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Abstract
Chemical exchange saturation transfer (CEST) can offer information about protons associated
with mobile proteins through the amide proton transfer (APT) effect, which has been shown to
discriminate tumor from healthy tissue and, more recently, has been suggested as a prognosticator
of response to therapy. Despite this promise, APT effects are small (only a few percent of the total
signal); and APT imaging is often prone to artifacts resulting from system instability. Here we
present a procedure that enables the detection of APT effects in the human breast at 7 T while
mitigating these issues. Adequate signal-to-noise ratio (SNR) was achieved via an optimized
quadrature RF breast coil and 3D acquisitions. To reduce the influence of fat, effective fat
suppression schemes were developed that did not degrade SNR. To reduce the levels of ghosting
artifacts, dummy scans have been integrated into the scanning protocol. Compared to results
obtained at 3 T, the standard deviation of the measured APT effect was reduced by a factor of four
at 7 T, allowing for the detection of APT effects with a standard deviation of 1% in the human
breast at 7 T. Together, these results demonstrate that the APT effect can be reliably detected in
the healthy human breast with a high level of precision at 7 T.
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Introduction
Sensitive and specific imaging biomarkers are required for accurate diagnosis, evaluation of
therapeutic intervention, and monitoring of disease progression. An increase in the
sensitivity and specificity of imaging biomarkers has the potential to improve patient care.
MRI, owing to its flexibility for generating multiple contrasts within one set of imaging
experiments, has developed into one of the primary imaging techniques for assessing human
disease. While flexible and sensitive to certain pathologies, MRI is often non-specific for the
substrates of pathology.
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Chemical exchange saturation transfer (CEST) seeks to indirectly observe the exchange of
specific labile protons that are generally not detectable with standard MRI methods. As
such, CEST imaging may provide a more specific means to probe tissue composition
compared to conventional MRI. Unfortunately, the sensitivity of the MRI signal to these
protons can be quite low, especially at lower field strengths. High field CEST imaging offers
increased signal-to-noise ratio (SNR), increased spectral dispersion, and increased saturation
survival for a given power due to the prolongation of T1 with field strength; therefore, there
is a great deal of interest in developing CEST imaging at high field to overcome the
aforementioned sensitivity issues.

CEST MRI is unique in that it has the ability to assess amide protons of mobile proteins/
peptides [1] and hydroxyl moieties found in glycogen [2] and has recently been reported to
be sensitive to exchangeable protons found in GAG [3], glutamate [4], myoinositol [5], and
creatine [6]. Specifically, when considering the CEST effect that arises from protons
associated with the amide bond in proteins and peptides (so-called amide proton transfer or
APT), significant changes in the CEST effect have been reported in brain tumors [7] and
ischemic tissue resulting from stroke [8] when compared to healthy tissue [1]. Likewise,
Dula et al. [9] have shown that CEST MRI of the breast can anecdotally be related to
treatment response in patients with breast cancer after neoadjuvant chemotherapy. Lastly,
recent studies have shown the improvements in APT imaging that can be obtained at higher
field strengths [10-12], along with sensitivity to other exchange mechanisms, such as the
nuclear Overhauser effect (NOE) [10]; but to date, no studies have explored APT imaging of
the human breast in vivo at 7 T.

With a reported effect size of a few percent of the entire signal [1-11], SNR and signal
stability are crucial to any CEST measurement. Whole-body commercial MR systems have
evolved up to a B0 field strength of 7 T, which currently provides the highest theoretical
SNR available for in vivo human studies (i.e. intrinsic SNR is linearly related to B0). In fact,
recent reports have shown excellent CEST results can be obtained in the human brain at 7 T
[4-6, 10, 11], as both SNR is high and physiologic effects due to (for example) breathing,
are sufficiently small [13]. In addition, stronger effects have been reported in brain tumors
compared to healthy tissue with APT-CEST, thereby encouraging application of this
technique to cancer. Unfortunately, while physiologically-induced image instabilities are
minimal in the human brain [13], they can be substantial in body imaging, thus confounding
the ability to sensitively characterize the CEST effect. In particular, respiratory and cardiac
motion can produce up to 0.3 ppm of dynamic field distortions [14] in the human breast
causing more rapid dephasing of spins at higher fields. At 3 T, APT-CEST effects of 5 ± 5%
have been observed in the glandular tissue of the breast [9]; however, at higher field
strengths the impact of physiological motions are likely more challenging to combat and this
may counteract the increase in available SNR.

In this study, we demonstrate the first implementation of three-dimensional (3D) CEST
imaging of the human breast at 7 T. A sensitivity-optimized RF coil dedicated for breast
MRI at 7 T was used that resulted in a more than 5-fold gain in intrinsic signal sensitivity as
compared to 3 T [15]. In addition, a fat-suppressed, short-TE steady-state acquisition was
employed to maximize SNR and stability. The short TE minimizes spin dephasing as a
consequence of changing susceptibility effects over time, which reduces ghosting artifacts.
Likewise, the short TE maximizes SNR as T2 relaxation will be minimal over this time. The
fat suppression minimizes the signal intensities that will not provide a useful CEST effect,
but could provide ghosting artifacts. The resulting preliminary 7 T CEST measurements
(obtained in six healthy subjects) encourage the application of this technique in clinical
breast cancer studies for potentially improving the sensitivity and specificity in both the
diagnostic and prognostic setting.
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Methods
A 7 Tesla whole-body MR system (Achieva, Philips Healthcare, Cleveland, USA) was used
for all experiments. To ensure high SNR, a local transmit and receive quadrature breast coil
was used. Coil elements were mounted directly on a cup designed to fit a single breast [16].
Subjects were positioned prone with their right breast in the cup. A dedicated mattress was
designed that provided comfort and reduced motion artifacts. Six healthy female volunteers
participated (age: 39 ± 14 years), and the study was approved by the local institutional
review board.

Data Acquisition
CEST MRI acquisitions were obtained according to the following prescriptions. To ensure
sufficient RF irradiation bandwidth to overcome effects of dynamic field fluctuations due to
breathing, a train of RF pulses [7] was implemented rather than continuous wave irradiation
for the CEST preparation. A total of 200 Gaussian-windowed one-lobe sinc RF pulses of 10
ms each were used at a nominal flip angle of 180° for each subpulse [17]. At an RF
preparation duty-cycle of 50%, the irradiation duration was 4 s (200 repetitions of a 10ms
on, 10ms off paradigm), which is approximately twice the T1 relaxation of glandular tissue
at 7 T (i.e., 2.3 s [18]) and therefore provides substantial saturation. RF irradiation was
performed over 60 frequency steps: three at 1000 ppm offset from water (for normalization)
and 57 frequency steps ranging from −5 ppm to +9 ppm in 0.25 ppm increments. In one
subject, a z-spectrum was obtained with more sampling points (extending the range to +/
−100 ppm, using a total of 128 frequency offsets) to investigate, apart from NOE, the affects
of MT that contribute to z-spectrum in more detail.

Fat suppression was obtained using a water-selective, binominal RF excitation pulse train.
The optimal inter-pulse distance for fat suppression at 7 T is 0.5 ms (i.e. 1/2ΔσWF,where
ΔσWF is the difference in chemical shift between water and fat at 7 T); therefore, a 1-2-1 RF
pulse was employed to allow for a short in-phase TE of 2 ms. The TR of the chosen turbo
field echo (TFE) acquisition was set to a minimum value of 4 ms and the nominal excitation
was set to the Ernst angle of 3.6° (based on the estimated T1 for glandular tissue at 7 T [18]).
With a slab selective excitation of 72 mm and a field of view of (150 mm)2, two 600 ms
shots were needed to complete the 3D acquisition at a resolution of 3 × 3 × 6 mm3. To
minimize ghosting and blurring from the TFE readout, 30 startup excitations were applied
before k-space acquisition, which was obtained via a center-out trajectory. Each frequency
offset was performed in less than 10 s, resulting in an acceptable scan time of 5 minutes for
the CEST measurement.

As the B1 field of the breast coil is non-uniform, care was taken to ensure optimal SNR over
all of the glandular tissue. The short TR of the readout train combined with the long T1 of
glandular tissue tended to equalize the SNR over the volume: By matching the flip angle to
the Ernst angle within the area of the glandular tissue having the lowest B1 (lowest
sensitivity), the stronger B1 (closer to the coil) will cause more spin saturation while
acquired at higher sensitivity [19]. B1

+ maps were obtained at a fixed RF peak power setting
of 2.2 kW at the amplifier output for a nominal B1 max

+ of 30 μT using the actual flip angle
imaging (AFI) method [20]. The RF power setting was adapted based on these maps for
subsequent scans, using the flip angle setting to drive the B1

+ level at the center of the breast
until it matched the nominal angle. High-resolution MRI scans with minimized partial
volume effects were obtained with fat suppression to measure the SNR from the glandular
tissue and offer segmentation of glandular tissue. A fast field echo (FFE) was used with
binominal 1-2-1 water selective excitation at a TE of 3 ms and a TR of 6.7 ms at a nominal
flip angle of 10 degrees, which is approximately the actual Ernst angle at the lowest B1

+

level in the glandular tissue of the breast.
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Phantom measurements were obtained to investigate CEST spectral resolution, lipid
suppression, and system stability. A tube with 3% agarose and 10 mM creatine at pH = 7.4
was positioned in a cup that contained fat (lard). Fat suppression performance was assessed
by comparing the pixel intensities of the images obtained with the water-selective binominal
pulse to the ones obtained with a conventional slab-selective excitation. Rather than
obtaining spectra from an amide phantom, the CEST spectra of the creatine phantom
demonstrated that our spectral resolution and power are more than sufficient to detect a
narrow, faster exchanging amine lineshape at a an even smaller chemical shift (Δω = 1.9
ppm). Finally, the ghosting strength was assessed to investigate system stability in the
detection accuracy of CEST effects.

Data Analysis
The focus of the CEST experiments performed in this study was the amide proton resonance
at 3.5 ppm. Thus, following the analysis methods presented in [9, 10], after normalization by
the 1000 ppm acquisitions, we fit the CEST spectra as a function of offset frequency to a
single Lorentzian. The minimum of this fitted Lorentzian was used as the center (water)
frequency and voxel-wise spectra were shifted accordingly. Glandular tissue was then
segmented, and the residuals between the glandular tissue CEST data and fitted Lorentzian
were calculated. Note that successful fat suppression enabled application of a simple,
threshold based segmentation. To characterize the CEST effect around the amide proton
resonance, we averaged the residuals between the glandular CEST data and the Lorentzian
fit over 3 to 4 ppm, and the averaged value was reported as a percentage of the non-saturated
water signal (denoted herein as APT-CEST fraction). The mean and standard deviations of
APT-CEST fractions were calculated for each subject. Finally, to compare with
conventional asymmetry analysis, we also calculated the MTRasym according to Zhou et al.
[7].

Results
The B1

+ field of the breast coil resembles a uniform field over the coronal slices, while
substantially decaying in the anterior-posterior direction (Fig 1a). Over a 5 cm distance from
anterior to posterior, the B1

+ field decreases by 50% (Fig. 1b). At an RF power level of 1
kW, the minimum B1

+ level in the phantom reaches 60% of the nominal B1
+ of 30 μT, or 18

μT.

Since we expect a small CEST effect from the amide protons in the healthy glandular tissue,
signal stability must be adequate to discern CEST effects from the background noise.
Effective lipid suppression is seen with the 1-2-1 binominal excitation pulse (Fig. 2a-c). In
addition Fig. 2d-e shows that ghosting levels (Fig. 2d) are below the noise floor (Fig. 2e)
when using 30 dummy scans prior to image acquisition. Using the sequence employed in the
human volunteers, the CEST results in the creatine phantom (Fig. 3) show a well-resolved
CEST effect (Fig. 3a) with a residual peak at approximately 2 ppm offset from the water
resonance (Fig 3b). Apart from a substantial residual at the water resonance, the rest of the
residual spectrum remained less than 1%.

Three-dimensional, fat-suppressed MR images acquired with an isotropic resolution of 0.6
mm are shown for four volunteers in Figure 4. The average SNR obtained in the indicated
circles is 31 ± 4 and varies predominantly in the anterior-posterior direction. In addition,
excellent fat suppression is obtained over the entire breast despite the presence of large B0
and B1

+ variations. Note that although the density and distribution of glandular tissue varies
strongly between the subjects (see for instance subject one with a low dense breast
compared to subject 3 with a high dense breast), excellent fat suppression was achieved in
all cases.
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The overall z-spectrum, residual spectrum, and MTRasym averaged over all pixels from
glandular tissue are shown in Figure 5. Examination of the residual spectra (Fig 5b) shows a
clear residual not only at the APT chemical shift regime of 3.5 ppm, but also at −3.5 ppm,
which had been attributed to NOE [10]. The asymmetry between downfield and upfield
saturation effects demonstrates a 1% difference (3.5 ppm versus −3.5 ppm). The average
APT-CEST fraction from all pixels in glandular tissue for each volunteer was 4% ± 1%,
which included a contribution of MT (MT’). Compared to a different cohort imaged at 3 T
[9], the standard deviation of these APT-CEST residuals is 4-fold less (Fig. 6a) and the
mean value was slightly lower (1% lower). Note that at 3 T a different RF coil was used (16
channel), the spatial resolution was 2.5 × 2.5 × 5 mm3, the spectral range was −6 ppm to 6
ppm, irradiation was over 1 s, and the total scan time was 6 min and 42 sec. Over the slices
that are positioned in the anterior-posterior direction (i.e., the direction of largest B1+
deviation ranging from 70% to 140% of the nominal B1

+ setting), no substantial difference
in APT-CEST fraction was observed (Fig 6b).

Discussion and conclusion
In this effort, we have demonstrated that high quality saturation spectra including APT-
CEST and MT can be reliably obtained in the breast at 7 T. While significant APT effects
have been reported at 7 T in human tumors, these data have only been obtained in the brain
[7]. Recently, APT-CEST has been examined in human breast cancer at lower field strength
(3T) and showed that, while APT-CEST was not statistically distinct from healthy tissue, the
APT-CEST temporal evolution during neoadjuvant chemotherapy suggests a possible
relationship to treatment response [9]. Unfortunately, the variance of these measurements at
3 T was large (i.e., approximately 5%), thereby limiting the ability to discern subtle changes
during, for example, first-line therapy. It is well known that the CEST effect should be
enhanced at higher field strengths. In addition, high field provides an increase in SNR. Thus,
we have presented our initial experiences with CEST imaging of the breast at 7 T and have
also shown that there is a four-fold reduction in the variance of the observed APT-CEST-
MT’ effect compared to previous results obtained at 3 T.

Importantly, the CEST imaging performed in this study utilized a number of optimized steps
to enhance signal stability and maximize the available SNR. It should be noted that we used
a sensitivity optimized RF coil to survey each breast unilaterally. The sensitivity-optimized
RF coil used at 7 T has been shown to improve SNR by a factor of five when compared to a
standard RF coil at 3 T [15]. It should also be noted that no SENSE or other acceleration
was used, while the TE was kept short (~2 ms) to minimize losses due to T2* and ghosting
from dynamic field variations. Also, as the CEST data depends on establishing a steady-
state, we performed 30 dummy scans to assure a consistent steady state signal intensity.
Lastly, the Ernst angle was chosen for the area in glandular tissue that had the lowest B1

+.
While the non uniform B1+ effects CEST contrast, the contrast to noise can still remain
uniform as described by Stehouwer et al. [19] and indicated by minimal variance of CEST
effects over the slices (Fig 5b). Based on the average SNR of 31 in the high-resolution MRI
of the breasts, the SNR of the lower-resolution CEST data, excluding potential instability
effects, is approximately 500:

CEST MRI is sensitive to physiological effects, sequence parameters and inconsistencies.
For example, the CEST effect has been shown to be sensitive to the B1+ field [17]. This is
an important fact because the dependency on B1

+ is different for different exchanging
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groups such that an alteration in the B1
+ may elicit more contrast from slower (or faster)

exchanging species. However, depending on the saturation method used, the B1
+ field

dependence can be minimized. For APT-CEST, we are interested in the slowly exchanging
amide protons (i.e., kex < 300 s−1), and it has been previously shown that optimal CEST
effects can be obtained at an effective B1

+ of approximately 1 μT [17]. Interestingly, in our
study, the effective nominal B1

+ was also 1 μT, yet the APT-CEST-MT’ effect did not
diminish substantially over the slices where B1

+ levels differed by a factor of two, indicating
robustness to B1

+ inhomogeneity, in agreement with earlier work [21].

One of the known confounding aspects of CEST imaging is that, for most preparations, the
CEST effect is contaminated with MT and direct saturation effects. Additionally, there can
be resonance overlap of exchanging proton moieties. Thus we chose to focus our attention
on minimizing the impact of lipids, motion, and physiological fluctuations on the CEST
acquisition, while recognizing that the effect that is observed is small.

It should be pointed out that the method for analysis of the CEST effect utilized in our study
was that of a single Lorentzian. Using this method, we observed a similar residual spectra to
that of Jones et al. [10] where a broad resonance centered at Δω = +3.5 ppm is opposite, yet
slightly larger than the broad resonance centered at Δω = −3.5 ppm. We expect that the
former is a combination of the MT and APT effect, while the latter has been reported to be
an NOE exchange phenomena [10]. There are several drawbacks to the Lorentzian fitting
procedure. First, the Lorentzian fit seeks to provide a baseline reflective of only the direct
saturation spectra, thus the APT-CEST residual does not remove MT effects like the
MTRasym method can, especially at higher saturation powers. Additionally, the Lorentzian
fit can also be poor near the water resonance as it assumes that the saturation near the water
resonance is driven only by direct saturation, when we know that the CEST spectra near the
water resonance results from a combination of both rapidly exchanging hydroxyl protons [5]
and direct saturation effects in vivo. Using lower saturation powers may reduce the effects
of MT and rapidly exchanging hydroxyl protons [10].

While the Lorentzian method has some limitations, it is important to mention its virtues as
well. In the case of breast imaging, asymmetry measures are often confounded by not only
NOE effects, but also from lipid contamination. In our study, we were able to minimize the
impact of fat using a 1-2-1 binomial pulse. Examination of Figure 5 reveals that, even in the
absence of lipid components, a significant baseline offset for all non-APT signals in the
MTRasym is present; yet for the Lorentzian fit, a close to zero baseline can be achieved. It is
important to note that the quantification of the CEST effect using either Lorentzian or
asymmetry measures only results in an approximate estimation of the CEST effect and
further studies need to be implemented to examine the impact of contaminants on the
observed CEST effect.

The CEST experiment presented herein can likely be further optimized. For breast studies,
in order to optimize CEST acquisitions going forward, a sophisticated fit at multiple RF
powers would need to be provided where the estimated concentrations and observed
exchange rates could be calculated. However, from a pragmatic standpoint, other
improvement in quantifying the CEST effect at the APT chemical shift may be feasible at 7
T as well. A possible approach is to employ a recently developed CEST method that isolates
the rotational component of exchanging protons, the so- called chemical exchange by
rotation transfer (CERT [22]). CERT has the feature of being able to discriminate slow from
fast exchanging compounds. Note, however, that while the SNR can be sufficient at 7 T for
these techniques, stability may need to be considered. Although the standard deviation is as
low as 1%, it is higher than expected given the SNR, suggesting instabilities or physiologic
variations. Each acquired 3D imaging set was obtained during a large fraction of the
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breathing cycle. The resulting large, dynamic field variations (as large as 0.3 ppm [14, 23])
could yield significant temporally varying ghost levels of similar magnitude to the APT
effect. In the data obtained in this study, no navigators [24], field probes [13, 24], nor
dynamic shimming [13, 14] were applied, all of which could further improve the stability in
APT measurements in the breast at 7 T.

Finally, when comparing our results to those obtained by our group at 3 T, it was noticed
that the lower field strength measurements were more variable. Apart from the difference in
field strength that can contribute to this variance, spatial resolution, RF coil setup, and
irradiation time were also different. At 3 T, a 16 channel bilateral coil setup was used
compared to a 2 channel unilateral setup at 7T. Consequently at 3 T, sense acceleration was
applied resulting in slightly higher spatial resolution (2.5 mm × 2.5 mm ×.5 mm) compared
to 7 T (3 mm × 3 mm × 6 mm). In addition, the irradiation time (1 s) at 3 T was less than
used at 7 T (4 s), which does not saturate the spins to 100% even though T1 is substantially
less at 3 T. Finally, a different cohort was studied at 3 T. However, note that the variance
between subjects is similar to the variance within subjects, which suggests that the standard
deviation is mainly caused by SNR and stability rather than physiologic differences in CEST
effects. Apart from this SD difference, the APT-CEST fraction also had a higher mean value
compared to our 7 T measurements. It is not expected that the exchange rate or
concentration differs as a function of field strength; therefore, these phenomena may be
related to the pulse sequence parameters, a sensitivity difference, or a relatively reduced
inclusion of MT’ effect. We propose that this elevation at lower field may also result from
poorer spectral resolution, which may result in a more significant overlap of resonances that
could artificially inflate the observed CEST effect. This is an area of active investigation.

In conclusion, APT-CEST imaging can be obtained from glandular tissue in the human
breast at 7 T at a high level of precision (4 ± 1%), although contamination from MT is
included in this value. Together, this work suggests that it may be possible to use this
technique to increase sensitivity and specificity in both diagnostic and prognostic settings.
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Abbreviations

APT Amide Proton Transfer

CEST Chemical Exchange by Saturation Transfer

Glu Glutamate

SNR Signal to Noise Ratio

TE Echo time

TR Repetition time

AFI Actual Flip angle Imaging

FFE Fast Field Echo

CERT Chemical Exchange by Rotation Transfer
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Figure 1.
B1+ map (a) obtained from the phantom at 7T using an RF power setting of 1kW at the coil
port for a nominal B1 of 30 μT. Over a range of 5 cm in anterior posterior direction, a 2-fold
variance in B1 is observed with an almost linear spatial profile (b).
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Figure 2.
System performance measurements reflecting effects of lipid suppression and pre-scans in
optimizing signal stability. The fat saturation technique of water selective excitation
provides a significant reduction of signals from lipid tissue when comparing conventional
excitation (a, intensity profile in c) with binominal excitation (b, intensity profile in c). In
addition, potential ghosting levels (d) can be reduced even more as reflected by the
comparison of 30 additional startup-scans (e) before image acquisition.
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Figure 3.
CEST spectrum obtained from the creatine phantom (a). Using the 10 ms Gaussian-
windowed one-lobe sinc 180 degree RF pulses in the saturation train with a sampling
interval of 0.25 ppm clearly identifies a CEST effect at about 2 ppm offset from the water
resonance (note that the temperature of water was 20 degrees less than in vivo, hence
shifting the water resonance position by 0.2 ppm). Subtracting the CEST spectrum from a
simple Lorentzian fit (b), normalized to the 1000 ppm offset irradiation data, the creatine
peak is fully resolved, while a relatively small residual is observed from directly saturated
water.
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Figure 4.
3D high resolution (0.6 mm isotropic acquired resolution) images obtained from the right
breast of healthy volunteers, including fat saturation. Note the relatively uniform pixel
intensities of the glandular tissue with a smooth decay in anterior posterior direction. The
SNR obtained from glandular tissue at the indicated circles was 37.4, 30.1, 30.8 and 26.6
respectively.
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Figure 5.
Results of z-spectrum (a) averaged over the glandular tissue of one subject. After subtraction
of the spectrum from its Lorentzian fit (from −5 to 9 ppm), positive signals on both sides of
the water resonance can be seen reflecting, apart from a small contribution of MT (MT’),
APT (shaded area) and NOE effects respectively (b). The asymmetry with respect to the
water resonance is less than 1%, with an observable dip around 3.5 ppm (c). Note though
that dynamically changing susceptibility effects during the acquisition of the CEST
spectrum can reduce the spectral resolution, the stability of detection remains high as can be
observed in the close to 0.1% noise in the CEST asymmetry spectrum (c).
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Figure 6.
APT results obtained at 7T from glandular tissue in breasts compared to results obtained at
3T (a) and analyzed for spatial variance (b). A significant reduction in standard deviation
(dashed lines) is observed comparing the 7T results (6a, left) to 3T (6b, right), while the
average of all fit-residuals at the APT-CEST fraction (lines) remains similar (i.e. 0.04 at 7T
and 0.05 at 3T) (a). An example of spatial distribution of APT values within a slice of
subject 4 is shown (b, inset). Even between the coronal slices (averaged over all subjects)
that each have experienced a different B1 level, no significant variation in APT effects can
be observed (b).
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