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Abstract

Chemical exchange saturation transfer (CEST) is a novel contrast mechanism and it is gaining 

increasing popularity as many promising applications have been proposed and investigated. Fast 

and quantitative CEST imaging techniques are further needed in order to increase the applicability 

of CEST for clinical use as well as to derive quantitative physiological and biological information. 

Steady-state methods for fast CEST imaging have been reported recently. Here, we observe that an 

extreme case of these methods is a balanced steady-state free precession (bSSFP) sequence. The 

bSSFP in itself is sensitive to the exchange processes; hence, no additional saturation or 

preparation is needed for CEST-like data acquisition. The bSSFP experiment can be regarded as 

observation during saturation, without separate saturation and acquisition modules as used in 

standard CEST and similar experiments. One of the differences from standard CEST methods is 

that the bSSFP spectrum is an XY-spectrum not a Z-spectrum. As the first proof-of-principle step, 

we have implemented the steady state bSSFP sequence for chemical exchange detection (bSSFPX) 

and verified its feasibility in phantom studies. These studies have shown that bSSFPX can achieve 

exchange-mediated contrast comparable to the standard CEST experiment. Therefore, the bSSFPX 

method has a potential for fast and quantitative CEST data acquisition.
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1. Introduction

Chemical exchange saturation transfer (CEST) as a new contrast mechanism in MRI is 

gaining popularity [1, 2]. It employs selective saturation of protons in a specific chemical 

group which transfers to water via chemical exchange to (i) indirectly visualize the low 

concentration metabolites which are not observable in conventional MR scans and (ii) 

indicate quantitative environmental parameters such as pH. Many promising preclinical and 

clinical applications have been investigated using CEST imaging techniques including but 

not limited to: brain tumor imaging [3–6], brain ischemia [7], prostate cancer [8], breast 

cancer [9, 10], kidney pH measurement [11] and cartilage quality assessment [12, 13].

However, a successful translation of CEST into clinical applications is hampered in part by 

its time-consuming acquisition. Typically, the CEST pulse sequence utilizes a long 

saturation pulse followed by data acquisition. To correct for the artifacts due to B0 

inhomogeneity, and/or to acquire information about multiple exchanging sites, CEST often 

employs a series of off-resonance saturation pulses to acquire the so-called Z-spectrum. 

Moreover, exchange rate quantification methods that lead to metabolite distribution maps or 

pH measurements require several repetitions of the entire experiment with different 

saturation time or power [14]. Hence, the already time-consuming whole Z-spectrum 

acquisition becomes even more time-consuming for exchange rate quantification and 3D 

CEST imaging. Therefore, seeking faster alternative ways for CEST data acquisition is 

highly desired.

Recently, steady-state methods for fast CEST imaging were reported, where the long 

saturation irradiation was split into short parts with intermittent acquisition [15, 16]. In 

steady-state methods, the data acquired first (with shorter saturation time) fills the outer 

portion of the k-space and the data acquired later (with longer saturation time) fills the 

center of the k-space. By doing so, the acquisition time is shortened. The extreme case of 

this approach would be a train of RF pulses with intervals for data acquisition. We observe 

that this is, in essence, a balanced steady-state free precession (bSSFP or FISP) sequence: a 

train of RF pulses interleaved with balanced gradients for image acquisition.

At the core of our work is the realization that the bSSFP sequence in itself is sensitive to the 

exchange processes, hence no additional saturation, preparation or separate detection pulses 

are needed to create the CEST effect. Here, the bSSFP spectral profile is collected at 

multiple frequency offsets. The analysis of the resulting profile provides information about 
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the exchanging moieties, similar to CEST or off-resonance T1ρ experiments. This method, 

using bSSFP sequence for chemical exchange detection shall be dubbed here bSSFPX 

(bSSFP for eXchange detection). bSSFPX provides a new way for CEST data acquisition: 

the acquisition is performed during the saturation. Thus, it may speed up the CEST 

experiment. Also, the bSSFPX method should allow acquisition while the system 

approaches the steady state, thus providing the data for QUEST-like quantification [14] in a 

“single-shot”. Notably, in this method we are observing the XY-component of the 

magnetization and not the Z-component, as is standard in Z-spectroscopy.

Properties of equally spaced pulses have been investigated since the 1960s [17]. Specifically, 

theory and experiments performed in solid-state NMR had shown that the train of equally 

spaced pulses creates an effective lock field, similar in its action to the continuous-wave 

(CW) lock [18–20]. Two cases were thoroughly investigated: with same phase [19] and with 

180° phase advance between the pulses [18]. It has been shown that this pulsed spin lock 

affects the dipolar interaction in the way similar to the application of the CW irradiation.

Since the introduction by Carr in 1958 [21], the basic principles and theory of the steady 

state signals (FISP or SSFP) generated by the repetitive pulses, has been explored in 

numerous publications, including the iconic work by Freeman et.al. [22]. Since the 

introduction of FISP or SSFP imaging combined with balanced gradients (TrueFISP or 

bSSFP), numerous studies investigated the sequence properties [23–35]. To name a few 

examples, bSSFP was combined with inversion recovery to continuously acquire data for T1 

quantification [26]. The sequence has been used for fast T2 mapping (DESPOT2 [28]). The 

multicomponent T1 and T2 relaxation in bSSFP has been investigated (mcDESPOT [29]). 

Miller et.al. investigated asymmetries observed in bSSFP [36]. Bieri and Scheffler have 

investigated properties of bSSFP to modulate magnetization transfer effects [37]. However, 

to the best of our knowledge, this is the first time that the spin-locking and off-resonance 

saturation-transfer properties of the imaging sequence are investigated, thus explicitly 

realizing and exploring the analogous nature of bSSFP and CEST/T1ρ experiments.

In this paper, we are implementing the bSSFPX method in the steady state. We are 

demonstrating the ability of bSSFPX to create CEST-like effects by theoretical derivation, 

simulation and phantom study. We are comparing the results of a bSSFPX experiment with 

that of the standard pulsed CEST experiment. The comparison demonstrates that the 

bSSFPX method provides contrast comparable to the standard method. Thus, bSSFPX is a 

highly promising approach to achieve fast and quantitative CEST imaging.

2. Theory

Here, we present the description of the magnetization dynamics under the influence of the 

train of RF pulses using effective field formalism, thus bridging bSSFP with CEST/T1ρ. 

First, the detailed derivation will be given assuming no exchange. Second, the approximation 

of the exchange contribution will be discussed. The more accurate and quantitative 

description of exchange influence will be presented in a subsequent publication.
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The pulse sequence for 2D steady-state bSSFPX (ss-bSSFPX) imaging is shown in Fig. 1: a 

large number of prep-echoes followed by a single imaging acquisition. The prep-echoes are 

to ensure that the observed magnetization is in the steady state. The basic repetitive nth unit 

of this sequence is [αϕ0+(n−1)Δϕ − TR], where α is the flip angle, ϕ0 is the phase of the first 

RF and Δϕ is the phase advance between two consecutive RF pulses. In a typical bSSFP 

experiment, Δϕ = 0 or π. Since the sequence consists of a number of the repeating basic 

units, the phase advance can be treated as the frequency offset by an amount Δϕ/(2πTR) 

[38]. In the bSSFP, all the gradients are balanced over one TR. In other words, the net 

gradient over one TR is 0. Hence, the influence of gradients can be ignored and the evolution 

of magnetization at the echo times or the end of each unit is governed solely by RF [27]. For 

simplicity and without loss of generality, the following derivations assume ϕ0 = 0 which 

makes the basic unit of the bSSFP sequence [α(n−1)Δϕ − TR].

The signals acquired by a bSSFP sequence are from Mxy. Therefore, the bSSFPX method is 
observing and analyzing an XY-spectrum for the CEST effect.

2.1. Effective field

First, consider the simplest case in which only one pool is present and TR << T1 & T2 and 

the influence of relaxation can be ignored. In the absence of relaxation, the propagation of 

magnetization over one cycle is given by:

(1)

where Mn+1 and Mn are the magnetization vectors at the end of n+1 and n cycle. Rz (θ) and 

Rx (α) are the standard z- and x-rotation matrices respectively. θ = 2πΔwTR − Δϕ is the 

precession angle, where Δw is the off-resonance [30, 38]. The propagation of the 

magnetization is given by two consecutive rotations and thus, in accordance with Euler 

theorem, can be represented by a single rotation. The composite rotation is described by the 

directionality vector e⃑ and the rotation angle Φ [30]. To be specific, e⃑ represents the axis of 

rotation about which Mn rotates by the angle Φ. Using Euler parameters, the directionality 

vector and the rotation angle are:

(2)

where  is the unit vector in the same direction as e⃑, hence: 

 and . In addition, using Eq. 2, the angle 

Θ between the effective field and the z-axis can be found:
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(3)

Thus, the effective field is given by:

(4)

This is illustrated in Fig. 2a. The effective field “strength” (in radians per second) is given 

by:

(5)

i.e. precession over time TR will result in rotation by angle Φ.

This effective field governs the magnetization dynamics, in accordance with the Bloch 

equations. The effective field in the bSSFP sequence can be written in matrix notation as:

(6)

where Ix, Iy and Iz are standard 3-dimentional space basis matrices and Ixy = Ix cos (θ/2) + Iy 

sin (θ/2). An alternative form for Heff using the components of u⃑ is given in Appendix A.

For comparison, in the standard CW spin-lock or saturation-transfer experiment the effective 

field can be written similar to Eq. 4:

(7)

where the effective field strength is given by . In the CW case, the 

directionality vector is u⃑CW = (sinΘCW cosφ,sinΘCW sinφ,cosΘCW)T, with ΘCW = arctan 

(ω1/2πΔw) where ω1 is the RF intensity and φ is the RF phase. In the most common case the 

RF is along x axis with φ = 0, as illustrated in Fig. 2b.

Comparison between Eqs. 4 and 7 demonstrates the complete analogy between bSSFP and 

CW application (as illustrated in Fig. 2). The key difference is: while in the CW case the 

effective field strength as a function of off-resonance is a non-periodic function (Eq. 7), in 

the bSSFP case (Eq. 5) it is cyclic with the period 2π/TR (as can be seen from Φ 
dependence on α and θ in Eq. 2). Thus, it will lead to RF profile with multiple saturation 

bands, the known characteristic of bSSFP spectrum.
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Assuming small effective field strengths, hence, small Φ, the effective field equation, Eq. 4 

can be rewritten as:

(8)

In addition, for small flip angle and chemical shifts, the Eq. 8 transforms to:

(9a)

(9b)

Within a sign, Eqs. 9 agree with the expressions derived for the spin-lock experiment using a 

train of RF pulses: pulses of same phase in Ref. [19, 20] and alternating 180° phase in Ref. 

[17, 18, 39].

2.2. Steady-state magnetization, one pool, no exchange, long T1 and T2

Assuming TR << T1 & T2, the relaxation is effectively ignored. In the steady state case1, 

Mn+1 = Mn = Mss and Mss is aligned with the effective field (as dictated by Eq. 1). In other 

words, up to an overall constant, Mss is the eigenvector of Re⃑ (Φ) with the eigenvalue equals 

to one. Thus,

(10)

This expression, within a phase in xy plane, agrees with the one derived in Ref. [41].

If the relaxation is ignored, the initial state of magnetization has a crucial influence on the 

resultant locked magnetization (see Eqs. 1 and 10). The steady-state magnetization 

magnitude is proportional to the component of the initial magnetization parallel to the 

effective field. For example, if the initial magnetization is completely aligned with the 

effective field it will remain unchanged, in magnitude and phase. However, if the initial 

magnetization is perpendicular to the field at time zero, it will precess indefinitely. Thus, 

assuming no relaxation, the magnitude of the steady-state magnetization is the component of 

the initial magnetization parallel to the effective field. For example, assuming that the initial 

1As a side comment, in fact, this is “pseudo” steady-state: the magnetization is unchanged if observed at the same point in the cycle 
(the so-called “stroboscopic” observation). However magnetization does evolve, on the same trajectory, between the points, so it is not 
pure steady-state, defined by “unchanging” magnetization (i.e. here dM/dt ≠ 0) [40] D.C. Alsop, The sensitivity of low flip angle 
RARE imaging, Magn Reson Med, 37 (1997) 176–184.
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state is equal to equilibrium magnetization, i.e. is aligned with the z-axis, the steady-state 

magnetization becomes:

(11)

The bSSFP signal is determined by the xy-component of Mss. Note, that here, by the 

definition of Eq. 1, we are discussing the case where the signal is observed immediately 

before the pulse. If the observation is performed at the time TE during the cycle, an 

additional phase should be added to the xy-component equal to: e−i2πΔwTE. However, in this 

paper we will limit the discussion to the magnitude images and, thus, the phase can be 

ignored.

2.3. Relaxation influence

In the presence of relaxation, the magnetization dynamic becomes more complex. In 

general, the magnetization equation over one cycle becomes:

(12)

where R̃ is standard relaxation matrix [42]. The above equation can be used to assess 

transient as well as steady-state magnetization. In this publication the treatment will be 

constrained to the steady state only, while the transient approach to the steady state will be 

explored in further work. In the steady state, Eq. 12 reduces to:

(13)

The analytical solution to Eq. 13 is readily obtainable and is given in Appendix A. However, 

it is more instructional to observe what happens in the interaction frame, i.e. the frame 

defined by the eigensystem of the effective RF field, γ B⃑
eff. It is also more exact, since in 

the presence of RF, the standard concepts of R1 and R2 relaxation do not properly describe 

magnetization dynamics [43]. Instead, it is more appropriate to use the relaxation in the RF 

interaction frame, which also consists of two components, parallel and perpendicular to the 

effective field, R‖ or R1ρ and R⊥ or R2ρ respectively [43]. Using analogy with the effective 

field in the spin-lock experiment, proven earlier, the two relaxation components are:

(14)
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These expressions are in agreement with the relaxation expressions in bSSFP derived in Ref. 

[24]. Using these two relaxation components the steady-state magnetization becomes:

(15)

where D is the diagonalization matrix of the Heff and is given in Appendix B. Λ is the 

diagonal matrix:

(16)

The detailed derivation from Eq. 15 to 16 can also be found in Appendix B. In the core, Eqs. 

15 and 16 describe the transformation to the Heff eigensystem where the steady state is 

described by the eigenvalues of the effective field 0, ±iΦ / TR (in rad/s) as well as by the 

two appropriate relaxation components R1ρ and R2ρ.

The validity of Eq. 15 is demonstrated in Fig. 3, where it is compared with exact simulation 

using Bloch equations. The simulation parameters are given in the Methods section. The 

figure demonstrates high agreement between the numerical simulation and analytical model 

of Eq. 15.

2.4. Two pools without exchange

If more than one non-exchanging pool is present, Eqs. 11, 15 and 16 can easily be extended. 

If relaxation of the pools is ignored, the overall magnetization is the sum of the individual 

magnetization vectors, each one aligned with its own effective field depending on the 

chemical shift of the species, expanding Eq. 11 to:

(17)

where index j denotes species “j”. This expression is in agreement with Ref. [41]. Since the 

flip angle is the same for all the pools, the only factor governing different effective fields is 

the chemical shift. If relaxation cannot be ignored, Eqs. 15 and 16 are expanded:

(18)

(19)
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In this case each of the pools behaves independently. The effective field strengths as well as 

diagonalization matrices are dependent on the chemical shifts of the individual pools.

2.5. Two pools with exchange

Next, we shall have a closer look at the exchanging system. We shall confine this discussion 

to the two-pool system (bulk water pool denoted “w” in subscript and solute pool denoted 

“s” in subscript) only, at the slow exchange regime, although the generalization to larger 

number of pools and other exchange regimes is possible. In the presence of two exchanging 

pools, Eqs. 14, 18 and 19 are expanded to include the contribution of the exchange in the 

relaxation terms. In the previous sections we have demonstrated the analogy between bSSFP 

and spin-lock experiment. Thus, the exchange contribution to relaxation rates can be 

evaluated using expressions derived for the spin-lock experiment [44–46]. Since the water 

signal is what we are measuring, here we present the Rex term, the contribution of exchange 

to the relaxation rate for the water pool only. Here, we follow Trott and Palmer’s work [44] 

for Rex and assume asymmetric population limit (i.e. water pool fraction is much greater 

than the solute). Other forms for Rex can be evaluated in the future, e.g. the one proposed by 

Zaiss et.al. [45, 46]. Thus, in the presence of exchange, Eq. 14 becomes:

(20)

with

(21)

in which  is the population fraction of each pool; Δws = δw − δs is the 

chemical shift difference between the two pools and k = kws + ksw is the exchange rate (ksw 

and kws are the exchange rates from the solute pool to the water pool and vice-versa, 

respectively). In Eq. 21 we have used Eq. 4 to express the effective field of the solute pool 

 in terms of the precession angle Φ and the repetition time TR.

Note, that while the form of Rex,w contribution to R1ρ,w in the spin-lock and saturation 

experiments is widely discussed, the similar contribution to R2ρ,w has not been addressed as 

thoroughly. To the best of our knowledge, only work by Michaeli, et.al. [47] explicitly 

discusses the form of Rex,w contribution to R2ρ,w in the presence of adiabatic RF pulses. 

Hence, in Eq. 20 we assume the same form of Rex,w for both, R1ρ,w and R2ρ,w •.

For bSSFPX, the Eq. 21 predicts that the exchange contribution is maximal when the 

rotation angle Φs = 0, 2π,…,n2π, making the lock field effectively zero for the solute pool. 
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For small flip angles, α, this translates to the following condition for the solute off-

resonance:

(22)

This implies that the exchange contribution is maximal when the pulse train is exactly on-

resonance with the solute pool or a multiple of 1/TR off-resonance with respect to the water 

pool. In other words, when the bSSFP saturation is “on-resonance” with the solute, the 

maximum saturation is achieved. This is indeed similar to the standard CEST case, with the 

caveat of the repetitive pattern with 1/TR embedded in the bSSFP train.

Higher flip angle α prevents Φ from reaching n2π, as demonstrated in Fig. 7c. However, the 

condition for general minimum of Rex remains in agreement with Eq. 22, as is evident from 

Fig. 7a and b. Additional discussion of the influence of the flip angle is conducted in the 

next sections.

As demonstrated in the following, Eqs. 20–22 provide a correct qualitative prediction of the 

observed behavior of the exchanging system. More detailed, exact quantitative description 

and evaluation of the exchange contribution is beyond the scope of the current work and will 

be presented in a subsequent publication.

3. Methods

3.1. Simulation

Numerical simulations were performed in MATLAB 8.4 (The Mathworks, Natick, MA) to 

(i) validate the theoretical derivations and [44] compare the Z- and XY-spectrum and their 

corresponding MTRasym of the bSSFPX with that of the standard CW CEST. The 

simulations were based on a two-pool Bloch-McConnell model [48]. Unless stated 

differently, the simulation parameters were M0w = 1, T1w = 2 s, T2w = 0.05 s, M0s = 0.05, 

T1s = 1 s, T2s = 1 s, where M0w/s is the pool concentration. Variety of chemical shift 

differences and exchange rates was investigated: Δws = 1 to 9 ppm, ksw = 0–4000 Hz. For the 

bSSFPX sequence, the rectangular pulses with duration τ = 25 µs and initial phase ϕ0 = 0° 

were used; the interpulse delay was set to 2 ms (TR = 2.025 ms is the sum of the pulse 

duration and interpulse delay) and the number of prep-echoes was set to 4096. This was 

equivalent to a 8.2944 second saturation. Range of flip angles was investigated. The flip 

angle can be translated to B1,field using formula: 

[36]. For TR ≈ 2 ms used in the simulations and experiments, α = 10°, 30°, 45°, 60°, 90° 

translates to B1,field = 0.33 µT, 0.98 µT, 1.47 µT, 1.96 µT, 2.94 µT, respectively. No 

preparation methods were used to smooth the transient-state signals since the magnetization 

was observed in the steady state. The offset frequencies were from −500 Hz to 500 Hz with 

10 Hz increments. A CW CEST sequence comparable to the bSSFPX sequence, with the 

saturation duration of 8.2944 s and B1,field = 0.97 µT, was also simulated. All the simulations 

used a field strength of 3 T.
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3.2. Phantom preparation

Choline (Sigma-Aldrich, CAS no. 67-48-1), glucose (Research Products International 

Corporation, CAS no. 50-99-7) and glycogen (Sigma-Aldrich, CAS no. 9005-79-2) water 

solutions all at the concentration of 100 mM were prepared (phantom I). In addition, choline 

water solutions with concentrations 10, 25, 50 and 100 mM were prepared (phantom II). 

These solutions were transferred to glass vials held together in a glass container. The outer 

glass container was filled with fomblin oil (Ausimont, Thorofare, NJ) to minimize the field 

inhomogeneity and susceptibility effects.

3.3. MRI experiments and data acquisition

All the MRI data was acquired on a 3 T whole-body human scanner (Ingenia, Philips 

Healthcare, Best, The Netherlands) at room temperature using a 15-channel headspine coil. 

The 2D ss-bSSFPX images were acquired using a standard bSSFP sequence with 3500 prep-

echoes, α = 40°, TR/TE = 2.2/1.1 ms and linear k-space ordering. This was equivalent to a 

7.7 second saturation with B1,field = 1.19 µT. No preparation methods were used to smooth 

the transient-state signals, since at this proof-of-principle step we were focusing on the 

steady-state signals. The RF offsets (realized via phase advance [30]) were from −500 Hz to 

500 Hz with 10 Hz increments (incrementing Δϕ by 0.02 rad) for increasing frequency 

sweep and from 500 Hz to −500 Hz with 10 Hz decrements (Δϕ = −0.02 rad) for decreasing 

frequency sweep. The final profile was the average of the two profiles acquired with reverse 

frequency sweeps (see section 3.5). Geometric parameters were FOV = 200×200 mm2, voxel 

size = 3-by-3 mm, slice thickness = 8 mm and reconstructed matrix size = 256. It took 8.0 s 

per irradiation frequency and 13 min 30 s for a whole profile acquisition. For comparison, 

the 2D pulsed CEST images were also acquired using the same B1,field as the bSSFPX 

experiment and the longest saturation time that can be achieved within specific absorption 

rate (SAR) limitation. The saturation pulse train consisted of 98 hyperbolic secant pulses 

with duration 50 ms, no interpulse delay and flip angle 909°. To achieve this 100% RF duty 

cycle, the alternated parallel transmission (pTx) is needed [49]. The total saturation length 

was 4.9 s and the equivalent CW B1,field was 1.19 µT. A single-shot Turbo SE (TSE) readout 

with was used for image acquisition. For phantom I, 45 images were acquired from −900 Hz 

to 900 Hz with 40 Hz increments. For phantom II, 41 images were acquired from −500 Hz 

to 500 Hz with 25 Hz increments. Geometric parameters were FOV = 200×200 mm2, slice 

thickness = 8mm, reconstructed matrix size = 256. For phantom I: TR/TE = 5691/5.2 ms, 

voxel size = 3-by-3 mm, the total Z-spectrum acquisition lasted 4 min 33 s with 5.7 s per 

irradiation frequency and for phantom II: TR/TE = 5666/4.9 ms and voxel size = 1.5-by-1.5 

mm, the total acquisition lasted 4 min 3 s with 5.7 s per irradiation frequency. A reference 

image was acquired at −200 kHz. The Z-spectrum was corrected for B0 inhomogeneity 

using the WASSR [50] technique. Additional B0 drift correction is required on our scanner 

by adding an overall constant value to the B0 maps. The WASSR sequence was essentially 

the same as the CEST sequence but with shorter and weaker saturation. It contained 2 

hyperbolic secant pulses with the same duration and interpulse delay as the CEST sequence 

but with flip angle 100°. 41 WASSR images were acquired from −200 Hz to 200 Hz with 10 

Hz increments using the same geometric parameters and acquisition parameters as the 

CEST, except TR = 3000 ms and 1522 ms for phantom I and II respectively thus shorter 

total acquisition times. Second-order shimming was used in all experiments.
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3.4. Data processing

All of the data was processed using custom MATLAB codes. The pulsed CEST and the 

bSSFPX data were analyzed on a pixel-by-pixel basis. The bSSFPX analysis followed the 

procedures analogous to the common CEST analysis leading to Magnetization Transfer 

Ratio asymmetry (MTRasym). It also incorporated procedures used in bSSFP processing 

[36].

First, the bSSFPX profiles were fitted to a single-pool steady-state bSSFP profile [22] to 

determine the B0 shift. The shift consisted of two parts (i) B0 inhomogeneity and (ii) B0 

drift. Phantom susceptibility variation and imperfect shimming caused the former. bSSFP is 

a sequence with intense gradients. Hence the gradient coil heating up during the scan 

changes the shimming gradually [51], causing the drift. The profiles were realigned 

according to the amount of their cumulative B0 shift, following procedure analogous to the 

one used in Ref. [36].

As mentioned in the earlier sections, the long prep-echo train was to ensure that the image 

acquisition occurs in the steady state. However, the T1 of the liquid samples is long. As a 

result, residual transient effects may persist if the preparation length is not sufficiently long 

and cause asymmetries in the bSSFP profile. Specifically, if the signal at the center k-space 

originates from both, the transient state and the steady state, the resulting profile is 

asymmetric; if only the signals in the steady state contributed to the center of k-space, the 

resulting profile is symmetric [36]. The preparation length was 7.7 s in our experiment, 

which could not guarantee steady-state for all spins (T1w ≈ 3.0 s). However, the asymmetry 

caused by transient effects will be “mirrored” upon the reverse of the direction of frequency 

sweep [36]. Thus, at the next processing step, the profiles acquired at reverse frequency 

sweeps are averaged to correct for this unwanted asymmetry to some degree.

Lastly, asymmetry of the XY spectra was calculated and normalized to the values at negative 

frequencies (bSSFPXasym). We use normalization by the negative frequencies not by 

reference because we observe XY-components here and no reference image can be generated 

without appropriate RF pulses.

Standard Z-spectra acquired using pulsed saturation were processed using standard methods 

with WASSR correction for B0 inhomogeneity. Then the Z-spectra were interpolated (shape-

preserving piecewise cubic interpolation) for MTRasym calculation. The MTRasym was 

normalized to the negative frequencies, to be analogous to bSSFPX. Region of interests 

(ROIs) were manually drawn on the images. Both the bSSFPXasym and MTRasym were 

averaged across each ROI in the frequency range 100–150 Hz to compare the bSSFPX with 

the standard pulsed CEST method.

4. Results and discussions

4.1. Simulations

A standard CEST experiment analyzes the z-component of magnetization (the Z-spectrum) 

for MTR asymmetries. Actually, the MTR asymmetry can also be seen from the transverse 

magnetization spectrum (XY-spectrum) as shown in Fig. 4a, although the dip in the XY-
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spectrum is not as pronounced as in the Z-spectrum. Also, the Mxy signal of water gradually 

approaches 0 as the RF moves further away from water (Fig. 4a blue solid line) while its Mz 

signal approaches 1 (Fig. 4a black solid line with circle marker). MTRasym for both Z- and 

XY-spectrum are calculated and normalized with the upfield side of the spectra (Fig. 4b). 

The resulting Z- and XY-MTRasym are exactly the same, which indicates that the XY-

spectrum is equivalent to the Z-spectrum in terms of generating CEST contrast in the 

absence of noise. However, the XY-MTRaysm is expected to have lower signal-to-noise ratio 

(SNR) compared with Z-MTRaysm since the XY-spectrum has lower signal intensity. 

Typically, the MTRasym is normalized with the reference image acquired without saturation 

irradiation or with RF irradiated far from the water. Yet for the bSSFP sequence, there is no 

proper reference image either without saturation or with RF irradiated far from the water, 

since all the images are acquired during “saturation” and the profile will repeat itself every 

1/TR cycle. The normalization by upfield side was used before for CEST analysis [12, 52]. 

This method might better take into account direct water saturation [12]. On the other hand, it 

is more influenced by the NOE, MT pool asymmetry and lipid artifacts which also appear on 

the upfield side in vivo [53, 54]. In the future, for the in vivo studies, different normalization 

and analysis methods could be proposed, potentially incorporating a multi-pool fit [55].

In Fig. 5, two-pool simulations using standard CW (Fig. 5a–c) and bSSFPX (Fig. 5d–f) 

sequences are shown, displaying representative bSSFPX spectra and comparing the 

magnetization profiles between the two techniques. Only the signals from the water pool are 

shown. In the simulations, different exchange rates were investigated. To guarantee that the 

spins were in the steady state when the spectra were acquired, the total length of the 

saturation for both sequences was set to 8.2944 s, which is about 4 times longer than the 

maximum T1 of the two pools. The shallow dips in the spectra (marked by the vertical solid 

lines) were caused by the CEST effect while the deep dips were caused by direct water 

saturation. As expected for the zero-degree initial phase these saturation/dark bands or water 

dips are occurring at n/TR ≈ n*500 Hz (with n an integer, and 1/TR = 1/2.025 ms ≈ 500 

Hz). Overall, the profiles for CEST and bSSFP around zero frequency are similar (Fig. 5a,b 

vs. d,e); however, they start to quickly deviate from each other at higher frequencies, when 

the repetitive nature of bSSFPX becomes apparent. Despite the differences, it is evident 

from the figures that bSSFP displays similar behavior to CW. Moreover, there are some 

similarities with ZAPI [56] experiments or with dual saturation experiments [57, 58].

The spectra in Fig. 5 with zero exchange rate (i.e. no exchange between the pools), are 

equivalent to the single water-pool spectra. These spectra are symmetric around the water 

saturation band at zero frequency. In agreement with the Eqs. 20 and 22, bSSFP pulse train 

creates saturation of the solute pool when the solute offset is on-resonance with one of the 

bands: Δw = Δws + Δs ≈ 200 +n500 Hz. Thus, in the cases with nonzero exchange, the 

asymmetric dips in water magnetization are observed. The dips increase as the exchange 

rates increase for both, bSSFP and CEST, since higher exchange rate translates to better 

saturation transfer [48, 59]. The similarities of the spectra between the two sequences imply 

that the bSSFPX method has the potential to be used as a CEST experiment sequence. We 

would like to reiterate that in bSSFPX we observe Mxy magnetization (Fig. 5e), and not Mz 

as in standard CEST experiment (Fig. 5a). Thus, the absolute signal intensity might be lower 

(Fig. 5a vs. Fig. 5e). At the same time, bSSFP has highest SNR among fast gradient-echo 
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based sequences [60], so when acquisition influence is taken into account, this may not lead 

to a disadvantage of bSSFPX.

Fig. 5c,f compares the signal asymmetry for both sequences, MTRasym vs. bSSFPXasym. The 

asymmetry of XY-component is equivalent to the asymmetry of the Z-component: XY-

MTRasym = Z-MTRasym and XY-bSSFPXasym = Z-bSSFPXasym (Fig. 4b), hence only XY is 

shown. For both exchange rates shown here the observed MTRasym is higher than 

bSSFPXasym (~45% vs. 35% and 79% vs. 59% for ksw of 20 Hz and 400 Hz, respectively). 

This indicates that the bSSFPXasym is lower than the CW MTRasym, signifying that the 

CEST contrast obtainable using bSSFPX is lower than the one using CW sequence. It should 

be noted that CW saturation achieves maximum possible saturation, which is not achievable 

on many clinical scanners, where pulsed saturations have to be used with duty cycles lower 

than 100%. Thus, the true decrease in the CEST effects would depend on the specifics of the 

implementation of the “standard” CEST used for comparison. Here we compare bSSFPX to 

the maximum CEST scenario, not always achievable in practice.

To further investigate the influence of the system parameters (exchange rate and chemical 

shift difference) and experimental parameters (flip angle and associated B1,field) we have 

conducted a series of simulations. Fig. 6 shows the representative bSSFPX profiles with 

different chemical shift differences Δws = 1, 3, 9 ppm and exchange rates from slow to fast 

exchange regime with ksw = 0.5Δws, Δws, 2Δws, 3Δws, 5Δws. For better illustration, the 

profiles in Fig. 6 are shown using α = 10° which is translated to B1,field ≈ 0.32 µT assuming 

TR = 2.025 ms. The flip angle and B1 influences will be discussed in the following. For 

small chemical shift difference (Fig. 6a), less than 0.5/TR, bSSFPX spectra and asymmetry 

behaves very similar to the standard CEST. A clear dip in the spectrum can be seen for the 

slow exchange, and it becomes shallow and shifts toward water/saturation bands at n/TR as 

exchange rate increases. The trend is also reflected by the bSSFPXasym: it decreases and 

shifts toward water/saturation bands as exchange rate increase (Fig. 6b). For the fixed 

B1,field, the asymmetry for certain chemical shifts as a function of the exchange rate 

increases until reaches a maximum value and starts decreasing (Fig. 6g and Supplement 

Figs. S1–3).

When the chemical shift difference increases, the overall profile behaves similar to the small 

shift discussed above. The well-defined peaks at low exchange rates decrease, broaden and 

shift towards water saturation bands and eventually disappear. This is again, overall similar 

to the behavior in the standard CEST experiment. However, there are some important 

differences. First, due to saturation bands, if Δws = n/TR, the CEST dips are not observed at 

all, since all the magnetization is suppressed, equivalent to the saturating at exactly water 

frequency in standard experiment (Supplement Fig. S4a). Moreover, our current analysis 

employs asymmetry, so that when Δws ≥0.5/TR, the analysis underperforms. For example, if 

the chemical shift difference is exactly Δws = n0.5/TR, the asymmetry analysis leads to 

complete cancellation of the exchange effects, regardless of the exchange rate (Fig. 6g and 

Supplement Fig. S4b). Away from these two obviously bad conditions (Δws = n/TR and Δws 

= n0.5/TR), when the chemical shift increases 0.5/TR < Δws < 1/TR the asymmetry analysis 

leads to negative asymmetry, as seen in Fig. 6e. Finally, if the chemical shift is larger than 

1/TR, the CEST dip will fold back, as is seen in an example in Fig. 6c,f. Thus, if the 
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simplest asymmetry analysis is used, chemical shift difference should be limited to less than 

0.5/TR. In the future, more sophisticated analysis methods could be adopted similar to 

standard CEST, such as multi-peak and Bloch simulation fittings [9, 55]. However, currently, 

we anticipate that the bSSFPX results will be easiest to interpret for the CEST agents with 

small chemical shift difference, such as choline, glycine, glycogen or glycosaminoglycan.

Next, we investigated the influence of the flip angle α. From Eqs. 2–3, the angle affects 

both, the directionality and the strength of the effective field. For the easier comparison with 

standard CEST, flip angle can be translated to B1,field, by taking TR into the account, as 

described in the Methods section. The dependence of the bSSFP spectrum intensity on the 

flip angle, and thus SNR is well investigated [27]. However, in the presence of exchange, the 

flip angle will also affect asymmetry, and thus CNR. Fig. 7a,b demonstrates the bSSFPX 

dependence on α. While the exchange parameters are the same for Fig. 7a and 7b, the 

T2w/T1w ratio is different: 0.83 vs. 0.025 (“large” and “small” in the following). From the 

SNR perspective, the optimal flip angle is different: ~90° for the “large” T2w/T1w and ~20° 

for the “small”.

The flip angle will affect the exchange contribution Rex (Eq. 21) via effective field strength 

and corresponding rotation angle Φs. As was discussed in the theory section, the maximum 

exchange contribution is obtained when Φs = n2π (effective zero rotation) which translates 

to the Eq. 22. Fig. 7d illustrates dependence of Φs on α and θ : the figure displays cos(Φ) 

and maxima correspond to Φs = n2π. The figure demonstrates that while for smaller α 
almost perfect zero rotation is achieved, for larger α it is unattainable. Thus, the efficiency 

of saturation may actually decrease with higher flip angles. In addition, higher flip angle 

translates to higher B1,field and to increased direct saturation, similar to standard CEST. This 

is further explored in Fig. 7c, where the bSSFPXasym is shown as a function of the flip 

angle.

The interplay between exchange rates and flip angle is further investigated in Fig. 7e,f (for 

small chemical shift difference) and Supplements Figs. S1, S2 and S5 (larger chemical 

shifts). Here too, the analogous nature of the bSSFP and CEST is apparent, when converting 

flip angle and TR into the B1field. In both methods, optimal B1 exists for each kex [61], and 

optimal B1 is higher for faster exchange rates (for CEST the condition is 2πB1opt~kex). Both 

methods are identical for small chemical shifts. Interestingly, for large chemical shift 

differences, the optimal B1 for bSSFPXasym for intermediate to fast exchange does not 

increase much and the bSSFPXasym remains about the same when B1,field exceeds certain 

value (Supplement Fig. S5). This possibly is due to the repetitiveness of the bSSFPX profile. 

For small chemical shifts the results of the Fig. 7f reiterate previous paragraph conclusion: 

smaller flip angles α (weaker B1) translate to the most efficient “saturation” and higher 

asymmetries. Thus, in the phantom experiments that have a large T2w/T1w ratio we have 

chosen α ≈ 30° – 45° (B1,field ≈ 0.97–1.45 µT) maximizing SNR and CNR.

4.2. Phantom experiments

As was shown in previous sections, the bSSFPX and asymmetry analysis performs best 

when the chemical shift difference is less than 0.5/TR. The shortest TR attainable on our 

scanner is about 2 ms. Thus, to ease interpretation we chose model systems where the 
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chemical shift difference between the solute and the solvent is less than 500 Hz: choline, 

glucose and glycogen solutions in water. Furthermore, in addition to the small chemical shift 

difference, which is beneficial for the bSSFPX, these molecules have other features making 

them good models for CEST experiment. Choline is a small molecule with a single hydroxyl 

group whose exchanging proton resonates at ~1 ppm downfield from water [62, 63]. D-

Glucose have several exchanging OH groups with the most prominent CEST effect around 

1ppm [64]. Similar, the glycogen molecule possesses several exchanging sites with the 

maximum CEST around 1ppm [65]. The solutions behavior can be approximated by a two-

pool model with their Z-spectra displaying a single prominent dip at ~1ppm in the saturation 

transfer spectrum. There are no MTC and NOE effects to confound data analysis in our first 

proof-of-principle step (minor NOE was observed in glycogen). Lastly, a number of recent 

studies has explored these molecules as interesting markers of cancer metabolism (choline), 

physiology (glycogen) and infusion agent in cancer (glucose).

Figure S6 in Supplement shows the Z-spectra of the phantoms I and II obtained using the 

standard pulsed CEST experiment. The maximum CEST effect of choline occurs at ~1 ppm 

downfield of water. Therefore, we have chosen a frequency window from 0.8 to 1.2 ppm to 

calculate the MTRasym.

Fig. 8 displays the bSSFPX experimental results: the processing steps shown for the pure 

water phantom (Fig. 8a), the XY-spectra of the choline solutions of increasing 

concentrations (Phantom II, Fig. 8b) and the XY-spectra of choline, glucose and glycogen 

phantoms (Phantom I, Fig. 8c). Since the reference image “without RF” does not exist in 

bSSFPX, the profiles and bSSFPXasym shown in Fig. 8 were not normalized. As shown in 

Fig. 8a, asymmetries can be seen in both the increasing (Fig. 8a red dot) and decreasing 

(Fig. 8a blue dot) frequency sweep profiles. The averaged profile (Fig. 8a black solid line) 

largely corrects this unwanted asymmetries, however some residual asymmetry still remains 

close to water. This could be because the 7.7 s saturation time is still not enough to get to a 

complete steady state for water with T1 of ~3.0 s. As shown in Fig. 8b, the maximum 

bSSFPXasym effect in choline is observed about 0.8 ppm which is less than 1 ppm observed 

in the pulsed CEST experiment (Fig. S1). We continued to use the average frequency 

window determined from the CEST Z-spectra for consistent comparison. From Fig. 8b it is 

evident that the bSSFPXasym increases with increased choline concentration. Additional 

asymmetries still observed close to on-resonance and, as in the water case, can be explained 

by very long T1 in the phantom used.

The bSSFPXasym map for phantom II is shown in Fig. 9a. The map confirms that the 

bSSFPXasym increases with the increased choline concentration. The bSSFPXasym averaged 

over the whole ROI and the frequency window is shown in Fig. 9b. The bSSFPXasym 

increases almost linearly with the concentration, and is equal to −1.1±0.5, 1.2±0.6, 4.0±0.8, 

8.7±0.6 and 15.2±0.8% for 0, 10, 25, 50 and 100 mM, respectively. Fig. 9c demonstrates the 

observed MTRasym. Figs. 9b and c are very similar in overall behavior, except that the 

bSSFPXasym is about 5% higher than the corresponding MTRasym at highest concentrations. 

Our simulated results using CW saturation indicated inverse trend (MTRasym higher than 

bSSFPXasym). However, the experimental pulsed CEST performance may depend on other 

factors, such as pulse shape and duty cycle, as well as acquisition parameters such as TE and 
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TR, which we do not take into account. Indeed, other metrics, such as average power might 

be more appropriate for the evaluation of pulsed CEST performance [66]. Despite these 

quantitative differences, the overall qualitative similarity indicates that the bSSFPX provides 

CEST contrast comparable to the standard pulsed CEST method.

Fig. 10 compares bSSFPXasym and MTRasym for a number of molecules with small 

chemical shift differences: choline, glucose and glycogen. All three show a very high 

bSSFPX effect: 14.7±0.3, 21.9±0.5, 14.4±0.6 for choline, glucose and glycogen, 

respectively (Fig. 10b). Similar to the results in choline, these values are very comparable to 

the MTRasym observed using standard CEST methods in these molecules (Fig. 10c). Glucose 

has broader MTRasym and bSSFPXasym than glycogen as shown in both the Z-spectra and 

bSSFPX profiles (Fig. 8c and Supplement Fig. S6.b), which is also consistent with reported 

studies [63]. Glucose and glycogen are in the intermediate to fast exchange regime [63]. 

These results are in agreement with simulations in Fig. 6: bSSFPX performs well for small 

chemical shift differences in slow to intermediate exchange regimes. This may be not 

surprising, since bSSFPX shares properties of T1ρ which might be better suited for faster 

exchange.

The bSSFPX profile repeats itself every 1/TR. Based on the simulation results, in this proof-

of-principle study, we have only investigated molecules with one exchangeable group and 

small chemical shift difference close to water. As was already discussed in the Simulations 

results, if the chemical shift difference of the solute pool is greater than the period 1/TR, the 

dip will fold over in the profile. Such folded profiles might still be analyzable if we know 

exactly the chemical shift of the solute pool beforehand, otherwise it is hard to tell where the 

solute pool lies in the spectrum. A solute molecule possessing several exchanging sites, 

within and outside the 1/TR range will make the analysis more difficult and complicated. 

The simplest work around is to decrease TR, which is hardware limited and may not be 

feasible.

At the same time, simulation and experimental results indicate excellent performance of 

bSSFPX at the small chemical shifts, for a large range of exchange rates (Figs. 6, 7, 9 and 

10). Thus, we anticipate that bSSFPX would be most useful for the detection of solutes with 

a small chemical shift difference from water, such as choline, glycine, and glucose shown 

here, or glycosaminoglycan and myo-inositole.

The average B1,field attainable with bSSFPX, is generally lower than in standard CEST and 

is limited by the nature of the experiment. The highest α useful for imaging is 90°. The 

B1,field may be further increased by shortening TR. In our machine the hardware parameters 

translated to the highest B1,field of 2.9 µT. However, this is not the limiting factor on the 

bSSFPX performance, since the simulation and experimental results indicate optimal 

performance is achieved using smaller flip angles and correspondingly lower average B1. 

This is perhaps the biggest difference from standard CEST..

It should be noted that the sequence is very straightforward to implement. The only 

optimization that might be required is in terms of the flip angle, and adjusting TR to the 

minimum value. Moreover, since Duty Cycle is so low very long saturation times can be 
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achieved effortlessly. The processing is relatively straightforward too, combining elements 

from bSSFP processing and CEST. Additional advantage of the sequence is that it does not 

require acquisition of a separate B0 map. In contrast, obtaining reliable CEST and B0 

correction data for chemical shifts close to water can be very challenging in standard 

implementation. This could potentially serve as advantage of bSSFPX in imaging of agents 

with chemical shift difference close to water.

One more distinctive feature of bSSFPX sequence is the application of the gradients during 

excitation/saturation pulse. For standard CEST, usually no gradients are used during 

saturation pulses; hence, the whole volume is saturated. For the single slice bSSFPX, only 

the spins in the imaging plane are saturated. We used the standard excitation pulses with 

standard gradients, without any additional refinements. We anticipate that as long as the slice 

selective excitation pulses perform adequately, the bSSFPX sequence will work and it is not 

sensitive to the gradients during the excitation pulses.

In the current implementation, the steady-state bSSFPX method was used, with very long 

phantom T1 requiring long preparation times. Therefore, the time advantage was not seen. 

However, in the future, we will turn from the steady-state conditions to the transient-state 

conditions, in which data acquisition is performed during the prep-echoes as well. These 

images with increasing saturation time will be acquired during the preparation time, and 

should allow QUEST-like exchange rate quantification [14]. In addition, the sequence is 

easily expandable to a 3D sequence.

This is first proof-of-the-principle study. Work is in progress to test it in-vivo. Based on our 

simulation and phantom results we anticipate that the sequence might provide useful 

addition or alternative into studies using molecules like glucose, glycogen or choline. 

Although it might be too early to speculate, we anticipate that the sequence will perform 

well in the studies of glucose infusion into brain tumors. However, it might not be well 

suited for the APT studies, unless processing method different from the asymmetry analysis 

is used.

The theory and experiments presented here may also be useful beyond CEST experiments. 

bSSFP is used in many applications, from fast T1 mapping to fast cardiac imaging and 

additional understanding of off-resonance and exchange effects would be beneficial. For 

example, while additional investigation is needed, asymmetries observed in Ref. [36], might 

contain some contribution from exchange.

5. Conclusion

In this paper, the analogous nature of bSSFP and CEST/T1ρ experiments is realized and 

explored. We implemented the steady-state bSSFPX method and proved its feasibility for 

CEST experiments through simulation and phantom studies. The comparison between the 

bSSFPX and the standard pulsed CEST experiments confirmed that the bSSFPX method 

could provide comparable CEST contrast to the standard experiment. The data processing 

methods, possible causes of artifacts and future steps were discussed. Based on results we 

anticipate that the sequence could be a useful addition or alternative to CEST/T1ρ studies 
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using molecules with small chemical shift differences like glucose, glycogen, choline or 

glycosaminoglycans. As a new CEST data acquisition method, the bSSFPX experiment 

holds high promise for fast, quantitative and 3D CEST imaging.
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Refer to Web version on PubMed Central for supplementary material.
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Appendix A

Analytical solution to Eq. 13

According to Eq. 13, Mss = −(Heff − R̃)−1R1M0 in which

(A1)

(A2)

(A3)

where  is the water magnetization at thermal equilibrium. Hence,

(A4)

with  and . The expressions for e0, e1, e2, 

e3 and Φ are found in Eq. 2. After rearrangement:
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(A5)

Appendix B

Diagonalization matrix of Heff

D is the diagonalization matrix of Heff, which is composed of eigenvectors of Heff. After 

diagonalization, Heff = DΛeff D−1. With Λeff diagonal matrix composed of the eigenvalues 

of Heff:

(B2)

The expression for D is:

(B3)

with  and . The expressions for e0, e1, e2, 

e3 are found in Eq. 2.

R̃ (the relaxation matrix) can be presented in the eigensystem of the effective field as well:

(B4)

Analogous to the effective field in the spin-lock experiment, the off-diagonal values in Eq. 

B4 are ignored and ΛR becomes:

(B5)

where R1ρ and R2ρ are found in Eq. 14. Hence,
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(B6)

where Λ is found in Eq. 16.
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Highlights

• Balanced Steady State Free Precession (bSSFP or True FISP) pulse sequence 

has properties similar to CEST or off-resonance T1ρ experiments.

• Effective field is derived for a train of RF pulses and the analogous nature to 

CW RF saturation is demonstrated.

• bSSFP can be used to create contrast based on chemical exchange, analogous 

to CEST/T1ρ (bSSFPX).

• Proof-of-principle steady-state bSSFPX experiments are demonstrated in 

phantoms containing water solutions of choline, glucose and glycogen at 3T 

clinical scanner.

Zhang et al. Page 25

J Magn Reson. Author manuscript; available in PMC 2018 February 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
The schematic for the 2D steady-state bSSFPX pulse sequence. Prep-echoes: preparation 

echoes needed to reach the steady state. Acq: acquisition.
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Figure 2. 
The effective RF fields generated during (a) bSSFP experiment and (b) standard CEST/T1ρ 
experiment. In CEST/T1ρ the effective field depends on the RF off-resonance value, Δw, and 

RF intensity, ω1. In bSSFP the effective field can be described by two angles: Θ and Φ, that 

are functions of the flip angle, TR and off-resonance value used in bSSFP. θ/2 is the angle 

between the x-axis and the projection of the effective field into the xy-plane.
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Figure 3. 
(a) Z-spectrum and (b) XY-spectrum obtained using Eq. 15 analytical model (blue) and step-

wise simulation using Bloch equation (red circles).
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Figure 4. 
(a) Two-pool simulation of Z-spectrum (black, circles) and XY-spectrum (blue) using CW 

saturation. (b) The spectra asymmetries in (a), normalized with the negative side of the 

spectrum. The Z-MTRaysm and XY-MTRaysm overlap with each other. The vertical line 

indicates the resonance frequency of the solute pool.
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Figure 5. 
Two-pool simulation for (a–c) CW and (d–f) bSSFPX methods assuming different exchange 

rates: 0 (red), 20 Hz (green) and 400 Hz (blue). (a,d) Z-spectra of the water pool; (b,e) XY-

spectra of the water pool; (c) MTRasym and (f) bSSFPXasym. Two periods of the bSSFPX 

profile are shown. The vertical line indicates the resonance frequency of the solute pool.
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Figure 6. 
Two-pool simulations of bSSFPX profiles (a,c,e) and corresponding bSSFPXasym (b,d,f) for 

Δws ≈ 1, 3, 9 ppm, exchange rates from slow to fast exchange regime with ksw = 0.5Δws, 

Δws, 2Δws, 3Δws, 5Δws. For better illustration, the profiles are shown using α = 10° (B1,field 

≈ 0.32 µT with TR = 2.025 ms). Additional profiles can be found in Supplement Figs. S1 

and S2. Panel (g) shows bSSFPXasym as a function of ksw and Δws for α = 45° (B1,field ≈ 
1.45 µT with TR = 2.025 ms).
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Figure 7. 
Two-pool simulation of the bSSFPX spectra dependence on the flip angle α for (a) T2w/

T1w~0.83 (T2w = 2.4 s and T1w = 2.9 s) and (b) T2w/T1w~0.025 (T2w = 0.05 s and T1w = 2 

s), assuming Δws of 200 Hz. Other simulation parameters are the same as section 3.1. (c) 

The bSSFPXasym at 200 Hz vs. flip angle for T2w/T1w~0.83 (blue) and T2w/T1w~0.025 

(red). (d) The cosine of the effective field precession angle Φs as a function of the flip angle 

and the precession angle θs=2πΔsTR. (e) The bSSFPXasym at 200 Hz as a function of ksw 

and the flip angle α. (f) Different snapshot of (e), bSSFPXasym at 200 Hz vs. α for a number 

of exchange rates. For TR of 2.025 ms, α = 10°, 30°, 45°, 60°, 90° corresponds to B1,field = 

0.32, 0.97, 1.45, 1.93, and 2.90 µT, respectively.
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Figure 8. 
Experimental bSSFPX profiles. (a) Acquisition and processing steps demonstrated in water 

phantom: increasing sweep (purple dots), decreasing sweep (blue dots), their average (black 

line) and non-normalized bSSFPX profile asymmetry. (b) bSSFPX profiles (average of the 

increasing and decreasing sweeps) and non-normalized bSSFPX asymmetries for different 

concentrations of choline solutions in Phantom II: 0 (black), 10 mM (light blue), 25 mM 

(indigo), 50 mM (green) and 100 mM (red). (c) bSSFPX profiles and non-normalized 

bSSFPX asymmetries for phantom I: water (black), choline (red), glucose (blue) and 

glycogen (green), The solid and dotted lines correspond to profiles and asymmetry, 

respectively. A set of two vertical lines on the downfield side indicates the frequency range 

100–150 Hz in which the bSSFPXasym is averaged as shown in Fig. 9a,b.
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Figure 9. 
(a) bSSFPXasym map, (b) ROI averaged bSSFPXasym for different choline concentrations 

and (c) ROI averaged MTRasym for different choline concentrations.
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Figure 10. 
(a) bSSFPXasym map, (b) ROI averaged bSSFPXasym and (c) ROI averaged MTRasym for 

different molecules (Cho: choline, Gluco: glucose and Glyco: glycogen).
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