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Introduction

R1ρ (=1/T1ρ), the spin lattice relaxation rate in the rotating 
frame, has been used extensively to probe the relatively 
slow macromolecular processes, making it a practical 
tool for gaining information about water spin dynamics 
and interactions with endogenous macromolecules (1).  
Depending on the tissue types and the changes in tissue 

component and microenvironment, T1ρ value may 
increase or decrease in diseases such as osteoarthritis (2-5),  
intervertebral disc degeneration (6,7), fibrosis (8,9), and 
liver steatosis (10,11). R1ρ imaging involves the application 
of specific radiofrequency (RF) fields (called spin-lock 
fields) that can influence the R1ρ relaxation processes so 
that the R1ρ value varies with the strength of the RF pulse 
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used. This dispersion of relaxation rate R1ρ with the spin-
lock field may be used to quantify the dynamic properties 
in biological tissues. There are different mechanisms 
potentially contributing to the R1ρ relaxation, i.e., dipolar-
dipolar interaction, diffusion, and chemical exchange 
(12-16). However, literature regarding R1ρ relaxation 
mechanisms at 3T is somewhat inconsistent, with some 
groups reporting that similar to T2, the dominating factor 
in T1ρ relaxation is dipolar interaction (5,15,17,18), contrary 
to another study by Li et al. (19) where only a minor 
magic angle effect (associated with dipolar interaction) in 
cadaveric human femoral-tibial cartilage was observed. In 
addition, some studies reported that chemical exchange 
may be a main contributor to T1ρ relaxation at high static 
fields (3T and above) and which leads to a significant T1ρ 
dispersion in certain tissues (20-23). Based on the previous 
results (24-26), it was suggested that R1ρ at very low locking 
fields (≤200 Hz) may reflect diffusion of tissue water 
molecules within field gradients caused by local magnetic 
field inhomogeneities, however, at higher locking fields, 
chemical exchange effects may dominate (14,27). Because 
the time scales of these two effects are so different, these 
two processes are readily separated (14). The dispersion 
of R1ρ has been used to assess the vascular properties of  
muscles (14) and the water diffusion through susceptibility 
gradient in tumors (27); this was also used to characterize 
the contribution of chemical exchange from macromolecules 
that consist of labile protons (associated with hydroxyls, 
amides, amines) exchanging at an appropriate rate with the 
tissue water (20,25).

One of the challenges in R1ρ imaging is that it is prone 
to artifacts arising from field inhomogeneities, which 
may greatly impact the R1ρ quantification accuracy if not 
corrected. Previous studies have addressed the issues using 
different approaches, the commonly used approach is based 
on a composite block RF pulse clusters combining the 
rotary echo method (28) with a 180-degree refocusing pulse 
to compensate for the field imperfections (29), however the 
performance of the method relies on the perfection of the 
180-degree pulse; another approach uses adiabatic pulses in 
the R1ρ pre-pulse to tip down and back the magnetizations 
(30,31), which is termed “adiabatic prepared approach” in 
this paper to distinguish from the chains of adiabatic pulses 
used in (32,33). While both methods work well in terms of 
mitigating image artifacts, their influence on the dispersion 
degree has not been studied previously, with only one group 

showing that different image contrasts can be achieved 
by manipulating the pulse properties of the adiabatic and 
continuous-wave (CW) constant amplitude R1ρ imaging 
experiments (32,33).

In our recent R1ρ imaging in human knee cartilage, we 
observed that the degree of R1ρ dispersion using the adiabatic 
approach (hyperbolic secant, HS1) was significantly lower 
than the block pulse approach. Prompted by this observation, 
we investigate whether and how the properties of tissue 
and RF pulses may influence the R1ρ dispersion through 
numerical simulations. Although the current research 
progress on the origin of R1ρ relaxation remain inconsistent, 
in this study we considered only the chemical exchange effect 
as its contribution appears to increase with the increasing 
static field as well as the locking field (20-22). We employed 
a two-pool model (the bulk water pool “a” and exchangeable 
solute pool “b”) and tracked the magnetization during the 
whole R1ρ pre-pulse by solving the numerical solutions of 
the Bloch-McConnell equations (34). The R1ρ values were 
computed exactly following the data fitting procedure in real 
applications, and the R1ρ dispersion curves were extracted by 
plotting the R1ρ values vs. spin-lock strengths. Specially, the 
simulations examined the dependencies of R1ρ dispersion on 
(I) water pool fractional size Pa, (II) exchange rate from the 
solute to water pools, kb, (III) the duration of the adiabatic 
pulse Tp, and (IV) chemical shift of the solute pool, ppmb. 
We found that in general, with the increase of chemical 
exchange rate kb, adiabatic pulse duration Tp, and chemical 
shift ppmb, as well as the decrease of water pool size ratio 
Pa, the difference in R1ρ dispersion between the block and 
adiabatic methods increasingly differs, with the R1ρ dispersion 
curve of the adiabatic method becoming flatter. We present 
the following article in accordance with the MDAR reporting 
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-21-959/rc).

Methods

This study was conducted in accordance with the Declaration 
of Helsinki (as revised in 2013) and was approved by the 
local IRB (Institutional Review Board) and written informed 
consent was obtained from all participants.

Adiabatic pulse

Adiabatic pulse is both amplitude and frequency modulated. 

https://qims.amegroups.com/article/view/10.21037/qims-21-959/rc
https://qims.amegroups.com/article/view/10.21037/qims-21-959/rc
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For the most prevalent hyperbolic secant (HS) family, the 
amplitude and frequency modulations have following forms:
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where max
1w  is the maximum value of w1(t), w0 is the on-

resonance frequency, wRF is the carrier frequency of the 
pulse, Tp is the pulse duration, and A determines the 
amplitude of the frequency sweep, and β is a dimensionless 
truncation factor. One fundamental property of the 
adiabatic pulse is the time-bandwidth product given by:

pTBW T BW= ⋅  [3]

where BW is the bandwidth of the pulse. With these 
definitions, the frequency sweep amplitude 

/ pA BW TBW Tπ π= ⋅ = ⋅  [4]

When n=1, Eqs. [1] and [2] are simplified to the HS1 
pulse:
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The adiabatic condition is that the direction of 
effective magnetic field does not change much during 
one period of precession of the magnetization about the 
effective field. Under this condition, the adiabatic full 
passage pulse (AFP, one cycle of the hyperbolic secant 
function) is able to nutate the magnetization 180°, 
for instance, from z axis to -z axis despite of the RF 
inhomogeneity. One property of the adiabatic pulse is 
that the adiabatic half passage (AHP, half duration of the 
AFP) can turn the magnetization 90°. 

Field inhomogeneities insensitive R1ρ pre-pulse

In the typical spin-lock experiment, the equilibrium 
magnetization is nutated to the transverse plane by 
an RF pulse, the magnetization is then spin-locked by 
a continuous-wave constant amplitude spin-lock RF 
pulse for a period to generate the R1ρ contrast, finally 
the magnetization is tipped back to the z-direction 
followed by signal acquisition. Figure 1 shows the R1ρ 
imaging pulses that are commonly used to overcome 
artifacts from field inhomogeneities, details can be found  
in (29-31).
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Figure 1 Diagram of the continuous-wave constant amplitude spin-lock pulse cluster to overcome field inhomogeneities. (A) Composite 
block R1ρ pre-pulse. Magnetization is tipped a flip angle αx about x axis by the first pulse, the spin-lock pulse (green box) is separated by a 
180° refocusing pulse applied about the y axis at the middle of the spin-lock, forming two spin-lock segments with opposite phases (+y and 
-y). Finally, the R1ρ prepared magnetization is turned back to -z axis by the second αx pulse. (B) An AHP sequence is applied at the front of 
the R1ρ pre-pulse to tip the magnetization a 90º, with the AM and FM derived from the HS1 pulse. The spin-lock pulse is applied with a 
duration of TSL and amplitude of FSL, at the end the rAHP pulse tips the magnetization back to the z axis. RF, radiofrequency; TSL, spin-
lock time; AM, amplitude modulation; FM, frequency modulation; AHP, adiabatic half passage; HS1, hyperbolic secant (n=1); FSL, spin-
lock frequency; rAHP, reverse AHP.
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Figure 1
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Figure 2 R1ρ imaging in human knee cartilage. (A) R1ρ map in knee cartilage at different locking fields for block (upper row) and adiabatic 
(lower row) pulses as in Figure 1. Left to right corresponds to the FSL = [50, 100, 200, 300, 400, 500] Hz. For the block pulse approach, 
TSL = [2, 22, 42, 62, 82] ms; for the adiabatic pulse approach, TSL = [1, 21, 41, 61, 81] ms. Other parameters: FOV =148×128 mm2, matrix 
size =320×320, thickness =4 mm. Data were acquired by the Turbo Spin Echo sequence. (B) R1ρ dispersion from the knee cartilage, median 
values of R1ρ were used in the plot. FSL, spin-lock frequency; TSL, spin-lock time; FOV, field of view.

Previous observation

Previous study used R1ρ dispersion to assess chemical 
exchange in knee cartilage with the R1ρ pulse as in Figure 1A,  
significant dispersion was observed for a spin-lock frequency 
range from 0 to 550 Hz on a Philips 3T Achieva scanner 
(Philips Healthcare, Cleveland, OH, USA) (20). However, 
in our later experiments with the adiabatic approach as 
in Figure 1B on healthy volunteers (n=3), only negligible 
dispersion was found, see Figure 2, which prompts us to 
study whether the properties of the tissue and pulse affect 
the dispersion degree.

Numerical simulations

We only investigate the chemical exchange effect on R1ρ 
relaxation in the simulations. We examine whether the 
dispersion of the block and adiabatic methods behaves 
differently to the properties of tissue and the RF at the 
main magnetic field of 3.0T. We assume a two-pool 
exchange tissue model, i.e., the bulk water pool “a” and a 
smaller metabolite pool “b” with certain chemical shift and 
exchange rate. The behavior of this two-pool exchanging 
system may be analyzed using the Bloch-McConnell 
equations as below (34):
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where ,
, ,

a b
x y zM  denotes the magnetization along x (or y, 

z) axis for pool a and pool b, ,
0
a bM  is the equilibrium 

magnetization of pool a or b, ,
1,2
a bR  the longitudinal (or 

transverse) relaxation rate for the two pools; ka and kb are 
chemical exchange rates from pool a to pool b, and from 
pool b to pool a respectively. In addition, 1 ,1 ,1x y zw  describes 
the applied RF field in x (or y, z) axis respectively, and ,

0
a bw∆  

is the chemical shift terms for pool a or b. Finally, the pool 
fractional size is defined as Pa and Pb, with Pa + Pb =1, and 
also ka = (kb · Pb)/Pa.

The numerical solutions of the Bloch-McConnell 
equations were obtained using Matlab (Mathworks, R2018a) 
codes by solving the ordinary differential equations, the 
magnetizations were tracked from excitation to reversion 
during the R1ρ pre-pulse, exactly following the real R1ρ 
experiments. The MRI signals (the final magnetizations that 
have been turned to z axis) were fitted to a two-parameter 
mono-exponential model

( )0 1expS S TSL R ρ= ⋅ − ⋅
 

[8]

We mainly focus on whether the tissue and RF 
properties affect the dispersion for the block and adiabatic 
methods, so the field inhomogeneities were not considered 
in the simulations. An AHP HS1 pulse (Eqs. [5] and [6]) 
was selected for the adiabatic method, with β =4.0, TBW 
=10, and max max

1 12w Bπ γ= ⋅ ⋅  (γ is the gyromagnetic ratio  
42.58×106 Hz/Tesla, and max

1 15.0 μTB =  is the maximum B1 
assumed at 3T), the frequency sweep amplitude A can be 
derived from Eq. [4]. The experiments were performed 
with a series of TSLs {=[0, 20, 40, 60] ms} and FSLs from 
50 to 1,000 Hz with an increment of 25 Hz. The dispersion 
curves of both methods were compared under varied values 
of Pa, kb, Tp (AHP HS1 pulse duration), and ppmb (pool 
b chemical shift). Since the block pulse duration is almost 
always chosen for the shortest value (<2 ms), its effect was 
not considered in the simulations. 

To investigate how the parameters (Pa, kb, Tp, ppmb) 
affect R1ρ dispersion, four situations were considered and 
for each scenario one of the four parameters was treated 
as a variable within a certain range while the other three 
parameters remained fixed but with two options: a low and 
a high value, which led to eight subcases for each situation. 
Specifically, the simulations were organized as below: (I) 
Pa varies from 0.80 to 0.95, kb =2,000 or 500 Hz, Tp =10 or 
25 ms, and ppmb =1.0 or 5.0 ppm; (II) kb varies from 500 to 
3,000 Hz, Pa =0.95 or 0.80, Tp =10 or 25 ms, and ppmb =1.0 
or 5.0 ppm; (III) Tp varies from 5.0 to 25 ms, Pa =0.95 or 
0.80, kb =2,000 or 500 Hz, and ppmb =1.0 or 5.0 ppm; (IV) 

ppmb varies from 1.0 to 5.0 ppm, Pa =0.95 or 0.80, kb =2,000 
or 500 Hz, and Tp =10 or 25 ms.

Results

Figure 3 shows the comparisons of R1ρ dispersion between the 
block and adiabatic methods, for a series of Pa (0.80 to 0.95 
in 0.05 increments) and various combinations of kb (500 vs.  
2,000 Hz), Tp (10 vs. 25 ms), and ppmb (1.0 vs. 5.0 ppm). It is 
seen that for different kb and Tp, the dispersion curves between 
the block and AHP methods largely match well for the range 
of Pa at the small ppmb of 1.0 (Figure 3A,3C,3E,3G), though Tp 
=25 ms appears to have greater error (Figure 3C,3G). However, 
with a large ppmb = 5.0, the dispersion curves increasingly 
differ with the decrease of Pa (Figure 3B,3D,3F,3H), the 
difference becomes more evident at large Tp than at short Tp 
(Figure 3D vs. Figure 3B, and Figure 3H vs. Figure 3F). Also, the 
dispersion curves of the adiabatic method appear much flatter 
at large ppmb and Tp (Figure 3D).

Figure 4 shows the comparisons of R1ρ dispersion for 
a range of kb (500 to 3,000 Hz in 500 increments), with 
the combination of Pa (0.80 vs. 0.95), Tp (10 vs. 25 ms), 
and ppmb (1.0 vs. 5.0). Generally, the dispersion curves 
of the two methods are well close at the small ppmb = 1.0  
(Figure 4A,4C,4E,4G). At the large ppmb =5.0, a small Pa 
(=0.80) can cause a large difference between the dispersion 
curves for both the pulse durations (Figure 4F,4H).

Figure 5 demonstrates the comparisons with a range of Tp 
(5.0 to 25 ms in 5.0 increments) under different combinations 
of Pa (0.80 vs. 0.95), kb (500 vs. 3,000 Hz), and ppmb (1.0 vs. 
5.0). For all situations, the dispersion curves between the 
two methods match very well except for the case with Pa 
=0.80, kb=2,000 Hz, and ppmb =5.0, see Figure 5F, where the 
difference increases with the pulse duration Tp.

Finally, Figure 6 shows the situation for a range of ppmb 
(1.0 to 5.0 in 1.0 increment) and different combinations 
of Pa (0.80 vs. 0.95), kb (500 vs. 2,000 Hz), and Tp (10 vs. 
25 ms). It shows that at small Pa (=0.80), the dispersion 
difference between the two methods tends to increase but 
a large kb (=2,000 Hz) and large ppmb (=5.0) exacerbate the 
difference, see Figure 6E,6F, in which the dispersion of the 
adiabatic approach appears flatter.

Discussion

R1ρ dispersion holds great potential to assess molecular 
dynamics in biological tissues and has been exploited as 
an important method for the early diagnosis of diseases. 
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Figure 3 Comparison of R1ρ dispersion using adiabatic pulses vs. block pulses for excitation and reversion. The simulation parameters are 
T1a =4,000 ms, T2a =2,000 ms, T1b =1,250 ms. T2b =35 ms, TSL = [0, 20, 40, 60] ms, FSL = 0 to 1,000 Hz with an increment of 25 Hz. The 
parameters kb, Tp, and ppmb are specified in (A) – (H), where the comparison is performed for a range of Pa values [0.80, 0.85, 0.90, 0.95]. 
The curved arrow in (A) shows the direction of Pa increase, which is applicable to other subfigures (B) – (H). TSL, spin-lock time; FSL, 
spin-lock frequency.
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Figure 4 Comparison of R1ρ dispersion using adiabatic pulses vs. block pulses for excitation and reversion. The simulation parameters are 
T1a =4,000 ms, T2a =2,000 ms, T1b =1,250 ms. T2b =35 ms, TSL = [0, 20, 40, 60] ms, FSL = 0 to 1,000 Hz with an increment of 25 Hz. The 
parameters Pa, Tp, and ppmb are specified in (A) – (H), where the comparison is performed for a range of kb values [500, 1,000, 1,500, 2,000, 
2,500, 3,000] Hz. The curved arrow in (A) shows the direction of kb increase, which is applicable to other subfigures (B) – (H). TSL, spin-
lock time; FSL, spin-lock frequency.
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Figure 5 Comparison of R1ρ dispersion using adiabatic pulses vs. block pulses for excitation and reversion. The simulation parameters are 
T1a =4,000 ms, T2a =2,000 ms, T1b =1,250 ms. T2b =35 ms, TSL = [0, 20, 40, 60] ms, FSL =0 to 1,000 Hz with an increment of 25 Hz. The 
parameters Pa, kb, and ppmb are specified in (A) – (H), where the comparison is performed for a range of Tp values [5, 10, 15, 20, 25] ms. The 
curved arrow in (A) shows the direction of Tp increase, which is applicable to other subfigures (B) – (H). For the block pulse method, the 
shortest pulse duration is always used so there is only one curve for the block pulse method in each of the subfigure. TSL, spin-lock time; 
FSL, spin-lock frequency.
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Figure 6 Comparison of R1ρ dispersion using adiabatic pulses vs. block pulses for excitation and reversion. The simulation parameters are 
T1a =4,000 ms, T2a =2,000 ms, T1b =1,250 ms. T2b =35 ms, TSL = [0, 20, 40, 60] ms, FSL =0 to 1,000 Hz with an increment of 25 Hz. The 
parameters Pa, kb, and Tp are specified in (A) – (H), where the comparison is performed for a range of ppmb values [1.0, 2.0, 3.0, 4.0, 5.0]. 
The curved arrow in (A) shows the direction of ppmb increase, which is applicable to other subfigures (B) – (H). TSL, spin-lock time; FSL, 
spin-lock frequency.
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Although other mechanisms such as dipolar effect and 
diffusion may contribute, previous studies reported that 
chemical exchange may be a main contributor to the 
R1ρ dispersion at higher magnetic fields (14,15,20,21). 
Exploiting the R1ρ dispersion holds great potential 
for the characterization of tissue composition and the 
physicochemical changes associated with pathology.

In this study, we investigated the difference of R1ρ 
dispersion between the block and adiabatic methods 
under solely the effect of chemical exchange at 3T using 
a two-pool model system. We considered the influence of 
different parameters of pool size Pa, chemical exchange 
rate kb, adiabatic pulse duration Tp, and the chemical shift 
of the solute pool ppmb. It is seen that generally, the larger 
ppmb, kb, and Tp, and the smaller Pa, the more pronounced 
difference in the R1ρ dispersion between the block and 
adiabatic methods, with the dispersion curve of the adiabatic 
method appears flatter. Although the dispersion difference 
is determined by the combination of these parameters, it 
seems that ppmb is a more sensitive factor. In contrast, the 
smaller ppmb, kb, and Tp, and the greater Pa, the better 
coincidence between the two methods.

This study has several limitations. First, wider ranges 
of parameter were used in the simulations to better reveal 
the effect of the parameter on the R1ρ dispersion, so the 
dispersion curves in some scenarios might look different from 
those observed in biological tissues (in scale and/or pattern). 
Second, only chemical exchange was considered and the 
readout sequence was neglected. In the real R1ρ experiment in 
biological tissues, however, other relaxation channels such as 
diffusion, dipolar-dipolar interaction may also contribute to 
the R1ρ dispersion. Also depending on the readout sequence, 
the R1ρ contrast may be compromised by the relaxation 
parameters and pulse sequence parameters (35). Third, this 
study was based on simulations only, however, systematically 
designed real experiments would be essential in the validation 
of the theoretical analysis and simulations. Our future 
work will focus more on the investigation of R1ρ relaxation 
mechanisms and their validation. Nevertheless, the simulations 
showed that at certain conditions, the adiabatic pulse method 
may lead to significantly lower R1ρ dispersion than the block 
pulse approach, as we have observed in knee cartilage imaging 
(Figure 2), suggesting that care should be taken when using 
adiabatic approach to study the R1ρ dispersion. The difference 
in R1ρ dispersion between the two approaches may be because 
the tipping pulses (adiabatic vs. block) have different effect on 
the magnetizations, and the effect depends on the properties of 

both the tipping pulses and tissues. 
Previous R1ρ studies in cartilage mainly focused on 

whether R1ρ values are relevant to the concentration of 
glycosaminoglycan (GAG), a side chain of proteoglycan 
and clinically an indication of osteoarthritis, although there 
have been conflicting conclusions regarding the origins of 
the R1ρ contrast (3,5,36-38). There were very few studies 
investigating the effect of both proteoglycan and collagen on 
R1ρ values in cartilage specimens, with one study concluding 
that degradation of proteoglycans and collagen fibers in 
the articular cartilage increased the articular cartilage T1ρ 
(=1/R1ρ) value (39), and another study being that T1ρ may 
be primarily determined by collagen concentration but the 
molecular level interactions associated with collagen/GAG 
may be contributing in an important way to T1ρ (4). In 
our early study of R1ρ dispersion in knee cartilage with the 
block pulse approach (20), we speculated that the chemical 
exchange was mainly between free water and hydroxyls in 
GAGs. Since the chemical shift of hydroxyls is small about 
1.0–1.2 ppm, it may not account for the difference of the 
R1ρ curves for the block and adiabatic methods (Figure 2).  
According to the simulations in our paper, the important 
reason causing the dispersion difference would be the large 
chemical shift ppmb, which perhaps suggests that other 
substance in the cartilage, for instance the most abundant 
collagens, may also participate in the chemical exchange 
process, as the collagen macromolecules have exchangeable 
amine and amide protons (40) with large chemical shifts 
(amide NH: 5.5–8 ppm, and amine NH2: 0.5–3.0 ppm) (41). 
This interpretation differs from some previous conclusions 
about the chemical exchange in knee cartilage.

We observed a “dip” sometimes occurring at the lower 
FSLs (for instance <100 Hz) in Figures 3-6, which we have 
also observed sometimes in the real R1ρ experiments in 
biological tissues. We interpret this as a situation where the 
spins are not “locked” efficiently about the locking field 
direction at lower locking fields, the “dip” is generally less 
prominent at large water pool size Pa, small exchange rate 
kb, and small chemical shift of the bound pool ppmb. 

Conclusions

In conclusion, it is suggested that care should be taken 
when using the adiabatically prepared approach to study R1ρ 
dispersion. The adiabatic approach may compromise the 
R1ρ dispersion, the effect is determined by the combination 
of the tissue and RF properties. 
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