differences
in the 4-point scale evaluation in either region between the
AD and NC groups. Furthermore, more than two-thirds of
AD patients had hypointense areas in the cerebral cortex with
grade 4 of the 4-point scale in the previous study, while no
subjects had hypointense areas of grade 4 in the current
study. A previous study used a 2D PADRE sequence,
which generated noisier and thicker sliced images compared
with a 3D PADRE sequence, which was used in the current
study. Because the thick 2D PADRE images may include
noise and blood vessels, as well as enhanced iron deposition,
within each voxel, the 4-point scale of the 2D PADRE
images may overestimate the deposition of amyloid-β-
related iron. Because this study obtained only 3D PADRE
images and not 2D PADRE images, we could not compare
the 2D and 3D PADRE sequences; hence, validation of the
usefulness of 2D and 3D PADRE sequences is warranted

using amyloid PET. In contrast, this study performed a
semiquantitative volumetric assessment to calculate the
hypointense volume of PADRE imaging and showed that
the volume percentage of hypointense areas within the
cuneus and precuneus was significantly higher in the AD
group than in the NC group. This method manually deter-
mined the threshold of the hypointense areas. Unlike QSM,
PADRE imaging could not directly calculate the amount of
iron deposition. Nonetheless, the semiquantitative volu-
metric assessment of amyloid-β-enhancing PADRE ima-
ging could serve as a new technique in evaluating amyloid
deposition.

This study has several limitations. First, this was a single-
center study with a small number of cases. Furthermore,
subjects with AD who were equivocal to negative for amy-
loid PET or NC subjects who were positive for amyloid PET
were excluded. A larger study including subjects with var-
ious uptakes of amyloid PET is required. Second, only visual
and semiquantitative assessments of PADRE images were
performed in this study, and quantitative evaluation might
reveal new aspects of the deposition of amyloid-β-related
iron.

Conclusion

Amyloid-β-enhancing PADRE imaging and SUVR of amy-
loid PET showed a significant positive correlation in the
cuneus and precuneus. Amyloid-β-enhancing PADRE ima-
ging in the cuneus and precuneus may be useful for predict-
ing the SUVR of amyloid PET.
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Supplementary Fig. 1
The tissue probability map (TPM) corresponding to the seg-
mented gray matter (GM) images is warped into the indivi-
dual native space using nonlinear registration (Deformed
TPM of GM images), creating a translation matrix. The
automated anatomical labeling (AAL) brain atlas map in
Montreal Neurological Institute (MNI) space is then nonli-
nearly warped into the individual native space by applying
the translation matrix with the nearest-neighbor interpolation
(Deformed AAL brain atlas map).

76 Magnetic Resonance in Medical Sciences

H. Takita et al.



Supplementary Fig. 2
By applying a threshold of the probability = 0.7 to the
deformed TPM of GM, an individual GM mask is created.
We create an AAL atlas-based GM ROI by overlaying the
GM mask on the deformed AAL brain atlas map. Then,
unwanted phase, including partially contained white matter
(WM) and vessels, is eliminated by additionally applying the
PADRE mask. Finally, regions of WM and vessel mask were
removed from the AAL atlas-based GM ROI, creating defi-
nitive atlas-based GM ROI.

Supplementary Fig. 3
The correlation between the 4-point scale and semiquantita-
tive volume percentage of PADRE images. In the cuneus, a
significant positive correlation is identified between the
4-point scale and semiquantitative volume percentage of
PADRE images (Rs = 0.53, P = 0.02) in all subjects. In the
precuneus, SFG, or STG, no significant correlations are iden-
tified between the 4-point scale and semiquantitative volume
percentage of PADRE images (precuneus, Rs = 0.42, P = 0.08;
SFG, Rs = –0.02, P = 0.94; STG, Rs = 0.24, P = 0.34).
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