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ABSTRACT
Purpose: The aim is to evaluate the effectiveness of timed breathing in reducing respiratory motion artifacts in renal chemical
exchange saturation transfer (CEST) MRI and to assess potential differences in CEST effects between renal compartments.
Methods: An electro-pneumatic phantom with a kidney CEST model simulated variable respiratory motion and
sequence-synchronized breathing. Motion-induced deviations from a static reference were quantified using the mean abso-
lute error (MAE). Ten healthy volunteers (six females, four males; 25.2± 1.9 years) and one patient (47 years) with ccRCC
(3.0× 2.2× 2.2) cm3 were examined on a 3 T MRI system using a multi-echo gradient echo sequence with 15 Gaussian-shaped sat-
uration pulses (B1 = 1.5 μT, tp = tipd = 100 ms). CEST effects in cortex, medulla, and pelvis at 1.0, 2.0, and 3.5 ppm were quantified
by MTRasym analysis under timed and free-breathing conditions.
Results: Timed breathing reduced motion artifacts in both phantom and in vivo data. MTRasym analysis exhibits visibly
distinguishable and significantly different (p< 0.05) CEST effects in renal compartments, with increased MTRasym values of
(0.78%± 0.41%) at 1.0 ppm in the cortex, (1.43%± 0.70%) at 2.0 ppm in the medulla, and (−2.02%± 0.84%) at 3.5 ppm in the pelvis.
Significant differences (p< 0.05) in MTRasym values were observed between the patient and the healthy cohort.
Conclusion: Timed breathing improves renal CEST MRI by reducing motion artifacts and enabling detection of
compartment-specific CEST effects, highlighting its potential for biochemical characterization of renal tissue in clinical
applications.

1 | Introduction

Functional magnetic resonance imaging (fMRI) is increasingly
used in the medical assessment of the kidney as it can detect
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pathophysiological changes and visualize clinically relevant pro-
cesses that cannot be detected by morphological imaging tech-
niques [1]. Chemical exchange saturation transfer (CEST) imag-
ing represents a novel MRI method in the field of renal imaging
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and has the potential to complement established methods with
metabolic information in clinical diagnostics [2, 3].

CEST imaging is based on the exchange of protons between water
molecules and specific metabolites, proteins, or peptides [4]. This
technique is of particular interest in the field of renal imaging, as
the functionally distinct compartments of the kidney are associ-
ated with a range of metabolic processes. In the cortex, blood is fil-
tered through ultrafiltration, and the resulting ultrafiltrate is con-
centrated in the proximal tubules of the medulla through reab-
sorption, before being excreted via the renal pelvis [5]. Metabo-
lites such as urea, glucose, creatine and creatinine play key roles
in these processes, and their proton exchange with water can be
detected using CEST MRI [6].

CEST-MRI uses frequency-selective saturation pulses to satu-
rate protons in certain metabolites that reduce the signal of the
water after proton exchange [4]. This frequency-dependent signal
reduction becomes visible in a Z-spectrum and allows the indirect
detection of molecular groups.

Glucose, urea, and citric acid typically exhibit exchange effects
around 1.0 ppm relative to the water resonance [6]. Glucose has
another exchangeable proton bound that can be excited together
with creatine at about 2.0 ppm [6]. Metabolites containing amide
groups can be detected around 3.5 ppm [6, 7]. These amide pro-
tons are of particular interest due to their increased contribution
in tumors and their pH-sensitive exchange rates [8, 9].

Preclinical studies suggest that renal pH changes, may serve
as early indicators of chronic kidney disease (CKD) [10], renal
obstruction [11], and acute kidney injury [12]. Since the kidney
plays a central role in maintaining the body’s acid-base balance
[13], pH mapping via amide proton transfer (APT)-CEST could
offer valuable insights into renal function. Furthermore, histolog-
ical findings by Tostain et al. [14] on clear cell renal carcinomas
showed an increased expression of proteins that enable a neutral
pH value in the acidic microenvironment of the tumor and thus
promote the proliferation, migration, and invasion of cancer cells.
These findings point to the potential of renal APT-CEST imaging
for assessing kidney health and tumor classification [15] or tumor
activity.

However, these potential clinical applications of renal CEST
imaging are associated with challenges [3]. A central problem
in MRI examinations of native kidneys remains motion
caused by respiration. Primarily, respiratory motions in the
superior–inferior direction affect the accuracy of the acquired
Z-spectra, as they are not only metabolically dependent, but
also depend on the position of the tissue. These motion-induced
changes in the CEST signal can be misinterpreted as metabolic
activity [16].

Breath-hold techniques offer a simple way to reduce motion
but are not suitable for CEST MRI due to the long sequence
duration and numerous required frequency offsets. Image-based
corrections, such as morphing kidneys between respiratory
states, are hampered by CEST-specific contrast changes and the
high manual effort required. Jones et al. [17] proposed a ret-
rospective method to reduce motion artifacts in lung CEST,
using iterative short saturation pulses and excluding images

outside the exhaled state, identified via k-space phase differ-
ences in a liver-dome ROI. Although this binning approach effec-
tively reduced observed motion artifacts, the iterative satura-
tion resulted in lower observed CEST effects compared to stan-
dard saturation, which could represent a potential limitation for
renal CEST imaging where we expected small CEST effects [7].
Chen et al. [18] introduced a respiratory-triggered approach for
liver CEST by shortening the saturation period to fit within one
breathing cycle, which improved homogeneity but yielded small
CEST effects without validation using a static reference. A timed
breathing strategy was previously proposed by Robson et al. [19]
in the context of ASL imaging, in which participants synchro-
nized their breathing with image acquisition to reduce motion
artifacts. This approach has since been further evaluated in dif-
ferent renal CEST studies [20–24]. Wang et al. [23] reported a
significant improvement in image quality for APT-CEST using
this timed breathing approach. Further, Wang et al. [24] demon-
strated significant differences between healthy and malignant
tissue in clear cell renal cell carcinoma (ccRCC) patients, high-
lighting the potential of renal CEST imaging for tumor charac-
terization. The authors do not report any compartment-specific
differences in CEST effects, despite physiologically expected vari-
ations in metabolic processes. These differences may arise from a
combination of factors, including Z-spectrum sampling strategy,
signal averaging, saturation parameters, and physiological influ-
ences such as hydration [25]. However, optimizing saturation
parameters for renal CEST imaging is challenging, as validated
simulation parameters are only rarely reported in the literature.
Moreover, the timed breathing approach has not yet been system-
atically evaluated in the context of CEST imaging.

To address this issue, this feasibility study employed an in-house-
developed electro-pneumatic phantom simulating sequence-
synchronized kidney motion to validate the timed breathing strat-
egy as a motion-reduction approach for renal CEST MRI. The
phantom setup enables direct comparison of motion-affected
data with a static ground truth, which is challenging to obtain
in vivo, and allows systematic investigation of the feasibility and
effects of applying the saturation module during the active phase
of the respiratory cycle. In vivo Z-spectra with 80 frequency off-
sets were acquired in healthy volunteers under both timed and
free-breathing conditions to assess exchange processes at 1.0, 2.0,
and 3.5 ppm. To assess the clinical relevance of motion reduction
and to explore the potential of renal CEST MRI in detecting
pathology-related metabolic differences, measurements were car-
ried out in a patient with ccRCC under both breathing conditions.

2 | Methods

2.1 | Sequence Parameters

All measurements were performed on a 3 Tesla MRI sys-
tem (Siemens Magnetom Prisma, Siemens Healthineers, Erlan-
gen, Germany), using an 18-channel body- and a 32-channel
spine-coil (Body 18 SlideConnect and Spine 32 DirectCon-
nect, Siemens Healthineers, Erlangen, Germany) in combina-
tion. To obtain T2-weighted morphological reference images a
half-Fourier acquisition single-shot turbo spin echo (HASTE)
sequence was used. CEST measurements were conducted using
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TABLE 1 | Sequence parameters of the morphological images and the CEST images.

Morphological images CEST images

Sequence type HASTE GRE-CEST
Echo time 99.0 ms 2.5 ms, 3.7 ms
Repetition time 1200.0 ms 5.4 ms
Flip angle 92.0˚ 15.0˚
In-plane FOV (380.0× 380.0) mm2 (380.0× 380.0) mm2

Voxel size (0.7× 0.7× 5.0) mm3 (3.0× 3.0× 5.0) mm3

Slices 20 1
Acquisition bandwidth 698 Hz/pxl 1220 Hz/pxl
Saturation (B1, tpd, tipd, np) — 1.5 μT, 100 ms, 100 ms, 15
Frequency offset — ±5.00 ppm
Number of frequency offsets — 80
Averages 1 3
Acquisition time 24 s 14 min 36 s

Note: The CEST saturation parameters were abbreviated as follows: B1 (mean amplitude), tpd (pulse duration), tipd (interpulse duration), np (number of pulses).

an in-house-developed multi-echo gradient echo sequence with a
pulsed presaturation module. The CEST sequence was developed
using the IDEA framework (versions VB17/VE11C, Siemens
Healthineers, Erlangen, Germany) [26]. The parameters of the
saturation module were selected based on prior experimental
optimization, with the duty cycle maintained at a relatively low
level to minimize potential SAR issues given the 100 ms satura-
tion duration per pulse. The respective sequence parameters are
listed in Table 1. The reference signal for normalizing the CEST
signal was acquired at a frequency offset of 300 ppm. Two echoes
were acquired to implement fat suppression in postprocessing
using a two-point Dixon method [7]. The saturation phase dura-
tion was 2.9 s, followed by an image acquisition of 0.7 s, resulting
in a total sampling time of 3.6 s per image, which corresponds to
a sampling rate of approximately 16.7 images per minute.

2.2 | In Vitro Measurements

An in-house-developed electro-pneumatic phantom was used
to investigate respiratory motion effects in CEST imaging
(Figure 1A). The phantom experiments were inspired by Jones
et al. [17] study design. The phantom allows periodic transla-
tional motion of a container holding the 3D-printed kidney-CEST
model (.stl-file can be provided on request). The phantom con-
tainer, frame, and cover for coil placement were fabricated from
5 mm transparent PMMA plates and assembled with acrylic
screws. Motion is guided by a custom 3D-printed linear rail
and driven by a double-guided pneumatic cylinder. Compressed
air is supplied to the pneumatic cylinder from outside the
MR room via hoses and regulated by an electronically con-
trolled valve. A Raspberry Pi running a Python script switches
the valve periodically, enabling simulation of different respi-
ratory cycles. The 3D-printed kidney model (Figure 1B) was
filled with 1% phosphate-buffered agarose (ROTI Cell PBS pH
7.4 and ROTI Agarose, Carl ROTH GmbH & Co. KG, Karl-
sruhe, Germany). The choice of metabolites and their concentra-
tions in the different compartments was guided by physiological
considerations and WEX-Studies of CEST metabolites in urine

[6], given the limited availability of comprehensive quantitative
data on compartment-specific CEST-active metabolite distribu-
tions in kidney tissue. The cortex was filled with 100 mM glu-
cose (d(+)-glucose monohydrate, Carl ROTH GmbH & Co. KG),
reflecting the high perfusion of this compartment [5] and the
known contribution of glucose to the CEST effect in blood [6, 27,
28]. The medulla contained 200 mM creatinine (anhydrous, Alfa
Aesar, Haverhill, Massachusetts, USA), which was used instead
of creatine due to the thermal instability of creatine [29] dur-
ing agarose preparation. Both compounds exhibit CEST effects
in the similar frequency range [6]. For the pelvis, the phosphate
buffer was titrated to pH 5.8 using di-potassium hydrogen phos-
phate and potassium dihydrogen phosphate, and the compart-
ment was filled with 2 M urea (Carl ROTH GmbH & Co. KG).
This choice was based on expected CEST effect of urea connected
with urine [6, 30] and on preclinical evidence suggesting that the
renal pelvis typically exhibits a lower pH [31]. Agarose was addi-
tionally added around the model to minimize susceptibility arti-
facts. Overall, the metabolite selection and concentrations were
chosen to ensure a different detectable CEST contrast between
compartments, while the primary purpose of the phantom was
to demonstrate the feasibility of respiratory-motion simulation
rather than to exactly replicate kidney metabolism. The velocity
of the periodic linear motion was set to approximately 10 cm/s
via pneumatic throttles. To analyze the results of the CEST mea-
surements as a function of the breathing rate, the motion ampli-
tude of 10 mm was set, corresponding approximately to the renal
displacement observed in previous studies [32, 33]. Motion fre-
quency varied between [8.0:2.0:20.0] bpm [34] with an ampli-
tude of 10 mm and with amplitudes of 5, 10, and 15 mm during
sequence-synchronized movement. The corresponding inhale
and exhale dwell times were set to 1/3 and 2/3 of the breath period
respectively [35]. To implement sequence-synchronized move-
ment of the phantom, a microphone was attached to the acti-
vated audio console (Figure 1D), and a motion cycle was triggered
whenever the gradient-induced sound level during acquisition
exceeded a predefined intensity threshold. A breathing cushion
was installed to monitor the motion (Figure 1C) and the body coil

2196 Magnetic Resonance in Medicine, 2026
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FIGURE 1 | Image collage of the experimental setup for in vitro measurements. For the in vitro measurements, an electro-pneumatic phantom with
a 3D-printed kidney CEST model was constructed (A). The kidney model (B) was filled with CEST metabolites and was moved during image acquisition.
Motion was monitored using a respiratory cushion installed at the end of the motion rail, which was compressed by the foam during translation (C).
Image acquisition was performed with the body coil mounted on the phantom and spine coil in combination (D). For timed motion, the control unit
was triggered by the acquisition sound from the MRI console (subfigure in D).

was installed above the kidney model (Figure 1D). B0 inhomo-
geneities were minimized by manual shimming. The shim setting
was not changed during all in vitro experiments.

2.3 | In Vivo Measurements

In the vivo measurements, 10 healthy volunteers (six females,
four males, mean age 25.2± 1.9 years) and one patient (male,
47 years) with a (3.0× 2.2× 2.2) cm3 histologically confirmed
ccRCC were examined with the same sequence protocol as in
in vitro measurements. Since the right and left kidneys showed
comparable motion in the coronal plane across an entire cohort
(study by Song et al. [32] with 10 volunteers; right: 8.9± 3.7 mm;
left: 8.48± 3.04 mm), the right kidney was selected to enable
precise placement of the image plane through the respective
kidney and to ensure comparability between healthy subjects
and the patient whose right kidney was affected by ccRCC.
Written informed consent was obtained from all participants and
the study was approved by the local ethics committee (Ethics
Committee, Medical Faculty of the Heinrich-Heine-University
Düsseldorf; healthy controls: study number 2022-1913_1,
patient: study number 2022-1913). All subjects were positioned

head-first in the supine position. A breathing cushion monitored
abdominal motion to determine the breathing rate. A manual
shim was performed to minimize B0 inhomogeneities. All sub-
jects were examined twice with the CEST sequence. In the first
CEST measurement, the volunteers were asked to breathe freely.
For the second measurement, the subjects were instructed to
time their breathing in accordance with the image acquisition
of the CEST sequence. The image acquisition was audible to the
volunteers as a loud buzzing noise, while the saturation phase
was audible as clicking noises. During the saturation phase,
the volunteers were allowed to breathe, while maintaining
their exhaled state during image acquisition, to minimize the
influence of breathing on the CEST image series.

2.4 | Postprocessing

Data postprocessing and results visualization was conducted with
in-house developed Python 3.10 scripts. Respiratory motion was
quantified in vivo by liver-lung boundary [17, 32] or phantom
edge displacement within a ROI placed at the liver dome or
phantom edge. The lung liver boundary and the phantom edge
were identified using an edge detection algorithm (Figure 2A).

Magnetic Resonance in Medicine, 2026 2197
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FIGURE 2 | Methodology for analysis of breathing motion and breathing frequency. A rectangular ROI at the liver dome (A1) was cropped filtered
with a median filter (A2) and gradient filter (A3), and the lung–liver boundary was identified from summed row intensities (A4). Frame-to-frame
displacements (A5) were used to calculate the mean absolute respiratory motion (A6). The normalized respiratory signal (B1) from the breathing
cushion was thresholded (blue area, B2), and crossings were identified (green dots). From these, reference indices were selected (orange dot, B3) using
a continuity condition. Each breathing period was calculated by every second reference index (blue bullets, B4), from which the average respiratory
frequency was calculated (B5, B6).

The edge detection algorithm cropped the segmented ROI at
the lung-liver interface and applied a 3× 3 median filter (using
the SciPy [36] built-in function ndimage.median_filter()) to sup-
press small structures, such as bronchi or vessels, that could
be erroneously detected as edges. Column-wise derivatives were
then calculated using second-order accurate central differences
(using the NumPy [37] built-in function numpy. gradient()). The
row-wise sums were calculated, and the maximum sum was
taken as the lung–liver edge position. The breathing rate was
determined in postprocessing by analyzing the periodicity of the
breathing cushion signal (Figure 2B). The open-source software
fmri-physio-log [38] was used to import and read out the respira-
tory cushion data.

To register the HASTE images on a CEST image in the exhaled
state and segment ROIs for cortex, medulla, pelvis, liver dome
and ccRCC tumor, the open source software ITK snap [39] was
used. The segmentation was performed by A.L. (radiologist,
10 years of experience).

For fat suppression water-only-images were calculated using the
Dixon method and retained for CEST analysis [7]. A Gaussian
filter (𝜎 = 0.75) was applied to the water-only-images to reduce
the influence of image noise [40]. B0-inhomogeneity was cor-
rected by interpolating the Z-spectrum in 0.01 ppm steps using
a local tangent (0.5 ppm interval) and realigning to the spectral
minimum, following the Z-spectrum-based correction approach
recommended by Chen et al. [18]. The magnetization transfer
ratio asymmetry (MTRasym) was used to quantify the CEST effect
in the Z-Spectra. The MTRasym calculation approach is based on
the method described by Jones et al. [17] and uses the normal-
ized signal intensity S at the frequency offset Δ𝜔, which is deter-
mined by a linear fit of the data points in the Z-spectra within
the interval [Δ𝜔 ± 0.5]. Outgoing from the fitted slope 𝑚 and
intersection 𝑏, the signal intensity 𝑆 at Δ𝜔 was determined by
𝑆(Δ𝜔) = 𝑚 ⋅ Δ𝜔 + 𝑏. Afterwards, MTRasym was calculated by

MTRasym(Δ𝜔) =
𝑆(−Δ𝜔) − 𝑆(Δ𝜔)

𝑆0

pixel wise at 1.0, 2.0, and 3.5 ppm, as the exchange of glucose,
creatine, creatinine, urea, and APT protons is expected in these
frequency offsets [6, 7].

2.5 | Statistics

2.5.1 | In Vitro Statistics

The mean absolute error (MAE) was used to quantify the devi-
ation between data with motion and static ground truth. To cal-
culate the MAE, the ROI-averaged MTRasym(Δ𝜔) in the results
𝑋(𝐴,𝑓 ) (with motion amplitude𝐴 and frequency 𝑓 ) and the results
in the static ground truth results 𝑌(GT) were considered.

𝑋(𝐴,𝑓 ) =
{

MTRasym(1.0 ppm;Cortex),MTRasym(1.0 ppm;Medulla),

MTRasym(1.0 ppm;Pelvis), . . .

. . . , MTRasym(3.5 ppm;Medulla),MTRasym(3.5 ppm;Pelvis)
}

(𝐴,𝑓 )

=
{

MTRasym (Δ𝜔; 𝑟 )|Δ𝜔 ∈ {1.0 ppm, 2.0 ppm, 3.5 ppm},

𝑟 ∈ {Cortex,Medulla,Pelvis}}(𝐴,𝑓 )

𝑌(GT) =
{

MTRasym (Δ𝜔; 𝑟 )|Δ𝜔 ∈ {1.0 ppm, 2.0 ppm, 3.5 ppm},

𝑟 ∈ {Cortex,Medulla,Pelvis}}(GT)

Accordingly, the MAE for each experiment (𝐴, 𝑓 ) was calcu-
lated by

MAE(𝐴, 𝑓 ) = MAE
(
𝑋(𝐴,𝑓 ), 𝑌(GT)

)
= 1

9

9∑

𝑖=1

|
|
|
𝑋(𝐴,𝑓 )

𝑖

− 𝑌(GT)
𝑖

|
|
|
.

Fisher transformation and standard deviation were used to cal-
culate 95% confidence intervals.
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2.5.2 | In Vivo Statistics

The normal distribution of the averaged MTRasym values in the
healthy subjects was tested for the cortex, medulla and pelvis
using a Shapiro–Wilk Test (𝛼 = 0.01). The ROI averaged MTRasym
values of the ROIs with timed and free breathing were then
compared using a paired t-test with Bonferroni correction. The
ROI averaged MTRasym values of the patients were compared
to the healthy subjects using a one-sample t-test with Bonfer-
roni correction. Significance levels were defined by (****) for
p≤ 0.0001, (***) for 0.0001< p≤ 0.001, (**) for 0.001< p≤ 0.01,
(*) for 0.01< p≤ 0.05, and not significant (ns) for 0.05< p. All
statistical analyses were performed using the Python library
SciPy [36, 41].

FIGURE 3 | Bar chart to validate the timed motion. To validate timed
breathing with a static ground truth, the MTRasym values for ROI and
MTRasym offset were averaged respectively in vitro and the Mean Absolut
Error (MAE) to the ground truth (GT) were calculated. The results of the
timed motion are highlighted in green and those with different motion
periods are highlighted in red. Fisher transformation and standard devi-
ation was used to calculate 95% confidence intervals.

3 | Results

3.1 | In Vitro Results

The experiments with the timed motion up to an amplitude of
10 mm show the lowest MAE compared to the experiments with a
fixed motion period (Figure 3). The measurements with 16.0 bpm
show maximum MAE, while 8.0 bpm shows the minimum MAE
for periodic motion.

The in vitro Z-spectrum and MTRasym curves between static
(Figure 4B) and timed measurement (Figure 4C) show a simi-
lar profile. In the Z-spectrum of the cortex with timed motion, a
slight decrease in the observed CEST effect is visible compared
to the static measurement. The exemplary periodic motions of
8.0, 12.0, and 16.0 bpm (Figure 4D–F) are characterized by nois-
ier Z-spectra, and the resulting MTRasym curves exhibit distinct
pseudo-CEST effects. Due to free movement, the position of the
normalized image differs at 300 ppm, resulting in a different nor-
malization of the Z-spectrum at 8 bpm (Figure 4D).

In the MTRasym maps in Figure 5A, the individual kidney model
compartments are visible in the static measurement and with
timed motion. In timed motion, a MTRasym gradient is visible
along the direction of motion. At motion frequencies of 8.0 and
16.0 bpm, cluster-like MTRasym artifacts appear which are visu-
ally related to the structure of the renal CEST model. At 12.0 bpm,
the MTRasym maps show CEST effects in the shape of the kid-
ney model without depicting the compartments and increased
MTRasym values in the pelvis.

The phantom edge could be correctly identified and the images
assigned to the correct positions in the respiratory profile
(Figure 5B). At 8.0 and 16.0 bpm, the image acquisition shows
aliasing effects in which successive images are acquired in groups
in the same breathing state. The positions in which the phantom
is acquired change more frequently at 12.0 bpm.

FIGURE 4 | Segmentation and an exemplary Z-spectra in vitro. Morphological image (top left) was registered to CEST images in exhaled position,
and segmentations were performed for cortex (blue), medulla (green), and pelvis (red) in the kidney CEST model. Furthermore, a ROI was segmented at
the phantom edge (white) to monitor the motions in the CEST images. The Z-spectra of the exemplary selected pixels (wedges in HASTE images) show
a correlation between static measurement (top center) and timed motion (top right). For periodic motions of 8.0, 12.0, and 16.0 bpm (corresponding
order below), discontinuous Z-spectra and pseudo-CEST effects are discernible in the MTRasym curves.
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 15222594, 2026, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

rm
.70210 by U

niversitäts- U
nd L

andesbibliothek D
üsseldorf, W

iley O
nline L

ibrary on [04/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



FIGURE 5 | In vitro MTRasym maps and motion profile section. In (A) the determined B0 inhomogeneities and corresponding MTRasym maps are
shown for the static measurement, timed motion and periodic motion frequency of 8.0, 12.0, and 16.0 bpm and 10.0 mm motion amplitude (correspond-
ing order from top to bottom). Based on the recorded cushion signal (blue solid line) and acquisition time tag (orange dot) in (B), the CEST images were
assigned to the motion states. For each CEST image, a ROI was analyzed at the phantom edge (image section in gray scales) and the phantom edge (red
horizontal line) was detected using an edge detection algorithm.

FIGURE 6 | Segmentation and an exemplary Z-spectrum in vivo. Morphological images were registered to the exhaled CEST images and segmen-
tations were performed for cortex (blue), medulla (green), pelvis (red) and ccRCC (yellow) for a healthy subject (A) and a patient with ccRCC (D).
The Z-spectra of the exemplary selected pixels (wedges in A and D) with timed breathing are shown, for the healthy volunteer (B) and the patient (E)
respectively. The same pixels are shown with free breathing for the healthy volunteer (C) and the patient (F).

3.2 | In Vivo Results

The averaged respiratory motion in the CEST images was
significantly reduced with timed breathing (p< 0.0001),
decreasing from (10.0± 4.3) mm to (2.0± 1.2) mm. The average

free breathing rate was (12.1± 2.8) bpm and was adapted to
(16.4± 0.4) bpm with timed breathing.

With free breathing, the Z-spectra (Figure 6C,D) show a pro-
nounced scattering of the data points, and the resulting MTRasym

2200 Magnetic Resonance in Medicine, 2026
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FIGURE 7 | In vivo MTRasym maps and breathing profile section. In (A) the B0 inhomogeneity and corresponding MTRasym maps are shown for
timed breathing and free breathing frequency in a healthy volunteer (top) and a ccRCC patient (bottom) with outlined ROIs (black). Based on the
recorded respiratory cushion signal (blue solid line) and acquisition time tag (orange dot) in (B), the CEST images were assigned to respiratory states. For
each CEST image, a ROI was analyzed at the liver dome (image section in gray scales) and the lung-liver boundary was detected using an edge-detection
algorithm (red horizontal line).

FIGURE 8 | Violin plot of the in vivo MTRasym results. The ROI averaged MTRasym values by healthy volunteers at 1.0 (A), 2.0 (B), and 3.5 ppm (C)
with timed (blue) and free (red) breathing were statistically compared using a paired t-test. Significance levels were defined by (****) for p≤ 0.0001, (***)
for 0.0001< p≤ 0.001, (**) for 0.001< p≤ 0.01, (*) for 0.01< p≤ 0.05, and (ns) for 0.05< p.

curves are noisy. Using timed breathing significantly reduces
this scatter, resulting in smoother Z-spectra and MTRasym pro-
files (Figure 6B,D). This improvement is particularly notice-
able in the cortex and medulla, while it is less pronounced in
the pelvis.

The B0 inhomogeneity profile is not discernible in the MTRasym
maps with timed breathing (Figure 7A). Structures of the

medullary pyramids and the renal pelvis are visible in the
MTRasym maps of the healthy volunteer obtained with timed
breathing. These structures appear blurred under free breath-
ing conditions. Increased MTRasym values at 2.0 ppm in the
upper cortex suggest motion-related artifacts. Compared to
the MTRasym maps of the healthy volunteer with timed
breathing, the structural details in the patient appear less
distinct.

Magnetic Resonance in Medicine, 2026 2201
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The breathing profiles (Figure 7B) confirm that the image
acquisition was correctly perceived and that motion in the
CEST image series was effectively reduced by timed breath-
ing. With free breathing, images were acquired in the exhaled
and inhaled states, and the motion of the lung–liver boundary
is evident.

The Shapiro–Wilk Test confirmed a normal distribution of ROI
averaged MTRasym values in the healthy volunteers (Figure 8).
With timed breathing, there is a significant difference (p≤ 0.01)
in the MTRasym values at 1.0 ppm between the medulla, cor-
tex, and pelvis, which are not significant with free breathing
(Figure 8A). At 2.0 ppm there is a significant difference in the
MTRasym values between the cortex, medulla and pelvis with
timed breathing (p≤ 0.01) (Figure 8B). There is no significant
difference in MTRasym values at 3.5 ppm between the cortex and
pelvis (Figure 8C). The MTRasym difference at 3.5 ppm between
the cortex and medulla, as well as medulla and pelvis, is signif-
icant both with timed breathing (p≤ 0.001) and free breathing
(p≤ 0.05).

At 1.0 ppm MTRasym values with timed breathing of the
ccRCC are significantly increased compared to the mean val-
ues of the healthy subjects in the cortex (p≤ 0.0001), medulla
(p≤ 0.001), and pelvis (p≤ 0.0001). These significant differ-
ences are not obtained with free breathing. A significantly
increased MTRasym value at 2.0 ppm of ccRCC compared to
the healthy subjects was found with timed breathing in the
cortex (p≤ 0.001), medulla (p≤ 0.01), and pelvis (p≤ 0.0001).
The MTRasym value at 3.5 ppm of the ccRCC was signifi-
cantly increased compared to the healthy subjects in the cor-
tex (p≤ 0.0001), medulla (p≤ 0.01), and pelvis (p≤ 0.0001).
With timed breathing, significantly increased MTRasym values
in the kidney compartments were obtained between healthy
subjects and patients, except for the medulla at 2.0 ppm
(Table 2).

4 | Discussion

The methodology for timed breathing was successfully evalu-
ated in an electro-pneumatic phantom. The in vivo MTRasym
maps with timed breathing revealed contrast differences that
could be assigned to distinct renal compartments, demonstrat-
ing the potential of CEST MRI to visualize different renal
metabolic processes. The patient pilot study indicates that renal
CEST imaging may provide metabolic information related to
pathological changes.

Our phantom study highlights the challenges associated with
developing and applying existing respiratory correction methods
in renal CEST imaging. The retrospective exclusion of images
acquired outside a defined respiratory state, as proposed by Jones
et al. [17], can lead to signal gaps in the Z-spectrum, resulting
in pseudo-CEST effects. This is evident when comparing data
acquired at 8 and 16 bpm to a static reference. The gaps in the
Z-spectrum can be explained by the fact that successive images
often occur in similar respiratory states, which gradually change
over time when there are only minimal deviations between the
motion frequency and the sampling frequency (see Animation,

Supplemental Digital Content 2, which interactively simulates
image acquisition along a sinusoidal breathing curve). This effect
can be mitigated when the sampling frequency is not close to
the motion or respiratory frequency, as suggested by our phan-
tom results at 12 bpm. In this case, the overall MTRasym profile is
largely preserved, albeit with increased instability. This instabil-
ity could likely be reduced by increasing the sampling density, as
implemented in the iterative saturation approach by Jones et al.
[17]. However, iterative saturation has been reported to reduce
the observed CEST effect [17], raising concerns as to whether the
contrast differences detected in the present study would remain
observable under iterative saturation.

Timed breathing reduces motion artifacts without compromising
the CEST effect and can be implemented vendor-independently.
Nevertheless, residual motion remains, related to other phys-
iological processes such as intestinal and ureteral peristalsis
or arterial pulsation [7], which cannot be compensated by
timed breathing. Fluid-induced motion is suggested in the renal
pelvis, where the Z-spectrum and MTRasym curves show less
improvement with timed breathing, which may be attributed to
urinary flow.

Previous studies [18, 21, 23] on abdominal CEST imaging have
primarily focused on conducting saturation and acquisition
during the exhaled phase of the breathing cycle. While this
approach minimizes motion, it limits the saturation duration.
In our study, saturation was applied during active breathing. No
motion-related artifacts were observed in vivo, although phantom
experiments showed deviations between timed motion and the
static ground truth. We hypothesize that differences in the static
magnetic field during saturation between the moving and static
states may lead to these discrepancies, as the observed deviations
in MTRasym resemble the field inhomogeneity profile. However,
since such patterns were not evident in the in vivo data, the prac-
tical relevance of this effect observed in vitro for in vivo CEST
imaging appears limited. Nevertheless, we recommend that this
potential limitation be taken into account in future developments
of respiratory-triggered CEST sequences, for instance through
improved shim homogeneity or developing suitable correction
methods.

Our patient results align with Wang et al. [24], who reported
increased APT-CEST in ccRCC and also reinforces their used
timed breathing approach for motion reduction, as free-breathing
acquisitions may lead to misinterpretation of metabolic infor-
mation [16]. Their used timed breathing approach differs
slightly from our used approach; Wang et al. [24] used explicit
breathing commands, whereas in our approach participants
synchronized breathing directly to the acoustic cues of the
sequence (saturation “clicking” vs. acquisition “buzzing”). The
timed breathing protocol by Wang et al. [24] used a 10 s cycle
(≈6 bpm), near the physiological lower limit [34] and poten-
tially demanding for the subjects (especially for dyspneic
patients), thus restricting Z-spectrum sampling. We therefore
suggest adapting the timed breathing protocol to natural respi-
ration rates to improve comfort and thus spectral resolution in
Z-spectra.

Timed Breathing effectively pursues the same approach as
navigator-based techniques (i.e., image acquisition in the exhaled
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TABLE 2 | MTRasym results in the in vivo study.

MTRasym (%) Healthy collective (n= 10) ccRCC patient (n= 1)

Offset (ppm) ROI Free Timed Free Timed

1.0 Cortex 0.53± 1.30 0.78± 0.41 1.17± 2.63(ns) 1.38± 1.25(**)

Medulla 0.57± 1.56 1.20± 0.42 0.87± 1.62(ns) 1.71± 0.86(*)

Pelvis 0.32± 2.19 −0.09± 0.42 0.60± 1.94(ns) 0.50± 1.75(**)

ccRCC — — 1.39± 1.43 2.17± 0.63
2.0 Cortex 0.15± 0.76 0.70± 0.83 0.99± 1.75(*) 1.54± 1.26(*)

Medulla 0.46± 0.88 1.43± 0.70 1.09± 1.25(ns) 2.06± 0.81(ns)

Pelvis −0.41± 1.75 −0.39± 0.58 0.82± 1.83(ns) 0.60± 1.87(**)

ccRCC — — 1.11± 0.73 2.49± 0.70
3.5 Cortex −1.43± 0.77 −1.09± 0.71 −0.25± 1.64(**) 0.23± 1.27(***)

Medulla −0.67± 0.77 −0.07± 0.58 0.35± 1.02(**) 1.07± 0.57(***)

Pelvis −1.70± 1.00 −2.02± 0.84 −0.63± 1.99(*) −1.23± 2.09(*)

ccRCC — — 0.48± 0.99 1.04± 0.42
Note: Significant differences between the patient and the healthy collective were determined using a one-sample t test for both timed and free breathing. In the healthy
collective, the error was calculated using the standard error of the mean. The error in the patient’s results was determined using the standard deviation of the MTRasym
values measured in the respective ROI. Significance levels were defined by (****) for p≤ 0.0001, (***) for 0.0001< p≤ 0.001, (**) for 0.001< p≤ 0.01, (*) for 0.01< p≤ 0.05
and (ns) for 0.05< p.

state) which has been shown to be effective for motion reduction
in other renal MRI applications [32, 42–44]. Nevertheless, our
observations indicate that some residual motion may persist in
timed-breathing image series, likely related to peristaltic activ-
ity. Therefore, combining timed breathing with postprocessing
motion correction could potentially improve the mitigation of
motion beyond the translational motion of the kidney caused by
respiration. In this context, Wang et al. [24] have emphasized an
structural mutual information (SMI)-based registration approach
[45], which could be further evaluated in future CEST studies.

To the best of our knowledge, no study has examined endoge-
nous CEST contrast between native kidney compartments. Thus,
the observed differences can only be hypothesized based on phys-
iological findings. A physiological suggestion for the increased
CEST effect of (0.78%± 0.41%) in the healthy cortex at 1.0 ppm
could be that the renal cortex receives about 90% of the renal
blood flow [5] containing about 3.9–5.6 mM glucose [28], which
shows a CEST effect around 1.2 ppm [6]. The observed MTRasym
values of (1.43%± 0.70%) in the medulla at 2.0 ppm may reflect
creatinine enrichment through the glomerular filtration [5, 6]. In
addition, creatine, alanine, glutamine, and allantoin are expected
metabolites in the kidney and could contribute to the increased
MTRasym value at 2.0 ppm [6]. Due to the MTRasym calculations
and a potential nuclear overhauser effect (NOE) at −3.5 ppm
[46], the MTRasym maps at 3.5 ppm may reflect a superposi-
tion of APT-CEST and NOE effects. As the MTRasym values at
3.5 ppm are negative in some kidney compartments, it can be
assumed that the NOE effect is more dominant than the physi-
cal proton-exchange-based CEST effect in these areas. Since both
mechanisms are pH-dependent [8, 9, 47], the observed contrast
differences may reflect varying pH values across renal compart-
ments, consistent with findings from preclinical [31] and ini-
tial human Iopamidol-CEST studies [48] showing pH differences
between cortex and medulla.

In addition to increased MTRasym values in the patient compared
to the healthy cohort, renal compartments appear less distinctly
and with a global rather than lesion-specific increase of MTRasym.
A potential explanation for these findings may be paraneoplastic
metabolic alterations associated with ccRCC, such as enhanced
lactate metabolism [49], which can also be assessed using CEST
imaging [50], or pH changes mediated by the expression of pro-
teins such as carbonic anhydrase 9 [14]. Furthermore, altered dif-
fusion properties of the kidney in the context of ccRCC [15, 51]
may facilitate a global manifestation of these metabolic changes,
potentially accounting for the observed results.

Our study has limitations that are worth noting. First, when com-
paring the MTRasym values, it should be noted that the CEST
effect may not be influenced by metabolite concentration and
exchange only, but also by the T1 relaxation time [52]. In the
kidney, longer T1 times were measured in the medulla than in
the cortex [53], which could provide different MTRasym values.
Although a lower pH value in the medulla is expected [31], this
should, in turn, reduce the CEST effect of for example, creati-
nine [6]. These contradictory influences require further study,
as T1 correction methods have not yet demonstrated any signif-
icant differences [18] in abdominal CEST and its relevance in
renal imaging remains unclear. Secondly, our phantom only par-
tially reflects in vivo conditions, as real kidney motion involves
complex deformation and differences in shimming limit compa-
rability with in vivo experiments. The implementation of a more
homogeneous shim is challenging due to the material-related,
geometric construction and associated susceptibility properties
of the phantom. Third, our in vivo study included a small, mostly
young cohort and one patient, limiting broader applicability, as
timed breathing requires substantial compliance and can be chal-
lenging for renal patients with shortness of breath.
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The clinical use of timed breathing with the current sequence is
limited by its long acquisition time (14 min 36 s). Nevertheless,
our results indicate that extending saturation into the active respi-
ratory cycle is feasible without visible artifacts, which may be rel-
evant for the development of future CEST sequences. To the best
of our knowledge, this study is the first to demonstrate significant
CEST contrast between individual renal compartments, high-
lighting the potential of metabolically sensitive renal imaging to
differentiate healthy from pathological tissue. In the future, pro-
tocol optimization using CEST simulations for kidney-relevant
metabolites [6], the adaptation of denoising methods [40, 54]
to improve signal efficiency, alternative sampling strategies [55,
56] and the implementation of fast 3D CEST sequences, such as
snapshot-CEST [57, 58] may enable faster and clinically feasible
renal CEST imaging.

5 | Conclusion

The phantom enabled successful validation of the timed breath-
ing approach for motion reduction in renal CEST imaging and
revealed potential methodological limitations. This study demon-
strates the feasibility of renal CEST imaging by minimizing res-
piratory motion. Preliminary measurements in a ccRCC patient
emphasize the importance of motion reduction in CEST data for
a potential clinical application of renal CEST imaging.
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Supporting Information

Additional supporting information can be found online in the Sup-
porting Information section. Supplemental Digital Content 1. phan-
tom.mp4. The supplementary video shows exemplary the motion of
the electro-pneumatic phantom with the installed breathing cushion
and kidney CEST model. Supplemental Digital Content 2. sam-
pling_animation.html. The HTML file is an interactive animation illus-
trating image acquisition during a CEST scan along a regular sinusoidal
breathing curve.
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