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Performing chemical exchange saturation transfer (CEST) magnetic resonance imaging (MRI) in lung tissue is
difficult because of motion artifacts. We, therefore, developed a CEST MRI acquisition and analysis method
that performs retrospective respiration gating. Our method used an acquisition scheme with a short 200-milli-
second saturation pulse that can accommodate the timing of the breathing cycle, and with saturation applied
at frequencies in 0.03-ppm intervals. The Fourier transform of each image was used to calculate the differ-
ence in phase angle between adjacent pixels in the longitudinal direction of the respiratory motion. Addi-
tional digital filtering techniques were used to evaluate the breathing cycle, which was used to construct
CEST spectra from images during quiescent periods. Results from CEST MRI with and without respiration gat-
ing analysis were used to evaluate the asymmetry of the magnetization transfer ratio (MTRasym), a measure of
CEST, for an egg white phantom that underwent cyclic motion, in the liver of healthy patients, as well as
liver and tumor tissues of patients diagnosed with lung cancer. Retrospective respiration gating analysis pro-
duced more precise measurements in all cases with significant motion compared with nongated analysis
methods. Finally, a preliminary clinical study with the same respiration-gated CEST MRI method showed a
large increase in MTRasym after radiation therapy, a small increase or decrease in MTRasym after chemother-
apy, and mixed results with combined chemoradiation therapy. Therefore, our retrospective respiration-gated
method can improve CEST MRI evaluations of tumors and organs that are affected by respiratory motion.

INTRODUCTION
Lung cancer is the leading cause of cancer-related death in both
men and women in the United States, accounting for 27% of
cancer deaths in 2014 (1). Positron emission tomography (PET)
with 18F-fluordeoxyglucose (FDG), diffusion-weighted mag-
netic resonance imaging (DW-MRI), perfusion MRI, and com-
puted tomography (CT) have been used to noninvasively eval-
uate lung masses (2-5). Each modality has its advantages and
disadvantages. For example, PET with FDG is a highly sensitive
imaging technique, but FDG uptake is nonspecific to tumors,
and areas of inflammation may be falsely identified as tumor
tissue. DW-MRI has been shown to be successful in differenti-
ating tumor tissue from peritumoral edema, but its strength in
evaluating tumors remains questionable owing to the lack of
studies showing pathological correlations. Registration of DW-
MRI images to the biopsy site is difficult because of image

distortion caused by magnetic susceptibility artifacts. Perfusion
CT and MRI have been shown to distinguish malignant nodules
from benign pulmonary nodules with greater specificity than
assessments of FDG uptake. However, this result has been shown
in only lesion sizes �16 mm, thus limiting its use to a fraction
of the patient population. Additional techniques are required for
evaluating lung tumors with medical imaging.

Chemical exchange saturation transfer (CEST) MRI is an
innovative biomedical imaging technique that provides molec-
ular-level information about the tissue microenvironment (6).
CEST is achieved by applying a saturation pulse at the resonance
frequency of labile protons of endogenous molecules, allowing
the saturated protons to exchange to the water pool, and by
acquiring an image to monitor a decrease in the water signal due
to the exchange of saturated protons. The decrease in the water
signal is referred to as CEST contrast, which has been repre-
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sented by calculating an MTRasym parameter that evaluates the
asymmetry in the CEST spectrum (7). More specifically, MTRasym

is the ratio of CEST contrast produced by mobile proteins with
longer T2 relaxation time constants, relative to a relayed nuclear
Overhauser effect (rNOE) produced by less mobile proteins with
shorter T2 relaxation times. Therefore, MTRasym is sensitive to the
concentration of the protons being saturated (for both CEST and
rNOE effects). MTRasym is also sensitive to the exchange rate of the
labile protons on endogenous molecules, which increases
with increasing pH (owing to the base-catalyzed processes of
chemical exchange with most endogenous molecules), and
therefore, MTRasym may be sensitive to changes in tumor me-
tabolism that affect tissue pH.

Amide proton transfer (APT) MRI is a specific type of CEST
MRI that involves the exchange between endogenous amide
protons from mobile proteins and bulk water. Past studies have
shown higher APT contrast in tumor tissue than in normal tissue
(8), as well as correlations between APT signal intensity and
tumor grade as assessed by means of histopathology (9, 10).
Thus, measuring the APT contrast in the tumor tissue could
eventually become a noninvasive tumor grading technique for
evaluating tumors, which may be beneficial for guiding treat-
ment plans.

Most APT studies have been performed to study cerebral
stroke and glioma in the brain. Unlike the brain tissue, the lung
is difficult to image with MRI owing to motion that blurs the
image of the lung and also causes artifacts in the phase dimen-
sion of the image. Some studies in the lung have shown that APT
MRI can differentiate malignant from benign tumors (11, 12).
Unfortunately, one study was completed in the absence of res-
piration gating, which decreased the image quality. The other
study was completed with murine models where the breathing
rate was controlled via a ventilator so that the acquisition
portion of the CEST sequence was in sync with the quiescent
period of the respiratory cycle. The use of a ventilator during
MRI with humans is impractical. A respiration-gated technique
is desired to generate high-quality results in the lung in free
breathing patients.

Recent studies have extracted the breathing signal from
features within the image (13-16). These methods eliminate the
need for invasive procedures or devices that monitor breathing
rates. Extracting the breathing signal from the image features
relies on the translational property of Fourier transform (FT)
imaging theory, which states that a geometric shift in the space
domain results in a phase shift in the Fourier space (17). We used
this property to develop an innovative CEST MRI protocol with
retrospective respiratory gating. The goal of our study was to
examine the strengths and limitations of respiratory-gated CEST
MRI when imaging the lungs of healthy volunteers and patients
diagnosed with lung cancer.

METHODOLOGY
MRI Acquisition Protocol
Our previous clinical CEST MRI protocol used a saturation pe-
riod that was at least 3 seconds in length, followed by an MRI
acquisition sequence (18). This saturation period is considerably
long to sample multiple stages of a typical breathing cycle,
which can be 3 seconds at 20 breaths per minute for patients

with compromised respiratory function due to chronic obstruc-
tive pulmonary disease (19). Thus, we shortened the saturation
pulse to 200 milliseconds to accommodate our CEST MRI
method. This shorter duration allowed us to adequately sample
stages of a normal respiratory cycle. However, a 200-millisec-
ond saturation pulse is insufficient to generate a steady-state
saturation with a series of saturation frequencies that have an
interval �0.3 ppm. We also aimed to ensure that a sufficient
number of data points in the CEST spectrum were acquired to
distinguish the APT and rNOE in the CEST spectrum after retro-
spectively removing CEST points not acquired during the qui-
escent stage of breathing. Thus, we shortened the saturation
frequency interval for our CEST MRI method to 0.03-ppm units
for the entire CEST spectrum so that frequencies next to the
saturation frequency being irradiated would also be partially
saturated. In doing so, we hypothesized that the CEST spectrum
from our CEST MRI method would be similar to a standard CEST
spectrum acquired with steady-state saturation, except for the
first few CEST magnetic resonance (MR) images of the series that
do not experience steady-state saturation.

Simulations
To address the potential pitfalls of insufficiently achieving a
steady-state saturation with our saturation scheme, we simu-
lated CEST spectra with a labile pool at 3.5 ppm and 500 mM by
using the Bloch equations modified for chemical exchange (20).
CEST spectra were simulated using a continuous-wave, rectan-
gular saturation pulse of 200 milliseconds, followed by a delay
of 196 milliseconds to account for CEST decay during Fast
Imaging with Steady-state Precession (FISP) acquisition, applied
to each saturation frequency one time before incrementing to the
next saturation frequency in 0.03-ppm increments. We termed this
simulation as the “iteratively pulsed” saturation scheme. CEST
spectra were also simulated with a saturation pulse of 200 milli-
seconds followed by a delay of 196 milliseconds to account for
FISP acquisition, and these parameters were applied to the same
saturation frequency 1000 times before iterating the saturation
frequency. We refer to this simulation as the “stationary pulsed”
saturation scheme (21). CEST spectra were also simulated by
using a saturation pulse of 3.0 seconds followed by a 196-
millisecond delay, applied to each saturation frequency 1 time,
termed “standard CEST saturation”. The B1 saturation power was
set to 1.0 �T for each saturation pulse. In addition, we repeated
simulations with a T1 relaxation time constant of 0.8, 1.4, 2.0,
and 3.0 seconds, which are characteristic T1 relaxation times of
human tissue at 3 T magnetic field strength (22).

Phantom Studies
A solution of egg whites was prepared in a 200-mL plastic
container and placed in a larger 500-mL plastic container that
was filled with agar (23). The large plastic container was at-
tached to a customized motion device that oscillated in the
direction of the longitudinal axis of the magnet. The motion
device was placed with the plastic container inside a 3 T MRI
scanner (Magnetom Skyra, Siemens). A standard CEST-FISP
MRI protocol with steady-state saturation was acquired with a
saturation period of 3 seconds and data points from �7 ppm to
�7 ppm in 0.2-ppm units (24). Then an iteratively pulsed CEST
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MRI protocol was acquired with a saturation period of 200
milliseconds and saturation frequencies from �7 ppm to �7
ppm in 0.03-ppm units. For both CEST-FISP MRI protocols, a
continuous wave, rectangular pulse shape at 1.0 �T saturation
power was used. Both protocols were performed with the phan-
tom container held stationary and with the phantom container
moving. The FISP MR images were acquired in a coronal orien-
tation by means of the following parameters: repetition time
(TR), 196 milliseconds; echo time (TE), 0.97 milliseconds; exci-
tation angle, 15°; section thickness, 20 mm; in-plane resolution,
4.7 � 4.7 mm2; field of view (FOV), 300 mm2; centric encoding;
25% phase oversampling; average, 1; scan time, 3 minutes. For
the scans acquired with the phantom in motion, the phantom
container was set to move 3 cm toward the front of the magnet
over a 1-second time frame, move 3 cm back to its original
position over a 1-second time frame, pause for 3 seconds, and
then repeat the process to simulate breathing motion.

Clinical Studies
Three healthy volunteers and 3 patients diagnosed with lung
cancer underwent scanning to compare standard CEST MRI vs.
our iteratively pulsed CEST MRI method with and without ret-
rospective respiratory gating. Then 4 patients with lung carci-
noma or mesothelioma treated with radiation therapy and/or
chemotherapy underwent scanning using our iteratively pulsed
CEST MRI method with retrospective respiratory gating. These
studies were performed with the approval of the Institutional
Review Board of the University of Arizona. Images were ac-
quired with the same clinical MRI instrument used for imaging
phantoms. A 3-dimensional (3D) T1-weighted gradient-echo
acquisition was used to localize the liver and lung. Images were
acquired in a coronal orientation using the following parame-
ters: TR, 2.93 milliseconds; TE, 1.23 milliseconds; excitation
angle, 9°; section thickness, 3 mm; number of sections, 96;
section oversampling factor, 33%; in-plane resolution, 1.5 � 1.5
mm2; FOV, 420 mm2; partial k-space of 6/8, with a 3D caipirinha
acceleration factor, a factor of 3 in the phase direction, and a
factor of 2 in the section direction; linear encoding; average, 1;
and scan time, 12 seconds. For patients with cancer, a 2D
multisection T2-weighted HASTE acquisition was also used to
further localize the tumor. Images were acquired in a coronal
orientation by means of the following parameters: TR, 1500
milliseconds; TE, 75 milliseconds; excitation angle, 80°; refo-
cusing angle, 160°; section thickness, 6 mm; number of sections,
35; in-plane resolution, 1.0 � 1.0 mm2; FOV, 400 mm2; 2D
GRAPPA with a factor of 3; k-space sampling, 5/8; linear en-
coding; average, 1; and scan time, 54 seconds. This sequence
was performed with fat suppression by using spectral attenuated
inversion recovery. CEST-FISP MR images were acquired using
the same method as the phantom experiment.

Image Processing and Analysis
We segmented the temporal series of CEST spectra on the basis
of the quiescent period during expiration of the breathing cycle
because the quiescent period would have the most consistent
positioning of the liver and tumor (25). To segment the breath-
ing cycles, we selected a region of interest (ROI) around the liver
dome because the intersection between the liver dome and the

lung has great contrast and the movement of the liver dome is a
direct result of inhalation and exhalation. This ROI was selected
using the first FISP image and then applied for all FISP images
acquired with our iteratively pulsed CEST MRI method.

We obtained the respiration cycle from the CEST MR im-
ages. An FT was applied to the ROI in all FISP images to convert
the spatial image to k-space (Figure 1, A and B). The pixel at the
center of k-space and the adjacent pixel along the longitudinal
axis of displacement were selected for analyses. A ratio of the
MR signal amplitudes of these 2 pixels was used to determine the
difference in the phase angle between the 2 pixels (Figure 1C).
We used these 2 pixels because the phase angle differences
between these pixels are the most sensitive to respiratory motion
(14). Plotting the phase angle difference for each FISP image
acquired with respect to time represented the overall motion
including the respiratory cycle.

We applied a series of digital filtering techniques to refine
the monitored respiratory cycle (Figure 1, D–F). First, we applied
an FT to the phase angle difference spectrum and then applied a
bandpass filter to retain the frequencies between 0.11 Hz (7 bpm)
and 0.48 Hz (29 bpm) because these breath rates between these
values correspond to typical respiratory rates (19). Next, we
applied an inverse FT to the digitally filtered data to generate a
refined respiratory cycle plot. Because we sought to obtain the
quiescent period of the breathing cycle, we adjusted the respi-
ratory cycle plot so that the quiescent period was centered at 0
radians.

We identified the quiescent period of the plot by assum-
ing that the respiratory cycle was sinusoidal [equations (1)
and (2)].

S(�) � A · sin(B � �) � S (1)

where A � amplitude, B � phase angle shift, � � respiratory
phase, and S � nonsinusoidal signal

S(�) � C · sin(�)�D · cos(�) � S (2)

where C and D are the amplitudes of the sine and cosine com-
ponents, respectively. The values of C, D, and S were determined
from the inner product between sin(�) and the respiratory signal,
cos(�) and the respiratory signal, and 1 and the respiration
signal. Once C and D were determined, the phase shift of the
respiratory cycle was found using equation (3). This value was
used to re-center the peak of the sinusoid at 0 radians.

B � tan
C

D
(3)

All CEST data points that had an FISP image with a phase angle
difference of �1 radian from B were retained in the final CEST
spectrum (Figure 1, G and H). This threshold of 1 radian retained
�30% of the images that were used to obtain the final CEST
spectrum.

MTRasym Analysis
To adjust for B0 inhomogeneity, the minimum signal of each
CEST spectrum was set to 0 ppm. Then, the CEST spectrum was
fit with a single Lorentzian line shape conducive to the spectral
shape for direct water saturation (26). The fitted offset value for
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this line shape was used to further adjust the 0-ppm value of the
CEST spectrum. To generate an MTRasym value, a straight line
was drawn through all points from 2.5 to 4.5 ppm, and the center
point of the line was taken as the contrast value for the APT
effect (SAPT) (27). The same procedure was used for points be-
tween �4.5 and �2.5 ppm to generate the contrast value for the
rNOE (SrNOE). MTRasym was determined from SAPT, SrNOE, and
the signal amplitude of the last CEST spectrum data point (S0;
equation (4)) (7).

MTRasym � (SrNOE � SAPT) ⁄ S0 (4)

In healthy subjects, an ROI was selected around the entire
liver, and each pixel within the ROI was analyzed using MTRasym

analysis as described above. The same approach was performed
for patients diagnosed with lung cancer, except that the ROI for

the tumor was selected by a board-certified radiologist with
access to standard-of-care diagnostic CT and/or PET/CT imag-
ing. The standard deviation was calculated from the MTRasym

values from all pixels within the ROI.

RESULTS
Simulations of CEST MRI
The simulated CEST spectrum constructed with the iteratively
pulsed saturation scheme was identical to the simulated CEST
spectrum constructed with stationary pulsed saturation at all T1
times tested (Figure 2). Therefore, iterating the saturation fre-
quency in small 0.03-ppm increments had no effect on the
image contrast when using a small 200-millisecond saturation
pulse. Both simulations with a 200-millisecond saturation pulse
produced less APT contrast at 3.5 ppm than the standard CEST

Figure 1. An example of retrospective respiration gating for CEST MRI. A region of interest (ROI) of the diaphragm
was selected (red oval) (A). The images of this ROI were Fourier transformed (B). The difference in the phase angle be-
tween adjacent pixels in the direction of motion was used to track motion (C). The dynamic respiration profile was ob-
tained by applying a fast Fourier transform (FFT) (D), a bandpass filter (E), and an inverse fast Fourier transform (IFFT)
(F). Chemical exchange saturation transfer (CEST) images within 1 radiation of the maximum of each respiratory cycle
were selected (G), which were used to construct CEST spectra for each pixel in the ROI (H).
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MRI pulse sequence with saturation applied for 3.0 seconds. This
lower contrast was expected, because interleaving a 196-milli-
second delay with the saturation pulses to account for the FISP
acquisition sequence lowered the duty cycle of the saturation
during the entire CEST MRI protocol.

Phantom Studies
Our studies with phantoms undergoing motion showed that the
iteratively pulsed CEST MRI acquisition with retrospective res-
piration gating analysis generated more precise MTRasym values
compared with the standard CEST MRI acquisition method and

Figure 3. Respiration-gated CEST magnetic resonance imaging (MRI) studies of an egg white phantom. The standard
CEST MRI protocol without respiration-gating analysis detected 10% MTRasym in a stationary phantom, whereas the iter-
atively pulsed CEST MRI protocol with or without respiration gating analysis detected 5% MTRasym. When the phantom
was moving in an oscillatory fashion, only the iteratively pulsed CEST MRI protocol with retrospective respiration gating
analysis produced a similar MTRasym contrast map relative to results with the stationary phantom.

Figure 2. Simulations of CEST spectra with
standard CEST saturation (solid black line),
stationary pulsed saturation (dashed black
line), and iteratively pulsed saturation
(dashed gray line) at T1 relaxation times of
0.8 seconds (A), 1.4 seconds (B), 2.0 sec-
onds (C), and 3.0 seconds (D).
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the iteratively pulsed CEST MRI method without retrospective
respiration gating (Figure 3; Table 1). The iteratively pulsed
CEST MRI acquisition and respiration-gated analysis estimated
similar MTRasym values and standard deviations of the pixelwise
maps when the phantom box was stationary and when the
phantom box was moving. CEST MRI acquisitions without ret-

rospective respiratory gating analysis estimated considerably
different MTRasym values and standard deviations when the phan-
tom was held stationary compared with a moving phantom. In
addition, the mean MTRasym value with the standard CEST MR
acquisition was significantly higher than the mean MTRasym value
with the iteratively pulsed CEST acquisition for the stationary

Table 1. %MTRasym of Phantoms and Patients Diagnosed With Lung Cancer

Phantom or
Patient

Phantom Status
or Tissue Type

%MTRasym (Mean � Standard Deviation)

Standard
CEST MRI Iteratively Pulsed CEST MRI

Without Retrospective
Respiration Gating

With Retrospective
Respiration Gating

Phantom Stationary 9.5 	 2.0 4.1 	 0.9 3.7 	 0.8

Moving �5.7 	 21.7 �5.6 	 15.5 3.4 	 1.4

Patient 1 Tumor in mediastinum 2.5 	 1.9 0.1 	 1.2 1.0 	 1.4

Liver 0.8 	 32.8 �4.3 	 19.8 �1.8 	 3.4

Patient 2 Tumor in mediastinum 21 	 9.2 17.7 	 8.1 17.0 	 7.6

Tumor near collapsed lung �1.2 	 10.5 1.3 	 20.8 �3.1 	 5.4

Collapsed lung �9.7 	 23.1 3.0 	 11.2 �1.0 	 7.9

Liver �0.7 	 6.7 0.8 	 22.1 2.0 	 2.8

Patient 3 Tumor above heart �0.4 	 1.7 �3.2 	 27.8 �2.2 	 2.5

Liver �0.7 	 6.7 0.8 	 22.1 2.0 	 2.8

Figure 4. CEST MRI imaging of healthy volunteers. A reference image showed the location of the liver dome (A). When
analyzed without retrospective respiration gating, the MTRasym was heterogeneous throughout the liver (B, C). When using the
iteratively pulsed CEST MRI protocol with retrospective respiration gating, the results throughout the liver were relatively
homogenous (D). CEST spectra of the liver dome are shown with the standard acquisition method (E) and with iteratively
pulsed saturation without (F) and with (G) retrospective respiration gating analysis. The average MTRasym values of the liver
were similar for the 3 volunteers only when the iteratively pulsed CEST MRI protocol with respiration gating analysis was used
(H). Error bars represent the standard deviation of the distributions of pixelwise MTRasym values.
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phantom. This difference in mean MTRasym values was attributed to
the difference in the duty cycle during saturation. This finding
agreed with results observed in simulations.

Clinical Studies
Our clinical studies showed that iteratively pulsed CEST MRI
acquisition method with retrospective respiratory gating analy-
sis produced more precise MTRasym values compared with CEST
MRI acquisition methods without retrospective respiration gat-
ing. This improvement in MTRasym measurements was observed
for the liver of healthy subjects (Figure 4), as well as the tumor,
collapsed lung tissue, and liver of patients diagnosed with lung
cancer (Figure 5; Table 1). In the 3 healthy subjects, the standard
deviation of the MTRasym values of the pixels of the liver was
3.8%, 3.6%, and 3.9% with our respiration gated analysis meth-
od; 72%, 11%, and 32% with the standard CEST MRI acquisition
method; and 21%, 22%, and 17% with the iteratively pulsed
CEST MRI acquisition without respiration gating. In addition, in
the 3 patients diagnosed with lung cancer, the standard devia-
tion of the MTRasym values of the pixels of the liver was less with
our respiration gated method than with methods without respi-
ration gating, further showing the superiority of CEST MRI with
retrospective respiration gating in the liver.

The locations in the lung varied for the tumors in the 3
patients diagnosed with lung cancer. Tumors that moved signif-
icantly with breathing were measured with more precision by
using CEST MRI with respiratory gating compared with methods

without respiratory gating. Tumors that experienced only minor
lung motion showed comparable results with or without respi-
ration gating (patients 1 and 3).

To perform an exploratory clinical study, 4 patients with
lung carcinoma or mesothelioma were imaged with iteratively
pulsed, retrospective respiratory-gated CEST MRI before and
after treatment with radiation therapy and/or chemotherapy
(Figure 6; Table 2). Two patients were scanned before and after
radiation therapy alone, and 1 patient was scanned before and
after chemotherapy alone. One patient was scanned before and
after chemoradiation therapy and then again before and after
chemotherapy alone. From these 4 patients, 8 tumor sites were
analyzed before and after therapy. The initial MTRasym value
varied from �0.27% to 8.18% among the tumors, suggesting a
range in mobile protein content and/or pH among the tumors.
All 3 tumors that were treated with radiation therapy showed a
large increase in the MTRasym value after treatment, indicating
an increase in mobile protein content or an increase in tumor
pH. All 3 tumors when treated with chemotherapy alone showed a
small increase or decrease in MTRasym. One of the 2 tumors treated
with chemoradiation showed a large increase in MTRasym, whereas
the other tumor treated with chemoradiation showed a small
decrease in MTRasym. These results may indicate that CEST MRI
is more sensitive to radiation therapy than to chemotherapy. Fi-
nally, the increase in MTRasym was related to the initial MTRasym

value in 7 of the 8 tumors and treatments studied (Figure 6B),
suggesting that the initial MTRasym value may predict the mag-

Figure 5. CEST MRI of a patient with lung cancer. A reference image showed the location of 2 tumors (labeled as a
and b), as well as liver and a region of collapsed lung (A). When analyzed without respiration gating analysis, the
MTRasym value was heterogeneous throughout all regions (B, C). When using the iteratively pulsed CEST MRI protocol
with retrospective respiration gating, the results throughout the liver and collapsed lung tissue were relatively homoge-
nous (D). CEST spectra of tumor a are shown with the standard acquisition method (E) and with iteratively pulsed satura-
tion without (F) and with (G) retrospective respiration gating analysis. The average MTRasym values of the 4 tissue re-
gions are shown (H). Error bars represent the standard deviation of the distributions of pixelwise MTRasym values.
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nitude of the treatment-induced change in CEST MRI. Statistical
significance of these results was not evaluated, because this
exploratory study was intended to show feasibility for evaluat-
ing patients with lung cancer who were undergoing treatment,
regardless of the type of tumor or treatment. Therefore, these
results provide a foundation for future clinical studies that can
more robustly evaluate these initial observations.

DISCUSSION
We have established a protocol for performing retrospective
respiratory gating for CEST MRI of the lung in a clinically
relevant time frame of 3 minutes. Our protocol tracked respira-
tion during the acquisition of CEST MR images, and removed the
images that were acquired while the patient was not in the
quiescent phase of respiration. We demonstrated that slowly incre-
menting the saturation frequency is a viable solution to generate
CEST image contrast when a short 200-millisecond saturation

pulse is required to accommodate respiration. Our retrospective
respiratory-gated analysis method clearly improved the precision
of MTRasym measurements.

The MTRasym values of liver with our respiration gated CEST
MRI protocol were in good agreement with previously reported
values of liver MTRasym (28), whereas the results of the standard
method were different from those previously reported. We also
showed in phantoms and in vivo that the localization of MTR
contrast improved by the iteratively pulsed CEST MRI technique
with respiration gating, particularly near the interface between
tissues and between air and tissue. This type of air/tissue local-
ization is particularly relevant in the lung and liver. Our results
also showed that measurement precision is not improved with
our respiration-gated technique in tissues that are generally
stationary during respiration. This finding indicates that retro-
spective respiratory gating is only needed when the tissue of
interest is moving significantly during respiration.

Figure 6. CEST MRI of patients
undergoing treatment. The
%MTRasym increased after treat-
ment for 6 of the 8 tumors that
were studied (A). Larger changes
were observed following radiation
therapy than with chemotherapy.
The increase in %MTRasym was
directly related to the %MTRasym

before treatment (B). Circles repre-
sent tumors treated with radiation
therapy; squares represent tumors
treated with chemotherapy; trian-
gles represent tumors treated with
chemoradiation therapy.

Table 2. %MTRasym of Patients With Cancer Undergoing Treatment

Patient Type Treatment
Tumor
Label

Mean %MTRasym

Before
Treatment

After
Treatment

1 Stage IIIB lung adenocarcinoma 60 Gy, 30 fractions a 1.7 6.0

2 Stage IIIA Non-small cell lung
carcinoma

60 Gy, 30 fractions a 8.3 17.5

b 3.3 11.5

3 Stage IV sarcomatoid pleural
mesothelioma

40 Gy, 10 fractions and 6 cycles
of Alimta/carboplatin

a 4.9 13.0

c 0.5 1.1

9 cycles of Navelbine b 4.9 3.3

d 0.5 �0.5

4 Stage IV mesothelioma 6 cycles of Alimta/carboplatin a �0.3 1.2
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To implement our iteratively pulsed CEST MRI technique
with respiration gating for clinical imaging, we initially se-
lected a 20-mm-thick imaging section to ensure that the
tissue of interest remained in the section plane during imag-
ing. This spatial resolution is insufficient to measure small
lesions �8 mm in diameter, which comprise the majority of
lung lesions that are not immediately biopsied (29). To eval-
uate these smaller lesions, 3D imaging can be implemented
through extremely rapid imaging via CAIPIRIHNA (30), seg-
mentation of the 3D acquisition, partial k-space acquisition
methods (31), or parallel imaging techniques (32, 33).

Our decision to select images with a phase shift within 1
radian aided the retention of �30% of the images, resulting
in about 140 points in each CEST spectrum. This level of
spectral digitization was adequate for MTRasym analyses. Al-
though many other clinical CEST MRI research studies have

shown that the MTRasym parameter provides some diagnostic
value, MTRasym is sensitive to changes in both rNOE and APT,
which can confound the interpretation of changes in MTRasym

(6). Because we acquire a full Z-spectrum, future studies
could use a more rigorous and quantitative fitting technique,
such as fitting CEST spectra with Lorentzian line shapes (26)
or the Bloch–McConnell equations (20), or using machine
learning techniques that analyze CEST spectra (34). These
advanced analysis techniques can potentially evaluate CEST
spectra with fewer points. This would allow for a narrower
tolerance for the phase shift to be used, which would further
reduce the effects of respiratory motion on CEST spectra and
reduce the total scan time. Therefore, acquiring CEST spectra
with the iteratively pulsed CEST MRI acquisition method with
retrospective respiration gating may lead to multiple advan-
tages in future studies.
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