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Purpose: This work is based on the review of novel MRI methods for generating the longitudinal relaxation contrast, T1ρ, and the transverse 
relaxation contrast, T2ρ in the rotating reference frame regime at high and ultra-high magnetic fields. Clinical application of the T1ρ and T2ρ contrasts 
using the on- or off-resonance spin-lock (SL) radiofrequency (RF) irradiation has been a challenging task. Long acquisition time and high RF energy 
deposition into the tissue (specific absorption rate i.e., SAR) in the SL based methods are the major problems. SL RF pulse cluster and adiabatic RF 
pulses based MRI acquisition schemes for accurate and precise quantitative estimation of T1ρ and T2ρ have been reviewed in detail in this work.  

Outline of Content: T1ρ and T2ρ are the sensitive biomarkers of changes at the cellular level and in the amount of iron in the Parkinson’s and 
Alzheimer’s diseases, respectively [1], [2]. T1ρ can be used as a sensitive marker for the gene therapy monitoring [3] and it has potential to 
characterize the neoplastic tissue [4]. In Parkinson’s disease, adiabatic T2ρ is more sensitive than T2 to pathological changes in the brain, which reflects 
the iron accumulation in the substantia nigra area [1]. The rotating frame relaxations are sensitive to the dynamic molecular processes which occur 
close to the effective frequency (ωeff=γBeff) in the order of kilohertz. Therefore, T1ρ and T2ρ are sensitive to the slow molecular motion as compared to 
the T1 and T2 relaxation rates.  T1ρ relaxation originates from the spin-lattice energy exchange mechanism. In the tradition spin-locking (SL) scheme, 
the low-frequency components of the lattice, that are equivalent to the RF amplitude, cause the T1ρ relaxation. The low-frequency components 
manifest physio-chemical processes, such as, slow exchange mechanism (proton water exchange with hydroxyl and amide functional groups), slow 
rotation, and static dipolar or quadruple interactions. The low-frequency interactions between the macromolecular protons and the bulk water protons 
can be detected if the correlation times, τc, fulfill the condition τc=1/γB1, where the nutation frequency is γB1. Theoretical formalism to characterize the 
relaxation due to dipolar interactions in the case of two identical spins and anisochronous exchange is well described in literature. Adiabatic on-
resonance RF irradiation (where the flip angle and the effective field are time dependent) is another technique employed for the rotating frame 
relaxation measurement. Adiabatic half passage (AHP) adiabatic pulses have been used for measuring T1ρ. During the on-resonance adiabatic full 
passage (AFP) adiabatic irradiation, T1ρ is affected by the dipolar interactions in the fast motional regime (T1ρ-dd) and existence of anisochronous 
exchange between spins having different chemical shifts in the fast exchange regime (T1ρ-ee). Consequently, the T1ρ relaxation can be expressed as an 
average of the instantaneous time-dependent contributions due to the aforementioned relaxation channels (T1ρ-dd and T1ρ-ee) [5]. The expressions of T2ρ-

dd and T2ρ-ee transverse relaxations have been given in [5]. Assuming that the major source of the T2ρ contrast comes from the dipolar contributions and 
the RF pulse amplitude is much less than the Larmor frequency, 1/T2ρ is approximately equals the average of the sum of 1/T1 and 1/T2. Moreover, 
different models for estimating the rotating frame relaxation rates, based on the mono-exponential decay, solution of the Bloch equations in the 
rotating frame, and the steady-state signal equation have been proposed in literature. Generally, the T1ρ and T2ρ MRI sequences are composed of two 
modules i.e., magnetization preparation module which is used to sensitize the signal to the relaxation phenomenon, and the magnetization acquisition 
module. After the magnetization preparation module (traditional SL pulse cluster or adiabatic irradiation pulse cluster), the resulting magnetization 
can be acquired by using gradient echo, spin echo, EPI or segmented-EPI. The sequences that employ delay periods to wait for equilibrium restoration 
of the longitudinal magnetization are inherently time inefficient. Therefore, it is desirable to acquire the T1ρ-weighted signal under the rapid steady-
state magnetization conditions with high signal-to-noise ratio (SNR) and contrast. There are a few T1ρ steady-state MRI sequences that employ short 
delay times with the magnetization preparation-3D acquisition scheme allows recovery of longitudinal magnetization. T1ρ imaging has been 
performed within SAR guidelines in human brain using the AHP adiabatic pulses with the segmented EPI readout. On the other hand, the 2D 
multislice  pulse sequences for measuring T1ρ have a combination of T1ρ and saturation weighting. In a 2D multislice technique that uses non-selective 
SL, the saturated longitudinal magnetization is modeled and measured independently as T2ρ decay and then corrections for T1ρ measurements can be 
preformed subsequently. According to another approach, elimination of the intrinsic T2ρ weighting from the multislice T1ρ measurements by using a 
separate single multiecho scan can be accomplished. Quantification of T2ρ relaxation due to chemical exchange during the AFP pulses can be 
performed using the CP spin-echo sequence. Sensitivity to the chemical exchange and the rotational correlation times has been manifested by two 
adiabatic pulses, HS1 and HS4, using different modulation functions for the adiabatic pulses. Recently, a SL steady-state free-precession (slSSFP) 
pulse sequence is used to measure T1ρ and compares the slSSFP signal with the well-known balanced steady-state free-precession (bSSFP) signal.  

Summary:  Merits and demerits of different MRI acquisition schemes to establish the accurate and precise T1ρ and T2ρ measurements have been 
presented. Analysis of clinical applicability of the MRI sequences, with respect to different experimental parameters, such as, SAR, SNR, 
magnetization response, etc, have been given. It is concluded that new mechanisms of adiabatic irradiation at high and ultra-high field MRI are 
required to achieve the lower levels of SAR with significant SNR in the clinically acceptable time for the accurate and precise T1ρ and T2ρ 
measurements.  
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