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INTRODUCTION

The neuropathology of Alzheimer’s disease (AD) is 
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generally characterized by the presence of two abnormal 
proteins in the aggregated state in brain-intracellular 
neurofibrillary tangles and extracellular amyloid-beta (Aβ) 
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plaques. Both tau and amyloid proteins are composed 
of amino acid chains that contain amide, amine, and/or 
hydroxyl (OH) groups. Neuroimaging is increasingly used 
to aid the diagnosis of dementia. Structural magnetic 
resonance imaging (MRI) in patients with AD has shown 
that progressive atrophy in the hippocampus and loss of 
whole-brain volume are significantly correlated with the 
progression of the clinical symptoms of AD. Currently, there 
is no standard MRI technique that evaluates the alterations 
in the proteins and neurotransmitters in AD. 

Chemical exchange-dependent saturation transfer 
(CEST) is a new MRI technique that enables the indirect 
detection of molecules with exchangeable protons [1-3]. 
The exchange is closely related to the proton concentration 
and pH in the tissue [4]. Higher proton concentrations 
result in higher proton transfer values and consequently 
higher CEST signals. Therefore, this method is sensitive in 
detecting solid-like proteins and may detect mobile proteins 
and peptides in tissues [5]. The representative endogenous 
exchangeable protons are amide, amine, and OH protons. 
CEST signals are primarily affected by the properties of 
these biomolecules but are also affected by other factors 
such as the protein folding state [6] and pH environment 
[2], which are important markers of many disease processes. 
A recent animal study showed the possibility of mapping 
exchangeable protons to monitor protein alterations in 
the brain of an AD mouse model [7]. A previous human 
brain study investigated the use of CEST MRI in patients 
with AD to map amide protons [8]. However, no study 
has investigated substances such as amide, amine, and 
OH protons using a full CEST spectrum, also known as the 
Z-spectrum, in patients with AD. A multi-pool quantification 
of the full CEST spectrum was introduced using Lorentzian 
fitting [9-11] and applied in a human brain [10] and a 
mouse model [11]. 

In this study, we hypothesized that the CEST MRI 
technique could sensitively detect changes in proteins and/
or metabolites in the AD brain because previous studies 
showed accumulations of amyloid and tau proteins in 
patients with AD compared to those in normal subjects. 
These could be a result of changes in the chemical exchange 
properties of AD brains. Therefore, the purpose of our study 
was to evaluate the characteristics of chemical exchange 
proton pools using the CEST MRI technique in patients with 
dementia. We investigated amide and amine signals as well 
as magnetization transfer ratio asymmetry (MTRasym) values 
at 1, 2, 3, and 3.5 ppm frequency offsets obtained from the 

Lorentzian fitting of a full Z-spectrum in subjects with and 
without dementia.

MATERIALS AND METHODS

Participants 
Our institutional review board approved this cross-

sectional prospective study, which was performed between 
March 2015 and December 2018 in our institute (IRB No. 
khnmc 2015-02-006-001). Informed consent was obtained 
from all participants. All participants provided a detailed 
medical history and underwent a neurologic examination, 
standard neuropsychological testing, and MRI. Cognitive 
function was assessed using the Seoul Neuropsychological 
Screening Battery (SNSB) [12], which is included in the 
Korean version of the Mini-Mental State Examination 
(K-MMSE) for global cognitive ability. Based on the results 
of the SNSB examination and MRI findings, this study 
included patients with mild and probable AD, defined as 
those with Clinical Dementia Rating scores of 0.5, 1, or 
2, according to the criteria of the National Institute of 
Neurological and Communicative Disorders and Stroke-
Alzheimer Disease and Related Disorders Association [12, 
13]. These patients were enrolled in the dementia group. 
Participants with amnestic mild cognitive impairment (MCI) 
were also included, according to the Petersen criteria [14, 
15]. Finally, cognitively normal (CN) elderly participants 
were selected from among healthy volunteers with no 
medical history of neurological disease. Both amnestic 
MCI and CN elderly participants were enrolled in the non-
dementia group. 

This study included a total of 56 participants. Fifteen 
participants were excluded from the subsequent analysis for 
missing CEST MRI scan (1 participant), MMSE scores  
< 25 (6 CN and 3 MCI participants), MMSE score > 25 (4 AD 
participants), and lack of full SNSB exam (1 participant). 
Therefore, of the 41 remaining participants, 19 were 
allocated to the dementia group (mean = 77.9 years, 
range = 55–92 years) and 22 were allocated to the non-
dementia group (mean = 66.7 years, range = 51–83 years). 
All 19 dementia participants had AD. In the non-dementia 
group, 13 participants had CN, while nine participants 
had amnestic MCI. Table 1 summarizes the demographic 
characteristics and results of the neuropsychological tests.

MRI Acquisition
Full CEST spectrum data in the brain were acquired using 
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a three-dimensional (3D) gradient and spin-echo (GRASE) 
sequence [16] with a 32-channel sensitivity-encoding (SENSE) 
array coil. We used the following parameters to induce the 
saturation exchange transfer of protons: B1 amplitude of the 
saturation pulse of 2 μT, saturation pulse duration of 200 ms 
with a 10 ms interval between pulses, and four saturation 
pulses. The total saturation time was 0.84 seconds. We 
obtained the full Z-spectrum by a total of 38 dynamics 
from -5.00 to 5.00 ppm frequency offset ranges using an 
alternative increased frequency interval. The first acquired 
image was the reference image S0 at -40 ppm and the second 
acquired image was at a 0 ppm offset to direct the saturation 
of water. The scan time was 9 minutes 27 seconds.

For image registration and brain tissue segmentation, 
sagittal structural 3D T1-weighted (T1W) images were 
acquired with the turbo field echo sequence, which is 
similar to the magnetization-prepared rapid acquisition 
of the gradient echo (MPRAGE) sequence. In addition, T2-
weighted turbo-spin-echo and fluid-attenuated inversion 
recovery images were acquired to evaluate any brain 
abnormalities. MRI was performed using a 3T MRI system 
(Ingenia, Philips Medical System).

Lorentzian Fitting of Full Z-Spectrum Images with 
Special Frequency Offset Protons

The signals of the full Z-spectrum images were normalized 

to the signals of the non-saturated reference image S0 
obtained at a -40 ppm frequency offset. The normalized full 
Z-spectrum signals (in ppm) were divided into 1280 points 
in 1 Hz units by interpolation. Voxel-based B0 correction was 
performed using the 10th polynomial fitting method [17]. The 
water resonance frequency was estimated as the frequency 
with the lowest signal intensity from the fitted curve and 
shifted along the direction of the offset axis to 0 ppm at its 
lowest intensity. The following six-pool Lorentzian formula 
was used to obtain the baseline, amplitude, and frequency 
offset for each of the six pools [9, 18].

Z = Zini = ∑
i = 1

6

  
         Ai∙Γ2

i/5

 Γ2
i /5 + (∆ωRF - δωi)

                            (1)

where Zini is the baseline of the six pools, Ai is the 
amplitude of the six pools, Γi is the full width at half-
maximum of the six pools, ∆ωRF is the radiofrequency, and 
δωi is the frequency offset of the six pools. The initial 
definitions of the initial values and the low and upper 
limits (Supplementary Table 1, Supplementary Fig. 1) 
were as recommended as described previously [9, 18]. The 
amplitude of the water protons was initially set at the 
highest value (0.45), while the amplitudes of the amine 
and amide protons were initially set as equal (0.06). The 
lower and upper values were defined to minimize mobility 
with the fitting Z-spectra limitation of the six pools. 
Finally, the voxel-based MTRasym maps were calculated at 
frequency offsets of 1.00 (OH), 2.00 (guanidino), 3.00 
(amine), and 3.50 (amide) ppm using the following 
equation [17, 19, 20]. 

                    Ssat (-∆ω) - Ssat (∆ω)
MTRasym = __________________
                            S0

                              (2)

where Ssat (± ∆ω) is the saturated transfer signal obtained 
at a ± ∆ω frequency offset and S0 is the non-saturated 
signal obtained at a -40 ppm frequency offset.

Post-Processing of the Lorentzian-Fitted Maps and 
MTRasym Maps 

To compare the Lorentzian-fitted maps and the 
corresponding MTRasym maps between the two groups, we 
performed the following steps using Statistical Parametric 
Mapping version 12 (SPM12) (http://www.fil.ion.ucl.
ac.uk/spm/software/spm12/). The 3D T1W image and all 
Lorentzian-fitted and corresponding MTRasym maps were 
normalized to the dementia standard template. All maps 
and gray matter volume (GMV) for each participant were 

Table 1. Demographic Data, the Neuropsychological Test 
Results, and the Segmented Brain Tissue Volumes

Non-Dementia Dementia P
Number of 
  subjects

22 (13 CN, 9 MCI) 19 (AD) N/A

Age* (years) 66.68 ± 7.07 77.89 ± 8.04 < 0.001
Sex† (M/F) 6/16 4/15    0.190
K-MMSE* 28.55 ± 0.91 16.95 ± 5.22 < 0.001
CDR (range) 0.33 (0–0.5) 1.28 (0.5–2) N/A
TIV‡ 1484.95 ± 119.33 1415.26 ± 106.58    0.057
TGMV‡ 601.09 ± 51.41 509.52 ± 46.73 < 0.001
TWMV‡ 484.52 ± 51.20 415.84 ± 50.35 < 0.001
TCSFV‡ 399.90 ± 57.08 490.39 ± 58.82 < 0.001

All continuous variables, age, K-MMSE, TIV, TGMV, TWMV, and TCSFV, 
are presented as mean ± SD. *Age and MMSE score were compared 
between two groups by Mann-Whitney test, †Gender was compared 
between the two groups by chi-square test, ‡TIV, TGMV, TWMV, and 
TCSFV were compared between two groups by independent t test. 
AD = Alzheimer’s disease, CDR = Clinical Dementia Rating score, 
CN = cognitively normal, K-MMSE = Korean version of Mini-Mental 
State Examination, MCI = mild cognitive impairment, TCSFV = total 
cerebrospinal fluid volume, TGMV = total gray matter volume, TIV = 
total intracranial volume, TWMV = total white matter volume
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smoothed for voxel-based analyses between the two 
groups.

Statistical Analyses
Demographic data and clinical outcome scores were 

compared between the two groups. Ages and K-MMSE scores 
were compared using Mann-Whitney tests. Sex was analyzed 
using chi-squared tests. The total intracranial volume (TIV), 
total gray matter volume (TGMV), total white matter volume 
(TWMV), and total cerebrospinal fluid volume (TCSFV) were 
compared using independent t tests.

Statistical analyses of the CEST and GMV maps were 
performed using both voxel-based and region-of-interest 
(ROI)-based methods. For the voxel-based analysis, two-
sample t tests were performed to compare the differences of 
each map between the dementia and non-dementia groups 
and to select brain areas as ROIs. A significance level of 
p = 0.001 was applied without correcting for multiple 
comparisons and clusters with at least 30 contiguous 
voxels. For the ROI-based analysis, atlas-based ROIs were 
defined using WFU_Pickatlas (http://fmri.wfubmc.edu/
software/PickAtlas). We selected the anterior cingulate, 
hippocampus, parahippocampal gyrus, pons, precuneus, 
and putamen based on the regions that showed significant 
differences between the two groups in the voxel-based 
analysis. Information on the selected ROIs is listed in 
Supplementary Tables 2 and 4. The values of the Lorentzian-
fitted maps, MTRasym maps, and GMV were extracted from the 
selected ROIs. We performed the following analyses using 
ROI data. First, an independent two-sample test was used to 
evaluate the differences in values between the two groups. 
Second, the Pearson correlation coefficient was obtained to 
analyze the degrees of association between the GMV value 
or MMSE score and each CEST index for each group. Third, 
a receiver operating characteristic (ROC) curve analysis 
was used to evaluate the differentiation between the two 
groups for each value, including GMV and CEST indices. ROC 
curve analysis was performed to evaluate the improvement 
of group classifications by adding GMV with each CEST index 
value. For the ROI analyses, a p value of less than 0.05 was 
used to determine the significance level. Statistical analysis 
was performed using MedCalc (MedCalc Software).

RESULTS

Subject Characteristics 
Age (p < 0.001), MMSE score (p < 0.001), TGMV (p < 

0.001), TWMV (p < 0.001), and TCSFV (p < 0.001) differed 
significantly, while sex (p = 0.190) and TIV (p = 0.057) 
did not differ significantly between the two groups. The 
statistical analyses of the subjects’ demographic data are 
summarized in Table 1.

Lorentzian Fitting of Full Z-Spectrum Images with 
Special Frequency Offset Protons

Supplementary Fig. 2 shows the results of the Lorentzian-
fitted Z-spectrum graphs for each proton pool and the 
corresponding MTRasym map at the left hippocampus obtained 
from a participant without dementia (68-years-old/female). 
Figure 1 shows the representative maps of magnitude, 
amide, amine, OH, direct water saturation, magnetization 
transfer (MT), and NOE protons after Lorentizian fitting 
and the MTRasym maps at 1.0, 2.0, 3.0, and 3.5 ppm for 
participants without dementia (Fig. 1A, 65-year-old female) 
and with dementia (Fig. 1B, 81-years-old female). The 
fitting percentage error between the acquired Z-spectrum 
and Lorentzian-fit curves was 0.48%. The coefficient of 
variation was 1.235% (95% confidence interval [CI]: 0.942–
1.528) and the limits of agreement were -0.0043 (95% CI: 
-0.0055– -0.0031) for the lower limit and 0.0037 (95% CI: 
0.0025–0.0049) for the upper limit. For participants without 
dementia, the amide signal was relatively higher than the 
amine and OH signals. In participants with dementia, the 
amide, amine, and OH signals were higher than those of 
participants without dementia. The MTRasym values in the 
participants with dementia were also higher than those in 
the participants without dementia.

Results of Voxel-Based Analyses of CEST Maps and GMV
Figure 2 shows the results of the voxel-based analyses 

of the Lorentzian-fitted and corresponding MTRasym maps 
between the two subject groups. For the maps obtained 
from the Lorentzian fitting (Supplementary Table 2, 
Supplementary Fig. 3), amide did not differ significantly 
between the two groups. Amine and OH signals in 
participants with dementia were significantly higher 
than those in participants without dementia. Compared 
to participants without dementia, those with dementia 
had higher MTRasym values at 2.0, 3.0, and 3.5 ppm and 
lower MTRasym values at 1.0 ppm (Supplementary Table 3, 
Supplementary Fig. 4). As expected, the GMV values were 
higher in participants without dementia than in those with 
dementia (Supplementary Table 4, Supplementary Fig. 4).
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Results of ROI-Based Analyses of CEST Maps and GMV

Independent Two-Sample Tests 
The mean values with standard deviations are summarized 

in Table 2 for the Lorentzian-fitted maps of amide, amine, 
OH, water (direct water saturation [DWS]), MT, and NOE; in 
Table 3 for the MTRasym maps at 1, 2, 3, and 3.5 ppm; and 
in Table 4 for GMV. For the Lorentzian-fitted maps (Table 
2), the fitted amplitude of water was similar to that of 
its initial value. The fitted amplitudes of both amide and 
amine were lower than those of the initial values. The 
fitted amplitude of OH was greater than its initial value. 
The fitted amplitude of NOE was similar to that of its 
initial value. The fitted amplitude of MT was greater than 
its initial value. Amide levels did not differ significantly 
between the two groups. Amine (0.029 for non-dementia, 

0.046 for dementia, p = 0.011 at hippocampus) and OH 
(0.033 for non-dementia, 0.052 for dementia, p = 0.019 
at hippocampus) signals were significantly higher in the 
dementia group than those in the non-dementia group. 
Water (0.535 for non-dementia, 0.498 for dementia, p = 
0.019 at hippocampus) and MT (0.205 for non-dementia, 
0.179 for dementia, p = 0.023 at hippocampus) were 
significantly lower in the dementia group than those in 
the non-dementia group. For the MTRasym maps (Table 3), 
the MTRasym values at 3 ppm (0.748 for non-dementia, 
1.138 for dementia, p = 0.022 at hippocampus) and 3.5 
ppm (0.463 for non-dementia, 0.875 for dementia, p = 
0.029 at hippocampus) were significantly higher in the 
dementia group. The MTRasym value at 1 ppm did not differ 
significantly between the two groups. Finally, the GMV 
values were significantly higher in the non-dementia group 

Fig. 1. Representative maps of chemical exchange-dependent saturation transfer signals for participants without dementia (A) 
and with dementia (B). This figure shows the representative maps of magnitude, amide, amine, OH, direct water saturation (or water), MT, 
and NOE protons after Lorentizian fitting and MTRasym maps at 1.0, 2.0, 3.0, and 3.5 ppm for participants without dementia (A, 65-year-old 
female) and with dementia (B, 81-year-old female). MT = magnetization transfer, MTRasym = magnetization transfer ratio asymmetry, NOE = nuclear 
overhauser effect, OH = hydroxyl, T1W = T1-weighted

Magnitude

1 ppm 2 ppm 3 ppm 3.5 ppm T1W

Amide Amine OH Water MT NOE Base

A

Magnitude

1 ppm 2 ppm 3 ppm 3.5 ppm T1W

Amide Amine OH Water MT NOE Base

B
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Fig. 2. Results of voxel-based analysis of Lorentzian-fitted maps and MTRasym maps. This figure shows results of voxel-based analysis of 
Lorentzian-fitted maps of amide, OH, direct water saturation (or water), MT, NOE, and base and MTRasym maps of 1.0, 2.0, 3.0, and 3.5 ppm and 
GMV. The red color indicates greater measures in the participant with dementia compared to those in the participant without dementia while the 
blue color indicates the opposite. GMV = gray matter volume, MT = magnetization transfer, MTRasym = magnetization transfer ratio asymmetry, 
NOE = nuclear overhauser effect, OH = hydroxyl

Amine

OH

Water

MT

NOE

Base

MTRasym 1.0 ppm

MTRasym 2.0 ppm

MTRasym 3.0 ppm

MTRasym 3.5 ppm

GMV

Demented > non-demented Non-demented > demented
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Table 2. The Lorentzian Map Values of the CEST Data and the Corresponding Results of the Statistical Comparisons between the 
Participants with and without Dementia for Each ROI

ROI Non-Dementia (Mean ± SD) Dementia (Mean ± SD) P
Amide

AC 0.037 ± 0.010 0.041 ± 0.022 0.392
Hippocampus 0.022 ± 0.007 0.023 ± 0.009 0.783
Parahippo 0.025 ± 0.010 0.023 ± 0.008 0.405
Pons 0.026 ± 0.009 0.023 ± 0.009 0.195
Precuneus 0.036 ± 0.020 0.029 ± 0.013 0.192
Putamen 0.026 ± 0.009 0.026 ± 0.011 0.821

Amine
AC 0.041 ± 0.007 0.048 ± 0.010 0.025*
Hippocampus 0.029 ± 0.007 0.046 ± 0.029 0.011*
Parahippo 0.033 ± 0.008 0.049 ± 0.030 0.018*
Pons 0.035 ± 0.010 0.053 ± 0.028 0.009*
Precuneus 0.039 ± 0.015 0.040 ± 0.014 0.987
Putamen 0.034 ± 0.008 0.044 ± 0.021 0.051

OH
AC 0.043 ± 0.014 0.066 ± 0.030 0.003*
Hippocampus 0.033 ± 0.014 0.052 ± 0.032 0.019*
Parahippo 0.042 ± 0.015 0.058 ± 0.034 0.046*
Pons 0.066 ± 0.023 0.075 ± 0.029 0.268
Precuneus 0.049 ± 0.028 0.047 ± 0.029 0.781
Putamen 0.025 ± 0.010 0.035 ± 0.024 0.079

Water
AC 0.574 ± 0.046 0.525 ± 0.057 0.004*
Hippocampus 0.535 ± 0.041 0.498 ± 0.058 0.019*
Parahippo 0.537 ± 0.040 0.502 ± 0.058 0.032*
Pons 0.455 ± 0.102 0.448 ± 0.078 0.808
Precuneus 0.502 ± 0.052 0.492 ± 0.053 0.559
Putamen 0.538 ± 0.045 0.505 ± 0.062 0.053

MT
AC 0.266 ± 0.052 0.255 ± 0.059 0.558
Hippocampus 0.205 ± 0.039 0.179 ± 0.032 0.024*
Parahippo 0.198 ± 0.033 0.179 ± 0.021 0.039*
Pons 0.186 ± 0.046 0.190 ± 0.037 0.776
Precuneus 0.200 ± 0.049 0.195 ± 0.046 0.767
Putamen 0.235 ± 0.036 0.201 ± 0.056 0.024*

NOE
AC 0.017 ± 0.006 0.020 ± 0.010 0.201
Hippocampus 0.013 ± 0.005 0.017 ± 0.008 0.038*
Parahippo 0.015 ± 0.006 0.019 ± 0.009 0.064
Pons 0.018 ± 0.009 0.019 ± 0.005 0.797
Precuneus 0.018 ± 0.013 0.016 ± 0.008 0.556
Putamen 0.010 ± 0.005 0.013 ± 0.006 0.103

Base
AC 0.899 ± 0.088 0.853 ± 0.106 0.133
Hippocampus 0.782 ± 0.051 0.734 ± 0.066 0.147
Parahippo 0.782 ± 0.048 0.738 ± 0.063 0.016*
Pons 0.699 ± 0.148 0.697 ± 0.105 0.968
Precuneus 0.769 ± 0.090 0.751 ± 0.088 0.539
Putamen 0.811 ± 0.062 0.748 ± 0.094 0.494

The maximum value is one, indicating 100%. Data show mean ± SD. *Statistical significant difference between the two groups. AC = 
anterior cingulate, Amide = amide proton group centered at 3.5 ppm, Amine = amine proton group centered at 3.0 ppm, CEST = chemical 
exchange saturation transfer, DWS = direct water saturation, MT = magnetization transfer at -1.5 ppm, NOE = nuclear overhauser effect 
centered at -3.5 ppm, OH = hydroxyl proton group centered at 0.9 ppm, Parahippo = parahippocampal gyrus, ROI = region-of-interest, 
Water = DWS at 0 ppm
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than those in the dementia group for all ROIs (Table 4).

Correlation Analyses between the GMV and MMSE Scores 
and Each CEST Index

Correlation with GMV
Amide, OH, MT, Base, and MTRasym at 2 ppm were not 

significantly correlated with GMV for all ROIs and for 
both participant groups. In the dementia group, GMV was 
significantly correlated with amine levels. For the non-
dementia group, GMV was significantly correlated with 
MTRasym (Supplementary Table 5, Supplementary Fig. 5A).

Correlation with MMSE Score
Amide and MTRasym at 1, 2, and 3 ppm were not significantly 

correlated with the MMSE score for all ROIs. The MMSE score 
was significantly correlated with amine, OH, DWS, NOE, and 
base. In addition, the MMSE score was significantly correlated 
only with MTRasym at 3.5 ppm. Finally, the MMSE score was 
significantly correlated with GMV in all ROIs (Supplementary 
Table 5, Supplementary Fig. 5B).

ROC Curve Analyses
A significant difference between the two groups was 

seen in amine, OH, DWS, MT, NOE, base, and MTRasym at 2, 3, 
and 3.5 ppm. The amide signal and MTRasym value at 1 ppm 
did not differ significantly in both participant groups. 
The participant groups were significantly differentiated 
by GMV. GMV had larger area under the ROC curve (AUC) 
values than those for the CEST indices (Supplementary 
Table 6, Supplementary Fig. 6).

Evaluation of CEST Index Added Value with GMV
The addition of the CEST index slightly improved the 

classification between the participant groups. The largest 
improvement was seen in the MTRasym at 2 ppm in the 

Table 3. The MTRasym Values at 1, 2, 3, and 3.5 ppm Offset 
Frequencies and the Corresponding Results of the Statistical 
Comparisons between the Participants with and without 
Dementia for Each ROI

ROI
Non-Dementia
(Mean ± SD)

Dementia
(Mean ± SD)

P

1 ppm

AC -0.243 ± 0.508 0.095 ± 0.686 0.078

Hippocampus   0.232 ± 0.138 0.165 ± 0.178 0.186

Parahippo   0.245 ± 0.137 0.174 ± 0.175 0.153

Pons   0.322 ± 0.215 0.418 ± 0.238 0.179

Precuneus   0.250 ± 0.398 0.202 ± 0.374 0.696

Putamen   0.243 ± 0.139 0.306 ± 0.304 0.382

2 ppm

AC   0.543 ± 0.548 1.097 ± 0.939 0.024*

Hippocampus   0.887 ± 0.287 1.190 ± 0.658 0.057

Parahippo   0.991 ± 0.347 1.225 ± 0.494 0.084

Pons   0.892 ± 0.514 1.234 ± 0.652 0.068

Precuneus   0.935 ± 0.771 1.158 ± 0.825 0.377

Putamen   1.116 ± 0.308 1.190 ± 0.658 0.064

3 ppm

AC   0.290 ± 0.662 0.987 ± 1.269 0.030*

Hippocampus   0.748 ± 0.413 1.138 ± 0.624 0.022*

Parahippo   0.886 ± 0.401 1.163 ± 0.542 0.068

Pons   0.976 ± 0.651 1.172 ± 0.718 0.363

Precuneus   1.070 ± 0.752 1.201 ± 0.839 0.601

Putamen   0.903 ± 0.444 1.230 ± 0.554 0.042*

3.5 ppm

AC -0.090 ± 0.678 0.954 ± 1.469 0.005*

Hippocampus   0.463 ± 0.374 0.875 ± 0.754 0.029*

Parahippo   0.635 ± 0.436 0.831 ± 0.712 0.288

Pons   0.812 ± 0.745 0.857 ± 0.863 0.861

Precuneus   0.904 ± 0.986 1.121 ± 0.866 0.463

Putamen   0.509 ± 0.465 0.985 ± 0.653 0.010*

The unit of this value is percent (%). Data show mean ± SD. 
*Statistical significant difference between the two groups. AC = 
anterior cingulate, MTRasym = magnetization transfer ratio asymmetry, 
Parahippo = parahippocampal gyrus, ROI = region-of-interest

Table 4. Results of the Statistical Comparisons of the GMV Values between the Participants with and without Dementia for Each 
ROI and Results of ROC Curve Analysis of GMV in Each ROI for the Group Classification

ROI Non-Dementia (Mean ± SD) Dementia (Mean ± SD) P AUC P
Anterior cingulate 0.342 ± 0.036 0.266 ± 0.029 < 0.0001 0.938 < 0.001
Hippocampus 0.483 ± 0.054 0.350 ± 0.064 < 0.0001 0.955 < 0.001
Parahippocampal gyrus 0.451 ± 0.047 0.345 ± 0.046 < 0.0001 0.957 < 0.001
Pons 0.035 ± 0.004 0.031 ± 0.005    0.0074 0.733    0.004
Precuneus 0.324 ± 0.036 0.271 ± 0.032 < 0.0001 0.879 < 0.001
Putamen 0.400 ± 0.039 0.358 ± 0.039    0.0012 0.780 < 0.001

The maximum value is one, which is 100%. Data are presented as mean ± SD. AC = anterior cingulate, AUC = area under the ROC curve,  
GMV = gray matter volume, ROC = receiver operating characteristic
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anterior cingulate (AUC = 0.981). The second-largest 
improvement was seen for both the DWS and base. Other 
indices showing slight improvement were amide, OH, DWS, 
MT, base, and MTRasym at 1, 2, 3, and 3.5 ppm. The results 
are summarized in Table 5.

DISCUSSION

CEST Signals in AD
The amine signal was higher in the dementia group 

than that in the non-dementia group (Table 2). The amine 
signals in the selected ROIs were approximately 4.0–5.3% 
in the dementia group, compared to 2.9–4.1% in the non-
dementia group, indicating that the amine signal may be 
dominant in subjects with dementia. Our study did not show 
any significant difference in amide signal between the two 
groups. In the AD brain, the concentration of proteins and 
the pH are increased. Both factors can lead to alteration 
in the signals of exchangeable protons. Several studies 
have investigated protein imaging using CEST [6, 21, 22]. 
Although our study showed the usefulness of the multi-
pool quantification of a full CEST spectrum using six-pool 
Lorentzian fitting, post-processing with Lorentzian fitting is 
complicated and the processing time is too long. Therefore, 
a simple processing tool with a short running time should 
be developed for use in routine clinics. 

Our results showed that the MTRasym value at 3.0 ppm in 
the hippocampus was higher in participants with dementia 
than that in participants without dementia (Table 3). The 
MTRasym value at 3.0 ppm in the hippocampus was 1.138% 
in participants with dementia, compared to 0.748% in 
participants without dementia. This result differed from 
that of a previous study [8] because the previous study was 
performed using amide proton transfer (APT) rather than 
full-spectrum CEST. This is the first study to investigate 
amine signals in participants with dementia. A previous 
APT study showed a higher MTRasym value at 3.5 ppm in 
the hippocampus in the AD group than that in the normal 
controls [8], as was also observed in the present study. 

The possible contributions to the CEST signal changes, 
including the MTRasym, in the AD brain condition include 
amide signal changes due to increasing concentrations of 
Aβ [6, 21] and/or tau [23] peptides, amine signal changes 
with increasing peptides [6, 21, 23], increased acidity [2], 
decreased glutamate neurotransmitters at 3 ppm [24] and 
OH signal changes at approximately 1 ppm due to increased 
myo-inositol [25]. A previous study reported insoluble 

Table 5. Results of the ROC Curve Analysis to Evaluate 
the Added Values of CEST Indices with GMV for the Group 
Classifications

ROI AUC P Combined AUC P
Amide

AC 0.505 0.960 0.950 < 0.001
Hippocampus 0.526 0.788 0.964 < 0.001
Parahippo 0.514 0.882 0.959 < 0.001
Pons 0.577 0.405 0.770 0.006
Precuneus 0.567 0.472 0.888 < 0.001
Putamen 0.522 0.821 0.778 0.002

Amine
AC 0.707 0.018 0.940 < 0.001
Hippocampus 0.700 0.028 0.955 < 0.001
Parahippo 0.718 0.019 0.959 < 0.001
Pons 0.737 0.004 0.801 0.001
Precuneus 0.544 0.636 0.888 < 0.001
Putamen 0.627 0.183 0.825 < 0.001

OH
AC 0.717 0.010 0.967 < 0.001
Hippocampus 0.679 0.049 0.955 < 0.001
Parahippo 0.648 0.121 0.959 < 0.001
Pons 0.541 0.668 0.744 0.003
Precuneus 0.525 0.796 0.876 < 0.001
Putamen 0.586 0.368 0.811 < 0.001

Water DWS
AC 0.756 < 0.001 0.976 < 0.001
Hippocampus 0.696 0.023 0.967 < 0.001
Parahippo 0.684 0.032 0.969 < 0.001
Pons 0.556 0.540 0.730 0.005
Precuneus 0.533 0.717 0.885 < 0.001
Putamen 0.645 0.113 0.833 < 0.001

MT
AC 0.522 0.818 0.964 < 0.001
Hippocampus 0.678 0.036 0.959 < 0.001
Parahippo 0.678 0.035 0.962 < 0.001
Pons 0.525 0.787 0.737 0.003
Precuneus 0.507 0.939 0.880 < 0.001
Putamen 0.638 0.122 0.842 < 0.001

NOE
AC 0.575 0.409 0.945 < 0.001
Hippocampus 0.681 0.035 0.952 < 0.001
Parahippo 0.669 0.056 0.955 < 0.001
Pons 0.563 0.488 0.739 0.003
Precuneus 0.537 0.692 0.892 < 0.001
Putamen 0.657 0.074 0.830 < 0.001

Base
AC 0.627 0.161 0.967 < 0.001
Hippocampus 0.697 0.018 0.957 < 0.001
Parahippo 0.695 0.019 0.976 < 0.001
Pons 0.547 0.614 0.737 0.003
Precuneus 0.554 0.561 0.892 < 0.001
Putamen 0.689 0.026 0.837 < 0.001
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Aβ42 protein levels of 8.3 μg/g in a normal subject and 
117.3 μg/g in a patient with AD [26]. In general, amyloid 
deposition in AD starts in the cortex and spreads to other 
parts of the brain [27]. The amines in the amino acids 
become amides when they form Aβ peptides and the amines 
in the side chain of the amino acid residues, such as lysine, 
aspartic acid, glutamine, and histidine, are retained as 
amines. Many exchangeable protons differ between the 
oligomers and plaques of Aβ peptides [6]; therefore, protein 
aggregation [21] and the progression of protein misfolding 

[22] may be mapped. The pH is approximately 7.0 in the 
brain of a normal healthy subject [28] and approximately 
7.4 in the AD brain [29]. Previous studies have shown that 
amide is sensitive to changes in protein concentrations, 
while amine is sensitive to changes in pH [2, 3]. Therefore, 
future studies are needed to compare CEST signals to 
amyloid PET and/or tau PET in participants with AD. 
Furthermore, further studies are warranted to compare CEST 
signals to metabolite signals using MR spectroscopy in the 
AD brain. 

CEST Signals Correlated with MMSE Scores and GMV
The amine signal was significantly negatively correlated 

with MMSE scores, indicating that amine is lower in normal 
controls than in participants with dementia. While the 
amide signal was negatively correlated with MMSE scores, 
the relationship was not statistically significant. A previous 
APT study showed that MTRasym values at a 3.5 ppm offset 
in the hippocampus were negatively correlated with 
MMSE scores [8]. Most CEST indices were not significantly 
correlated with GMV in either the non-dementia and 
dementia groups, indicating that CEST signal changes did 
not directly represent a neuronal loss in the brain and 
independently measure alterations in the brain. Therefore, 
CEST signals may be affected by other factors such as 
alterations of metabolites and/or distributions of proteins 
in the brain. 

Added Value of the CEST Index with GMV for Group 
Classification

GMV had larger AUC values than those of the CEST 
indices. GMV had good group differentiation with good 
sensitivity and specificity. However, the CEST indices had 
relatively low power for classification, with low sensitivity 
and specificity. This study evaluated the potential 
usefulness of CEST imaging as an added technique with GMV 
for group classification. We found an improvement in the 
classification between the participant groups using both 
the CEST index and GMV. The largest improvement was seen 
in the MTRasym at 2 ppm in the anterior cingulate (AUC = 
0.981), with good sensitivity (100) and specificity (90.91). 
In addition, measurement of the water component in the 
CEST image, which is represented by DWS, was valuable 
as an added technique for group classification (AUC = 
0.976), with good sensitivity (100) and specificity (90.91). 
Therefore, the CEST map can be used to provide added value 
to the GMV to differentiate between participants with and 

Table 5. Results of the ROC Curve Analysis to Evaluate 
the Added Values of CEST Indices with GMV for the Group 
Classifications (Continued)

ROI AUC P Combined AUC P
MTRasym 1 ppm

AC 0.632 0.1421 0.967 < 0.001
Hippocampus 0.617 0.2037 0.959 < 0.001
Parahippo 0.629 0.1540 0.959 < 0.001
Pons 0.644 0.1142 0.794 < 0.001
Precuneus 0.536 0.6992 0.876 < 0.001
Putamen 0.524 0.8052 0.799 < 0.001

MTRasym 2 ppm
AC 0.682 0.034 0.981 < 0.001
Hippocampus 0.656 0.096 0.955 < 0.001
Parahippo 0.612 0.220 0.962 < 0.001
Pons 0.642 0.106 0.780 < 0.001
Precuneus 0.620 0.194 0.880 < 0.001
Putamen 0.683 0.045 0.852 < 0.001

MTRasym 3 ppm
AC 0.667 0.055 0.957 < 0.001
Hippocampus 0.708 0.015 0.957 < 0.001
Parahippo 0.658 0.073 0.969 < 0.001
Pons 0.593 0.327 0.792 0.001
Precuneus 0.586 0.355 0.880 < 0.001
Putamen 0.677 0.040 0.821 < 0.001

MTRasym 3.5 ppm
AC 0.760 < 0.001 0.962 < 0.001
Hippocampus 0.672 0.059 0.959 < 0.001
Parahippo 0.586 0.372 0.964 < 0.001
Pons 0.557 0.547 0.734 0.004
Precuneus 0.605 0.250 0.888 < 0.001
Putamen 0.703 0.014 0.825 < 0.001

Combined AUC, AUC value by both CEST index and GMV. AC = 
anterior cingulate, AUC = area under the ROC curve, CEST = 
chemical exchange saturation transfer, DWS = direct water 
saturation, GMV = gray matter volume, MT = magnetization 
transfer, MTRasym = magnetization transfer ratio asymmetry, 
NOE = nuclear overhauser effect, OH = hydroxyl, Parahippo = 
parahippocampal gyrus, ROC = receiver operating characteristic, 
ROI = region-of-interest
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without dementia. In patients with AD, CEST MRI with 
atrophy detection can be valuable for the improvement of 
the group classification of individuals.

In conclusion, this first application of full-frequency 
CEST data using six-pool Lorentzian fitting showed a 
higher amine signal and MTRasym value at 3.0 ppm in the 
hippocampus in the dementia group than those in the non-
dementia group, demonstrating AD-related brain changes 
in participants with dementia as compared to those in 
participants without dementia. The amine signal, which 
was lower in participants without dementia than that in 
participants with dementia, was significantly negatively 
correlated with MMSE score, indicating that amine could be 
a potential imaging biomarker to evaluate cognitive decline 
in AD. Although GMV itself had good group differentiation 
with good sensitivity and specificity, we observed improved 
classification between the participant groups using both 
CEST index and GMV, indicating that the CEST index can be 
used as an added-value parameter to differentiate between 
participants. CEST MRI may allow noninvasive identification 
of image alterations in the AD brain without injecting 
isotopes for monitoring different disease states and, thus, 
may be used as a new imaging biomarker in the future. 
Further studies are needed to compare CEST to amyloid PET 
and/or metabolite signals by MR spectroscopy.
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