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Abstract

The dynamics of spin system coupled by chemical exchange between two sites with different 

chemical shifts during periodic radiofrequency (RF) irradiation was here investigated. When the 

instantaneous π-flip of effective frequency during the course of frequency sweep was applied, a 

significant increase of exchange-induced relaxation rate constants was observed for small tip angle 

of magnetization in the laboratory frame of reference. This increase of the rate constants 

corresponds to the side bands generated by the periodic irradiation during the RF pulses. The 

exchange - induced relaxation rate constants depend on the exchange conditions, the RF power 

and the irradiation period. The described phenomenon promises applications for studying protein 

dynamics and for generating exchange specific relaxation contrasts in MRI.
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Introduction

Application of periodic radiofrequency (RF) irradiation to a spin systems coupled by 

chemical exchange is an unexplored strategy in NMR. Periodic Hamiltonian can influence 

spin system undergoing anisochronous exchange, i.e., exchange between spins with different 

chemical shifts, by significantly increasing the relaxation rate constants in correspondence to 

the side bands generated during the RF pulses. There has been a considerable interest in 

utilizing periodic irradiation for various purposes in NMR. One example of applying 

periodic pulses is the Delays Alternating with Notations for Tailored Excitation (DANTE), 

which is a composite pulse formed by a series of hard pulses with optimized phases 

producing a wide band excitation with low RF peak power [1]. DANTE pulses have recently 

been applied for short echo time imaging to produce a high bandwidth excitation with low 

power and thus take advantage of increased signal to noise ratio when the signal from the 
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side bands generated during periodic irradiation was used for image encoding [2]. Similarly, 

the idea of sideband excitation has been implemented also for zero echo time imaging (ZTE) 

[3]. Another example of the applications of periodic irradiation includes the generation of 

magnetization transfer in MRI by using sidebands produced by the RF pulses [4] and 

generating adiabatic decoupling sidebands [5].

Conventional continuous wave rotating frame spin lock T1ρ experiment is typically 

performed without or with one phase shift during an RF pulse applied on/off resonance with 

the typical pulse duration in the ms time scale. However, the influence of periodicity of RF 

irradiation on exchange-induced relaxation rate constants in the off-resonance T1ρ 
experiment has not been evaluated so far [6]. In adiabatic T1ρ and T2ρ measurements [7–9], 

the periodicity of irradiation takes place during the train of adiabatic full passage (AFP) 

pulses with the phases usually prescribed according to MLEV - 4 [9,10]. Same applies to 

T1ρ and T2ρ measured using gradient modulated low-power adiabatic pulses [11], and 

Relaxation Along Fictitious Field in the rotating frame of rank n (RAFFn) [12–15], where 

the periodic irradiation takes place during rotating frame measurements in the rotating 

frames of rank 1–5. Conventional magnetization transfer (MT) experiments are conducted 

using continuous wave technique with relatively low RF power and long pulses used for off-

resonance irradiation [16]. In several studies, however, the continuous wave RF pulse is 

replaced by periodic irradiation to obtain MT weighting. One example is Z-spectroscopy 

with Alternating-Phase Irradiation (ZAPI) method [17], where periodic sinusoidal 

modulation of the RF irradiation is applied on-resonance. During ZAPI the sidebands are 

generated symmetrically to the on-resonance frequency, and the periodicity of RF irradiation 

could be tuned to generate sidebands which are positioned optimally off-resonance to induce 

MT.

In this work, we studied the influence of the periodicity of RF irradiation on exchange - 

induced relaxation. We calculated relaxation rate constants during periodic irradiation 

applied to two-pool spin system coupled by equilibrium exchange. We varied tip angle of 

magnetization, irradiation period, irradiation power, and the fundamental MR parameters of 

two exchanging sites, and conducted simulations using Bloch-McConnell formalism [12]. 

The results of our analysis demonstrated that independently of pulse modulation functions of 

the frequency swept pulses, similar side bands which originate from the refocusing of 

magnetization were formed. Tuning the irradiation period to the chemical shift differences 

between exchanging sites allows significantly increasing the exchange-induced relaxation 

rate constants. As an example, here we analyze relaxation rate constants induced by 

exchange during the RAFFn family of frequency swept pulses. However, our findings are 

valid in general for other frequency swept pulses having amplitude and frequency 

modulation functions different from RAFFn, e.g., RF pulses of the hyperbolic secant family 

[18], as long as the instantaneous flip of the effective frequency takes place during the 

course of the RF irradiation, and the tip angle of magnetization from laboratory z axis is 

small.
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Theory

Modulation Functions of RAFFn

The modulation functions of the method inducing relaxations in high rotating frames of rank 

n and entitled Relaxation Along a Fictitious Fields in the rotating frame of rank n (RAFFn) 

were recently described [12]. Below, we briefly summarize the recently presented detailed 

description of RAFFn pulse modulation functions. For obtaining time-invariant and equal 

amplitudes and frequency components in the first rotating frame (n=1), the amplitude ω1
1

and frequency Δω 1  modulation functions in the first rotating frame of reference are defined 

as follows:

ω1
1 = tan α1ω1

max (1)

Δω 1 =  ω1
max,

where ω1
max is the peak RF amplitude in rad/s. The recursive relationship which was used for 

amplitude and frequency modulation of RAFFn for n > 1 based on sine/cosine functions are 

given by:

ω1
n t = Δω n − 1 t sin ∫ ω1

n − 1 t dt (2)

Δω n t = Δω n − 1 t cos ∫ ω1
n − 1 t dt

for n = 2, 4, 6, … and

ω1
n t = ω1

n − 1 t sin ∫ Δω n − 1 t dt (3)

Δω n t = ω1
n − 1 t cos ∫ ω n − 1 t dt

for n = 3, 5, 7, … . The pulse duration (Tp) is calculated as 4π / 2ω1
max). Each sine/cosine 

pulse consists of four RAFFn pulse elements treated according to a refocusing scheme as 

was described in [12,14]. The average flip angle during the pulse was estimated by 

calculating the flip angle of magnetization from the Z axis of the laboratory frame in each 

pulse point using Bloch equations and averaging the angle over the duration of the pulse.
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Bloch-McConnell Formulation of the Relaxation During RAFFn

Relaxations during RF irradiation due to the dipolar interactions (like spins) and induced by 

anisochronous exchange between two pools A and B with different chemical shifts can be 

described using Bloch-McConnell equations written in the phase-modulated rotating frame 

[15,19]:

dMZ
A t

dt =
M0

A − MZ
A t

T1A
− kex

ABMZ
A t + kex

BAMZ
B t + ω1sin φ MX

A t − ω1cos φ MY
A t

dMZ
B t

dt =
M0

B − MZ
B t

T1B
− kex

BAMZ
B t + kex

ABMZ
A t + ω1sin φ MX

B t − ω1cos φ MY
B t

dMX
A t

dt =
MX

A t

T2A
− kex

ABMX
A t + kex

BAMX
B t − ΔAMY

A t − ω1sin φ MZ
A t

dMX
B t

dt =
MX

B t

T2B
− kex

BAMX
B t + kex

ABMX
A t − ΔBMY

B t − ω1sin φ MZ
B t   

dMY
A t

dt =
MY

A t

T2A
− kex

ABMY
A t + kex

BAMY
B t − ΔAMX

A t − ω1cos φ MZ
A t

dMY
B t

dt =
MY

B t
T2B

− kex
BAMY

B t + kex
ABMY

A t − ΔBMX
B t − ω1cos φ MZ

B t (4),

where ΔA,B are the chemical shifts in rad/s of exchanging groups A and B, respectively 

(δω= |ΔA - ΔB|), kex
AB = PB/τex and kex

BA = PA/τex are the exchange rate constants for 

exchanging site populations PA and PB, and T1,2,A,B=1/R1,2,A,B are the relaxation time 

constants at sites A and B, respectively. The longitudinal R1 and transverse R2 free 

precession relaxation rate constants were calculated considering dipolar interactions between 

isolated identical spins:

R1 = 3
10b2 τc

1 + τc
2ω0

2 +
4τc

1 + 4τc
2ω0

2 (5)
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and

R2 = 3
20b2 3τc +

5τc

1 + τc
2ω0

2 +
2τc

1 + 4τc
2ω0

2 , (6)

where τc is the rotational correlation time, ω0 is the Larmor precession frequency, b = − 

μ0ℏγ3/(4πr3)b=−μ0ℏγ2/(4πr3),μ0 is vacuum permeability, ℏ is Planc’s constant, γ is 

gyromagnetic ratio, and r is a hydrodynamic radius, similarly to what was used in [15]. The 

simulations of the two-site exchange were carried out using full Eq. 4. For all simulations, 

the calculations were performed with R1 and R2 obtained using Eq. 5 and 6 with τc = 

2·10−12 s for both sites A and B. The decay of M (M0=[0 0 1]) during the pulse was 

estimated by solving partial differential equation (Eq. [4]) using variable step Runge-Kutta 

numerical method. Simulations were repeated for initially inverted magnetization M0=[0 0 –

1] including steady state formation. Because RAFFn pulses operate in the positive 

hemisphere, the application of RAFFn pulse train lead to a formation of the steady state 

when the magnetization is initially not perturbed [12,14,15]. We have demonstrated that the 

combined analysis of the SI evolution from positive +z and negative −z axes is essential for 

the accurate estimation of the relaxation rate constants during RAFFn [14]. This approach 

was previously described in details [14], and was shown to facilitate the analysis of the 

relaxations during RAFFn pulses [12,14,15].

Methods

Bloch-McConnell Simulations

All simulations were conducted using full set of two-pool Bloch-McConnell equations [4]. 

The T1 and T2 of the pools were calculated using the model of dipolar interaction between 

isolated spins using τc of 76∙10−12 s in equations (5) and (6). Simulations were performed 

for water at main magnetic field of 9.4 T with 1H gyromagnetic ratio of 42.576 MHz/T, 

Planck’s constant of 1.054571628∙10−34 Js, hydrodynamic radius of 158∙10−12 m [20], and 

permeability of vacuum of 4π∙10−7. The T1 and T2 were identical for both pools. Spin 

populations of the pools were set to PA = 0.1 and PB = 1-PA and τex was let to vary. 

Coalesced exchange peak was assumed so that off-resonance for spin pool A was ΔA = 2π 
PB·[0 6 12… 3000] rad/s, and similarly for ΔB = −2π PA·[0 6 12… 3000] rad/s. In RAFFn n 

was between 1 and 5, and if not otherwise stated, α1 is 45° and ω1
max = 2π‧625 rad/s, if not 

otherwise stated. When ω1
max is set in Eq. 1, the maximum amplitude of RAFFn pulse 

decreases with increasing n and is dependent on α1. The actual maximum amplitude of 

RAFFn pulses are stated in the Figure legends. The number of points in waveform with 

refocusing scheme PPπ−1PπP−1 [14] was 128, the refocused pulse duration 

Tp = 4π /( 2ω1
max) giving 18 μs time increment between simulation points. 64 pulses were 

added into pulse train resulting up to 144 ms long irradiation. Waveforms and refocusing 

scheme were created by equations written earlier [12,15]. Simulation of evolution of 

magnetization was done in Matlab (Mathworks Inc.) by solving Bloch McConnell equations 

by numerical partial differential equation solver (ode45, Matlab R2015a) time point-by-time 
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point fashion. The solver calculated the evolution of magnetization in several variable size 

sub-points between the points giving an extra confidence for magnetization evolution.

The time points 0 and 32 points evenly distributed within 144 ms were used to calculate 

relaxation rates from the simulated z-magnetizations. The z-magnetizations from both pools 

were summed up. Exponential decay taking into account steady state formation [14] was 

fitted to data points by using non-linear least square fitting routine if not another wise stated.

Results and Discussion

Simulations were conducted to evaluate the effect of periodic irradiation on exchanging two 

pool spin system. To demonstrate the effect of RF-pulse waveform on the relaxation rates 

over the range of different chemical shifts, frequency swept RF pulses with different 

amplitude and phase modulations were used. For the purpose of comparison, the average flip 

angle of the pulses were matched close to 5°. Notably, for all amplitude and phase 

modulation functions used for the calculations, an increase of the relaxation rate constants 

was found at the same chemical shift differences δω, and appeared in the shapes of well-

defined peaks (Figure 1). The relaxation rate at δω=1500 Hz increased gradually from 10.9 s
−1 with RAFF1 to 13.7 s−1 with RAFF5. The full-width-half-maximum (FWHM) of the 

relaxation rate peak increased from 52 Hz with RAFF1 to 173 Hz with RAFF5. An increase 

of relaxation rate constant with RAFF5 at δω ≈ 1500 Hz can be explained by different 

contributions of the T1ρ and T2ρ relaxation channels, which were shown to provide different 

weightings in RAFFn [12]. These contributions vary with the tip angle of magnetization 

relatively to z axis of the laboratory frame. More complex amplitude and phase modulation 

functions of RAFF5 as compared to RAFF1 are responsible for the gradual increase of 

FWHM from RAFF1 to RAFF5. The analyses of the signal decay were based on single 

exponential fitting, which described sufficiently well the magnetization decay. The slight 

oscillations were observed when the relaxation reached their maximal values which 

corresponded to the peaks of the rate constants. Although this is the deviation from 

monoexponentiality, due to its minor oscillatory behavior the signal still was treated using 

monoexponential approximation.

The dependencies of the exchange induced relaxation rate constants on chemical shift 

difference for several exchange correlation times are shown in Figure 2. The simulation 

demonstrates that maximal relaxation effect of periodic irradiation on exchanging system is 

achieved for relatively slow correlation times (i.e, 10 and 100 ms) for the used pulse 

sequence settings. The increase of the rate constants is observed when the system moves to 

the fast exchange regime, as it could be seen for the case of τex= 1 ms, with the further 

broadening of the side bands 300–700 Hz.

The simulation of RAFF1 with different α1 angles demonstrates that the increase of the 

relaxation rate constants in correspondence of the side bands of the pulse occurs when 

magnetization is close to z-axis, i.e. when α1 is small (Figure 3). The relaxation is boosted 

by ratio over 2 when chemical shift δω between pools A and B is suitable for spin 

interaction in this case. This simulation differs from conventional off-resonance spin-lock 

T1ρ simulation by the fact that magnetization starts from z-axis, precesses around the 
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effective field and, due to refocusing, returns back to z-axis. When α1 increases, the ratio of 

T2ρ over the T1ρ also increases being almost solely T2ρ for α = 85°. For α > 45° the side 

bands were not observed (Figure 3). Interestingly, when similar simulation is done for 

RAFF2 with the same α1, the results of the calculations with α = 5° and α = 85° are almost 

identical, which can be explained by the similarity of the T1ρ
(n) and T2ρ

(n) contributions in 

the rotating frame of rank (n-1). Another similarity is that magnetization is close to z-axis of 

the laboratory frame in both cases.

The analysis of the different durations of refocusing periods demonstrate that longer 

refocusing period leads to the relaxation rate peaks to move towards smaller δω values 

(Figure 4). The pulse length Tp is controlled by length factor (LF), which at the same time 

controls the refocusing time. The peaks of the rate constants correspond to 1/Tp, i.e. for 

pulse length factor (LF) =1, to 2.23 ms, and similarly for the other LFs. Another interesting 

observation is an increase of relaxation rate constants with the increase of RF power (Figure 

5). Increase of the RAFF2 peak power without changing refocusing time leads to an increase 

of the average flip angle of M. Noticeably, the locations of the side bands are independent of 

pulse power, however higher power settings lead to an increase of the relaxation rate 

constants (Figure 5).

The contour plot of the relaxation rate constants during RAFF4 for different chemical shift 

differences and exchange correlation times is shown in Figure 6. It can be seen, that the 

increase of the exchange induced relaxation rate constants corresponds well with the side 

bands of the pulses when the instantaneous flip of the effective frequency occurs. Moreover, 

the enhanced rate constants at the side bands is observed for slow-to-intermediate exchange 

regimes, whereas when the system moves towards fast exchange limit, relaxation becomes 

very fast and enhancement at the side bands is not discernible any longer. For comparison, 

the simulatiotions of exchange induced relaxations during adiabatic T1ρ, T2ρ [7–9,21] and 

continuous wave spin lock T1ρ experiments are shown (Figure 7). Here, an increase of the 

relaxation rate constants which takes place during the P-packed RAFFn pulses, was not 

noticed. This further confirms necessity of the instantaneous flip of the effective frequency, 

i.e., change of the direction of the frequency sweep during the course of the RF pulse, to 

enable an enhancement of exchange induced rate constants which becomes discernible for 

relatively small tip angle of magnetization.

To summarize, we demonstrate here that instantaneous flip of the effective field during 

rotating frame experiments could lead to an increase of the exchange-induced relaxation rate 

constant. The detailed description of this phenomenon is described for the family of RAFFn 

pulses. This phenomenon was overlooked in NMR so far, and could find important 

applications for studying exchanging systems in protein dynamics, and for detection of 

exchange – related processes in living samples. This methodology could serve as a sensitive 

non-invasive MRI tool for generating exchange-induced tissue contrast when selectively 

tuning to the chemical shifts of interest, and may compliment and even over perform 

established MRI modalities such as T2- and T1- weighted methods, other rotating frame and 

Chemical Shift Saturation Transfer (CEST) techniques.
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Conclusions

Numerical analysis of exchange-induced relaxation for two-site exchange during periodic 

irradiation demonstrate an increase of the relaxation rate constants which corresponds to the 

off-resonance side bands, and depends on the repetition rate of irradiation and the tip angle 

of magnetization. Simulations show that periodic irradiation produces sidebands in the 

chemical shift domain when the M remains only in one hemisphere, and the tip angle of M 
is relatively small, α < 45°. Furthermore, Bloch-McConnell simulation of RF pulses with 

different modulation functions of the RAFFn family demonstrate that for fixed average flip 

angles the position of side bands in chemical shift domain remains constant, independently 

from the pulse modulation functions. Moreover, the pulse amplitude does not influence the 

location of the sidebands while increasing the overall relaxation rate constants. This 

methodology could serve as a sensitive tool for investigating exchange processes in both 

protein dynamic and non-invasive MRI applications when selectively tuning the side bands 

created by the periodicity of the frequency irradiation to the chemical shift of interest, and 

may compliment and even over-perform other established modalities such as Chemical Shift 

Saturation Transfer (CEST) [22]. The experimental verification is the subject of future work.
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Figure 1. 
Exchange-induced relaxation rate constant during periodic irradiation of RAFFn, where n = 

1–5. Average flip angle during the pulses is adjusted close to 5° leading to following actual 

pulse powers (RAFF1 5.04° 55 Hz, RAFF2 3.82° 125 Hz, RAFF2 5.75° 186 Hz, RAFF3 

4.94° 150 Hz, RAFF4 4.92° 273 Hz, and RAFF5 4.86° 249 Hz) by altering α1 in equation 

(1) for RAFF1–5. Note that RAFF2 is repeated with two different α1. Exchange correlation 

times of 10 ms, PA=0.1, and τc=76·10−12 s for both sites were used.
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Figure 2. 
Chemical exchange-induced relaxation rate constant’s dependence on correlation time 

between the sites A and B. For simulations, amplitude and phase modulated RF waveform of 

RAFF1 pulse was used, RAFF1 pulse duration was 2.66 ms, ω1
max= 625 Hz, α1=5°, leading 

to actual pulse power of 55 Hz, PA=0.1, and τc=76·10−12 s for both sites were used. 

Exchange correlation times were 1 ms, 10 ms and 100 ms as indicated on the plot.
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Figure 3. 
Effect of α1 for relaxation rate profile in periodic continuous wave irradiation. Note that 

increasing α1 increases the average flip angle in RAFF1 and therefore RAFF1 α1 = 5° 

(actual power 55 Hz) is more off-resonance T1ρ type measurement and RAFF1 α1 = 85° 

(actual power 625 Hz) is more on-resonance T2ρ type measurement with refocusing.
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Figure 4. 
Dependence of exchange-induced relaxation rate constants on the refocusing period of the 

irradiation. RAFF2 with PPπ
−1PπP−1 refocusing top: with length factor (LF) 0.5 resulting 

pulse duration of 1.1 ms and actual power of 97 Hz, middle: LF=0.75 resulting pulse 

duration of 1.7 ms and actual power of 142 Hz, and bottom: LF=1 to nominal RAFF2 pulse 

duration of 2.3 ms and actual power of 186 Hz. For simulations, exchange correlation time 

10 ms, PA=0.1, and τc=76·10−12 s for both sites were used.
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Figure 5. 
Dependence of exchange-induced relaxation rate on RF power. RAFF2 PPπ−1PπP−1 packets 

were used with refocusing period 2.3 ms, α1 = 7.5°, ω1
max= 625 Hz. The pulse amplitude 

was multiplied by 0.5, 0.75 or 1 leading to actual pulse powers of 49, 73 and 97 Hz. For 

simulations, exchange correlation time 10 ms, PA=0.1, and τc=76·10−12 s for both sites were 

used.
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Figure 6. 
Two dimensional plot of exchange-induced relaxation rate constant versus chemical shift 

differences between exchanging sites A and B. For the simulations RAFF4 45° pulses with 

PPπ−1PπP−1 packets were used with refocusing period of 2.3 ms and with nominal ω1
max= 

625 Hz leading to actual pulse power of 140 Hz. kex values were logarithmically distributed 

between 100 and 10000 s−1 and 101 δω values were simulated between 0 and 3000 Hz with 

PA=0.1, and τc=76·10−12 s for both sites. After simulation, relaxation rate data was 

interpolated to 1024 × 1024 image points with bicubic interpolation. On the left, fast Fourier 

transform of RAFF4 45° pulse train in the form ω1
max cos φ + isin φ  is shown in the 

frequency coordinates which is matched with the 2D plot.
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Figure 7. 
Two dimensional plot of exchange-induced relaxation rate constant versus chemical shift 

differences between exchanging sites A and B. (A) continuous wave T1ρ, (B) adiabatic T1ρ 
and (C) adiabatic T2ρ simulations. For the simulations Hyperbolic Secant continuous wave 

(CW) (A) and (HS) pulses (B and C) were used. Peak power ω1
max= 625 Hz (A) and 2500 

Hz (B and C). Adiabatic pulse duration Tp = 4 ms. Pulses were cycled according to MLEV-4 

[10]. In adiabatic T1ρ magnetization was initially not perturbed, i.e., was along z’-axis of the 

first rotation frame. In adiabatic T2ρ magnetization is initially placed in the transverse plan. 

In all plots, kex values were logarithmically distributed between 100 and 10000 s−1 and 101 

δω values were simulated between 0 and 3000 Hz with PA=0.1, and τc=76·10−12 s for both 

sites. After simulation, relaxation rate data was interpolated to 1024 × 1024 image points 

with bicubic interpolation.
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