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The combination of hyperpolarized Xe with chemical exchange saturation transfer (Hyper-CEST) is a powerful NMR
technique to detect highly dilute concentrations of Xe binding sites using RF saturation pulses. Crucially, that com-
bination of saturation pulse strength and duration that generates the maximal Hyper-CEST effect is a priori un-
known. In contrast to CEST in proton MRI, where the system reaches a steady-state for long saturation times,
Hyper-CEST has an optimal saturation time, i.e. saturating for shorter or longer reduces the Hyper-CEST effect. Here,
we derive expressions for this optimal saturation pulse length. We also found that a pulse strength, B1, correspond-
ing to five times the Xe exchange rate, kBA (i.e.B1 = 5 kBA/γ with the gyromagnetic ratio of 129Xe, γ), generates directly
and without further optimization 96% of the maximal Hyper-CEST contrast while preserving spectral selectivity. As a
measure that optimizes the amplitude and the width of the Hyper-CEST response simultaneously, we found an op-
timal saturation pulse strength corresponding to

ffiffiffi
2

p
times the Xe exchange rate, i.e.B1¼

ffiffiffi
2

p
kBA=γ. When extremely

low host concentration is detected, then the expression for the optimum saturation time simplifies as it approaches
the longitudinal relaxation time of free Xe. Copyright © 2015 John Wiley & Sons, Ltd.
Additional supporting information may be found in the online version of this article at the publisher’s web site.
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INTRODUCTION

Dissolved xenon (Xe) binds non-covalently to various binding
sites or hosts and continuously undergoes exchange for many
of these systems, including synthetic macromolecular hosts
and protein cavities (1,2). The well-studied Xe encapsulating mol-
ecule cryptophane can be functionalized for biological relevant
targets and acts as a Xe biosensor (3,4). However, a high biosen-
sor concentration is required for direct Xe NMR detection. Using
the sensitive chemical exchange saturation transfer (CEST) with
hyperpolarized xenon (Hyper-CEST) MRI technique, which com-
bines chemical exchange saturation transfer with hyperpolarized
Xe (5), extremely dilute bound Xe signals can be measured com-
pared with direct NMR. Many different Xe biosensors have been
developed, with detection limits down to the nano and pico mo-
lar regimes. Such Xe biosensors include genetically encoded gas
vesicles (6), perfluoroctyl bromid nano emulsion (7,8), bacterial
spores (9) or cryptophanes (10–12). It is noteworthy that
cryptophanes can further sense biomembrane fluidity (13). How-
ever, build-up of the measured Hyper-CEST effect is complex and
relies on the specific Xe-host system properties and the applied
saturation pulse strength and duration. For the case of proton
(1H)-CEST, there have been numerous analytical studies that in-
vestigated the conditions for CEST signal build-up (14–18). How-
ever, for the case of Hyper-CEST it has not been fully
investigated. In particular, the combination of saturation pulse
strength and duration that generates the maximal Hyper-CEST
effect has not been reported.
Here, we propose optimal saturation pulse parameters for a

maximum, but still spectrally narrow, Hyper-CEST effect using
continuous-wave (cw) saturation for dilute Xe host systems. We
demonstrate our method on the well studied Xe-host system
cryptophane-A monoacid (CrA) in dimethyl sulfoxide (DMSO).

We provide evidence that saturation times longer than our pro-
posed optimal time reduce the Hyper-CEST effect. Additionally,
we demonstrate that the CEST effect should be built up on a
time-scale faster than the competing longitudinal relaxation of
free Xe, TA1 , i.e. saturation times exceeding TA1 make the detected
effect increasingly ineffective.

MATERIALS AND METHODS

Data fitting

All simulations, calculations and fitting routines were imple-
mented and performed in Matlab 7 (The Mathworks, Natick,
MA, USA) on a standard desktop PC (64 bit, 8 cores each at
2.80 GHz, 4 GB RAM), as described in (22).

Full qHyper-CEST results

The full quantitative Hyper-CEST (qHyper-CEST) results in the section
on quantification of Xe exchange dynamics by qHyper-CEST

* Correspondence to: L. Schröder, ERC Project BiosensorImaging, Leibniz-Institut
für Molekulare Pharmakologie (FMP), 13125 Berlin, Germany.
E-mail: lschroeder@fmp-berlin.de

M. Kunth, C. Witte, L. Schröder
ERC Project BiosensorImaging, Leibniz-Institut für Molekulare Pharmakologie
(FMP), 13125 Berlin, Germany

Abbreviations used: CEST, chemical exchange saturation transfer; CrA,
cryptophane-A monoacid; cw, continuous-wave; DMSO, dimethyl sulfoxide;
FHC, full Hyper-CEST; Hyper-CEST, chemical exchange saturation transfer with
hyperpolarized xenon; qHyper-CEST, quantitative chemical exchange satura-
tion transfer with hyperpolarized nuclei; RF, radio-frequency; SLM, standard
liters per minute; Xe, xenon.

Rapid communication

Received: 16 January 2015, Revised: 6 March 2015, Accepted: 18 March 2015, Published online in Wiley Online Library: 21 April 2015

(wileyonlinelibrary.com) DOI: 10.1002/nbm.3307

NMR Biomed. 2015; 28: 601–606 Copyright © 2015 John Wiley & Sons, Ltd.

601



and Fig. 1 were as follows: longitudinal relaxation time of free
Xe, TA1 ¼ 125 ± 26ð Þ s; transverse relaxation time of free Xe,
TA2 ¼ 2:6 ± 0:2ð Þ s; fractional size of pool B, fB= (13.4±0.4) × 10

�4;
exchange rate, kBA = (317 ± 17) s–1; relative chemical shift,
Δδ=� (165.18 ± 0.01) ppm; binding constant, KA = (29 ± 2) M–1;
and occupancy of β = 6%.

Sample preparation

Samples were prepared by dissolving cryptophane-A monoacid
(CrA, provided by Kang Zhao, Tianjin University, China) into di-
methyl sulfoxide (DMSO) at room temperature to a concentra-
tion of [CrA] = 50μM.

Hyperpolarization and 129Xe delivery

Hyperpolarized Xe was generated in continuous-flow mode (0.35
SLM (standard liters per minute) using a custom-designed
polarizer (31,32) with a Xe gas mix ((2/10/88 vol.– % Xe/N2/He),
129Xe natural abundance 26.4 %) at a total pressure of
p= 4.5 atm. This set-up achieves ca. 25% Xe spin hyperpolariza-
tion via spin-exchange optical pumping with rubidium atoms.
A 150W cw laser (795 nm, 0.5 nm bandwidth, QPC Lasers) is used
for excitation of the rubidium valence electron. The hyper-
polarized gas mix is bubbled for 13 s at a flow rate of 0.1 SLM
into the sample, followed by a 2 s delay in order to allow the
bubbles to collapse and subsequent signal acquisition. The Xe
concentration in DMSO, assuming Xe saturation, was [Xe]
= 2340μM ([Xe] = L pXepc/(0.0254 L/mM), with an Xe Ostwald
solubility coefficient in DMSO of L = 0.66 L/atm and Xepc = 0.02).

NMR experiments

NMR experiments were performed on a |→B0| = 9.4 T NMR wide-
bore spectrometer (Bruker Biospin, Ettlingen, Germany)
equipped with gradient coils for imaging. All samples were mea-
sured at room temperature (T= 295 K) by using the variable tem-
perature unit to maintain stable conditions. RF excitation and
detection were achieved with a 10mm inner-diameter double-
resonant probe (129Xe and 1H). The B1 field inhomogeneities
can significantly affect the CEST quantification and these must
be known. However, as shown in (22), B1 field inhomogeneities
are negligible for our micro-imaging system. 129Xe Hyper-CEST
MRI scans were obtained with a 129Xe Hyper-CEST echo-planar
imaging pulse sequence (10) with the following parameters: Fou-
rier acceleration 1.68; double sampling; echo time 5.7ms; acqui-
sition time 19.8ms; no smoothing filter was applied to the
images. Image geometry parameters were as follows: field of
view 20× 20mm2; matrix size 32 × 32; in-plane resolution
625× 625μm2; slice thickness 20mm. The saturation pulse
strengths and durations used are given in the figure captions.
We performed the qHyper-CEST analysis based on the imaging
series that yielded z-spectra from region-of-interest averaged
signals containing pixels in each MRI scan.

THEORY

The time evolution of the detectable macroscopic magnetization
of an exchanging two-pool spin system with interaction under
application of a (selective) saturation pulse (continuous-wave
RF pulse) with a specific strength, B1, and for a certain time, tsat
(saturation duration), is described by the Bloch–McConnell

equations (19,20). We follow a powerful analytical approximation
of the Bloch–McConnell equations for the case of Hyper-CEST:
the full Hyper-CEST (FHC) solution (21), describing the detected
Hyper-CEST signal for a saturation frequency offset, Δω, relative
to the detection resonance of free Xe as

Hyper�CEST signal Δω; B1; tsatð Þ ¼ 1� e�λdepol Δω;B1ð Þtsat [1]

with the Lorentzian line shaped Xe depolarization rate

λdepol Δω; B1ð Þ ¼ C Δωð Þ

þ
λon-res B1ð ÞΓ B1ð Þ2

4
Γ B1ð Þ2

4
þ ΔωB Δωð Þ þ x0 B1ð Þð Þ2

[2]

The saturation frequency offsets relative to pools A and B are
ΔωA,B(Δω) =Δω� δωA,B, with δωA,B being the resonance fre-
quencies of both pools in Hz, or, normalized with the Larmor
frequency, ωgas, to ppm: δA,B = δωA,B /ωgas. The longitudinal and
transverse relaxation rates of unbound Xe, RA1;2 , determine the
baseline C(Δω). Excessive saturation pulse strength, B1, might im-
pact the position of the maximum CEST response, x0(B1).
However, with some reasonable assumptions this shift away
from the true resonance frequency of bound Xe, δωB, approxi-
mates 0 (see Supplementary Material S1). The Xe exchange rates
from free to bound state and from bound to free state are kAB
and kBA, respectively. They obey the law of initial magnetization
conservation, kAB = kBA(M0,B/M0,A). The fractional size of pool B, fB,
is the ratio of bound and free Xe. In the limit kBA≫RB2 (with RB2
denoting the transverse relaxation rate of bound Xe), the
Lorentzian line shaped Xe depolarization rate, λdepol, on-
resonant with the bound Xe signal, reduces to (21,22)

λon-res B1ð Þ ≈ f B kBA
γ B1ð Þ2

γ B1ð Þ2 þ k2BA
[3]

with the gyromagnetic ratio of Xe (γ/(2π) =� 11.77 MHz/T). In the
same limit, the full width at half-maximum of the depolarization
rate is (21)

Γ B1ð Þ ≈ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γ B1ð Þ2 þ k2BA

q
[4]

Similarly to Equation [2], an even more general framework has
been developed for 1H-CEST, where λdepol = R1ρ= Reff + Rex, with
longitudinal relaxation rate of the detection pool in the rotating
frame R1ρ, effective relaxation rate Reff and exchange-dependent
relaxation rate in the rotating frame Rex (14,23). Also here the Rex
part should be dominant through the saturation pulse in order
to produce a CEST effect before the Reff part intrinsically cancels
the total signal. For 1H-CEST analysis, it has also been shown that
it is beneficial to remove the steady-state signal (24) or to per-
form the measurement in the transient state (14). In contrast to
1H-CEST, Hyper-CEST is special, since a negligible steady-state
amplitude exists and the system is always in the transient state.
Thus, this work aims to find the conditions to encode the CEST
effect rapidly enough before the steady state, i.e. vanishing ther-
mal magnetization, is reached. By looking at Equation [1], the ex-
perimental parameters for a specific saturation frequency, Δω,
straightforwardly influencing the Hyper-CEST signal are the satu-
ration pulse strength, B1, and duration, tsat. In the following,
using Equations [3] and [4] we derive guidelines for the determi-
nation of useful saturation pulse parameters that allow efficient
Xe depolarization.
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RESULTS AND DISCUSSION

Quantification of Xe exchange dynamics by qHyper-CEST

To determine the unknown parameters in Equations [3] and [4],
we characterize the fundamental Xe exchange dynamics using
the qHyper-CEST method (22) (Fig. 1). For our sample of
[CrA]= 50μM inDMSOat T=295K,we calculated aXe concentration

in solution of [Xe] =2340μM (see Materials and Methods section).
The relevant parameters quantified by qHyper-CEST were the
longitudinal relaxation time of free Xe, TA1 ¼ 125 ± 26ð Þ s, the
fractional size of pool B, fB= (13.4±0.4) ×10

–4, and the exchange
rate, kBA = (317 ± 17) s–1. They agreed well with previously
reported results (22). For the sake of completeness, all
qHyper-CEST results are given in the Material and Methods
section.

Saturation pulse-strength optimization

We investigate the maximal depolarization rate, λon-res, as
given by Equation [3] with the values quantified by qHyper-
CEST in the previous subsection and calculate the Xe-host
system intrinsic maximum saturation transfer onto free Xe to
be fBkBA = 0.425 s–1 in the limit of infinitely high saturation
pulse strength (i.e. B1→∞). In a generalized case, λon-res can
be plotted as a function of the unitless parameter B1γ/kBA
(see top x-axis label in Fig. 2(b)–(d)). Using this scale, we derive
the following general regimes for the behavior of the Xe
depolarization rate:

• B1≫ kBA/γ: then λon-res≈ fB kBA reaches the maximum possible
depolarization rate.

• B1 = kBA/γ: then λon-res = (fB kBA)/2 is 50% of the maximum pos-
sible depolarization rate.

• B1≪ kBA/γ: then λon-res≈ (fB / kBA)(γ B1)
2, which is parabolic in

saturation pulse strength, B1.

In the high strength regime (B1≫ kBA/γ; also referred to as the
strong-saturation power or full-saturation limit (23)), all Xe that
binds to CrA is already saturated and higher strength is

Figure 2. Optimal saturation pulse strength. (a) Simulated Hyper-CEST z-spectra using the FHC solution (21) with simulation parameters as given in the
qHyper-CEST section. The saturation pulse strengths were B1 = {1 (green; A), 5 (blue; B), 10 (red; C), 20 (black; D) and 50 (orange; E)} μT, while the sat-
uration time was 5 s and the same for all. The resonance frequency of bound Xe is indicated by the gray dashed line, for which the data points corre-
sponding to the Xe depolarization rate are shown in (b). Note that, between 20 and 50 μT, the difference in on-resonant Hyper-CEST response is small
but the loss of spectral selectivity is significant. The system intrinsic maximum depolarization rate (red dashed line) is given by fBkBA (i.e. B1→∞).
Already half of the maximal depolarization rate (i.e. 50%) is reached at the point of inflection at B1 ¼ kBA=γ ∼ 4:3 μT (gray dashed line). However,
96% of the maximum possible depolarization rate is reached for B1 ¼ 5 kBA=γ ∼ 21:4 μT. Panel (c) shows the full width at half-maximum of the depolariza-
tion rate, Γ, with respect to the saturation pulse strength, B1. The y-intercept is Γ B1→0ð Þ ¼ 2 kBA ∼ 634 s-1 . Whereas the vertical gray dashed line marks
B1 = kBA/γ, the diagonal black dashed line illustrates linearly increasing line broadening without an exchange contribution. (d) The ratio of the maximal de-
polarization rate and its full width at half-maximum, λon-res /Γ, as a function of B1 shows a distinct maximum forB1 ¼

ffiffiffi
2

p
kBA=γ ≈ 1:4 kBA=γ (gray dashed line).

Figure 1. qHyper-CEST analysis of [CrA] = 50 μM in DMSO at T = 295 K
by simultaneously fitting z-spectra obtained from the Xe MR image series
with the full Hyper-CEST (FHC) solution (solid lines) for multiple z-spectra
having saturation pulse strengths, B1, and times, tsat, such that B1/tsat = {10/2
(green), 5/5 (blue), 7/10 (red)} μT/s.

SATURATION PULSE CONSIDERATIONS FOR EFFICIENT XENON DEPOLARIZATION
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unnecessary. In this case, further increases in the saturation
strength only serve to broaden the z-spectra resonances, causing
a loss of spectral resolution. To illustrate this, we simulated
Hyper-CEST z-spectra using the FHC solution (21), with simula-
tion values as quantified in the previous qHyper-CEST section
and the saturation parameters given in Fig. 2(a). Note that, be-
tween 20 μT (ca. 4–5 kBA/γ) and 50 μT (ca. 12 kBA/γ), the differ-
ence in the depolarization rate, λon-res, is small but the loss of
spectral selectivity of the CEST resonance is significant. Thus,
we analyze the full width at half-maximum of the depolarization
rate, Γ, as given by Equation [4] with respect to the saturation
pulse strength, B1. We do not analyze the shape of the CEST
resonance in the z-spectrum because that behaves in a difficult
way as an argument of the exponential function of the Hyper-
CEST signal given by Equation [1]. However, the general behavior
is similar for both. As shown in Fig. 2(c), we found the following
dependence of the full width at half-maximum of the depolariza-
tion rate, Γ, with the saturation pulse strength, B1:

• B1≫ kBA/γ: Γ≈ 2 γ B1 and depends linearly on the saturation
pulse strength, B1;

• B1≪ kBA/γ: Γ≈ 2 kBA, which is the minimum possible width
given by the Xe exchange rate (i.e. for CrA in DMSO at T=295K:
Γ(B1→0) = 634 s–1).

Since both λdepol and Γ increase monotonically with B1, it can
be constructive to look at the ratio of the maximal Xe depolariza-
tion rate and its full width at half-maximum, λon-res/Γ, as a func-
tion of B1 strength (see Fig. 2(d)). This gives a measure of how
much CEST effect is gained, in relation to how much spectral res-
olution is lost, for a given increase in the saturation strength. We
found that pulses with B1 ¼

ffiffiffi
2

p
kBA=γ ≈ 1:4 kBA=γ show the best

ratio of λon-res/Γ as shown in Fig. 2(d) (and derived in S2 in the
Supplementary Material). Excluding spillover, this best ratio
should not alter with the static magnetic field, B0, since (i)
Hyper-CEST is already reasonably in the large-shift limit and (ii)
Equations [3] and [4] consider only the depolarization rate of
the CEST pool itself under B1 irradiation, without taking the dis-
tance to the observed pool A into account. Furthermore (and
not only important for multiplexing experiments), a saturation
pulse strength with B1 = 5 kBA / γ already reaches 96% of the
Xe-host system intrinsic maximal Hyper-CEST effect while (at
least to some extent) preserving spectral selectivity (in Fig. 2(a)
and (b), compare the z-spectra for 20 μT (black, D) and 50 μT
(orange, E)). If, however, B1 = 5 kBA/γ exceeds the subject specific
absorption rate (SAR) or the transmitter coil limitations (e.g. for
our system B1< 40 μT) or both, then a maximal B1 value has to
be chosen that fulfils both limitations.

Optimal saturation time for maximal Hyper-CEST effect

Whereas in 1H-CEST the longitudinal relaxation opposes the
CEST effect, in Hyper-CEST it accelerates the driven depolariza-
tion further, due to non-equilibrium starting conditions (22).
Therefore, Hyper-CEST has an optimal saturation time. We ac-
quired data with saturation off-resonant (black closed circles in
Fig. 3(a)) and on-resonant with bound Xe for three saturation
pulse strengths: B1 = {1 (blue open circles), 7 (red rectangles),
10 (green triangles)} μT with respect to the saturation time. The
off-resonant signal is pure longitudinal relaxation-driven depo-
larization of free Xe, TA1 . We calculated (not fitted) these Hyper-
CEST signal curves (solid lines) using Equation [1] with the

depolarization rate, λdepol, for on-resonant saturation with bound
Xe, i.e. λdepol→ λon-res, and the qHyper-CEST results from the
previous section on quantification of Xe exchange dynamics by
qHyper-CEST. They agree excellently with the data. As expected
and shown more intuitively in Fig. 3(b), the Hyper-CEST effect,
which is the difference between the off- and on-resonant
Hyper-CEST signals, becomes maximal for specific saturation
times. This is given by

tsat ¼ 1
λon-res

ln λon-res�TA1 þ 1
� �

¼
γ B1ð Þ2 þ kBA

2
� �
f BkBA γ B1ð Þ2

� ln
f BkBA γ B1ð Þ2
γ B1ð Þ2 þ kBA

2 � TA1 þ 1

 ! [5]

(the derivation is given in the Supplementary Material in S3),
which is tsat = {59.3, 11.8, 10.6} s, respectively. In contrast to
1H-CEST, excessively long saturation decreases the Hyper-CEST
effect. When λon-res→ 0 (i.e. highly dilute concentrations of
bound Xe or weak saturation pulse strengths), then tsat→TA1 .
When λon-res→∞, then tsat→ 0. Thus, one should always saturate
for less thanTA1, independently of the exchange rate, kBA (see S4 in
the Supplementary Material). Although the qHyper-CEST proce-
dure predicts the optimal saturation time, tsat, fully according to
Equation [5], in some studies it might be too detailed. For such
cases, one can rely on the fact that the Xe depolarization was
assumed to bemonoexponential (21). We therefore validated this
assumption experimentally by fitting the data of Fig. 3(a)
monoexponentially, used the decay rates, τ, as the inverse of
λon-res and calculated the optimal saturation times, tsat, for a spe-
cific preselected B1 condition and sample concentration (see S3
in Supplementary Material). Recording this simple exponential
decay can therefore be used to achieve a quick estimate for the
optimum saturation time.

Figure 3. Optimal saturation time for the maximal Hyper-CEST effect.
(a) The Hyper-CEST signal with respect to the saturation time, tsat, for
on-resonant saturation on bound Xe with three different saturation
pulse strengths: B1 = {1 (blue open circles), 7 (red rectangles) and 10
(green triangles)} μT. The signal with off-resonant saturation (black
closed circles) corresponds to a pure longitudinal relaxation time of
free Xe, TA1 . (b) The Hyper-CEST effect (which is the difference the
off-resonant and on-resonant signal) versus the saturation time, tsat,
for these three different saturation pulse strengths. Regarding these
B1 values, the optimal saturation times were tsat = {59.3, 11.8, 10.6} s,
respectively.
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CONCLUSION

We demonstrated that Hyper-CEST has an optimal saturation
time. When extremely low host concentration is detected
(fB→ 0) then the optimal saturation time approaches the longi-
tudinal relaxation time of free Xe, TA1. However, saturating for lon-
ger than TA1 becomes unproductive. After quantification of the
Xe-host system-specific exchange dynamics, our presented cw
saturation pulse using B1 = 5 kBA/γ achieves, directly and without
further optimization, 96% of the maximal Hyper-CEST contrast,
while preserving spectral selectivity. In addition, we found that
the ratio of CEST depolarization to CEST response width is best
for a saturation pulse strength of 1.4 times the exchange rate
(i.e.B1 ¼

ffiffiffi
2

p
kBA=γ). Whereas the cw saturation considered in this

work is the most common form of Hyper-CEST, because it is the
most efficient saturation scheme and should be used when no
SAR or hardware limitations exist, Xe depolarization with pulsed
shaped saturation pulses has been shown to (i) reduce the energy
deposition of the saturation pulse and (ii) improve spectral selec-
tivity (25). The translation of our results achieved by cw saturation
to pulsed saturation via the cw power equivalent, B1,cwpe, should
be similar in its behavior of Xe labeling (26,27). In this context also
pulses with rising amplitude waveforms could be promising (28).
Our theory is applicable for any exchanging Xe-host system with
a single binding site (i.e. spin pools). However, if several pools are
present or a whole distribution of exchange rate exists for one
pool, the straightforward extension of qHyper-CEST to multiple
pools (29,30) may enable even broader applications.
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