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Abstract

Chemical exchange saturation transfer (CEST) MRI is a molecular imaging method that has
previously been successful at reporting variations in tissue protein and glycogen contents and pH.
We have implemented Amide Proton Transfer (APT), a specific form of CEST imaging, at high
field (7 Tesla) and used it to study healthy human subjects and patients with multiple sclerosis.
The effects of static field inhomogeneities were mitigated using a water saturation shift
referencing method to center each z-spectrum on a voxel-by-voxel basis. Contrary to results
obtained at lower fields, APT imaging at 7 Tesla revealed significant contrast between white and
gray matter, with a higher APT signal apparent within the white matter. Preliminary studies of
multiple sclerosis showed the APT asymmetry varied with the type of lesion examined. An
increase in APT asymmetry relative to healthy tissue was found in some lesions. These results
indicate the potential utility of APT at high field as a non-invasive biomarker of white matter
pathology, providing complementary information to other magnetic resonance imaging methods in
current clinical use.
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INTRODUCTION

Magnetic resonance imaging (MRI) allows non-invasive examination of tissue properties in
vivo, and conventional MRI (T1-, T2-weighted) produces excellent soft tissue contrast based
on variations in tissue water content and macromolecular content, in both disease and health.
Many pathologies are known to affect both tissue composition and water
compartmentalization, but the former is difficult to assess by MRI because the proton
populations in solid-like tissue components can in practice be detected only indirectly by
their influence on the bulk water signal via magnetization transfer (MT). Most MT
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experiments are performed with saturation of the broad resonance of semi-solid like,
macromolecular protons (characterized by short T2 on the order of microseconds) via one or
many off-resonance (with respect to water) saturation prepulses prior to imaging (1). The
saturated species is thought to interact with the magnetization of the bulk water
compartment through direct chemical exchange or through-space dipole-dipole interactions,
which reduces water signal. To assess the relation between the signal and the frequency of
the saturating irradiation, a z-spectrum (2) is obtained. Typically the z-spectrum is broad (on
the order of several kHz), shows little fine structure, and in tissues is found to be somewhat
asymmetric (3,4).

Recently, a more specific and targeted MT technique has been devised to detect and measure
particular exchangeable protons with relatively narrow resonances. This technique is termed
chemical exchange saturation transfer (CEST) (5-7). Distinct from most MT imaging, the z-
spectrum generated from off-resonance RF-irradiation shows a fine structure at the
frequencies of specific exchanging species. When used to produce images, the contrast
depends on the exchange rates and concentrations of specific chemical species whose
resonant frequencies differ from water.

CEST MRI experiments are performed in a similar manner to MT MRI, but with important
differences In MT imaging, the broad spectral lineshape of the semi-solid components can
be saturated by a variety of short pulses, but in CEST imaging, in order to be sensitive to the
resonances of interest, the RF irradiation bandwidth must be much more narrow. Using this
approach, and by analyzing the asymmetry of the CEST spectrum, specific constituents such
as amides and hydroxyl groups (8-11) may be quantified effectively creating an MRI-based
molecular imaging method.

A practical drawback in CEST imaging is that the observed z-spectral asymmetry is very
sensitive to the presence of magnetic field inhomogeneities, which can erroneously shift the
center of the z-spectra. This may cause the minimum (i.e. point of maximum saturation) to
occur at frequency offsets far from the water on-resonance reference frequency even in
“well shimmed” situations. This confounding factor is further exacerbated at higher fields.
One method to correct the center of the CEST spectra is to fit the CEST spectra to a
polynomial (12) and find the minimum of the fit, which is deemed to be the reference
frequency, and each voxel’s CEST spectrum may be shifted accordingly. However, the
robustness of this technique relies on sampling the minimum of the CEST spectra in
sufficient detail.

Recently, a separate acquisition with low saturation power, which detects the direct
saturation of water, has been used to establish the frequency shift caused by field
inhomogeneities and is termed water saturation shift referencing (WASSR) (13). With the
WASSR technique, the direct water saturation spectrum is largely symmetric and directly
reports the magnitude of the field inhomogeneities. This information then can be used to
correct the center frequency of the subsequently obtained CEST acquisitions on a voxel-by-
voxel basis. We have recently shown that the WASSR technique works robustly well at
ultra-high field (7T) compared to BO mapping for finding the center frequency of CEST data
(ISMRM 2010, Stockholm, Sweden).

A particular feature of interest in CEST spectra are the amide protons which resonate around
3.5 ppm (10) off-resonance with respect to water. Analysis of these produces images that are
termed amide proton transfer (APT)-weighted (APTw). APT imaging has been extensively
studied in vitro (14,15), in vivo on animals (9,12), and in vivo in human subjects at 3T (8)
and more recently at 7T (16). The APT asymmetry (APT,sym) has been shown to be of order
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2-4% in some human pathological tissues at 3T (8,12) but significant contrast between
different brain tissues has not been reported at lower field strengths.

Limitations of APT imaging include the low SNR and the small frequency offsets of the
resonances of interest. However, migration of this technique to ultra-high field (7T)
increases both the signal to noise ratio (SNR) and the spectral dispersion. We report here a
preliminary study of CEST imaging at 7T that aims to evaluate the potential role of APT in
characterizing neural tissues. In particular we have measured APT in normal brain as well as
normal appearing white matter (NAWM), inflammatory lesions, and T1 holes in patients
with multiple sclerosis (MS). These studies illustrate the potential of CEST methods for
providing new information potentially relevant to the pathophysiology of demyelinating
disease.

METHODS

MRI Experiments

Processing

Written informed consent was obtained from ten healthy control subjects (5 male, 5 female),
age 32 £ 9 years (mean = standard deviation) and four MS subjects (2 male, 2 female, 29 + 6
years). All MRI studies were approved by our local institutional review board. All data were
obtained on a Philips Achieva 7T scanner (Philips Healthcare, Cleveland, OH) equipped
with a 16-channel NOVA head receiver coil (NOVA Medical, Wilmington, MA). The field
was shimmed using 15t, 2", and 3" orders in all cases. The transmitted RF power was
limited to a maximum of 3.2 W/kg resulting in a specific absorption rate well within the
limit proposed by the Food and Drug Administration. Imaging volume and geometry were
uniform for all scans: 8 slices were acquired (FOV = 212 x 212 x 24 mm?3, nominal
resolution = 2.1 x 2.1 x 3.0 mm?, reconstructed to 0.83 x 0.83 x 3.00 mm?3) covering the
majority of the supratentorial cerebrum. CEST and WASSR images were acquired using a
single-shot 3D turbo field echo (TFE) sequence. The saturation pulse used for WASSR
imaging was 0.5 pT in amplitude, 200 ms in duration, and was swept between + 1.0 ppm of
resonance in increments of 0.08 ppm. For CEST, the saturation pulse (3.5 uT, 1000 ms) was
swept between £ 7.0 ppm in 0.5 ppm increments. This CEST imaging was performed two
times for accurate SNR calculations (17) resulting in a total CEST (13:55 minutes) and
WASSR (5:00 minutes) scan time of 18:55 minutes. BO maps were also obtained using the
dual echo method (18) for comparison to the WASSR results. In addition, T2*-weighted
(multi-echo fast field echo (FFE), TR/TE/ATE = 21/2.7/3.0 ms), T1-weighted MPRAGE
(3D TFE, TR/TE =3.7/1.98 ms, 1.0 x 1.0 x 3.0 mm3, reconstructed to 0.83 x 0.83 x 3.00
mm?3), and a 3D FLAIR (3D Inversion recovery turbo spin echo, 1.0 mm3 isotropic
resolution, TR/TE/TI = 8000/344/2415 ms, as described by Zwanenburg et al. (19)) images
were acquired on the patients with MS as well as selected controls. The specific imaging
parameters are summarized in Table 1.

Image volumes were registered on a slice-by-slice basis using a mutual information
algorithm written in Matlab (The Mathworks, Natick, MA). The T1-weighted anatomical
images were used as the target for this slice-by-slice affine registration. The center
frequency (so-called frequency shift maps) was measured using three techniques: WASSR
(13), ABO map calculation (18), and higher-order polynomial fit (12). The shift based on the
polynomial fit was calculated by interpolating the CEST data to 100 points using piecewise
cubic interpolation and fitting to a high order (25! degree) polynomial. The global minima
of the polynomial fits were determined for each pixel and used as the frequency shift.
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The WASSR shift method for z-spectrum centering gave superior results in previous work,
so this technique was implemented for all further analysis. The minimum of the WASSR
spectrum was found using a maximum symmetry algorithm (13), producing a voxel-by-
voxel frequency shift map. The WASSR shift was applied on a voxel-by-voxel basis to the
normalized CEST data to create a centered CEST z-spectrum for each voxel. Asymmetry
analysis was performed on these processed spectra and the CEST asymmetry (CESTagym) for
each pair of offsets was calculated:

S (-Aw) - S (Aw)

CEST 1, (Aw) =
sym (Aw) S 0]

where Adw is the frequency offset of the saturation pulse, S(x4w) is the signal intensity at the
positive and negative saturation offsets and S is the signal intensity without RF saturation.
Of particular interest is the CEST gy at 3.5 ppm which has been shown to be sensitive to,
though not exclusive to, the amide proton transfer and is termed amide proton transfer
asymmetry (10).

Image Analysis

Statistics

RESULTS

The amplitude of the calculated CESTasym (EQ. 1) at 3.5 ppm was defined as the APTasym
and was studied using region of interest (ROI) analyses of the z-spectra. All acquisitions
were co-registered to the T1-weighted anatomical acquisition, so ROIs in the following
structures were manually delineated on all T1-weighted images: corona radiata, genu and
splenium of the corpus callosum, major and minor forceps, optic radiation, caudate,
putamen, internal capsules, cerebrospinal fluid (CSF), and selected lesions (in the MS
cases). The goal was to perform an analysis that could be easily applied to MS patients, so
ROI analysis was chosen rather than segmentation. However, it is possible that the precise
placement of ROIs could be a confounding factor and lead to inconsistent measurements and
thus, the same set of ROIs were described by a second rater on all volunteers and the
consistency of the measurements were assessed.

The APTggym for each ROI from each of two raters were compared in two ways. The mean
APTqasym for each ROI through slices was calculated for each subject (n=10) and rater.
Bland-Altman analysis was used to determine the variability between the two raters (20).
This method tests if the 95% confidence interval (ClI) of the difference between the two
rater’s measures includes zero. The limits of agreement (LOA) were also calculated to
assess whether the difference falls outside the expected range. In addition, a non-parametric
(Wilcoxon signed-rank) and parametric (paired t-test) were performed to test the difference
between the two raters mean values (o = 0.01).

Finally unpaired students t-tests were performed to test for differences among the APTaqym
measured in healthy white matter (derived from controls), normal appearing white matter
(MS), and T1 lesions (MS).

Anatomical, WASSR, and CEST imaging were successfully performed on all participants
without any adverse events or significant image degradation due to motion artifacts. Figure
1A shows representative data acquired from a healthy subject at 7T. Figure 1C shows the
ABO map, figure 1D shows the result from a polynomial fit to the CEST data per voxel and
figure 1E shoes the WASSR shift map. Compared to the polynomial fit, the WASSR method
shows a more continuous and smooth range of data for the shift frequencies, and in
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principle, the magnitude of the shift was higher than the ABO map. Each of these methods
were applied to the 7T CEST data and ROIs in the occipital white matter and genu of the
corpus callosum were selected producing the CEST and asymmetry spectra Fig. 1A&B,
respectively. The CEST spectra (solid lines, right y-axis), pre-shift (black), and those
resulting from ABO map (red), polynomial fit shift (blue), and WASSR shift (green), are
shown along with the CESTjsym (dashed lines, left y-axis) for each method of z-spectra
correction in corresponding colors. The z-spectra were extrapolated back to the acquired
offset frequencies following shifting, so the resulting spectra are under-sampled around the
water resonance. The asymmetry analysis therefore focused on the offsets greater than 2
ppm, as demonstrated by the truncated CESTagym Spectra in Fig. 1. The spectra arising from
ROlIs in the frontal and occipital white matter exhibit similar trends, although an increased
inhomogeneity is expected in the frontal region of the image. The APTa5m maps resulting
from each of the three different shift methods are shown in Fig. 1F-H. While in Figs. 1A&B,
each method shows a similar degree of shift and resulting CEST spectra, it can be seen that
the WASSR shift method results in a more robust, smoother APT,qym map (Fig. 1H) than
does the APT,sym map derived from the ABO shifting procedure. Additionally, in Figs 1G-H,
considerable WM and GM contrast can be appreciated, which has not been previously
reported at 7T (16) or 3T (8).

Fig. 2 shows the MPRAGE, FLAIR and CEST asymmetry results from a healthy control (A-
C) and an MS subject (D-F), with ROI locations indicated by arrows. The FLAIR image
shows a right, posterior, periventricular lesion in the MS subject (E) that is hypointense on
the T1-weighted MPRAGE images. The corrected CEST spectra (solid lines) and
asymmetry curves (dashed lines) from various ROIs are shown in Fig. 2G. Regional
variations in WM APTggym are seen in the spectra and in the APTaqym maps found in Fig. 2C
and F (healthy and MS respectively) where WM APTqqyr, is seen to be higher than both GM
and CSF (least APTasym). The ROI placed within the CSF produces a symmetric Lorentzian
CEST spectrum (cyan line, Fig. 2G) that likely is a reflection of the direct saturation effect
(21). One point to note is that the NAWM from this MS subject exhibits increased
asymmetry at the amide resonance (6.2%) relative to the healthy WM in the major forceps
(4.8%).

The mean and standard deviation (over all healthy volunteers, n = 10) of APT sy, for each
of 10 ROIs in WM, GM, and CSF were calculated and are shown in Figure 3. The error bars
indicate the standard deviation among the 10 healthy subjects for each ROI. The vertical
gray dashed line separates ROIs within the white matter from those in gray matter and CSF.
A comprehensive analysis of healthy frontal WM exhibits an average asymmetry of (6.3 +
0.7%) of the normalized signal at the amide resonance, which is elevated compared to the
GM asymmetry (3.8 = 0.5%). This difference has not previously been demonstrated using
lower field strengths (12). Furthermore, we show that the APT sy at 7T (16) is elevated in
the corpus callosum.

Assessment of the consistency of these measurements was performed via intra-rater
analysis. Bland-Altman analysis showed that the 95% confidence intervals for the mean
difference between raters (D) overlaps zero in all cases, indicating there is no significant
difference between the raters at the alpha = 0.05 level. In addition, neither the Wilcoxon
signed-rank nor the paired t-test revealed significant differences between the raters (p >
0.05). The percent difference between raters (Dgp) also gives the reader an impression of
the consistency of the data and was less than 4% for all measures except those taken in the
optic radiation (12%) and the CSF (45%) which was expected due to the low APTqqym
values obtained in the CSF. Detailed results of these statistical analyses can be found in
Table 2.
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The diversity of MS pathophysiology as well as the inconsistency of radiological findings
complicates disease monitoring and prognosis. The contrast among T1-hypointense MS
lesions, NAWM, and healthy WM is shown in Figure 2 but MS patients typically present
with various lesion types. Figure 4 shows a different MS subject presenting with a
heterogeneous periventricular lesion (Fig. 4A) with the posterior hypointense area indicated
by the green arrow and the anterior hyperintense region indicated by the magenta arrow. The
APTasym map for this slice is shown in Fig. 4B, once again demonstrating the contrast
between WM and GM but also highlighting areas of increased APTaqym. Fig. 4C shows the
CESTasym, corresponding to the right y-axis, and the APT gy, corresponding to the left y-
axis, of an ROI analysis of this particular periventricular lesion demonstrating its
heterogeneity. The APTasym Was only 2.6 % in the hypointense, posterior area of the lesion
(magenta) but 10.2 % in the anterior part of this lesion (green). Both of these are
significantly different than that of the mean healthy control, 5.3 + 1.0 %, (p < 0.001) using
an unpaired t-test.

DISCUSSION

The results presented above demonstrate 1) the ability to perform WASSR corrected CEST
imaging of the brain at 7T, and 2) the utility of CEST asymmetry analysis at 7T to examine
both healthy and pathological tissue properties in vivo. Although migration of the
established CEST techniques to higher field strengths for in vivo human application presents
challenges, the sensitivity to field inhomogeneities was found to be mitigated with
application of the WASSR method (13). As a first application, it was discovered that the
WASSR method proved to be more consistent in centering the CEST spectra on a voxel-by-
voxel basis than what was achieved with a BO mapping approach and was relied on for the
remainder of the analysis.

Analysis of the 7T APTgsym, reveals inherent differences among neural tissues that have not
been seen at lower field strengths. These results were produced by choosing appropriate
saturation pulse parameters based on previous experimental data (14) as well as establishing
imaging parameters allowing a short acquisition time and sufficient resolution to avoid
partial volume effects and maintain adequate SNR. This novel contrast may be apparent in
ultra-high field imaging because of the increase in SNR and the use of smaller voxels that
reduce partial volume effects. In addition, the prolonged T1 relaxation times at 7T result in
slower recovery from saturation, which provides a lengthier time for sufficient exchange
between proton pools.

In addition to the SNR advantages of higher fields, adequate spectral dispersion is also
critical to achieve selective irradiation of the amide protons. The amides protons resonate at
3.5 ppm relative to water, which corresponds to 450 Hz at 3T. Creation of the CEST effect
also produces some degree of direct saturation of the water, which may be higher at 3T due
to the proximity of the amide and water resonances (8). At 7T, the offset of amide protons
(1050 Hz) is further from the water resonance, reducing the saturation of the water.
Additionally, we observed the width of the amide resonance to be approximately 0.5 ppm
(corresponding to approximately 150 Hz) at full width at half maximum (FWHM).
Assuming this is caused by variations in chemical shift and local field so that a similar
FWHM of the same resonance arises at 3T, this would correspond to a spectral dispersion of
the amide resonance of only 64 Hz, which could easily be missed. More studies need to be
performed to ascertain the optimal duration of the CEST pulse (due to hardware limitations/
RF droop) for extracting maximum signal from the amide resonance, and to explain the
differences between the results at 7T and lower fields.
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The analysis presented in Fig. 3 reveals a consistent difference in measured APT gy, among
WM, GM, and CSF ROIs. The GM ROls produced consistently lower APT5sym
measurements. Although there are known potential confounding influences from
conventional MT asymmetry, another plausible explanation for the apparent contrast in
APT-weighted measures is that relative to WM, GM has fewer membrane-associated (extra-
cellular, cytosolic and transmembrane) proteins such as those found in myelin and this
potentially results in a lower concentration of exchangeable amide protons. It is interesting
to consider the ramification of APT,5, sensitivity to endogenous proteins and peptides as
related to one of the more prevalent neurological disorders, multiple sclerosis. While this
study is preliminary and only reports on four MS subjects at 7T, the data suggest that there
are distinct differences between the APT gy, measured in different lesion types. NAWM in
MS is not normal, and is characterized by numerous signaling and adhesion proteins (22) as
well as up-regulation of neuro-protective mechanisms, which are precursors to
inflammatory-based disease activity (23) evident on conventional MRI scans (i.e. T1 and
T2-weighted images). It has been suggested that some NAWM will go on to form lesions
while other segments of NAWM will not, so the pathophysiology of NAWM remains
difficult to interpret as a prognostic marker. However, examination of the elevated APTa5ym
seen in Fig. 2F & 2G may be related to these changes in the molecular composition of this
tissue. With these key changes visible at 7T, it would be important to study a larger cohort to
examine whether or not this is truly reflective of different (perhaps even temporally
evolving) pathologies present in MS lesions.

It is also worth noting the differences between MS patients and healthy controls. We showed
that APTa5ym 0f NAWM was statistically different from that of healthy WM (P < 0.001).
The literature has often pointed to so-called “dirty white matter” as seen on T2-weighted
MRI, but otherwise, on conventional MRI, NAWM is often seen to be normal. One reason
for this is that the lesions have not evolved to the point where inflammatory molecules and
tissue edema are present. However, alternative strategies, such as MT, Diffusion Tensor
Imaging-derived measures of anisotropy, and now CEST, report on the microenvironment,
or specific macromolecular or protein components of tissue and are hypothesized to be less
sensitive to inflammation. As a corroborative result, in Figure 4 the APTagym demonstrates
heterogeneity of the periventricular lesion, which is not apparent in the MPRAGE image.
Additionally, lesions that are more chronic, (i.e appearing hypointense on the MPRAGE
images) produced both APTasym and CEST spectra that are similar to CSF. This is not
unreasonable for chronic lesions, which are marked by tissue necrosis and thus this region is
no longer rich in amide protons available for exchange (24,25). We hope that a further
examination will reveal that CEST imaging applied to MS may hold potential for aiding in
the determination/discrimination of MS lesion type.

Confidence in the sensitivity of the CEST asymmetry methods can be derived from previous
studies performed on both animals as well as humans at lower field strengths. Animal
studies at 4.7T have demonstrated differentiation of tumor core from surrounding edema
(9,12) as well as higher APT gy in the most solid-like regions of tumor (26). The ischemic
penumbra may also be targeted with CEST (27). Human CEST experiments at 3T indicate
pathological contrast can be established at lower field strengths in clinically applicable
imaging times (8,26). This sensitivity is also demonstrated in the present study as shown in
Figure 3 as well as the statistical analyses summarized in Table 2. The APT gy metric has
proven to be sensitive to tissue composition and demonstrates the ability to distinguish WM
from GM and CSF when implemented at 7T.

Although confidence in these CEST-derived metrics has been established, interpretation of
the results, particularly in the realm of pathology, is complicated. As such, it is important to
note that any CESTaym value will depend on the power and duration of RF irradiation,
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similar to conventional MT experiments, causing the results to differ with acquisition
parameters as well as the manufacturer and coil used. Consequently as the impact of RF
irradiation plays a roll in how much MT contributes (i.e. the magnitude of the so-called MT
asymmetry) to the observed CEST-derived asymmetry, when implementing a CEST
acquisition strategy, control data should always be obtained to compare with pathological
cases. In addition, lipids resonate at a frequency opposite that of the amides in a range that is
used as the reference for calculation of the APT,qym. Alteration in the lipid concentration or
their exchange properties could affect the APT,gyym measurements and must be considered
when interpreting CEST spectra. Analysis of the reference side of the CEST spectrum (-2 to
—4 ppm) could provide complementary information regarding tissue pathophysiology,
particularly that of myelin within the white matter. Additional work is necessary to validate
the opposite side of the CEST spectrum as an adequate reference, and additional
characteristic methods (such as area of the amide resonance) need to be studied for their
sensitivity and specificity compared to the analysis regimen presented here.

CONCLUSIONS

We have demonstrated the development and implementation of CEST MR imaging at 7T for
the analysis of the APT gy, in healthy controls and we have shown preliminary analysis in a
small cohort of patients with multiple sclerosis. Asymmetry between the positive and
negative offset frequencies of the CEST spectra at the amide proton resonance (so-called
APTasym) shows contrast between white and gray matter in healthy tissue. Further, we
showed that APT,ym is different between healthy volunteers and MS patients, and even
within the MS cohort, reasonable differences were seen among lesions in different locations.
Additionally, NAWM showed abnormal, yet elevated (contrary to the expected CEST effect
in lesions visible on conventional MRI) APT,sm When compared to healthy control white
matter. We suspect that a larger cohort will help in understanding these differences and
based on preliminary results, we hypothesize that CEST imaging at 7T has the potential to
become a noninvasive biomarker for white matter pathology. Furthermore, it can provide
complementary information to existing MRI methods currently used in the clinic while
possibly providing new insights regarding sub-clinical disease evolution.
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ABBREVIATIONS
MT magnetization transfer
CEST chemical exchange saturation transfer
WASSR water saturation shift referencing
APT amide proton transfer
APTasym amide proton transfer asymmetry
SNR signal to noise ratio
NAWM normal appearing white matter
MS multiple sclerosis
FOV field of view
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TFE turbo field echo

FFE fast field echo

FLAIR fluid attenuated inversion recovery

CESTasym chemical exchange saturation transfer asymmetry

CSF cerebrospinal fluid

WM white matter

GM gray matter

Cl confidence intervals

LOA limits of agreement

D mean difference

EPI echo planar imaging.
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Figure 1.

Results from CEST imaging at 7T. A) CEST cpsectra from a normalized and smoothed
region in the occipital white matter (solid lines, right y-axis) calculated CEST asymmetry is
also shown (dashed lines, left y-axis). B) CEST spectra from a normalized and smoothed
white matter region of interest (solid lines) with y-axis displayed on the right. CEST
asymmetry is also shown (dashed lines) corresponding to the left y-axis. C) ABO map, D)
polynomial shift map, E) WASSR shift map calculated using maximum symmetry
algorithm, color scale indicated on E. Asymmetry maps for the ABO map (F), polynomial fit
(G), and WASSR shift methods (H).
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Figure 2.

7 Tesla imaging and CEST asymmetry results from a healthy control (A-C) and an MS
subject (D-E). Anatomical image of healthy control (A) and MS subject (D) with ROIs
indicated by arrows. Tow FLAIR image of healthy control (B) and MS subject (E) provide
alternate contrast for ROI delineation. Part G shows the normalized and shifted CEST
spectra (solid lines) and asymmetry analysis (dashed lines) from various ROIs (as indicated
with arrows on anatomical images A & D).
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Figure 3.

Region of interest analysis of the APT,5,m measurements at 7T from rater 1 displaying the
mean with error bars indicating the standard deviation among 10 healthy controls. White
matter ROIs are separated from gray matter ROIs by the gray dashed line, which
demonstrates a clear delineation of this metric between the neural tissue types.
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Figure 4.
Application of CEST asymmetry analysis to multiple sclerosis pathology. A) T1-weighted
anatomical image of MS patient with lesion indicated by arrows. B) APTasyy map calculated
using CEST spectrum at 7T. C) CEST spectra (right y-axis) and CESTagym (left y-axis)
arising from ROIs indicated on panel A revealing a heterogeneous MS lesion.
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