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ABSTRACT

Introduction: Iron deposition is vital for damaging neurons and causing different cognitive disorders.
Today, using the quantitative susceptibility mapping (QSM) technique, iron deposits in other brain areas can
be assessed and measured. This study aimed to identify changes in iron deposition of 12 brain nuclei through
different stages of dementia using the QSM technique to introduce biomarkers for the early detection of
cognitive disorders.

Material and Methods: The Alzheimer’s Disease Neuroimaging Initiative (ADNI) database was used to
download data. A 3T MRI scanner scanned thirty-five participants with normal cognition and forty-six
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Keywqrds_: o patients with cognitive disorders who were classified into four groups based on the severity of the condition.
Quant_ltatlve Susceptibility QSM processing determined twelve regions of interest (ROIs) by automatic nuclei segmentation and
Mapping statistical analysis performed in these groups’ MRI images.

Alzheimer’s Disease
Iron Deposition
Magnetic Susceptibility

Results: Based on previous findings, QSM values increase proportionally to iron deposition.
In this study, the increase in the QSM values of different nuclei of the early mild cognitive impairment
(EMCI) stage indicates iron deposition in these participants. In the EMCI group, The QSM value of the
bilateral thalamus (P<0.05) and left amygdala (P=0.006) nuclei were higher than Jn the control group. Based
on the results of the receiver operating characteristic curve (ROC) analysis, the left amygdala (P=0.005), left
putamen (P=0.002), left thalamus (P=0.05), and right thalamus (P<0.05) have an appropriate sensitivity and
specificity to identify the different stages of cognitive disorders.

Conclusion: The left amygdala and bilateral thalamic nuclei are the first areas exposed to iron deposition
during cognitive impairment. Mentioned nuclei, especially the left amygdala, have high efficiency and
sensitivity for the early detection of cognitive disorders.

P> Please cite this article as:
Nikparast F, Shoeibi A, Niroumand Sh, Akbari-Lalimi H,Zare H. Brain Nucleus Changes in Cognitive Disorders: Examining By the
Quantitative Susceptibility Mapping (QSM) Technique. Iran J Med Phys 2024; 21: 45-52. 10.22038/1JMP.2022.68457.2198.

Introduction

Neurodegenerative Alzheimer’s disease (AD),
more common in the elderly, imposes a heavy
economic, psychological, and social burden on
individuals and society [1, 2].

There are usually stages of dementia that have an
increased risk of developing AD compared to healthy
people, which include subjective memory concerns
(SMC), early mild cognitive impairment (EMCI), and
late mild cognitive impairment (LMCI), respectively
[3].

Various changes in the brain lead to the
development and progression of these disorders;
pathological changes wusually occur earlier than
morphological changes [4, 5];Iron deposition and
amyloid-beta plaque aggregations are among the most
important pathological changes in the brain during AD
[6,7].

Iron is the most abundant paramagnetic
substance in the body, playing a pivotal role in
performing many biological activities, such as cell

division and gene expression; it is stored in the brain
as ferritin or hemosiderin-6 forms and causes positive
changes in the magnetic susceptibility of the tissue [8].

Despite all the benefits of iron, excessive
deposition in different brain areas can damage
neurons and impair cognitive function [9]; areas of
increased iron deposition are prone to the
accumulation of amyloid-beta plaques, one of the most
well-known marks of AD [10].

According to various studies, there is a clear link
between iron deposition and the development of
neurodegenerative disorders such as AD and
Parkinson’s disease, so early detection of these iron
and amyloid-beta plaque deposits leads to diagnosing
these diseases in the early stages [11].

One of the most popular imaging modalities for
brain sediment detection is positron emission
tomography (PET); however, high ionizing radiation
levels limit its safe clinical use [12].
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There are various magnetic resonance imaging
(MRI)-based techniques to identify these iron
deposition areas, such as T2" weighted imaging (T2"
WI), susceptibility-weighted  imaging  (SWI),
transverse relaxation rate (R2%), field-dependent
relaxation rate increase (FDRI), and calculation of
Susceptibility through multiple orientation sampling
(COSMOS).

Besides their benefits, each technique has several
disadvantages; for example, most methods mentioned
above suffer from Blooming artifact [13]; T2* WI
depends on the scan parameters; the SWI method
depends on the patient’'s head position and the
magnetic susceptibility of the tissues around the
target area [14].

Also, the values obtained from the R2" technique
depend on the iron and water content of the tissue; to
perform the FDRI technique, we need two magnetic
fields with two different strengths, and finally, in the
COSMOS technique, the patient’s head should be
scanned in different directions [15-20].

These limitations complicate the widespread use
of these methods in the clinical field.

One of the essential features of body tissues is
their = magnetic  susceptibility, an  inherent
characteristic of body tissues in response to the
application of external magnetic fields and express
tissue constituents.

The presence of diamagnetic substances in the
brain, such as calcium and white matter, reduces
magnetic susceptibility, and paramagnetic substances,

such as iron, increase the tissue’s magnetic
susceptibility [21].

Recently, a technique based on changes in
magnetic susceptibility, called quantitative

susceptibility mapping (QSM), which can apply to
many routine MRI sequences, has been introduced
[16, 22].

This  technique involves  post-processing
algorithms applied to the phase and magnitude
images with different MRI sequences; It creates a map
in part-per-million (ppm) indicating the areas
increased or decreased in terms of changes in
magnetic susceptibility [23-25].
So far, various types of research have been done using
this technique to evaluate neurodegenerative diseases
[11, 26-28]. This research project aims to identify the
first brain nuclei pathological changes in the spectrum
of cognitive disorders, which leads to introducing a
suitable biomarker for the early detection of cognitive
impairment.

Materials and Methods

Database
Data were obtained from the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) database.
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The ADNI was launched in 2003 as a public-private
partnership by Principal Investigator Michael W.
Weiner, MD. The primary goal of ADNI has been to test
whether serial MRI, positron emission tomography
(PET), other biological markers, and clinical and
neuropsychological assessment can be combined to
measure the progression of mild cognitive impairment
MCI and early AD.

The ADNI3 project was launched in 2016 to
determine the relationships between clinical, cognitive,
imaging, genetic, and biochemical biomarkers across the
spectrum of AD.

Scientists of this institution are working on 59
research centers in the United States and Canada. This
project aims to identify the pathological changes in the
brain that trigger these disorders.

Participants

Based on the data, thirty-five cognitively normal and
forty-six participants with cognitive impairment
disorders were included in this study. We classified the
cognitive disorders group into four groups based on
cognitive test scores and assessments performed by

ADNI specialists.

Inclusion criteria for subject selection include:

1. People should be in one of the five groups:
cognitively normal (CN), subjective memory
concerns (SMC), Early mild cognitive impairment
(EMCI), late mild cognitive impairment (LMCI),
and AD (Alzheimer’s disease).

2. Multi-echo GRE and T1W scans of these people
should be available.

3. Phase and magnitude images should be available

separately.
Each GRE multi-echo image contains two real and
imaginary parts.

The real part creates the magnitude image, and the
imaginary part makes the phase image for us; we
need to use both images in this research.
4. Information about cognitive information, such as
MMSE scores, should be available.
The participants’ demographic characteristics are
given in Table 1.

MRI Acquisition

All patients’ MRI scans were performed using the
Siemens Prisma 3.0T MRI scanner equipped with a
Head-Neck coil.

For a Brain MRI scan, the patient should lie in
a supine position, and the center of the sternum must be
aligned with the center of the spine coil.

3D Accelerated_Sagittal MPRAGE sequence was
performed with the following parameters: TR (ms)
=2300, TE/TI (ms) =2.98/900, Slice Thickness (mm)
=1, Flip Angle=9, Pixel Bandwidth=240, and
Acquisition Matrix and Reconstruction Matrix=240.
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Figurel. QSM reconstruction steps

GRE multi-echo sequence was performed with three
different times of echoes (3TE) with the following
parameters: TR (ms) =650, TE1-TE2-TE3 (ms) =6.09-
13-20, Slice Thickness (mm) =4, Flip Angle=20, Pixel
Bandwidth=260, Matrix size=256x256, Voxel size X
(mm) = 0.859375, Voxel size y (mm) =0.859375 and
Number of slices=44.

Image Processing
Quantitative Susceptibility Mapping

QSM reconstruction has four steps: generating tissue
mask, phase unwrapping, background field removal, and
field-to-susceptibility inversion (Figure 1). Each step is
performed with different algorithms and toolboxes [23].

After making QSM images, it is time to segment and
determine the region of interest (ROIs) to evaluate the
QSM values of each area in terms of ppm. The basis of
this reconstruction is done on the brain tissue, so first,
we need to separate the brain tissue from the skull bone
in the magnitude image. This brain tissue extraction was
performed using the Brain Extraction Tool from the
FMRIB Software Library [29].

In the next step, to prevent the occurrence of
the aliasing artifact in the phase images and total QSM
reconstruction, we performed the phase unwrapping
using a Laplacian-based phase unwrapping tool from
STI Suite, the MATLAB toolbox[30].

Phase removal was done using the V-SHARP tool
from the STI suite MATLAB toolbox to eliminate the
unwanted consequences of the border areas, QSM
reconstruction, or the susceptibility map was computed
by the streaking artifacts reduction (STAR) algorithm
[31, 32].

For the accuracy of the between-group analysis, a
reference was made to the brain mask during QSM
reconstruction [33];The SEPIA toolbox was used to
perform the above steps [34].

Automatic Segmentation

To create the region of interest (ROIs) mask, we
performed automatic segmentation using the FMRIB
Software Library, a model-based
segmentation/registration tool[35].

At this stage, the location of twelve nuclei was
determined, including left-thalamus, left-caudate, left-
putamen, left-pallidum, left-hippocampus, left-
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amygdala, right-thalamus, right-caudate, right-putamen,
right-pallidum, right-hippocampus, and right-amygdala.

A neurologist confirmed the accuracy of these
segments. In this step, we measured the magnetic
susceptibility values of each nucleus using 3D Slicer
software[36].

For each participant, the segmented mask and QSM
image were defined as input for the software, and based
on the FSL guide, we specified the nuclei name of each
segment. Finally, we saved the mean magnetic
susceptibility value for further statistical analysis from
the calculated statistical parameters for each nucleus.

Statistical analysis

Statistical analyses were performed with the help of
IBM Statistic SPSS (Statistical Package for Social
Science) software V26. Comparing the age and MMSE
scores variables among the groups was done using a
one-way analysis of variance (ANOVA).

The chi-squared test was used for the same purpose
as the qualitative gender variable.

After examining the normal distribution of data with
the Kolmogorov-Smirnov test, ANOVA with post hoc
test (Tukey-Kramer test) was used to assess the
significant difference between the mean magnetic
susceptibility of brain nuclei in 5 groups for normality
values. Kruskal-Wallis and Mann-Whitney tests were
also performed for non-normality values for the same
purpose.

Finally, ROC curve analysis was performed on the
brain nuclei of participants in all five groups. P < 0.05 was
considered statistically significant in all statistical tests.

Participants characteristics

Based on the results, the age variable did not differ
significantly between the study groups, while there was a
significant difference between MMSE scores among the
target groups.

MMSE scores were significantly different between AD
groups and SMC (P <0.001), AD and EMCI (P <0.001),
AD and control (P <0.001), SMCI and LMCI (P =0.025),
and LMCI compared to control (P =0.002).

Also, a significant difference was observed between
the number of men and women in the study groups
(P=0.04); the analyzed demographic information can be
seen in Table 1.
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Table 1. The results of the participant’s demographic analysis. (Chi-squared and ANOVA analysis.)

Characteristic CN (35) SMC (10) EMCI (17) LMCI (9) AD (10) P-Value

Age (Mean+SD) 73.3448.07 77.743.65 76.761+6.28 77.4445.15 78.7+6.83 P=0.11

MMSE Score (Mean+SD) 29.0+1.43 28.80+1.13 27.35+1.96 24.6667+6.81 21.75+4.30 P <0.001

Sex 23Female and 7 Femaleand 4 Female and 4 Female and 5 Female and P=0.04
12 Male 3 Male 13 Male 5 Male 5 Male

CN, cognitively normal; SMC, subjective memory concerns; EMCI, early mild cognitive impairment; LMCI, late mild cognitive impairment; AD,
Alzheimer’s disease; MMSE, Mini-Mental State Examination. P < 0.05 was considered statistically significant, and bold font indicates statistical

significance.
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Figure 2. Mean susceptibility values of brain nuclei of patients with SMC (A), EMCI (B), LMCI (C), and AD (D) compared to the cognitively normal group

Table 2. Comparison of brain nuclei QSM values between study groups using one-way analysis of variance

One Way ANOVA
group
AD sMmcl EMCI LMCI control P-Value
Mean 0031 ~0083 0035 ~0020 ~0045 0,004
Left Thalamus Std. Deviation 01086 01034 01116 00875 00829
Mean 0152 0236 0249 0154 0377 0.037*
Left Caudate Std. Deviation 01871 01765 03994 02255 02373
Mean 0390 0234 0411 0279 0220 0.066
Left Putamen Std. Deviation 03391 01564 02076 02006 02257
_ Mean 0023 ~0095 0013 ~0033 ~0074 0.008*
Right Thalamus o4 peviation 01264 01262 0093 01028  .00879
, Mean 0196 0242 0257 0135 0293 0.201
Right Caudate Std. Deviation 02175 01804 02953 01981 02154
, Mean 0346 0237 0442 0331 0243 0.208
RightPutamen o4 peviation 03388 01983 03104 02128 02194
_ _ Mean 0374 0423 0528 0587 0564 0132
Right Pallidum Std. Deviation 03428 03129 01857 02710 02128
__ Mean -0333 ~0007 -0148 -0108 ~0082 0.224
RIght HIppocampus o peviation 04090 02633 03601 03147 02352

*p <0.05 was considered statistically significant, and bold font indicates statistical significance

Iran J Med Phys, Vol. 21, No. 1, January 2024

48



QSM potential for Alzheimer's disease diagnosis

Farzaneh Nikparast, et al.

1.0

| s

[/]
0.8 ADJ/U

£ 06 £ o6
2 z |
& = T Source of the
n '
5 04 = g 04 - Curve
70] wn |
| — Left Thalamus
0.2 o2t 0.2 =T ] J —— Left Caudate
‘ T J H Left Putamen
7 ‘ 0 Left Pallidum
0 S | 55 O | ! 1 i
A 0.0 0.2 0.4 0.6 0.8 1.0 B 0.0 0.2 0.4 0.6 0.8 1.0 Iiigg:sf:;:;:pus
l-Specificity l-Speciflcity Right Thalamus
Right Caudate
= Right Putamen
Lo f Lo ——Right Pallidum
Right Hippocampus
| ‘ Right Amygdala
0.8 ‘ BAt ‘ 08 1l Reference Line
£ 06 } ‘ £ o6
2 ( = | |
= =l U = ’
£ o4 } 2 o4 -
z | | 3
0.2+ S 0.2 — ‘
| __’ 1]
0.0 0.2 04 06 08 10 0.0 0.2 ; 0.6 08 1.0
C D 0.4

1-Specificity

1-Specificity

Figure3. Results of ROC curve analysis of QSM values obtained from the twelve region-of-interests to differentiate SMC (A), EMCI (B), LMCI (C), and AD

(D) subjects from the cognitively normal group.

Evaluation of regional susceptibility

Based on the results of the analysis, QSM values in the
EMCI group significantly increased in the left thalamus (P
=0.021), left amygdala (P =0.006), and right thalamus (P
=0.049) compared to the CN group (Figure 2, Table 2,
Supplementary Table 3, Supplementary Table 4).

ROC curve analysis

None of the nuclei had the sensitivity and specificity to
diagnose SMC patients from the CN group (Supplementary
Table 5).

In the EMCI group, Area Under the Curve (AUC)
values in the left thalamus (P=0.017), left putamen
(P=0.002), right thalamus (P=0.006), left amygdala
(P=0.005), and right putamen (P=0.005) were over 0.7
(Supplementary Table 6).

The highest sensitivity belongs to the left amygdala
and left putamen nuclei, with 81% in this group.

In the LMCI group, only the left amygdala nucleus
with an AUC value greater than 0.7 (P = 0.047) is effective
in diagnosing LMCI patients; the sensitivity of this variable
is 66%, and its specificity is 75% (Supplementary Table 7).

In the AD group, the highest AUC values were
obtained in the left and right thalamic nuclei, which are 0.7
(P=0.050) and 0.76 (P=0.011), respectively.

These two nuclei also have the highest sensitivity in
identifying AD patients based on QSM values
(Supplementary Table 8) (Figure 3).
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Discussion

Iron deposition and amyloid-beta plaques in the deep
nuclei of the brain represent microscopic or pathological
changes that occur before the appearance of
morphological changes such as atrophy of different
brain areas; However, because of the lack of reliable and
sensitive biomarkers for these pathological changes,
diagnosis is usually made based on clinical findings in
the advanced stages of the disease.

The presence of these materials in the tissue causes
changes in the QSM image; They create an excellent
contrast if placed together.

Despite all the benefits of iron in the body, previous
studies have shown that its deposition is closely related
to various neurodegenerative diseases such as
Alzheimer’s and Parkinson’s. Also, its presence has
been proven as one of the main components of aging
plaques and Neurofibrillary tangles (NFTSs).

Excessive levels of iron stored in the brain produce
toxic free radicals, oxidative damage, inflammation, and
nervous system destruction.

According to Ayton et al.’s study, there is a strong
correlation between iron accumulation in the inferior
temporal gyrus (ITG) and cognitive decline in
individuals with AP plaques, tau protein, and
neurofibrillary ~ tangles;  The  increasing  iron
concentration provides ideal conditions for the
accumulation of amyloid beta and the occurrence of
neurotoxicity [37].
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Investigating the pattern of brain iron deposition
during the stages of cognitive disorders leads to a better
understanding of the pathophysiological process of the
disease, introducing a reliable biomarker for early
diagnosis of the disorder and, ultimately, a basis for
targeted treatment.

Despite all the efforts made in this field, until now,
the cause-and-effect relationship  between iron
accumulation and neurological diseases is unclear;
however, monitoring the spatial and temporal
distribution and the quantity of iron deposition leads to a
better understanding of the progress of cognitive
disorders and examining the sequence of pathological
events.

This research project was implemented to achieve
several goals.

It was initially, identifying the brain nucleus that
undergoes the first changes in magnetic susceptibility in
the early stages of cognitive disorders to introduce
biomarkers for early detection of these stages.

Finally, the efficiency, sensitivity, and specificity of
the QSM technique in diagnosing each group of patients
were evaluated using the ROC curve.

Evaluation of regional susceptibility

Based on the results of previous research projects,
the formation of primary amyloid-beta plaques is closely
related to iron accumulation and the increase in iron
deposits with the production of more amyloid-beta
peptides [4, 38, 39].

Microscopic changes often lead to changes in the
tissue’s intrinsic properties and magnetic susceptibility.

Since the increase in QSM values is strongly
proportional to the rise in iron deposition, biomarkers
can be introduced to identify these disorders early [40]
[41].

In the present study, a notable increase in QSM
values of the left amygdala, right thalamus, and left
thalamus of the EMCI group was observed compared to
the control group, indicating the onset of pathological
changes leading to neuronal activity damage at the
beginning of cognitive impairment.

This increase in QSM values is also present in the
nuclei of the left amygdala, right thalamus, and left
thalamus of patients with AD, but there is no
statistically significant difference.

The occurrence of the plateau effect may explain the
reason for this effect in the AD group [42].
Also, a study conducted in 2019 by Mousa Zidan et al.
to assess brain volume in MCI and AD patients found
that a decrease in thalamic volume could be an early
sign of poorer cognitive function in aMCI [43].

These findings align with previous studies' results in
different study groups [44-46].

ROC curve analysis

This section aims to assess the efficiency, sensitivity,
and specificity of the QSM technique as a hew and non-
invasive method in diagnosing patients with a range of
cognitive disorders.
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Initially, this technique was used to distinguish the
SMC group, which was measured using the ROC curve.

Despite the relatively good sensitivity and specificity
of some brain nuclei, none of the nuclei is suitable for
differentiating SMC patients from healthy individuals
because of the low level of AUC.

In the EMCI group, the left putamen and left
amygdala nuclei are efficient and sensitive for
diagnosing EMCI patients; in 81% of cases, people with
this disease can be correctly interpreted by referring to
the QSM values of these brain nuclei [45, 47].

In the LMCI group, only the left amygdala nucleus
with efficiency, sensitivity, and specificity can diagnose
these patients, which aligns with Kim’s research results
[45].

Finally, using this method in the AD group was
evaluated using the ROC curve.

In this group, the right and left thalamus nuclei have
the efficiency, sensitivity, and specificity to differentiate
AD patients from healthy individuals, which aligns with
Kim and Li’s research results [45, 47].

Conclusion

The left amygdala nuclei, right thalamus, and left
thalamus are the first areas exposed to iron deposition at
the onset of cognitive impairment.

Because of the high efficiency, sensitivity, and
specificity of QSM values of these nuclei, especially the
left amygdala, they can be used as biomarkers for the
early detection of cognitive disorders.

The QSM technique for diagnosing and monitoring
a range of cognitive impairments is ideal.
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