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Mapping of Amide, Amine, and Aliphatic Peaks in the
CEST Spectra of Murine Xenografts at 7 T

Kimberly L. Desmond,' Firas Moosvi,"* and Greg J. Stanisz'’*

Purpose: To evaluate the performance of endogenous
chemical exchange saturation transfer (CEST) spectra and
derived maps in a longitudinal study of tumor xenografts to
ascertain the role of CEST parameters in describing tumor
progression and in distinguishing between tumor, muscle,
and necrosis.

Methods: CEST spectra of 24 mice with tumor xenografts (20
LLC and 4 MDA) were acquired at three time-points. We
employed a novel method of decomposing the CEST spectrum
into a sum of four Lorentzian shapes, each with a correspond-
ing measured amplitude, width and frequency offset. This
semi-quantitative method is an improvement over techniques
which simply assess the asymmetry in the spectrum for the
presence of CEST, due to the fact that it is not confounded by
CEST peaks on opposing sides of the direct effect. The CEST
images were compared to several other commonly employed
contrast mechanisms: T; relaxation, T, relaxation, diffusion
(ADC), and magnetization transfer (MT).

Results: Tumor spectra had distinct CEST peaks corre-
sponding to the presence of hydrogen exchange between
free water and amide, amine, and aliphatic groups. All
three CEST peaks (amide, amine, and aliphatic) were larger
in the tumor tissue as compared with the adjacent healthy
muscle.

Conclusions: CEST contrast (particularly the amine peak am-
plitude) performed especially well in distinguishing areas of ap-
optosis and/or necrosis from actively progressing tumor, as
validated by histology. Magn Reson Med 71:1841-1853,
2014. © 2013 Wiley Periodicals, Inc.
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Magnetic resonance imaging has proven successful for
the identification of cancer and can provide high-resolu-
tion (sub mm) and high-contrast images of the disease.
While these capabilities are useful, there is further
potential for MRI contrast to represent a specific bio-
marker and furthermore to obtain quantitative estimates
of these biomarkers. Methods such as DCE-MRI (1) and
quantitative T,/T, (2,3) are well-established examples,
and more recently chemical exchange saturation transfer
(CEST) MRI has been applied in the characterization of
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cancer (4-6). It has been hypothesized that changes in
CEST contrast reflect changes in the tumor microenvir-
onment (7). More specifically, altered CEST contrast can
represent changes in the local chemical environment of
specific metabolites, and has been linked to altered cel-
lular metabolism pathways and apoptosis (8,9). CEST
contrast is a means for exploring the changes in tumor
metabolism and cellular density associated with tumor
growth and response to therapy (10,11). Many CEST
studies have focused on a single proton pool of interest,
specifically amide proton transfer (APT) (5,12); however,
the purpose of this study is to assess the entire CEST
spectrum and thereby examine the behavior of the labile
protons in tandem for a more complete understanding of
the system. Correlates were identified between the
CEST-derived contrast and more traditional MRI imaging
methods such as T; and T, mapping, magnetization
transfer ratio, apparent diffusion coefficient mapping as
well as histology.

CEST contrast is induced by the effects of a saturation
pulse applied at the resonance frequency of protons
which are in exchange with freely moving water (i.e.,
with a short correlation time, 1. ~ 107'° s) (13). The
exchange interaction results in a reduction of signal in
the free water, which is detectable as a decrease in inten-
sity of the MRI image. A spectrum can be generated by
acquiring an image with CEST-contrast across a range of
saturation pulse frequencies, and is known as the CEST-
spectrum or Z-spectrum. The amplitude of the CEST
spectrum at each offset frequency reflects a steady state
between the exchanging proton pools and free water,
which is a function of their resonance frequency, relaxa-
tion rates, concentration, and the exchange rate constant.
It is important to note that the features of the CEST spec-
trum are not exclusively due to the processes of chemi-
cal exchange; there are also contributions from
magnetization transfer (from saturation and cross-relaxa-
tion of immobile macromolecules) and direct saturation
of free water. Lipids, such as triglycerides present in adi-
pose tissue, will be evident in the CEST spectrum as
peaks at the methyl and methylene frequencies due to
fat saturation effects (14,15). The dominant moeities
which contribute to the observed spectra in cancerous
tissue are amide groups attached to the backbone of mo-
bile proteins, and amine groups. Mobile lipids and other
aliphatics also cause signal decrease via a combination
of direct saturation and the Nuclear Overhauser Effect
(NOE) (16). Much of the research has focused on the am-
ide proton signal, leading to the definition of the amide
proton transfer ratio (APTR) reflecting the relative CEST
contrast arising from the amide protons which resonance
at ~3.5 ppm. The results have shown an increase in the
APTR inside the tumor which is considered to be reflec-
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is that the increased CEST contrast is related to an
increase in the base-catalyzed exchange rate as a result
of increased pH within the tumor cells where the major-
ity of the proteins reside (17).

This work examines the methodology for producing an
entire CEST spectrum for a single RF power chosen to
induce a large amide effect in vivo in a heterotopic tu-
mor model in mice. This results in a CEST spectrum that
contains several distinct features, which we attribute to
the direct effect, amide, amine, aliphatic groups, and
magnetization transfer (MT). We incorporated a fast,
semi-quantitative method of describing the CEST spec-
trum in terms of a sum of Lorentzian shapes in order to
produce CEST amplitude maps.

METHODS

A longitudinal study was performed in two heterotopic
models of cancer in mice: the invasive murine cell-line
Lewis lung carcinoma (LLC) and a human breast cancer
cell line (MDA MB-231, hereafter referred to as “MDA”)
which advances much more slowly and forms a tumor
with a large necrotic core. Parametric maps of the domi-
nant features of the CEST spectra were constructed and
the progression of the tumors was observed at several
time-points. The objective of the study was to determine
whether the CEST metrics changed substantially over the
course of tumor growth, and whether this was related to
the tumor microenvironment as observed in histology.

Animal Model

Twenty-four SHO mice (SCID hairless outbred, Charles
River Canada, aged 4—6 weeks) were injected with a 200 pL
volume of medium containing up to 2 million tumor cells
subcutaneously in the hind limb (20 LLC animals and 4
MDA). For the LLC model, the first imaging session was per-
formed 1 week after the implantation procedure, and for the
MDA model imaging was performed 2 months following im-
plantation; in both cases when the tumor had reached a min-
imum of 0.5 cm in diameter. During imaging sessions, the
mice were induced under 5% isoflurane and maintained at
2% ;reduced to 1.5% after 1 hour had elapsed. Body temper-
ature was maintained at 37°C by a bath circulating warm
water. The animal protocol was approved by the local ARC
panel at Sunnybrook Research Institute.

Following the last imaging session, the animals were
sacrificed under anaesthetic by cervical dislocation.
Tumors were excised, leaving the skin and a layer of
muscle below the tumor intact. The excised tissue was
then frozen in cryogel. The frozen blocks were cut into
five sections spaced 1 mm apart and originating at the
largest axial diameter of the tumor (with respect to the
imaging orientation). Several 5 pm slices were taken
from each section and stained with hemotoxylin and eo-
sin (H&E) for morphological identification and terminal
deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) for apoptosis and necrosis.

MRI Imaging

Animals were imaged on a 7 T preclinical MRI (Bruker
Biospin) three times: a week post-implantation and for
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two additional time-points at 2-day intervals from the first
scan for LLC and at 2-day and 20-day intervals for MDA.
A large volume coil was used for transmission and a Rat
Brain (Bruker Biospin) surface coil was used to receive
the signal. The CEST imaging sequence consisted of a sin-
gle rectangular off-resonance RF pulse of 490 ms in dura-
tion, followed by a spoiled gradient-echo (FLASH)
readout with TR/TE = 500/3.1 ms at a resolution of 0.5 x
0.5 x 2 mm. This sequence was performed with satura-
tion pulse amplitude of 0.57 T and the off-resonance fre-
quency ranged between —2000 and 2000 Hz (+6.71 ppm)
in increments of 50 Hz and with 5 reference images at
200 kHz interspersed throughout the acquisition to allow
retrospective correction for signal drift (18). The choice of
saturation pulse amplitude was determined from simula-
tions based upon a model (19) which optimized the am-
ide CEST contrast for sensitivity to small changes in
amide concentration for expected in vivo conditions.

The magnetization transfer sequence consisted of a train
of 12 sinc-shaped pulses for a total duration of 60 ms at
RF power of 5.89 T for frequency offsets of 200, 20, 10,
8,6, 4, 3, 2, and 1 kHz. T,-weighted images were acquired
with a fast spin-echo inversion recovery sequence (RARE
factor of 8), with inversion times (TI) of 0.1, 0.5, 1, 1.5, 2,
3, and 4 s and TR = 10 s. T,-weighted images were
acquired with a standard spin-echo sequence (MSME)
with a train of 16 echoes, TE/TR = 11/2500 ms. Diffu-
sion-weighted images were acquired with an EPI readout
(4 segments, TE/TR = 25/3000 ms, 2 averages, 6 direc-
tions), for b-values of 300 and 500 s/mm?.

Each of the MT, T,, T,, and diffusion-weighted images
were acquired for the same FOV and resolution as the
CEST spectrum images. Fast spin-echo images (RARE)
with 8 echoes per TR were acquired at a resolution of
0.1 x 0.1 x 1 mm with five slices as a reference to aid in
definition of ROIs.

The time to acquire the CEST spectrum images was
~60 min. The MT spectra took 10 min, T; mapping
lasted 9 min, and 5 min each for T, and diffusion. The
total time to run the protocol for each animal including
setup and positioning was ~2 h.

Image Correction

Substantial corrections were required to remove the
influence of confounding factors from the data due to
inconsistencies in the B, field as well as temperature
fluctuations. A signal drift was observed which resulted
in a reduction in the signal amplitude by several percent
over the course of the CEST spectrum acquisition.

In general, the shape of the signal drift over time was
consistent. This allowed it to be corrected by fitting a
bi-exponential function to the reference images acquired
at 200 kHz, normalized to the signal of the first image.
This function was extrapolated to each time point during
the acquisition of the CEST spectrum, and each image
was corrected by dividing by the drift signal at the corre-
sponding time of acquisition. An example of the
observed signal drift and the fitted correction curve is
shown in Figure 1.

Despite performing a first-order shimming procedure,
By fluctuations over the field of view were observed
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FIG. 1. Signal drift. Signal drift over the course of acquisition of a
CEST spectrum. The saturation pulse was 0.6 uT for 490 ms every
TR (500 ms) using a rat brain surface coil (Bruker Biospin). An av-
erage signal drop of 5% was consistently observed in reference
images acquired with a saturation pulse applied at 200 kHz offset
frequency.

which ranged from *500 Hz across the tumor volume.
This was due to the location of the tumor at the extrem-
ity of the animal causing susceptibility artifacts at the
air-tissue interface. To account for this effect, the water
peak in the CEST spectra was shifted to 0 Hz offset on a
voxel-wise basis. This correction was based upon fitting
a single Lorentzian to the data and determining the offset
at which the minimum of the direct effect occurred. This
is similar to the WASSR B, correction (20), with the dis-
tinction being that the method used in this work does
not use a separate acquisition with higher RF power. A
By field map (based on a dual-echo gradient echo
sequence) was obtained at the end of the CEST spectrum
acquisition to compare with the map obtained from the
minimum of the direct effect. These image corrections
were performed prior to any ROI averaging operations.

Determination of Metrics

Parametric maps were constructed reflecting the proper-
ties of the Z-spectrum peaks by using a peak-fitting algo-
rithm in MATLAB (Peak Fitter for MATLAB, T. O’Haver)
which decomposed each CEST spectrum into four Lorent-
zian lineshapes yielding the amplitude, width, and area
of each peak (Eq. [1]), with the residual signal classified
as MT effects. This method is a simplified form of the
analysis of CEST spectra performed by Zaiss et al. (21).

n A—A . 2\ 1
signal(A) =1 — ZAi <1 + <0 ;*mjl) ) [1]
i=1 ’ !

where n = 4, representing the direct effect, amide,
amine, and aliphatic peaks in the CEST spectrum as a
function of offset frequency (A), peak full width at half
maximum (w) and amplitude (A). The CEST peak reso-
nance frequency, A, was fixed at 0, 1050, 600, and
—900 Hz for the direct effect, amide, amine, and ali-
phatic peaks, respectively. This equation provides a phe-
nomenological description of the CEST spectrum, and
the approximation breaks down if one enters the regime
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of coalescence (the exchange rate is too fast, the RF satu-
ration pulse is too strong, or the exchanging pool reso-
nates too close to the water resonance). Of the CEST
peaks investigated, the amine peak comes closest to vio-
lating the conditions of the approximation; however, we
found that for the CEST spectra collected in these experi-
ments there were not large residuals in the amine region
of the spectrum, so we concluded that the approximation
was sufficient to describe the observed behavior. The
peak fitting algorithm operated by inverting the CEST
spectrum between —2000 and 2000 Hz and removing the
remaining baseline such that the points at —2000 and
2000 Hz corresponded with 0 amplitude. The RF pulse
was weak enough for these experiments that the contri-
bution of MT to the spectra was minimal, and after the
baseline correction was all but removed entirely. The va-
lidity of this procedure is examined further in the Dis-
cussion. We differ in this regard to the work of Zaiss
who modeled MT effects by an additional Lorentzian
shape (21). The decomposition of the CEST signal into
Lorentzian peaks is shown in Figure 2. T; parametric
maps were constructed by fitting the inversion recovery
data for each voxel to a model of IR signal as a function
of T4, inversion time and TR (22,23). T, parametric maps
were calculated by fitting the multi-echo data for each
voxel to a single-exponential function. The CESTRasym
was also calculated and reflected the degree of asymme-
try in the spectrum at 3.5 ppm (~1050 Hz at 7 T) using
the following equation:

M,(—1050 Hz) — M, (1050 hz)
M, (200 kHz)

CESTRasym(3.5 ppm) =
(2]

where M, refers to the signal intensity as a function of
offset frequency . Similarly for MTR, which is a metric
describing the amount of magnetization transfer:

MTR = M,(200kHz) — Mz(1.5 kHz)

(3]
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FIG. 2. Peakfit decomposition. Lorentzian decomposition of the
CEST spectrum with the peakfit method, with peaks assigned at
offset frequencies (A) of —900, 0, 600, and 1050 Hz for the ali-
phatic, free water, amine and amide proton pools, respectively. The
amplitude and width of the peaks was allowed to vary in achieving
the best fit. Close to the water resonance and for a long, weak RF
pulse, the manifestation of magnetization transfer in these spectra
is as a broad, essentially featureless, offset from maximum signal.
The bottom half of the figure shows the residuals computed
between the sum of the fitted peaks and the original data.
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FIG. 3. LLC tumor progression. Maps are shown for the amplitude measurement of the aliphatic, amine, and amide peaks in an LLC
xenograft on the hind leg of a single animal followed over a 5-day period, with MRI scans at 2-day increments. Maps were produced
from the output of the peak-fitting algorithm, and show the pattern of CEST amplitude increase with tumor progression. Reference
images are from a 0.1 x 0.1 x 1 mm? slice of a fast spin-echo acquisition.

A tumor size metric was computed by counting the num-
ber of tumor voxels in the high resolution fast spin echo
data set and converting this to a measurement in mm?®,

The apoptotic index was calculated for each histology
slice as the proportion of TUNEL stained area within the
slice divided by the total tumor-containing region. Since
the vividness of the stain varied between slices, and also
due to inconsistencies in the digitization procedure, apo-
ptotic regions on each slide were manually selected and
a final filter was calculated from the color values within
this region.

ROI Generation

Muscle and tumor masks were automatically generated
using an expectation maximization Gaussian mixture
model (24) (algorithm obtained from Matlab Central File
Exchange, Mathworks) which combined the data from
the Ty, Tz, MTR and ADC maps to segment out similar
tissue regions. Briefly, the model assumes that the vox-
els belonging to each tissue type are part of a Gaussian
distribution in the four-dimensional parameter map
space. The iterative technique assigns each voxel to a
cluster such that the log likelihood function (probability
that voxel belongs to assigned cluster) is maximized.
CEST voxels were excluded from the ROI averages if
the result was more than 2 standard deviations from the
average or if there was more than 3% residual deviation
between the CEST spectrum and the peakfit result
(implying poor data quality or a failure in the fitting
algorithm), or if the direct effect at 0 Hz offset was
less than 87% (implying incomplete saturation

due to extreme field inhomogeneity or reduced RF
penetration).

RESULTS

The data from one of the LLC animals on the first scan
day was discarded due to improper placement of the
imaging plane (it did not capture the maximum axial di-
ameter of the tumor). One of the MDA animals prema-
turely reached the tumor load endpoint of 1.5 cm
maximum external diameter and was sacrificed after the
first day of scanning.

Signal Drift

Before correction, a signal drop within the tumor ROIs of
7 = 3% was observed between reference images acquired
at the beginning and end of the CEST spectra acquisition
(Fig. 1).

CEST Maps and Parameter Progression

An example of the CEST peak amplitude maps (ali-
phatic, amide, and amine) computed with the peak-fit-
ting algorithm is shown in Figure 3. The properties of
the CEST spectra of LLC tumors were found to increase
over time (Fig. 3). Figure 4 shows histograms of the
CEST amplitude for the LLC animal shown in Figure 3
for each time point, highlighting the trend towards
higher amplitude as the tumor grows. The CEST ampli-
tude (average computed over entire tumor ROI) was plot-
ted as a function of tumor size for each experiment in
each animal (Fig. 5). This change was correlated with
the growth of the tumor (linear r values of 0.51, 0.34,
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FIG. 4. Histograms for single animal showing progression. Histograms of relative number of voxels in the maps for a single animal for
each CEST peak amplitude over the three scan dates (days 1, 3, and 5). There is a progression towards higher amplitude with increas-

ing time as the tumor volume increases.

and 0.17 for aliphatic, amine, and amide peak amplitude
vs. tumor size). For a sample size of 52, values of r
greater than 0.27 were considered significant (P < 0.05).
A similar trend was not observed in the MDA data,
likely because the MDA tumors were much more hetero-
geneous. Since the MDA tumors progressed slowly,
changes were not expected over a 2-day period and thus
these experiments served as an opportunity to assess the
reproducibility of the experiment (Fig. 6).

Differences Between Tissue Types

In all maps the tumor had elevated CEST as compared
with the nearby muscle tissue. Each parameter map was
averaged over the tissue ROI (Fig. 7), for each animal in
order to quantitatively evaluate the tissue differences.
Although the CEST amplitude slightly increased with tu-
mor volume (Fig. 5), the magnitude of the change was
small with respect to the mean parameter value. There-
fore, we decided to group the data from all scan days
since it did not greatly impair the comparison of CEST
parameters between different tissue types (Fig. 7, Table 1)
or correlation with other contrast mechanisms. Hypothe-
sis testing with Student’s f-test indicated that all tissue
types (muscle, tumor, necrosis) had significantly different
mean CEST amplitudes (P < 0.05). The differences in the
mean tumor CEST amplitudes were not significantly dif-
ferent between the LLC and MDA tumor types. The CEST
amplitude metrics had the best performance for distin-
guishing between active tumor and necrotic tissue (P <
0.01 for each CEST peak), with MTR the only other metric
which could distinguish between the two tissue types
with statistical significance (P < 0.05). The worst-perform-
ing metric was CESTRasym which failed to distinguish
between any of the tissue types (P > 0.2).

Comparison with Other Contrast Mechanisms

Figure 8 shows a typical dataset in a single animal for
LLC, with MRI contrast maps for CEST, MT, T, T,
ADC, and histology. The corresponding dataset for MDA
tumors is shown in Figure 9. The correlation coefficients,

r, for parameter pairs including tumor volume, aliphatic
amplitude, amine amplitude, amide amplitude, T;, MTR,
T,, CESTRasym, and ADC were computed. Aside
from the previously described correlations between
tumor volume and the CEST amplitude, several notable
correlations (or absences of correlations) were observed
(Fig. 10). T, was found to be correlated with both the ali-
phatic and amide peak amplitude (r = 0.56 and 0.61,
respectively). The aliphatic and amide peak amplitudes
were also correlated with each other (r = 0.72), whereas
the amine and amide peak amplitudes had no correlation
(r = 0.00). Weak correlations were present between
amine and amide if only voxels from muscle were
considered.

CEST peak amplitude (%)
~l
1
=
]

Aliphatic

= Amine

i o L . Amide

1
200 250 300 350

: —
0 50 100 150
Tumour Volume (mm )

FIG. 5. LLC tumor progression PLOT. CEST peak amplitude as a
function of tumor volume. Data is from all LLC animals, for each
imaging time-point. Correlation values for the three linear fits are r
= 0.51, 0.34, and 0.17 for aliphatic, amine and amide respectively,
with significance (P < 0.05) established at r = 0.27.
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Day 1

FIG. 6. Reproducibility. A set of
CEST amplitude maps showing
reproducibility between days 1 and
3 scans of the slow-growing MDA
tumor xenograft in the hind leg of a
single animal. A necrotic core is
clearly visible as a heterogeneous
dark-bordered mass in the reference
spin echo images, and as reduced
peak amplitude in the CEST maps.

Day 3

DISCUSSION peak and thus not impacted by the presence of other

The GEST metrics allowed for a more specific interpreta- CEST species on the contralateral side of the direct effect.

tion of the changes taking place within the tumor micro-
environment, since they could be isolated to a single Signal Drift
species of exchanging proton. CEST peak amplitude was
a more robust alternative to typical asymmetry measures
since it was only dependent on the properties of a single

The signal drift was similar to that observed by Levesque
et al. while performing MT and CEST experiments (25).
In our case, the source of the signal drift was determined
Amide Amplitude
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Table 1
Metrics (“n” Counts Imaging Sessions)
Muscle LLC (tumor) MDA (tumor) MDA (necrotic)
Metric (n = 65) (n = 52) (n=11) (n=11)
Amide peak amplitude (%) 3.0=05 4.4 = 0.8 46 + 0.5 3.5+0.38
Amine peak amplitude (%) 59 + 0.5 55 + 0.7 5.4 =05 42 +0.8
Aliphatic peak amplitude (%) 8.0 = 0.8 9.6 = 1.2 10.0 = 0.8 8.6 = 0.9
T1obs (MS) 1590 =+ 260 (n = 48) 1780 = 290 1990 = 140 2060 = 140
T2 (Ms) 40 = 10 (n = 36) 70 £10 (n = 26) 70 = 10 (n = 10) 70 £ 20 (n = 10)
ADC (mm?/s) (0.88 + 0.16) x 1072 (0.76 + 0.76) x 1072 (0.77 + 0.22) x 1073 (0.75 + 0.21) x 1073
(n = 46) (n = 35)
MTR (%) 38 = 12 (n = 44) 26 + 2 (n = 38) 27 =1 29 + 2
APTR (%) -3.2 =22 (n=63) -3.1 =28 (n=51) -41 +1.3 41 =12
Tumor volume (mm?) - 115 +56 220 = 115 -

CEST peak amplitude
reference MTR (%)  Aliphatic(%) Amine (%) Amide (%) CESTRasymm (%)

ADC (mm?2/s) T1(s) T2 (ms)

¥

P E A
-
B = Il .
0 1 2 10 15 20 25 0 50 100 150

FIG. 8. LLC contrast mechanism comparison. A visual comparison of the maps generated from each MRI contrast mechanism exam-
ined in this study, for a single scan time-point in a single LLC animal. Also shown, are the reference spin echo image and the TUNEL

and H&E histology images.

CEST peak amplitude
reference MTR(%) Aliphatic (%) Amine (%) Amlde(%) CESTRasymm(%)

0 1 2 10 15 20 250 50 100 150
X 10e-3

FIG. 9. MDA contrast mechanism comparison. A visual comparison of the maps generated from each MRI contrast mechanism exam-
ined in this study, for a single scan time-point in a single MDA animal. Also shown, are the reference spin echo image and the TUNEL

and H&E histology images.
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to be heating in the surface coil and preamplifier caused
by the high RF duty cycle. In preliminary experiments
(data not shown) signal drift was not evident when the
experiment was performed with a volume coil, but the
surface coil was preferable for subsequent experiments
due to the > 3 times increase in SNR. Since the greatest
rate of change occurred at the beginning of the experi-
ment, even for short experiments care must be taken to
account for this change in signal. This would impact an
asymmetry measurement which would differ by several
percent depending on the order of image acquisition.
Acquiring a set of dummy images prior to the image se-
ries may not be practical, since from our observation, the
signal took at least half an hour to reach a steady state.
Since signal changes were correlated with temperature
in the sample and in the coil, instead of acquiring
numerous reference images as in this study, a retrospec-
tive correction might also be performed by recording the

temperature of the coil and of the sample over the course
of the exam.

By Correction Method

An accurate B, map was crucial for the CEST experi-
ment. Calibration by using a B, map acquired prior to
the CEST image acquisition was not an ideal solution
since in some regions the static field changed by more
than 50 Hz within the time during which CEST spec-
trum was acquired due to temperature variation. As with
this study, previous studies have used a single B, map to
retrospectively correct each image in the spectrum. This
is accomplished by various methods including shifting
the direct effect of the spectrum to 0 Hz in each voxel
(26), acquiring a two-echo By map (27), or with water sat-
uration shift referencing (WASSR) (20). Ideally, one
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CESTRasym

FIG. 11. CESTRasym vs. peakfit. Comparison between the amide peak amplitude and an CESTRasym map. Color bars represent a 6%
spread in the map values. The CESTRasym is predominantly negative due to a large contribution from the aliphatic portion of the spec-
trum on the opposite side of the direct effect from the amide proton resonance.

would have a By map reference for every image of the
CEST spectrum (28).

CEST Asymmetry vs. Peakfit

The CESTRasym (computed as in Eq. 1 at 3.5 ppm) tech-
nique has evolved from the magnetization transfer ratio
(MTR) as a quick means to determine the presence of a
saturation transfer effect and its relative magnitude
between different tissue types. It is founded on the
assumptions that the MT spectrum is symmetric and the
CEST spectrum is asymmetric, and also that there are
not competing CEST peaks at the same absolute offset
frequency. A pH-dependent relationship between the
CEST asymmetry and pH has been observed , which led
it to be called pH-weighted contrast by some authors
(29). In the frequency range of the endogenous CEST
spectrum (=10 ppm) and for the RF power used for this
experiment (0.57 pT), the asymmetry method becomes
less enlightening because of the location of the aliphatic
and amide CEST effects at approximately —900 and 1050
Hz, respectively. We observed large differences between
CEST in three tissue groups: muscle, tumor, and necro-
sis, which were much less evident when using the CES-
TRasym (Fig. 11). This may appear contradictory to other
studies in cancer which found a positive CESTRasymm
of several percent at 3.5 ppm (4,5,30-32); however, there
is evidence showing a negative CESTRasymm in benign
prostate cancer (32) and in studies at field strengths
greater than 3 T (31). Although different tumor models
were used in this study, it is expected that CESTRasym
maps would be similarly poor regardless of tumor type,
since LLC and MDA represent a substantially different
subset of tumor types. It is suspected that the cause for
the differences in CESTRasymm contrast is the fact that
the prior studies were performed at 3 T rather than 7 T
as done in this work. The aliphatic effect is not promi-
nent in the 3 T data, and has less of an influence on the
CESTRasymm. These studies also tended to use a stron-
ger RF pulse for saturation (1-3 pT) which would have
increased the contrast in the asymmetry maps. as

opposed to the 0.6 pnT used in this work. For this study,
since the magnitude of the aliphatic effect is generally
larger than that of the amide effect, the CESTRasym is
negative and any pH estimates based upon it would be
more strongly influenced by the aliphatic concentration,
which conflicts with its intended use as a metric
describing the amide pool.

Effect of MT on the Peakfit Results

Since all the proton pools (bulk water, CEST and MT)
are directly or indirectly connected and exchanging mag-
netization, the signal observed in the saturation transfer
experiment is a nonlinear function of the properties of
each involved pool (19). For this reason it is imprecise to
assume that the CEST spectrum is an addition of discrete
Lorentzian-shaped contributions from each pool; how-
ever, it is the simplest approach given the desire to cre-
ate parameter maps with limited computer processing
time.

Given that MT was best able to distinguish tumor from
muscle amongst all the contrast mechanisms examined
(Fig. 7), it may seem counterintuitive to neglect its con-
tribution to the CEST spectrum except as a constant off-
set in the data. One must bear in mind, however, that
the maximum contrast in the MT spectrum occurs
beyond several thousand Hz offset frequency, which is
well beyond the reach of the CEST spectrum at 7 T and
that the lower RF power used for CEST experiments is
not as effective at generating MT contrast (19). The
effects of MT asymmetry, estimated to be on the order of
1.5% at maximum for this experiment (data not shown),
were also not directly accounted for in the peakfit
model, however, as long as this feature is broad and
slowly varying it should not have a significant impact on
the determination of the CEST peak amplitudes. Through
simulation (detailed in Ref. (19)), we briefly explored the
validity of the assumptions made in the peakfit algo-
rithm as compared with a fully determined quantitative
three-pool model. Unless otherwise stated, the parame-
ters used in the simulated data were: CEST proton
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FIG. 12. Peakfit assumptions. Simu-
lation relating the CEST pool fraction
(Moo) to the peak amine and amide
amplitude from the Lorentzian
decomposition of the signal, show-
ing the influence of the macromolec-
ular pool fraction (Mgp) upon the
output of the peakfit algorithm.
Three cases are shown for each
CEST pool; Mg, = 0, 10, and 20%
representing the whole physiological
range of Mop.

fraction (My,) = 0.0015, MT proton fraction (My,) = 0.1,
observed 1/T; (Rlgys) = 0.5 s~ ', T, of bulk water pool
(T2a) = 70 ms, T, of MT pool (Ty,) = 10 ps, T, of CEST
pool (T,;) = 20 ms, exchange constant for CEST pool
(Rcest) = 20 s~ ' (amide), 1000 s~ ' (amine), exchange
constant for MT pool (Byt) = 40 s, frequency shift of
CEST pool (Ag) = 1050 Hz (amide), 600 Hz (amine),
1/T; of MT pool (R,) = 1 s ', 1/T, of CEST pool (R, =
1 s ' and the sequence parameters as stated above in the
Methods section.

We considered the relationship between the peak am-
plitude and My, the CEST fraction relative to bulk water,
under the effects of different sized MT pools (Fig. 12).
Changing My, by = 10% results in less than 5% devia-
tion in the peak amplitude. This simulation is over-cau-
tious because My}, is not expected to change substantially
in cancerous tissues regardless of apoptotic status (33).
M, for the amide pool has been estimated to be ~0.15%
(17) with the amine M, expected to be similar in magni-
tude since the size of both pools is correlated with pro-
tein concentration, at which point the amide peak
amplitude appears to be invariant with Mg, For high
My, and M, the peak amplitude is underestimated
because, since the CEST and MT pools are in equilib-
rium, the CEST peak height is reduced by My, (19,34). In
the limit of very low M., the peakfit algorithm overesti-
mates the peak height by incorrectly assigning some of
the spectral features, which are actually due to MT, to
the CEST peak. It should be cautioned that the peakfit
method is only semi-quantitative and cannot be used to
determine M, without first adjusting for the MT contri-
bution determined by a proper quantitative fit of the MT
parameters (35).

Alternative Line Shapes

The motivation for the decomposition of the spectrum
into four fixed-position Lorentzian-shaped peaks was
due to the fact we were aware of four features (two domi-
nant CEST pools, the aliphatic pool, and the direct
effect) that in the limit of slow exchange and with suffi-
cient peak separation would be Lorentzian (21,36). Fix-
ing the offset frequency of the peak does affect the
results, although it takes deviations of 100 Hz or more

04 06 08
M, (%)

from the optimal value to affect the peak amplitude by
1%. Furthermore, the extent of the error in the peak am-
plitude is related to the width of the peak, such that the
amplitude of the aliphatic peak is less affected by these
types of errors.

The reduced x> values for the single-voxel fit were
computed as follows:

, 1 O - E)?
reduced x* = N np 1 Z( — ) [4]

where N is the number of frequency offsets sampled, np
is the number of free parameters in the fit, O is the
observed signal, E is the model fit, and o is the standard
deviation of the observed signal. A reduced x* of 1 is
ideal, less than 1 implies overfitting, and greater than 1
implies that the model does not contain sufficient free
parameters to describe the data. For the four-Lorentzian,
single voxel fit with fixed offset frequency the reduced
x? values were close to (but less than) 1, and thus adding
any further complexity to the model was not warranted.
This situation changed when the spectra were averaged
over an ROI, reducing the noise by a factor of 10-20
depending upon the number of ROI voxels and increas-
ing the reduced x* substantially. Further complexity in
the fit was introduced by allowing the offset frequency
to become a free parameter, which is logical because the
apparent offset frequency of the pools would change
depending on the proton exchange rate. This decreased
the value of the reduced x?, but it was still much greater
than 1. This prompted a search for a more appropriate
decomposition function. It was found that if the number
of allowed Lorentzian peaks was increased to 5 when fit-
ting the averaged Z-spectrum, then an additional peak
emerged at approximately —600 Hz (-2 ppm). This
region corresponds with the frequency offset of H-a pro-
tons in proteins (37), which can participate in intramo-
lecular NOE with the nearby amide groups so an
additional peak may be justified. Another promising
method was to introduce parameters for kurtosis and
skew by using a Pearson IV lineshape (38), which has
the ability to compensate for the asymmetry in the peaks
which occurs as the exchange rate increases and the
peaks begin to coalesce.
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FIG. 13. Apoptotic index. The
apoptotic index (area fraction of
apoptotic cells within the tumor
as determined from TUNEL
staining) plotted against the
CEST amplitude of the amide,
amine and aliphatic peaks. An
exponential fit was performed (v
= ae®™) and r values were 0.53,
0.83, and 0.73 for the amide, x
amine, and aliphatic curves.
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Physiological Source of CEST Effect

Three CEST pools were consistently observed, at —3.0
ppm, 2.0 ppm, and 3.5 ppm in the tumor ROIs. The pool
at 3.5 ppm is best characterized in the literature, and
corresponds to a base-catalyzed chemical exchange
between the backbone amide groups of mobile proteins
and peptides and bulk water. Work by Takahashi (39)
demonstrated an increased CESTRasymm at 2 ppm in
lung cancers and attributed this to amino acid side chain
amine groups, while Jin (40) focused on creatine as an
additional source. At —3.5 ppm, there is more than one
hypothesis for the physiological origin of the feature in
the CEST spectrum. It is known that chemical exchange
between -CH groups and water is extremely slow, and
unlikely to contribute to the CEST spectrum through this
mechanism. Direct excitation of lipid groups is one pos-
sibility (since the bandwidth of the excitation pulse is
broad), and some lipids have been found to be at higher
concentration in tumor tissue than in adjacent muscle
(41,42). However, fat suppressed experiments do not
completely remove the effect at —3.5ppm, suggesting a
different mechanism. Another hypothesis is that there
are aliphatic groups in the proteins which are strongly
coupled with the labile amide groups such that applying
a saturation pulse at this frequency will cause the water
peak to reduce in amplitude through aliphatic to amide
to water magnetization transfer (16,43). In this case the
effect at -3.0 ppm would be correlated with the effect at
3.5 ppm. The third, and the generally accepted, mecha-
nism is cross relaxation from dipolar coupling with the
bulk water causing a negative (due to the relatively large
size of the molecules involved) intermolecular Nuclear
Overhauser effect (NOE) (44).

The regions of dark signal on the high resolution spin
echo images indicate regions of apoptosis and/or necro-
sis (as seen in the reference images in Figs. 6 and 8),
which are confirmed by the brown staining on the
TUNEL histology. CEST parameters are also sensitive to
the changing tissue structure with cell death, as the pa-
rameters in these regions trend towards what is observed
in healthy muscle. Notable is the large reduction of the
amine amplitude in necrotic tissue to levels below that
of healthy muscle (Table 1), which for this study was the
CEST metric most discriminating of apoptotic/necrotic
tissue.
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Comparison MDA to LLC

The main difference between the two tumor cell lines
was the rate of growth with the LLC line behaving much
more aggressively. The approximate doubling time for
the LLC tumors in this study was 3 days compared with
14 days for the MDA. This is understandable given that
the LLC cells are murine in origin whereas the MDA are
human. Another distinguishing feature of the MDA
tumors was the presence of a large apoptotic/necrotic
core. Smaller regions of apoptosis were visible on the
histology for the LLC tumors, characteristically at the pe-
riphery of the tumor or between tumor lobes. As previ-
ously observed (11), CEST performs well in separating
necrotic tissue from actively proliferating tumor. The
LLC tumors also had a higher propensity for ulceration
than the MDA upon exceeding 1 cm in diameter.

It is important to note that the CEST parameters were
not static in time for the tumor tissue, and appeared to
slightly increase over time (Figs. 3 and 5) as well as have
changing histogram features with the tumor growth (Fig.
5). This could have implications for future longitudinal
studies, i.e., those assessing the impact of therapy,
because, in the absence of proper controls, it may be dif-
ficult to establish a baseline and changes due to success-
ful therapy could be masked by changes due to tumor
growth.

Parameter Differences Between Tissue Types and
Correlations

The amplitude of the CEST peaks was dependent upon
T,, since a longer T; ensures that the survival time of
the saturation in the bulk water pool is increased. A cor-
relation between the amide and aliphatic amplitude was
related to the fact that every amino acid contains an ali-
phatic and amide group. This diminishes the effective-
ness of the CESTasym computation, if CEST amplitudes
at both positive and negative offsets are changing simi-
larly then their difference may not change, supported by
the noisiness of the CESTRasym maps in Figures 8, 9,
and 11.

When tissue types are combined, there is no correla-
tion between the amine CEST and the other CEST peaks.
However, when peak amplitudes are separated into tu-
mor and muscle subtypes, there are significant, but still



1852

relatively weak, correlations between amine and amide
in muscle. Within the tumor amine and amide remain
not significantly correlated. Having a correlation in one
tissue type but not another implies that there is a differ-
ent distribution of exchange rates for either amine or
amide protons for each type. Amide protons are most
likely not responsible because the amide CEST is domi-
nated by amides on the protein backbone and not likely
to have vast differences in structure between muscle and
tumor. In the case of amines, it is known that there is a
difference in the concentration of creatine between mus-
cle and tumor and thus the muscle amine peak would
have a larger contribution from creatine. The amplitude
of the amine peak in muscle tissue from this study is sig-
nificantly (P < 0.01) greater than that of the tumor, sug-
gesting that there is an additional non-protein source of
amine proton exchange. It is still not readily apparent
why this would result in a higher correlation between
amine and amide CEST in muscle. We can speculate that
the distribution of exchange rates from amine side chains
has a much larger standard deviation than that of
exchange rates in creatine, and additionally that the
muscle tissue has a more consistent intracellular pH
which would also reduce the standard deviation of the
distribution of exchange rates. Coupling this theory with
the fact that the concentration of creatine and protein are
likely correlated since they are both related to the
amount of muscle tissue, it is probable that the correla-
tion between amine and amide CEST would be stronger
in muscle.

The amine amplitude was related to the apoptotic
index through an exponential relationship, with an r of
0.83 (Fig. 13). This could be further improved with better
colocalization between histology slices and MR images,
since for the purposes of this study the apoptotic index
from all histology slices was used.

We examined the distribution of the ROI average val-
ues of healthy muscle, tumor from the LLC and MDA
models, and necrosis (Fig. 7) and the performance of the
metrics for distinguishing between the tissue types. It
was clear that MTR was most reliably (P << 0.001) able
to separate the tumors from healthy muscle, a result
which echoes previous findings comparing MRI contrast
mechanisms in tumors (45,46). The evaluation of tumor
heterogeneity, i.e., in discerning necrotic tissue from
active tumor, was best accomplished by the CEST ampli-
tude metrics (P < 0.01), with the greatest confidence in
the amine amplitude (P < 0.0005). A previous study by
Wen et al., (6) similarly found that CEST metrics (in this
case, APT) were able to make this distinction.

CONCLUSIONS

CEST spectra were produced at several time points for
LLC and MDA tumors implanted in mice, with care to
remove potential confounds from B, variations and tem-
perature-related signal drift. The peak-fitting method is
robust and allows for fast determination of CEST metrics
without requiring multi-pool modelling of the Bloch
equations. Results (Fig. 8, in particular) revealed that (for
the experimental scanner parameters used in this study),
out of all CEST metrics, the aliphatic, and amide CEST

Desmond et al.

properties are best for distinguishing between tumor and
healthy muscle tissue, while amine CEST offers the best
overall characterization of necrosis. The amide and ali-
phatic CEST are correlated, suggesting that amide pro-
tons could play a role in the aliphatic contribution to the
CEST spectrum.
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