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Differentiating between Alzheimer Disease Patients and Controls
with Phase-difference-enhanced Imaging at 3T: A Feasibility Study

Machiko Tateishi', Mika Kitajima'", Toshinori Hirai? Tetsuya Yoneda®,
Mamoru Hashimoto*, Nan Kurehana!, Hiroyuki Uetani’, Ryuji Fukuhara?,
Minako Azuma?, and Yasuyuki Yamashita!

Purpose: To test the feasibility of the phase difference enhanced (PADRE) imaging for differentiation
between Alzheimer disease (AD) patients and control subjects on 3T MR imaging.

Materials and Methods: Fifteen patients with AD and 10 age-matched control subjects underwent two-
dimensional fast field echo imaging to obtain PADRE images on a 3T MR scanner. A double Gaussian dis-
tribution model was used to determine the threshold phase value for differentiation between the physiologic
and non-physiologic iron in the cerebral cortices, and PADRE images were processed with the threshold.
Using a 4-point grading system, two readers independently assessed the signal of the four cerebral cortices
on PADRE images: the cuneus, precuneus, superior frontal gyrus, and superior temporal gyrus. The differ-
ence in the signals in each cortex between the AD patients and age-matched control subjects was deter-
mined by using Mann-Whitney U test. Inter-rater reliability was determined by Kappa analysis. We also
evaluated the correlation between Mini-Mental State Examination (MMSE) score and the hypointense
grade, and between disease duration and the hypointense grade using the Spearman rank correlation test.

Results: The threshold phase value for differentiation between the physiologic and non-physiologic iron
was —4.6% 7 (radian). The mean grades of the cuneus, precuneus, and superior temporal gyrus were signifi-
cantly higher for the AD patients than for the control subjects (P = 0.002). Excellent inter-rater reliability
was seen in the precuneus (kappa = 0.93), superior temporal gyrus (kappa = 0.94), and superior frontal
gyrus (kappa = 0.93); good inter-rater reliability was observed in the cuneus (kappa = 0.75). We found a
statistical correlation between MMSE score and the hypointense grade in superior temporal gyrus (STG)
(P =0.008), and no correlation between disease duration and the hypointense grade in any gyrus.

Conclusion: Our results suggest the feasibility of PADRE imaging at 3T for differentiation between AD

patients and control subjects.
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Introduction

Alzheimer’s disease (AD) is the most common primary neuro-
degenerative disease presenting dementia. Neuritic plaques
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comprised of amyloid-p (AB) and neurofibrillary tangles are
the pathological hallmarks of AD,' AB accumulates in the pre-
clinical stage of AD. Treatment strategies using disease-
modifying drugs potentially could be extended at the prodromal
stage in the near future. Therefore, early diagnosis of AD is
important for appropriate treatment and management. A diag-
nostic problem in AD is that there are currently no methods to
demonstrate amyloid deposition in vivo except for positron
emission tomography (PET) in combination with ''C-labeled
Pittsburgh compound-B (''C-PIB), '8F-florbetapir, florbetaben,
and flutemetamol. However, the need to use ionizing radiation,
relatively high costs, and limited availability of PET systems
limit the use of PET clinically.>* In an ultrahigh-field 7T MR
imaging study,’ the susceptibility changes of the cerebral
cortex differed between AD patients and normal control sub-
jects. However, the availability of 7T MR systems is very lim-
ited in clinical practice.
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There are several MR imaging techniques using phase
information.>® The susceptibility-weighted imaging, which
uses a negative phase, demonstrates excellent image con-
trast and reveals anatomical structures, that are not visible
on conventional MR images.” The quantitative suscepti-
bility mapping (QSM) can quantify the susceptibility.®
In contrast, phase difference-enhanced (PADRE) imaging
can use any phases and the phase difference between the
target and surrounding tissue is enhanced.®!® PADRE can
delineate fine anatomical structures that are not well
resolved on conventional MR images®!! and detect early
pathological changes in several types of neurodegenera-
tive diseases on 3T MRI.!0

This PADRE technique has been applied for detection of
amyloid-related iron in an animal study using an AD trans-
genic mouse on 7T MRI that showed hypointense foci in the
cerebral cortex on PADRE.!? Those hypointense foci were
identical to the distribution of AB.!? However, the feasibility
of this technique at 3T for AD patients has not been investi-
gated. The purpose of this study was to test the feasibility of
PADRE imaging for differentiation between AD patients and
control subjects on 3T MRI.

Materials and Methods

The present study was approved by our institutional review
board. Given its retrospective nature, written informed con-
sent was waived.

Subjects

This study included 15 patients (5 male and 10 female
patients; age range, 53—80 years; mean age, 64.1 years)
who were clinically diagnosed as AD by expert psychia-
trists (blinded to the results of MR imaging) according to
diagnostic criteria recommended by the National Institute
of Neurologic and Communicative Disorders and Stroke-
Alzheimer’s Disease and Related Disorders Association'?
and 10 age-matched volunteers (5 males, 5 females; age
range, 51-76 years; mean age, 64.0 years). The Mini-
Mental State Examination (MMSE) scores of the AD patients
varied from 8 to 23 (mean, 18.5), and the disease duration
varied from one to 6 years (mean 3.4 years). The control
subjects were selected from the consecutive patients who
had been referred from the neurology and psychiatry depart-
ments of our institution for screening of intracranial organic
lesions. The criteria for the control subjects in this study
were normal findings at neurologic examination, no history
of neurologic disease, and normal results of brain MR
imaging. We did not evaluate the cognitive function of the
control subjects by the objective test such as MMSE score;
however, we interviewed the participants or attending doc-
tors, or reviewing the medical chart, and confirmed that
there were no control subjects with the loss of the intellec-
tual abilities of sufficient severity to interfere with social or
occupational function.

284

MR imaging protocol

MR imaging was performed on a 3T system (Achieva 3.0-T;
Philips Healthcare, Best, the Netherlands) with an 8-channel
head coil. Two-dimensional (2D) fast field echo (FFE) MR
imaging was performed in the axial plane parallel to the
anterior commissure - posterior comissure (AC-PC) line
with the following parameters: 890 ms/35.0 ms/50°/1 (TR/
TEAlip angle/NSA, respectively), 23-cm FOV, 400 x 320
matrix, 2-mm slice thickness. The scan time was 3 min 51 s.

Optimization of PADRE imaging to enhance phase
difference of cerebral cortices between AD patients
and control subjects

One of the major concepts responsible for the PADRE tech-
nique is “phase difference selection,” which enhances the
magnetic properties of the target tissue.”'? To enhance the
phase difference of the cerebral cortices between the AD
patients and control subjects, we used the double Gaussian
distribution model (Appendix).'? In this model, we assumed
that the phase of the cerebral cortices can be classified into
two components of iron: physiologic iron, including age-
related iron, and non-physiologic iron, including amyloid-
related iron (Fig. 1). Based on the central limit theorem, the
phase distribution of the two components of iron may show
different Gaussian distributions. Using transgenic APP23
mice, this theory has been previously validated by comparing
PADRE images with histological amyloid staining of the
brain.!? The processing method of PADRE using the double
Gaussian distribution model is described in Appendix.

In this study, one medical physicist measured the phase
values of the cerebral cortices on the phase images by placing
multiple ROIs on the cerebral cortices in the four gyri: the
cuneus (Cn), precuneus (PrCn), superior frontal gyrus (SFG),
and superior temporal gyrus (STG). Attempts were made to
select ROIs of approximately 30 mm?. Their sizes were chosen
to obtain ROIs large enough not to be affected by pixel varia-
bility and small enough to avoid the superficial veins running
along the brain surface and subcortical U-fibers. We fit the
Gaussian curve to the phase value histogram comprising sum
of the phase values of the ROIs in all subjects in AD and con-
trol group using gnuplot (version 5.0, Geeknet, Inc., Sacra-
mento, CA, USA; http://www.gnuplot.info/download.html)
(Fig. 1). Then, the histogram was divided into two Gaussian
curves based on the double Gaussian component model.
Finally, we determined the threshold, defined as the phase
value of the intersection of the two Gaussian curves on the
phase value histogram, for differentiation between the physi-
ologic and non-physiologic iron. PADRE images were recon-
structed in each case by using the determined threshold.

Evaluation of PADRE Images

On PADRE images, we assessed the cerebral cortices signals
of the four gyri: the Cn, PrCn, SFG, and STG. The cerebral
cortices with abundant physiological iron deposition,
including the primary motor cortex, visual cortex, and auditory
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Fig. 1 Fitted original Gaussian curve comprised sum of the phase value of all ROls and two Gaussian curves obtained based on the double
Gaussian model on the phase value histogram in the Alzheimer disease (AD) patients (a) and control subjects (b). The solid line indicates
the fitted curve to the frequency at each phase value in all subjects. The dashed Gaussian curve with the peak near a phase of 0 may be
attributable to physiologic iron. The dotted Gaussian curve with the peak deviating to the negative phase may be attributable to non-
physiological iron. In the smaller phase value than the intersection of the two Gaussian curves on the histogram, the area subtracting the
area under the curve of the second curve with a lower peak height from the first curve with a higher peak height is larger in AD patients
than that in controls. The intersection of the two different Gaussian curves for the AD patients was —4.6% of nt (radian), and the intersec-
tion for the control subjects was —4.8% of nt (radian). The phase value of the intersection of the two Gaussian curves in AD patients is
used as the threshold for differentiation between the physiologic and non-physiologic iron in the processing of phase difference enhanced

(PADRE) images. rad, radian.

cortex, were excluded from the evaluation, because the signal
from physiological iron may affect the phases arising from
non-physiological iron. We also excluded the distinct hemor-
rhagic foci observed as spotty low signal on T3-weighed
images (2D FFE images) that were the source images of
PADRE. When the laterality of the cortex signal was
observed, we chose the cortex with the lower signal. Because
the veins running along the cortical surface were observed as
low signal linear structures on the PADRE images, we care-
fully differentiated the cortical signal change from those
veins.

Two neuroradiologists who were blinded to the patients’
information, including the diagnosis of AD independently
assessed the signal of the cerebral cortices of the Cn, PrCn,
SFG, and STG by using a 4-point scale: grade 1, almost no
hypointense foci in the cortex; grade 2, sparse distribution of
hypointense foci in the cortex; grade 3, intermediate distribu-
tion of hypointense foci in the cortex; grade 4, extensive dis-
tribution of hypointense foci in the cortex (Fig. 2). The
readers evaluated all the slices on which the target gyri were
scanned, and the most representative signal was assigned as
the grade of the evaluated gyrus. Final agreements on grading
were obtained by consensus. PADRE images were presented
in randomized order to the observers.

Statistical analysis

The difference in the cortical signal at the consensus readings
of PADRE between the AD patients and control subjects was
tested by performing the Mann—Whitney U test. Inter-rater
agreement for the grade of the cortical signal was determined
by the k coefficient (k < 0.20, poor; k = 0.21-0.40, fair;
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k = 0.40-0.60, moderate; k = 0.61-0.80, good; x = 0.81—
0.90, very good; and k > 0.90, excellent agreement) and the
95% confidence interval (CI).

We evaluated the correlation between the disease dura-
tion and the grade of hypointensity in each gyrus, and
between MMSE score and the grade of hypointensity in each
gyrus by Spearman rank correlation and the 95% CI. We also
evaluated the correlation between the disease duration and
the sum of hypointense grade in each AD patient, and
between MMSE score and the sum of hypointense grade
in each AD patient by Spearman rank correlation and the
95% CI.

A P-value of < 0.05 was considered as indicating a sta-
tistically significant difference for Mann—Whitney U test and
Spearman rank correlation. Statistical analysis was con-
ducted with MedCalc Statistical Software version 17.9.2
(MedCalc Software, Ostend, Belgium).

Results

In the AD patients and control subjects, the phase value his-
togram comprised two different Gaussian curves: the main
curve with higher height, and the second curve deviating to
the negative phase with lower height (Fig. 1). The intersec-
tion of the two different Gaussian curves for the AD patients
was —4.6% of 7 (radian), and the intersection for the control
subjects was —4.8% of m (radian). In the smaller phase value
than the intersection of the two Gaussian curves on the histo-
gram, the area subtracting the area under the curve of the
second curve with a lower peak height from the first curve
with a higher peak height is larger in AD patients than that in
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Table 1 Summary of visual assessment of the four cortices

AD patients Control subjects pal
value
Number of cases (%) Mean (SD) Number of cases (%) Mean (SD)
Cn
0/15 (0) 1/10 (10) "
g:zgg; 0/15 (0) 3.7 (0.49) 3/10 (30) 26 084 002
Grade 3 5/15 (33.3) 5/10 (50) ’ ’
Grade 4 10/15 (66.7) 1/10 (10)
PrCn .002*
Grade 1 2/15 (13.3) 2.0 (0.59) 8/10 (80) 1.2 (0.42)
Grade 2 10/15 (66.7) 2/10 (20)
Grade 3 3/15 (20.0) 0/10 (0)
Grade 4 0/15 (0) 0/10 (0)
SFG
Grade 1 7/15 (46.7) 7/10 (70)
Grade 2 7/15 (46.7) 1.7 (0.82) 3/10 (30) 1.3 (0.48) .243
Grade 3 0/15 (0) 0/10 (0)
Grade 4 1/15 (6.7) 0/10 (0)
STG
Grade 1 1/15 (6.7) 6/10 (60)
Grade 2 4/15 (26.7) 2.7 (0.80) 3/10 (30) 1.5(0.71) .002*
Grade 3 8/15 (53.3) 1/10 (10)
Grade 4 2/15 (13.3) 0/10 (0)

AD, Alzheimer disease; SD, standard deviation; Cn, cuneus; PrCn, precuneus; SFG, superior frontal gyrus; STG, superior temporal gyrus;

*Significant difference.

%,

Grade 1.

Fig. 2 Representative cases of each hypointense grade. (Grade 1) almost no hypointense foci in the cortex; (Grade 2), sparse distribution of
hypointense foci in the cortex (arrows); (Grade 3), intermediate distribution of hypointense foci in the cortex (arrows); (Grade 4), extensive

distribution of hypointense foci in the cortex (arrows).

controls (Fig. 1). Finally, we used a phase of —4.6% of n
(radian) as the threshold for enhancement of presumed non-
physiologic iron on PADRE.

The visual assessment of the four cortices is summarized
in Table 1. The mean grades of the Cn, PrCn, and STG were
significantly higher in the AD patients than in the control
subjects (P = 0.002, P =0.002, and P = 0.002, respectively)
(Figs. 3 and 4). We found no statistical difference in SFG
between AD patients and control subjects. Excellent inter-
rater reliability was seen in the PrCn (kappa = 0.93; 95%
CI, 0.81-1.00), SFG (kappa = 0.93; 95% CI, 0.78-1.00),
STG (kappa = 0.94; 95% CI, 0.84-1.00). Good inter-rater
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reliability was observed in the Cn (kappa = 0.75; 95% CI,
0.53-0.98).

We found no correlation between the disease duration
and the grade of hypointensity in AD patients (Fig. 5). For
the correlation between MMSE score and the grade of
hypointensity in AD patients, we found no correlation other
than STG (P = 0.008; 95% CI, —0.873 to —0.212) (Fig. 6).
In STG, MMSE score decline with advancing of the hypoin-
tensity grade; however, the variation of MMSE score was
large in grades 3 and 4. Furthermore, we found no correla-
tion between MMSE score and the sum of hypointensity
grade (Fig. 6).

Magnetic Resonance in Medical Sciences
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Fig. 3 A 55-year-old female with Alzheimer disease (AD). MMSE score of 19. (a) The hypointense foci distribute predominantly in the parietal
cortex. (b) A magnified image of the cuneus (Cn) and precuneus (PrCn). The extensive band-like shape hypointense foci (arrows) are

observed in the bilateral Cn (grade 4).

Fig. 4 A 67-year-old male control subject. (a) A phase difference enhanced (PADRE) image at the cuneus (Cn) and precuneus (PrCn)
level. No distinct hypointense foci are observed in the cortices in this image. (b) A magnified image of the Cn and PrCn. No distinct
hypointense foci in the Cn and PrCn (grade 1). In the superior frontal gyrus (SFG), PrCn and superior temporal gyrus (STG), there are no

distinct hypointense foci.

Discussion

In our study using PADRE images acquired at 3T, there was
a significant difference in the degree of hypointense foci in
the specific cerebral cortices between the AD patients and
control subjects. Similar to earlier studies in AD transgenic
mice and human AD patients that used T5-weighted 7T MR
images,>'*"!7 the PADRE images showed hypointense foci in
the cerebral cortices. Compared with 7T MRI, 3T MRI shows
a lower signal-to-noise ratio and smaller phase changes.
However, even at 3T, our pilot study demonstrated that
PADRE can show signal changes in the specific cortices of
AD patients within a clinically acceptable acquisition time.

Vol. 17, No. 4

In an autopsy study of AD patients,> amyloid deposition
and neurofibrillary tangles were colocalized with iron
accumulation. Therefore, hypointense foci on PADRE
images in patients with AD may reflect iron accumulation.
Although the animal study!? revealed that the hypointense
foci indicating iron deposition were identical to the distribu-
tion of AP, the histologic source of the signal change was not
revealed. Iron associated with AP plaques can accumulate
from several potential sources.!®2! As a metalloprotein, free
iron will bind to AP fibrils and collect within the plaques.
Iron from ferritin, and its degradation to hemosiderin, can
originate from nearby neurons and microglial cells that have
migrated to the AP plaques and can become part of the plaque
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mass.'$2! In other reports, cerebral non-heme-iron accumu-
lation is observed in post-mortem studies of healthy aging,?
whereas several researchers have shown that hemoglobin
binds to AP and co-localizes in amyloid plaques and cerebral
amyloid angiopathy (CAA) in AD brains and hemoglobin
promotes AP oligomer formation.>>** Those iron may con-
tribute the hypointense signal on PADRE, and the difference
type of iron between AD patients and control subjects may
cause the phase difference. PADRE attempts to differentiate
the two types of iron by weighting the specific phase value.
We optimized the PADRE images conditions to enhance the
cerebral cortical phase difference between AD patients and
control subjects. Based on the double Gaussian model, we
assumed that the phase of the cerebral cortices can be divided
into two components of iron: physiological iron, including
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Fig. 5 Correlation between disease duration and the degree of
hypointense foci. (a) Correlation between disease duration and the
degree of hypointense foci in each gyrus. We found no correlation
between disease duration and the degree of hypointense foci in
any gyrus. (b) Correlation between disease duration and the sum
of the hypointense degree of each patient. We found no correla-
tion between disease duration and the sum of the hypointense
degree of each patient. Cn, cuneus; PrCn, precuneus; SFG, supe-
rior frontal gyrus; STG, superior temporal gyrus.

age-related iron, and non-physiological iron, including
Ap-related iron. Although the assumption was not proven by
pathology in this human study, it has been validated by an
animal study that used transgenic APP23 mice.!> We think
that the properties and optimization of PADRE images con-
tributed to our results.

In early stage AD, amyloid preferentially deposits in the
basal frontal, temporal, and occipital lobes. As the disease
progresses, amyloid deposition extends to the parietofrontal
cortex.?® Visual inspection of PET amyloid images of AD
patients have shown a typical regional brain distribution: ini-
tial deposition in the precuneus, orbitofrontal cortex, and the
inferior temporal gyrus and posterior cingulate gyrus, and
later by the remaining prefrontal cortex and lateral temporal
and parietal cortices.?® In our study, the SFG signal was not

Magnetic Resonance in Medical Sciences
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significantly different between the AD patients and controls.
Amyloid deposition may not be sufficiently high to detect on
PADRE in SFG. We found no correlation between the dis-
case duration and the hypointensity grade in any gyrus.
Armnold et al.?’ reported that the distribution of neuritic
plaques (AP plaques) was more evenly distributed throughout
the cortex, with the exceptions of limbic periallocortex and
allocortex, and the temporal and occipital lobes had the
highest neuritic plaque densities, limbic and frontal lobes had
the lowest, and parietal lobe was intermediate. Additionally,
they reported that there was no relationship between the
duration of illness and densities of neurofibrillary tangles or
neuritic plaques. Our results consistent with the previous his-
tologic report by Arnold et al.?’

For the correlation between MMSE score and hypoin-
tense grade, there was a statistically correlation only in STG.
However, the variation of the MMSE score was large in
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Fig. 6 Correlation between Mini-Mental State Examination
(MMSE) score and the degree of hypointense foci. (a) Correlation
between MMSE score and the degree of hypointense foci in
each gyrus. We found no correlation between MMSE score and
the degree of hypointense foci other than superior temporal
gyrus (STQ). In STG, MMSE score declined with advancing the
hypointense foci. (b) Correlation between MMSE score and sum of
the hypointense degree of each patient. We found no correlation
between MMSE score and sum of the hypointense degree of each
patient. Cn, cuneus; PrCn, precuneus; SFG, superior frontal gyrus.

grade 3 and 4. Tiraboschi et al.?® evaluated the correlation
between the severity of AD evaluated with MMSE score and
the density of neuritic plaques and neurofibrillary tangles in
the several cortices. They showed that significant differences
consistently emerged for neurofibrillary tangles (NFTs) alone
across the different severity groups of AD patients. The pre-
vious study using '"C-PiB PET? showed that AB deposition
follows sigmoidal kinetics over time and the rates of AP dep-
osition start to slow, trending towards a plateau as disease
progresses. Because the patients were clinically diagnosed as
AD in our study, the AP deposition may have reached pla-
teau. Additionally, the small number of patients and the indi-
vidual variability for the degree of Af deposition may affect
the results. Further investigations with the sufficient number
of patients and follow-up studies are required to clarify the
correlation between the clinical stage of AD and PADRE
findings.
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Our study had some limitations. First, we did not com-
pare PADRE images with histological findings or amyloid
markers, such as PiB-PET. Clinically, direct correlation
between MR images and histological findings is unavailable.
It has not been validated whether hypointense foci on PADRE
coincide with the distribution of PiB-PET. Further compari-
sons between PADRE and PET imaging are required. In
addition, we excluded the basal frontal and medial temporal
regions, where the amyloid deposits initially in AD patients,
for assessment,” because the susceptibility artifacts have
sometimes been observed on PADRE in those regions.
Second, we could not completely eliminate the hypointense
signal attributable to coexisting CAA on PADRE images. In
a previous report,® both amyloid-containing plaques and
CAA showed collocated iron. AB deposits in brain paren-
chyma in AD and in the vascular wall in CAA. However,
similar cortical changes have been observed in AD and CAA
brain samples.’ Third, we did not determine the appropriate
threshold for all of the cerebral cortices. Therefore, the phys-
iological iron may not be totally excluded in the cortices
other than Cn, PrCn, SFG, and STG. However, hypointense
foci are predominantly attributable to non-physiologic iron
in the specific cortices under the assumption of the double
Gaussian model. Further studies are required to determine
the appropriate threshold for all cerebral cortices. Fourth, the
source of the observed phase differences in PADRE is multi-
factorial. It is well established that the difference in phase
contrast is mainly attributable to iron, and other compounds,
such as deoxyhemoglobin, myelin, and proteins, may also
contribute.®® Additionally, the phase is affected by tissue
geometry and orientation relative to the main magnetic field
(B,), and phase changes extend beyond altered susceptibility
areas.*® Those factors might have affected the contrast evalu-
ation across the subjects or individual brain regions. To avoid
those tissue geometry and orientation factors, 3D-PADRE
images may be preferable. Furthermore, our study using 2D-
PADRE images lacks quantitative assessment. For objective
assessment of all cortices, quantitative studies with
3D-PADRE images are required. Last, our study population
was small. Further studies in a larger number of patients with
AD and controls are needed to clarify the value of the PADRE
technique clinically.

Conclusion

In conclusion, the results of our pilot study suggest the feasi-
bility of PADRE imaging at 3T for differentiation between
AD patients and control subjects.

Appendix

AP in the human cortex of AD patients associates with sev-
eral types of iron originating from heme iron and non-heme
iron including ferritin representing negative phase value,
because those types of iron have a positive susceptibility
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relative to water molecules. The other important source for
the negative phase in the cerebral cortices is non-heme iron
due to aging. Although Ap-related iron includes both heme-
and non-heme iron, the susceptibility of heme-iron in AP
dominantly affects on the phase information. Therefore, it
was reasonably assumed that the phase distribution was fac-
torized into corresponding two Gaussian distributions.

For random process corresponding to iron accumulation
due to aging, Lathi and Ding®' had shown it should be
Gaussian distribution if signal-to-noise ratio is high enough
(>3). Although the phase of A related iron in the local region
may show non-Gaussian distribution, the sum of those phase
is predicted to be Gaussian distribution based on the central
limit theorem.?

These are summarized as follows:

I. Tron in the brain cortex consists of AB- and age-
related iron.

II. Phase distribution of the two types of iron accumula-
tion forms Gaussian.

We may fit phase distribution in the cortex with the sum
of two Gaussians by above assumptions,

(A.1) D(@)=A, e 0D + A, gmaal0-5)
where D(6) is a phase distribution in the cortex,
A, e (9’ is a Gaussian distribution representing iron accu-
mulation due to aging with real parameters, A,, @, and b,, and
A, e (02 is a Gaussian distribution representing iron in the
AP with real parameters A,, a, and b, (Fig. 7). Because the
number of phases of age-related iron should be dominating
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=)
(=)

50f

0
-0.4 -0.3 0 0.1

-0.2 -0.1

Phase [rad]
Fig. 7 A model figure of two Gaussian fit in the phase value histo-
gram. The horizontal axis indicates the phase value, and the vertical
axis indicates the frequency (number of counts) at each phase value.
Phase data (solid line) is fitted by two Gaussians; age-related iron
(dashed line) and iron in the AB (dotted line). The intersection (6) was
numerically derived by fitted parameters. In this model, we set param-
eters as, A, =175, a, =200 [1/rad], b, =—-0.08 [rad], A, =75, a, = 250
[1/rad] and b, =—0.16 [rad] resulting in 6 =—0.142 [rad]. In this case,
phase difference enhanced (PADRE) would select phase band below
than 6 to enhance A. rad, radian.
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component of total distribution, the center of mass of first dis-
tribution b, is to be located around peak of total phase distribu-
tion. Therefore, phase of iron in the AP is dominant in lower
than intersection of two Gaussian distribution defined by,

0, =—(ax+ o’ =Py) B, where @ = ab —ab,, f=a -

a, and ¥ = a,b’ —a,b, —In % PADRE selects phase lower
2

than € and enhances it to show AP on the PADRE image as
hypointense signals. In this study, we defined the threshold
6 by applying two Gaussians model to data of AD patients
and applied it both of AD patients and control subjects. It is
rationally expected that number of enhanced PADRE sig-
nals of AD patients is to be higher than that of controls
since area between two Gaussians lower than 6, which may
represent number of AP, is higher than that of controls.
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