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Amide Proton Transfer Magnetic Resonance Imaging of
Alzheimer’s Disease at 3.0 Tesla: A Preliminary Study
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Background: Amide proton transfer (APT) imaging has recently emerged as an important contrast mechanism for magnetic resonance
imaging (MRI) in the field of molecular and cellular imaging. The aim of this study was to evaluate the feasibility of APT imaging to
detect cerebral abnormality in patients with Alzheimer’s disease (AD) at 3.0 Tesla.

Methods: Twenty AD patients (9 men and 11 women; age range, 67—83 years) and 20 age-matched normal controls (11 men and 9 women;
age range, 63—82 years) underwent APT and traditional MRI examination on a 3.0 Tesla MRI system. The magnetic resonance ratio
asymmetry (MTRaS ) values at 3.5 ppm of bilateral hippocampi (Hc), temporal white matter regions, occipital white matter regions,
and cerebral peduncles were measured on oblique axial APT images. MTR . (3.5 ppm) values of the cerebral structures between AD
patients and control subjects were compared with independent samples #-test. Controlling for age, partial correlation analysis was used to
investigate the associations between mini-mental state examination (MMSE) and the various MRI measures among AD patients.
Results: Compared with normal controls, MTR (3.5 ppm) values of bilateral Hc were significantly increased in AD patients
(right 1.24% +0.21% vs. 0.83% £ 0.19%, left 1. 18%  0.18% vs. 0.80%: 0. 17%, 1=3.039,3.328, P=0.004, 0.002, respectively). MTR
(3.5 ppm) values of bilateral Hc were significantly negatively correlated with MMSE (right »=-0.559, P=0.013; left r=—0.461, P=0. 047)
Conclusions: Increased MTR (3.5 ppm) values of bilateral Hc in AD patients and its strong correlations with MMSE suggest that APT

asym

imaging could potentially provide imaging biomarkers for the noninvasive molecular diagnosis of AD.
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INTRODUCTION

Alzheimer’s disease (AD), one of the progressive
neurodegenerative diseases, is known as the leading cause
of dementia in the elderly.l! Imaging biomarkers from a
variety of magnetic resonance (MR) techniques for risk
and disease progression are crucial to understand and
monitor the disease.®! Initially, volume measurements
of the hippocampus (Hc) and other medial temporal
structures were used to differentiate AD from healthy
subjects.>” However, an overlap was found between
patients and control groups.[”? Moreover, most patients
with cerebral atrophy detected on MR imaging (MRI)
often have irreversible pathological damage to the brain.
The use of advanced MRI techniques, such as arterial spin
labeling imaging,?! susceptibility-weighted imaging, and
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magnetization transfer imaging,”” may increase the accuracy
of AD diagnosis. Nevertheless, these methods are not very
satisfying in terms of the diagnosis of AD to date. A further
reliable imaging technique for AD is still desired.

Amide proton transfer (APT) imaging is a novel molecular
MRI technique that detects low-concentration endogenous
mobile proteins and peptides in tissue noninvasively. It
can indirectly reflect intracellular metabolic change and
physiological and pathological information in vivo.*'% Most
current studies about APT focus on tumors and stroke.!"
APT imaging is able to detect tissue pH changes in stroke
(where pH decreases),™ and identify the spatial extent and
pathological grade of some tumors due to increased mobile
protein and peptide.l”!” Recently, molecular pathology
studies have shown that most neurodegenerative diseases,
including AD, are associated with accumulations of
abnormal proteins in the central nervous system.!'] So far,
no study has been published about using APT imaging on
AD patients, and whether APT imaging can provide unique
information about AD is still unknown.
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This study aimed to test the feasibility of using APT imaging
to detect cerebral abnormality in patients with AD at field
strength of 3 Tesla. The pathological findings of AD include
the accumulation of amyloid plaques, neurofibrillary tangles,
and neuronal loss.!"? And AD neuropathology is thought to
begin in the medial temporal lobe, particularly the He, and
then spreads throughout neocortex, so the Hc is affected
very early and severely in AD.['>!3 Except for these cortical
structures, the white matter is also damaged.™' Thus, we
hypothesize that the accumulations of abnormal cytoplasmic
proteins in some specific cerebral areas (such as Hc) is
associated with high APT signal.

MEeTHODS

Subjects

Twenty-five AD patients and 21 age-matched healthy elderly
subjects were enrolled in the study (however, 2 severe AD
patients did not finished MRI scans because of restlessness,
and 3 AD patients and 1 healthy control were excluded
because of motion artifacts on APT images. Hence, the
data of only 20 AD patients and 20 healthy controls were
analyzed statistically). AD patients were recruited from a
Memory Clinic at the Department of Neurology from May,
2013 to February, 2014. Healthy elderly subjects were
recruited from nearby communities. The diagnosis of AD
was made according to the criteria of the National Institute of
Neurological and Communicative Disorders and Stroke/AD
and Related Disorders Association.!"”! The mini-mental
state examination (MMSE) was performed on all subjects.
Based on the criteria of the Diagnostic and Statistical
Manual of Mental Disorders, Fourth Edition,!®! 10 patients
with AD had mild disease severity, 6 had moderate, and
4 had severe. Healthy control subjects had no subjective
complaints of memory or other cognitive impairment and
had no major neurologic, psychiatric, or systemic illness
that might affect cognitive function. The demographics and
neuropsychological findings of AD patients and healthy
elderly subjects are shown in Table 1.

This study was approved by the local Institutional Review
Board. Written informed consents were signed by all subjects
prior to the study.

Magnetic resonance imaging data acquisition

The MR examinations were performed ona 3.0 T MRI system
(Achieva TX, Philips Healthcare, Best, The Netherlands),
using an eight-channel head coil. Pencil beam second-

Table 1: Demographics and neuropsychological findings
of normal subjects and AD patients

Groups Normal subjects AD patients t P

Age (years) 71.9+5.0 73747 1175 0247
Male/female (n/n) 11/9 9/11 0.400* 0.527
MMSE scores 28.6+1.0 169+7.0 —7.283 0.000

*Two-sample 7-test for all comparisons except sex, where Pearson y’-test
was used. MMSE: Mini-mental state examination; AD: Alzheimer’s
disease.

order shimming was employed. Prior to APT imaging,
three-dimensional (3D) volumetric sagittal T1-weighted
images covering the whole brain and coronal fluid-attenuated
inversion recovery (FLAIR) images perpendicular to the
long axis of the Hc, were obtained to better observe medial
temporal structures.

Amide proton transfer imaging was based on a single-shot,
turbo-spin-echo readout, with the following parameters:
repetition time 3000 ms, turbo-spin-echo factor 54, field of
view 230 mm x 220 mm, matrix 105 x 100; slice thickness
5 mm. The axial scanning plane is parallel to the long axis of
the He.l'? We used a pseudo-continuous wave, off-resonance
radio frequency (RF) irradiation (saturation duration 200 ms
x 4, inter-pulse delay 10 ms, power level 2 uT) and a
multi-offset, multi-acquisition APT imaging protocol.®
The 31 offsets were 0, £0.25, £0.5, £0.75, 1 (2), 1.5 (2),
+2(2),+2.5(2),+3(2),£3.25(2),£3.5(8),£3.75 (2), +4 (2),
+4.5,£5, +6 ppm (the values in parentheses represented the
number of acquisitions, which was one, if not specified). An
unsaturated image was obtained for the signal normalization.
The acquisition time was 2 min 40 s.

Data processing

The APT imaging analysis was performed using in-house
developed software, based on the Interactive Data Language
(IDL, ITT Visual Information Solutions, Boulder, CO, USA)
environment. The composite backbone amide resonance of
endogenous mobile proteins is around 8.3 ppm in the proton
nuclear MR spectrum (which is 3.5 ppm downfield from
water). The APT effects were quantified according to the
following equation:

MTR_ (3.5 ppm) = MTR (+3.5 ppm) — MTR (3.5 ppm)
=S, (=3.5ppm)/S —S_ (+3.5 ppm)/S [

Note: Magnetic resonance ratio asymmetry (MTRasym)
(3.5 ppm) is the abbreviation of magnetization transfer
ratio asymmetry at 3.5 ppm. S_ and S represent the signal
intensities with and without selective RF irradiation,
respectively.

To correct for the B, field inhomogeneity effect, as
described previously,!'® the raw image data were first
organized into the z-spectrum (the normalized signal
intensities, S_ /S, as a function of 31 offsets). Then, the
z-spectrum was fitted through all offsets using a 12™"-order
polynomial (the maximum order available with IDL) on a
voxel-by-voxel basis. The fitted curve was interpolated using
an offset resolution of 1 Hz. After this step, the corresponding
B, field inhomogeneity was calculated according to the
deviation of the minimum of the fitted curve from 0 ppm. To
correct the field inhomogeneity effect, the original z-spectrum
was interpolated and centered along the direction of the offset
axis to shift its lowest intensity to 0 ppm. The realigned
z-spectra were interpolated back to 31 points. Finally, the
APT-weighted image (namely, MTR  [3.5 ppm] image)
was calculated using the B -corrected data at the offset of
+3.5 ppm. The image was thresholded based on the signal
intensity of S image to remove voxels outside the brain.
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The quantitative image analysis of APT was performed. The T1-
weighted image was used as the anatomical reference to draw
regions of interest (ROIs) of bilateral He, temporal white matter
(TWM), occipital white matter (OWM) and cerebral peduncles
(CPs) were measured on the oblique axial APT image, as
shown in Figure 1. The ROIs were drawn to include as much
of the measured tissues as possible while avoiding the adjacent
cerebrospinal fluid (CSF) containing spaces to decrease partial
volume effects from fluid. MTR (3.5 ppm) were measured
for each region. Each Hc was manually traced to include the
head, body, and tail of the Hc as described previously.!'') The
CP was chosen as a control region, in the vicinity of He but not
typically affected in AD. Although AD is predominantly a gray
matter disease, ROIs of bilateral TWM and OWM were outlined
as white matter was also mildly damaged.>*'¥

Statistical analysis

All data were analyzed using the statistical package SPSS
(Version 16, Chicago, IL). Demographic, MMSE, and
imaging data of AD patients and control subjects were
compared using the independent samples #-test, except for
sex, where Pearson y*-test was used. The average MTR
(3.5 ppm) and corresponding 95% confidence intervals
were calculated for each region. Controlling for age, partial
correlation analysis was used to investigate the associations
between MMSE and the various MRI measures among
patients with AD. The level of significance was set at
P <0.05.

ResuLts
Subjects

AD patients and control subjects were not significantly
different in terms of age and sex. AD patients had significantly
lower mean MMSE than control subjects [Table 1].

Amide proton transfer results
Two examples of the FLAIR images and APT-weighted
images for a normal control and an AD patient were shown
in Figure 2. Compared with the normal subject, we found
marked atrophy and elevated APT-weighted intensities in
both of the Hc in the AD patient.

Figure 1: T1-weighted image (a) and amide proton transfer image
(b) were oblique axial planes along the long axis the hippocampi (Hc).
Examples of the definition of the regions of interest for quantitative
analysis (Brown: Temporal white matter; Purple: Occipital white matter;
Black: Cerebral peduncle; Red: Hc).

Table 2 compared MTR_ . (3.5 ppm) values of bilateral Hc,
TWM, OWM, and CP in normal controls and AD patients.
We found that MTR (3.5 ppm) values of bilateral Hc were
significantly higher in AD patients than in normal controls.
The additions are equivalent to approximately 49% for the
right He and 47% for the left Hc, respectively. However,
no significant differences in MTR (3.5 ppm) values of
other brain structures were observed between AD patients
and normal controls.

Associations between amide proton transfer measures
and mini-mental state examination

Table 3 shows that the correlation coefficients for the
relationships between MMSE scores and MTR (3.5 ppm)
values of cerebral structures among AD patients. Partial

Table 2: MTR_ (3.5 ppm) values (mean x 95% C/)
of bilateral Hc, TWM, OWM, and CP in normal controls

and AD patients
Control subjects Patients with AD ¢ P

(n = 20) (n = 20)
Right He 0.83+0.19 1.24+0.21 3.039 0.004*
Left He 0.80+0.17 1.18+0.18 3.238 0.002*
Right TWM 0.394+0.08 0.42 4+ 0.09 0.636 0.529
Left TWM 0.34+0.06 0.38+0.10 0.699 0.489
Right OWM 0.32+0.07 036+0.12 0.591 0.558
Left OWM 0.38 £ 0.09 0.344+0.09 0.604 0.549
Right CP 1.03+0.15 1.144+0.22 0.778 0.442
Left CP 1.09+0.19 1.194+0.21 0.703  0.487

*Significant change. CI: Confidence interval; AD: Alzheimer’s

disease’; CP: Cerebral peduncles; OWM: Occipital white matter;
TWM: Temporal white matter; He: Hippocampus; MTR _ : Magnetic
resonance ratio asymmetry.

asym’

-3%

Figure 2: Fluid attenuated inversion recovery (FLAIR) image (a) and
amide proton transfer (APT)-weighted image (b) of a typical normal
control (female, 72 years old, mini-mental state examination [MMSE]
score 29). FLAIR image (c) and APT image (d) of an Alzheimer’s
disease (AD) patient (female, 70 years old, MMSE score 16). Atrophy
of bilateral hippocampi (Hc), enlarged lateral ventricles and widened
sulciin AD were seen on the coronal FLAIR image. The APT-weighted
intensities in regions of the Hc (white arrow) were higher in AD patients
than in normal controls.
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correlation analysis revealed only MTR (3.5 ppm) values
of bilateral Hc were significantly associated with MMSE
(right » = —0.559, P = 0.013; left r = —0.461, P = 0.047).
There were no correlations between MMSE and MTR,{lsym
(3.5 ppm) values in bilateral TWM, OWM, and CP. Scatters
[Figure 3] demonstrated MTR_ (3.5 ppm) values of

bilateral Hc were negatively correlated with MMSE.

Discussion

Amide proton transfer is a special type of chemical exchange
dependent saturation transfer (CEST) MRI that detects mobile
proteins and peptides in tissue (such as those in the cytoplasm).
The technique is unlike the traditional magnetization transfer
imaging method that is sensitive to solid-like proteins in
tissue.% Its basic principle is that amide protons in the
peptide bonds are saturated, and then chemical exchange
happens between amide protons and free water protons.(®2!
The exchange speed has been demonstrated to be mainly
relevant to amide proton concentration and pH value in the
tissue.?>I The higher the concentration of the amide proton
is, the faster the exchange rate is, and thus the higher the
APT value is.8] AD is also associated with accumulations of
abnormal proteins in the brain."!! Some of these increased
abnormal proteins are intracellular and soluble, including
AP oligomer, Tau, a-synuclein, TDP-43, and so on.?*?]
Soluble oligomeric forms of AP are now believed to induce
the deleterious cascade(s) involved in the pathophysiology of
AD . There are three types of tau protein including insoluble
hyperphosphorylated tau protein, soluble phosphorylated and
nonphosphorylated tau protein in AD brain.?"! oi-synuclein is
a neuronal cytoplasmic protein. In AD with Lewy bodies, an
accumulation of a-synuclein containing Lewy body inclusions
is the major intracellular pathology.”® These molecular results
indicate the APT is a potential method that can noninvasively
visualize the protein content of AD in vivo.

In this study, we found that the signal intensities of bilateral
Hc were higher in AD patients than in normal controls on
Figure 2. Further quantitative analysis also showed that
compared to normal controls, MTR _ (3.5 ppm) values of

asym

bilateral He increased in AD patients. In contrast, there were
no significant statistically differences in MTR, . (3.5 ppm)
values of other cerebral structures between AD patients and
control subjects. There may be two reasons for the findings:
(1) The Hc is affected the earliest and most severely in AD
patients.l'” (2) Elevated MTR (3.5 ppm) values of the He
in AD patients may be associated with increased cytosolic
proteins and peptides.6-2%

Based on Table 3 and Figure 3, we observed that MTR
(3.5 ppm) values of only bilateral Hc were negatively
correlated with MMSE. The results indicated that
hippocampal MTR_ . (3.5 ppm) values could not only
distinguish AD patients from controls, but also correlate well
with the disease severity of AD. This will help to monitor

the condition of patients with AD.

This study had several limitations. One limitation was that
one scan can only obtain single-slice images due to the
limitation of acquisition protocol. Thus, the MRI signal
changes in other regions could not be evaluated in the
present study. A new highly sensitive 3D whole-brain pulsed
steady-state CEST technology has been reported recently.”
A second limitation was that it was a little difficult to draw
ROIs of cerebral structures exactly due to the limited

Table 3: Partial correlation coefficients (r) for the
associations between MMSE and the various MRI
measures among patients with AD

r P
Right He -0.559 0.013*
Left He -0.461 0.047*
Right TWM -0.102 0.679
Left TWM -0.296 0.219
Right OWM 0.175 0.475
Left OWM 0.279 0.247
Right CP 0.196 0.420
Left CP 0.128 0.602

*The difference was significant statistically. AD: Alzheimer’s disease;
CP: Cerebral peduncles; OWM: Occipital white matter; TWM: Temporal
white matter; Hc: Hippocampus; MRI: Magnetic resonance imaging;
MMSE: Mini-mental state examination.

MMSE

T T T T T T
5 10 15 20 2% 30
MMSE

Figure 3: Scatter of correlation between mini-mental state examination (MMSE) and magnetic resonance ratio asymmetry (MTR
right hippocampi (Hc) (a) and Scatter of correlation between MMSE and MR,  m (3.5 ppm) in left He (b). MTR

Hc both showed a negative correlation with MMSE.

asym) (3:9 PpM) in
(3.5 ppm) values of bilateral

asym
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resolution of APT imaging. Meanwhile, the measurement of
the Hc may be affected by the surrounding CSF. This may
have influenced the accuracy of our results to some extent.

In conclusion, as a safe, completely noninvasive MR technology,
the APT imaging is able to generate image contrasts based on the
changes in cytoplasmic proteins and peptides in specific brain
regions in AD patients. Meanwhile, the hippocampal MTR

asym

(3.5 ppm) values have strong correlations with MMSE scores in
AD patients. The results suggest APT is a useful tool to diagnose
AD and monitor the disease progression.
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