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Principle of T1ρ MR imaging

T1ρ relaxation-theory

In MRI physics, the process of radiofrequency (RF) 
pulse excited spins returning to their equilibrium status 
is called relaxation. The magnetization is realigned with 
the longitudinal direction as the main magnetic field B0. 
Topographical images with different contrasts can be 
generated based on different tissue relaxation properties. 
Spin-lattice and spin-spin relaxations described by 
relaxation time of T1 and T2 are two most commonly 
leveraged tissue properties, resulting in T1-weighted and 
T2-weighted images respectively. 

T1ρ (or T1ρ) relaxation time describes spin-lattice 
relaxation in the rotation frame at the presence of an 
external RF pulse in the transverse plane. T1ρ relaxation 
was first described in 1955 (1), but has only been applied in 
MRI in the late 1980’s providing extra tissue information 
beyond T1 and T2-weighted images (2,3). In the pure spin-
lattice or T2 relaxation, magnetization undergoes relaxation 
in the transverse plane and decays exponentially, while it 
experiences a slower relaxation process at the presence 
of the external RF pulse called spin-lock RF pulse (BSL). 
Being analogous to the alignment of spins along the main 
magnetic field of B0 in the laboratory frame, some spins 
revolve around the direction of BSL in the rotating frame at 
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the frequency determined by the Larmor equation, FSL = 
γ∙BSL, where γ is the gyromagnetic ratio of hydrogen atom 
of 42.58 MHz/T and FSL is called spin-lock frequency. 
Note that in the case of on-resonance excitation, the 
influence of B0 could be neglected. The impose of BSL to 
some degree slows the magnetization relaxation process 
in the transverse plane by forcing the spins process along 
its direction. Consequently, the relaxation time of T1ρ is 
longer than the relaxation time of T2 for the same tissue. In 
addition, T1ρ is positive related to the strength of BSL. It is 
intuitive that a stronger BSL is able to more efficiently “lock” 
the transverse spins along its direction, leading to a longer 
T1ρ relaxation time, and that is similar to the fact that spin-
lattice relaxation time T1 increases with the strength of B0.

T1ρ imaging provides a viable approach to study low-
frequency motional biological processes such as protein, 
proton exchange between water and macromolecules which 
may be not feasible by applying T1 or T2 MR imaging. Spin-
lattice relaxation process maximizes at the spins moving at 
or around the Larmor frequency which is determined by the 
strength of B0, e.g., about 64 MHz at 1.5T and 128 MHz 
at 3T, making T1 imaging difficult to directly characterize 
low-frequency motion atoms and molecular. Fortunately, 
T1ρ relaxation process maximizes at FSL, which is generally 
in the low frequency range, i.e., several hundred Hertz, and 
adjustable by changing the BSL strength. Therefore, the T1ρ 
imaging can be tailored for studies of biological processes 
at different frequencies while taking the advantages of high 
field MRI scanner such as high signal to noise ratio (SNR).

Spin-lock pulse and T1ρ imaging

The procedure of changing the magnetization amplitude 
based on the tissue T1ρ value refers to T1ρ weighted 
magnetization preparation. Like many other magnetization 
preparations including saturation, inversion, magnetization 
transfer, and chemical exchange saturation transfer, T1ρ-
weighted magnetization preparation itself cannot generate 
MR images. T1ρ-weighted MR images are obtained by the 
subsequent acquisition sequences. 

The T1ρ weighted magnetization preparation pulse is 
often known as spin-lock pulse which is shown in Figure 1.  
The first short pulse P1 flips magnetization into the 
transverse plane along the y-axes in the rotation frame. 
The substantial spin-lock pulse PSL is applied on the same 
direction with a duration of TSL and a strength of BSL. The 
rotation angle ΦY during the PSL is defined by 2π·FSL·TSL, 
where FSL is calculated by γ·BSL. A final short pulse P2 is 
applied opposite to P1 afterwards to return the T1ρ-relaxed 
transverse magnetization to the original longitudinal 
direction.

For T1ρ weighed imaging, the residual transverse 
magnetization is destroyed by a strong gradient crusher 
after the spin-lock pulse, and then a normal acquisition 
pulse sequence is applied for signal acquisition. Finally, 
a sufficiently long wait time is applied to recovery the 
magnetization to its equilibrium state. The block diagram 
for typical T1ρ weighted imaging process is illustrated 
in Figure 2. In practice, other imaging module like fat 
suppression can be embedded into this diagram according 
to the specific requirements in different applications. 

Figure 1 Diagram of the magnetization evolution during the rotary echo spin-lock pulse cluster. (A) The initial short hard pulse was applied 
along the x-axis to rotate the longitudinal magnetization M0 into transvers plane along with y-axis M1; (B) A spin-lock pulse BSL along the y-axis 
with duration of TSL making the magnetization rotate Θ° with frequency of FSL; (C) the final short pulse rotated the magnetization back to 
longitudinal direction.
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T1ρ weighted contrast, T1ρ mapping and T1ρ dispersion

T1ρ MR imaging is normally utilized in three forms. They 
are T1ρ weighted contrast imaging, T1ρ mapping and T1ρ 
dispersion imaging.

T1ρ weighted contrast imaging is the basic form. This 
is mostly done by applying a spin-locking pulse prior to 
imaging, allowing adequate time for T1ρ relaxation to occur, 
and then “storing” this T1ρ prepared magnetization along 
the longitudinal direction. T1ρ weighted contrast imaging 
involves only a single spin-lock time at a certain spin-
lock frequency to generate an appropriate T1ρ weighted  
contrast level.

T1ρ mapping is the most common form of T1ρ imaging 
and has been most intensively used for various applications. 
T1ρ mapping involves at least two, usually multiple spin-lock 
times at a certain spin-lock frequency to obtain a series of 
images with different levels of T1ρ weighted contrast. Voxel-
wise image intensities with different TSLs are then fitted to 
a mono-exponential decay mathematical model, described 
by Eq. [1], to calculate the voxel-wise T1ρ values, which is 
called T1ρ map (Figure 3).

1/
0

TSL T
iS S e ρ−= 		  [1]

Though the scan time of T1ρ mapping is longer than 
T1ρ weighted contrast imaging due to multiple TSLs 
were used, T1ρ mapping gives voxel-wise T1ρ values that 
are independent of acquisition sequence as quantitative 
biomarkers rather than the qualitative T1ρ-weighted contrast 
for the better characterization of tissue properties.

T1ρ dispersion is the dependence of T1ρ relaxation time 
with spin-lock field strength (BSL), or spin-lock frequency 
(FSL). Therefore, T1ρ dispersion imaging usually involves 
T1ρ quantification or mapping for at least two spin-lock 
frequencies. Because T1ρ relaxation is sensitive to the 
low-frequency motional processes around or at spin-lock 
frequency, T1ρ dispersion which is also a tissue property 
provides a representation of the tissue at low frequencies 
and reflects useful information like protein content, 
composition of tissue and proton exchange between water 
and macromolecules. The simplest T1ρ dispersion imaging 

is performed with two FSLs T1ρ dispersion factor. The 
ratio of T1ρ value at low and high FSL was assessed for 
quantification purpose (4,5). 

Techniques of T1ρ MR imaging

Design of spin-lock RF pulse

Theoretically, the magnetization along the spin-lock pulse 
field direction decays mono-exponentially with regard 
to spin-lock time TSL at the rate of 1/T1ρ. However, in 
practice, the actual spin-lock pulse field direction and 
strength could be obscured by the presence of B0 and B1 
field inhomogeneities due either to the imperfection of 
MRI hardware or to the susceptibilities and heterogeneities 
of the imaged subject. In the presence of B0 and B1 field 
inhomogeneities, the effective spin-lock field direction and 
strength may be considerably deviated from the nominal 
spin-lock direction and strength, leading to the poor 
alignment of the magnetization along the desired spin-lock 
direction as well as the complicated magnetization evolution 
rather than the ideal mono-exponential decay along the 
nominal spin-lock direction. B1 inhomogeneities lead to 
the deviation of true spin-lock frequency from the nominal 
spin-lock frequency. In the presence of B0 inhomogeneities, 
the magnetization nutates about the effective spin-lock field 
direction indicated in Figure 4, deviated from Z direction 
with an angle θ=tan−1(Δω1/Δω0)=tan−1(FSL/γΔB0). The 
effective spin-lock field strength is calculated as Δωeff = 
(Δω0

2 + Δω1
2)1/2. This poor alignment and the complicated 

magnetization evolution are finally presented in the form 
of banding-like artifacts on T1ρ-weighted images and 
also result in the errors of T1ρ quantification using the 
traditional mono-exponential decay model. As seen from 
Figure 4, a simple solution to reduce the influence of B0 
inhomogeneity is to use a spin-lock pulse with strong spin-
lock field strength and large FSL so that θ approaches 90°  
and Δωeff ≈ Δω1. However, this is restricted by the scanner 
hardware performance as well as the regulation of specific 
absorption rate (SAR) on human scan. B0 shimming and 
B1 calibration are also helpful but often not sufficient to 

Figure 2 Block diagram for a typical T1ρ imaging MR pulse sequence. RF, radiofrequency.
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alleviate the banding artifact. Therefore, the improved 
design of spin-lock RF pulse is vital to the T1ρ-weighted 
image quality and the accurate quantification of T1ρ 
relaxation time. 

To precisely trace the magnetization evolution at each 

time point during a SL pulse, full Bloch analysis is necessary 
but too complicated. To simplify the analysis while maintain 
the acceptable accuracy, the transient relaxation effect is 
usually neglected. As such, the magnetization evolution 
can be conveniently traced by the multiplication of a series 
of rotation and relaxation matrices to present each RF 
component in the cluster of a composite spin-lock pulse. 
An instantaneous RF pulse is represented in the form of 
matrix notation Rφ(ϕ), where R denotes a rotation matrix, 
φ is the pulse field orientation and ϕ is the pulse flip angle. 
The magnetization evolution under an RF pulse could 
be generally expressed by Mt1 = Rφ(ϕ)Mt0, where Mt0 and 
Mt1 denote the magnetization before and after the pulse 
excitation, respectively. The basic rotation matrices that 
rotate magnetization about the x, y, or z axis by an angle ϕ, 
in three dimensions, are expressed respectively as Eq. [2]:

1 0 0
( ) 0 cos sin ;

0 sin cos
xR φ φ φ

φ φ

 
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 − 
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 
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[2]

Figure 3 The illustration of T1ρ mapping from a series of images with different T1ρ contrast weightings, acquired with different spin-lock 
times (TSLs). Note that some voxels are missing in the T1ρ map due to the poor goodness-of-fit to the mono-exponential decay model.
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Figure 4  Illustration of the effective spin-lock strength 
and direction in the rotating frame with the influence of B0 
inhomogeneity.
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Note that each of these basic magnetization vectors 
rotates clockwise about the axis, and the coordinate system 
is right-handed. The spin-lock relaxation matrix under 
a spin-lock pulse with duration T is given by Eq. [3], 
assuming spin-lock pulse is along y direction:
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[3]

Note that T2ρ is the decay rate of the magnetization 
perpendicular to the spin lock pulse. 

Normal spin-lock pulse
Assuming the flip angle of β for the tip-down pulse P1 and 
the tip-up pulse P2, and α for the spin-lock component SL, 
α=2π∙FSL∙TSL for a given spin-lock frequency FSL, the 
magnetization evolution is expressed in Eq. [4]:

0( ) ( ) ( ) ( ) ( ) ( )x y xM TSL R R E TSL R M tρβ α β−= ⋅ ⋅ ⋅ ⋅

0 0where ( ) [0 0 ]TM t M= [4]

Since P1 and P2 usually have much shorter duration 
than SL, the relaxation during P1 and P2 is negligible. By  
substituting Eq. [2] and Eq. [3] into Eq. [4], It is easily derived 
the final longitudinal magnetization Mz as given by (6).

1 2/ /2 2
0(sin cos cos )TSL T TSL T

zM e e Mρ ρβ β α− −= ⋅ + ⋅ ⋅ 	 [5]

According to Eq. [5], Mz follows an exponential decay 
as long as β equals to π/2 or 90°. In the presence of B1 
inhomogeneites and β no longer equals to π/2, Mz shows 

a composite function to many factors of T1ρ, T2ρ and α, 
reflected in the image as banding artifact. Because α is 
dependent on both TSL and FSL, the location distribution 
of artifacts varies with TSL and FSL as well.

Rotary echo spin-lock pulse
To compensate for artifacts caused by B1 inhomogeneity, a 
rotary echo spin-lock pulse (Figure 5A) was proposed (6). 
This rotary echo SL pulse is divided into two segments 
(SL1 and SL2 in Figure 5A) with the equal duration but the 
opposed phase, and effectively eliminates the rotation spin-
lock phase accumulation. 

The magnetization evolution under the application of a 
rotary echo spin-lock pulse can be expressed by Eq. [6]:

0

( )
( ) ( ) ( / 2) ( ) ( / 2) ( ) ( ) x y y x

M TSL
R R E TSL R E TSL R M tρ ρβ α α β− −

=
⋅ ⋅ ⋅ ⋅ ⋅ ⋅

	 [6]
Note that here α=2π∙FSL∙(TSL/2). The final longitudinal 

magnetization Mz is derived as:

1 2/ /2 2
0(sin cos )TSL T TSL T

zM e e Mρ ρβ β− −= ⋅ + ⋅ 	 [7]

Comparing Eq. [5] and Eq. [7], the term of cosα has been 
completely eliminated in Eq. [7] so Mz no longer shows 
TSL- or FSL-dependent artifact distribution. However, it 
is worth pointing out that rotary echo pulse could still show 
some artifacts when β does not equals to π/2. Meanwhile, 
Mz does not show pure T1ρ-weighted contrast and may 
contaminated by T2rho-weighted contrast in the presence 
of B1 inhomogeneity. 

In the presence of B0 inhomogeneities, the magnetization 
evolution could also be traced quantitatively by Eq. [8] (7): 

Figure 5 MR sequence diagram. (A) Structure of a rotary echo spin-lock pulse. Spin-lock section is divided into two segments (PSL1 and PSL2) 
with the equal duration but the opposed phase; (B) structure of a composite spin-lock pulse insensitive to B0 and B1 inhomogeneity. An 180° 
refocusing pulse is inserted between the two rotary-echo spin-lock pulse segments of PSL1 and PSL2.
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[8]

where θ is the direction of the effective spin-lock field as 
shown in Figure 4. The final longitudinal magnetization Mz 
is given by:
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Eq. [9] shows that the resultant longitudinal magnetization 
by a rotary echo SL pulse in the presence of B0 inhomogeneity 
does not show a pure T1ρ contrast, but a very complicated 
composite contrast dependent on many factors, including 
T1ρ, T2rho, B0 inhomogeneity, TSL and FSL. Although 
complicated, Eq. [9] provides a possible means to 
simultaneously quantify T1ρ, T2rho and B0 inhomogeneity 
even in the presence of banding-artifacts, particularly at low 
spin-lock frequencies (7). 

B1 and B0 insensitive composite spin-lock pulse
Rotary echo pulse is still susceptible to B0 inhomogeneity. 
Witschey et al. (8) proposed new B1 and B0 insensitive 
composite spin-lock pulses to further reduce the sensitivity 
of rotary echo spin-lock pulses to B0 inhomogeneities by 
inserting an 180° refocusing pulse between the two rotary-
echo spin-lock pulse segments of SL1 and SL2 (Figure 5B).  
This 180° refocusing pulse works just similar to the 
refocusing pulse used in the normal spin-echo acquisition 
pulse sequences. The spins nutating about the effective 
spin-lock field direction at the first spin-echo pulse section 
SL1 is reversed and then return back to the original position 
after processing about the effective spin-lock field direction 
at the second spin-lock section. The analytical expression 
of the magnetization under this B1 and B0 insensitive 
composite spin-lock pulse could be derived as:
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The detail derivation is neglected here. In Eq. [10], the 
flip angle of the refocusing pulse is written as 2β. If β=90°, 
Eq. [10] is simplified exactly as Eq. [7]. 

Another revision of this B1 and B0 insensitive composite 
spin-lock pulse is to change the direction of the tip-up 

pulse P2 from −x to x (8) (Figure 6). The purpose of this 
alternation is to compensate for the imperfect flip angle β 
and make it more robust to B1 inhomogeneity. 

Dixon’s composite spin-lock pulse and phase cycling
In 1996, Dixon et al. proposed a composite spin-lock pulse 
in the form of 90(y)−135(x)−360(x,SL)−135(x)−90(−y) for 
myocardial suppression. This composite pulse is tolerant 
to shimming and frequency errors for the cases of small 
off-resonance. Meanwhile, the strength and duration of 
each section in this composite pulse are required to meet 
some particular quantitative relationship. Actually, the 
magnetization evolution under Dixon’s composite spin-
lock pulse could also be calculated through the approach of 
multiplication of a series of rotation and relaxation matrices 
as used above. The result suggests that the effectiveness 
and robustness may be restricted in practice if the B0 or 
B1 inhomogeneity is relatively large and the strength and 
duration requirement for each pulse elements are not well 
fulfilled. 

The idea of phase cycling has also been proposed to 
reduce the spin-lock artifacts by using two T1ρ-weighted 
images. The first T1ρ-weighted image is acquired using a 
normal spin-lock pulse and the second image is acquired 
using the same spin-lock pulse but with the flip angle of P2 
inversed. The final image is the subtraction of the acquired 
two images (10). Using the theoretical analysis approach 
above, it can be shown that the longitudinal magnetization 
after this process is:

1/2
02sin TSL T

zM e Mρβ −= ⋅ 	 [11]

As seen from Eq. [11], phase cycling is robust to B1 
inhomogeneities. Even the tip pulse flip angle β is not 
exactly 90°, the resulting magnetization still follows the 
mono-exponential decay and suffers no contamination 
from T2ρ relaxation and the spin-lock flip angle α relating 
to FSL and TSL. On the other hand, the disadvantage of 
phase cycling is also obvious. The acquisition of two images 
doubles the scan time.

Recently, Chen et al. (11) combined the Dixon’s 
composite spin-lock pulse and phase cycling together, 
named phase-cycled composition spin-lock (PCC-SL), for 
B0 and B1 field inhomogeneity compensation, and compared 
the performance of PCC-SL with individual Dixon’s 
approach, phase cycling and other composite spin-lock 
pulses. The results showed that PCC-SL outperformed 
to other approaches in artifact reduction and T1ρ 
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quantification. 
In summary, many approaches have been proposed 

to design composite spin-lock pulses for T1ρ imaging 
to reduce spin-lock artifact and hence more accurate 
T1ρ quantification. Although significantly improvement 
compared to the traditional spin-lock pulse, the availability 
of these composite spin-lock pulses on clinical scanners is 
still limited. Meanwhile, effectiveness and robustness of 
these composite spin-lock pulses may still be compromised 
in practice and have to be further validated, in particular 
for the cases of long spin-lock duration, low spin-lock 
frequency and pronounced susceptibilities. 

Pulse sequences used for T1ρ imaging data acquisition

The pulse sequences used for quantitative T1ρ imaging 
usually consist of T1ρ preparation followed with data 
acquisition. There are a number of imaging sequences 
which can be used to collect data after T1ρ contrast is 
imparted into the magnetization. The signal evolution 
during imaging sequence may complicate the quantification 

of T1ρ and therefore care is needed in pulse sequence design 
for quantitative T1ρ imaging. 

Borthakur et al. (12) reported a 3D imaging method 
based on steady state spoiled gradient echo acquisition. The 
signal at steady state in this method can be expressed by the 
following equation: 

}{1 1

1 1

( / ) [ ( )/ ]

0 ( / ) [ ( )/ ]

1
( ) sin

1 cos

TSL T TR TSL T

TSL T TR TSL T

e e
I TSL I

e e

ρ

ρ
α

α

− − −

− − −

−
=

− [12]

where α is the flip angle, and TR is the repetition time. 
Note Eq. [12] deviates from conventional mono-exponential 
model used for T1ρ quantification and the knowledge of T1 
is needed in the model. The presence of flip angle in Eq. [12] 
indicates the sensitivity of this method to B1 inhomogeneity. 

Li et al. (13) reported a 3D quantitative T1ρ imaging 
method termed MAPSS which is based on segmented 
SPGR acquisition. The data is acquired during the transient 
signal evolution toward steady state. If the magnetization 
after T1ρ preparation is Mprep, with Bloch equations, it can be 
shown that for segmented SPGR acquisition the transverse 
magnetization after the nth RF pulse is (13): 

Figure 6 T1ρ weighted images obtained by using three composite spin-lock pulses to reduce the artifacts at 3 Tesla [Reprinted with 
permission (9)].
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( ) ( ) ( )xy prepM n A n M B n= + 	 [13]

The expression of A(n) and B(n), which are complicated 
functions of relaxation parameters and pulse sequence 
parameters, can be found in reference (13). Note the 
term B(n) in Eq. [13] is an additive term which causes the 
model deviate from mono-exponential decay. Li et al. (13) 
proposed to acquire two data sets with phase cycling of 
the tip-up RF pulse at the end of T1rho preparation, and 
form the final images by subtracting them from each other 
to remove B(n) term. This method makes it feasible to 
use simple mono-exponential decay to quantify T1ρ value, 
however, at the cost of doubled scan time. 

The magnetization after T1ρ preparation can also 
be acquired with conventional multi-slice 2D imaging 
methods. T1 relaxation during imaging data acquisition can 
cause signal to deviate from mono-exponential model. The 
same phase cycling method has been reported to address 
this issue in multi-slice quantitative T1ρ imaging (10). 

Fast (or Turbo) Spin Echo (FSE or TSE) has also been 
reported for T1ρ imaging (14,15). In FSE acquisition, when 
the CPMG condition is met and the crusher gradient is 
sufficient so that FID is eliminated, T1 recovery during the 
readout does not confound the relaxation profile imparted 
in magnetization from T1ρ preparation. The point spread 
functions are identical for data acquired at different TSLs. 
Therefore, the relative image intensity at different TSLs 
depends only on T1ρ exponential decay during T1rho prep, 
and no phase cycling is needed in order to use mono-
exponential relaxation model, which makes FSE based T1ρ 
imaging highly SNR efficient. The downsides of 3D T1ρ 
imaging with FSE acquisition include the requirement 
of CPMG condition, increased echo time, and potential 
blurring from long echo train (14).

Balanced gradient echo (16) has also been reported for 
T1ρ imaging. Instead of acquiring imaging data in steady 
state, signal needs to be acquired during transient stage. 
Otherwise, contrast loss during the transient decay can 
result in elevated T1ρ estimation (16). 

Towards fast T1ρ imaging at high field with low SAR

To apply T1ρ imaging for clinical applications, RF energy 
deposition by the spin-lock pulses has to be concerned 
and the associating SAR has to meet the requirement of 
relevant safety regulations. SAR is normally defined as the 
amount of RF energy per unit mass per unit time deposited 
into the imaged subject during an imaging experiment. 

For example, the U.S. Food and Drug Administration 
(FDA) has established guidelines to regulate the allowable 
maximum SAR for clinical imaging, i.e., 4 W/kg averaged 
over the whole body for any 15-minute period, 3 W/kg  
averaged over the head for any 10-minute period; or 8 W/kg  
in any gram of tissue in the extremities for any period of  
5 minutes. 

According to the SAR model proposed by Collins et al. 
in 1998 (17), SAR is proportional to the square of the RF 
pulse flip angle and the square of static field strength B0. In 
general, T1ρ imaging is SAR intensive due to the long spin-
lock time and hence large flip angle. Furthermore, spin-lock 
pulses with strong field strength and spin-lock frequency 
are often preferable for the purpose of artifact reduction, 
which makes the SAR problem more prominent in practice, 
particularly for high field MRI scanners. In order to 
maintain the SAR within the allowable limits, acquisition 
TR for T1ρ imaging is often significantly lengthened, 
resulting in a proportional increase of the total scan time 
and hence the reduction of patient comfort as well as the 
increased proneness to motion artifact. 

The most straightforward and convenient method for the 
reduction of SAR is to reduce the spin-lock field strength 
or spin-lock frequency. Unfortunately, the fact is that this 
method is rarely used because the low spin-lock frequency 
also brings the severe problem of spin-lock artifact in 
the presence of B0 and B1 homogeneities and hinders the 
accurate quantification of T1ρ. In this aspect, the use of 
various dedicated composite spin-lock pulse to reduce 
spin-lock artifact is beneficial for SAR reduction. Another 
approach is to quantify T1ρ using the model different 
from the mono-exponential one even in the presence of 
artifact, if the magnetization evolution and its relationship 
with imaging parameters could be analytically derived (7). 
This approach does not require the complicated design of 
composite spin-lock pulses but the analytical T1ρ model has 
to be derived individually for each kind of spin-lock pulse. 
Sensitivity, accuracy and precision of T1ρ fitting according 
to these complicated models with regard to imaging 
parameters have to be concerned and investigated carefully 
to justify the fitting results. 

For T1ρ mapping studies in which multiple TSLs are 
usually applied, the reduction of the TSL number, is also 
an effective means to reduce the total spin-lock RF energy 
deposition and the total scan time, although the averaged 
SAR does not reduce. Theoretically, two TSLs are sufficient 
to calculate T1ρ based on the mono-exponential model 
because T1ρ is the only unknown parameter to be fitted. 
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However, the calculated T1ρ may be susceptible to noise 
and the accuracy of T1ρ calculation is much dependent on 
the TSL applied, true T1ρ value and signal-to-noise ratio. 
Yuan et al. (18) studied the accuracy of T1ρ mapping by 
using two TSLs through theoretical analysis and Monte 
Carlo simulation. Segmented T1ρ acquisition could also be 
applied to reduce SAR for each TSL. In this approach, spin-
lock pulse is not applied for each k-space line acquisition. 
Instead, every spin-lock pulse for T1ρ preparation is 
followed by acquisitions of multiple k-space lines. The 
extreme case of segmented T1ρ acquisition is the single-shot 
T1ρ acquisition in which all k-space lines are acquired after 
the only one T1ρ preparation. 

Spin-lock RF pulse is an important source of RF 
energy deposition but not the only one because it has to 
be combined with normal acquisition pulse sequences. 
Therefore, other general approaches to reduce SAR could 
also be employed. For example, the use of partial Fourier 
acquisition and parallel imaging (19-21) is helpful to reduce 
the phase-encoding numbers and hence the number of spin-
lock pulses applied. Compressed sensing reconstruction 
(22,23) is also beneficial and some preliminary results 
have been presented (24). It is well known that MR image 
contrast is majorly determined by the central k-space 
lines while the peripheral k-space lines determine the fine 
edge detail. Wheaton et al. (25) proposed a partial k-space 
acquisition approach in which a full power spin-lock pulse 
is applied to only the central phase-encode lines of k-space, 
while the remainder of k-space receives a low-power spin-
lock pulse. SAR was reduced by 40% while the error of T1ρ 
mapping was only 2%, as demonstrated on human brain T1ρ 
imaging at 1.5T. For some specific applications in which 
only a fraction of the whole image may be interested, such 
as spine and cartilage T1ρ imaging, reduced field-of-view 
(rFOV) method (26,27) could be applied to reduce the 
phasing encoding numbers and hence SAR and total scan 
time. For the application of T1ρ imaging at ultra-high field 
strength B0 higher than 3T, the design of spin-lock pulse 
based on parallel excitation (28) should be promising to 
reduce SAR.

Applications of T1ρ MR imaging

Applications of T1ρ MR imaging in articular cartilage 

During the recent years, T1ρ-weighted contrast, T1ρ 
relaxation time mapping, and T1ρ dispersion have been 
extensively studied, covering various organs and a wide 

range of disease processes, including brain (29-38), heart 
(39,40), liver (41-45), muscle (46,47) cancer (4,48), and 
joint cartilage (39), intervertebral discs (49). T1ρ MR 
imaging is a relative time consuming technique, imaging 
of joint and intervertebral disc usually benefit from is very 
limited physiological motion. This review primarily covers 
T1ρ imaging’s application in articular cartilage. For other 
musculoskeletal components, another recent review has 
wider coverage (50). 

Osteoarthritis (OA) is a multifactorial disease characterized 
primarily by the progressive loss of articular cartilage. 
OA constitutes a significant health burden affecting more 
than 27 million people in US alone (51,52), and has been 
recognized as one of the fastest growing medical conditions 
world wide due to the increased prevalence of obesity and 
aging of society (53). The disease is characterized primarily 
by articular cartilage degeneration, however, cartilage loss 
and OA symptoms are preceded significantly by damage 
to the collagen-proteoglycan (PG) matrix and elevation of 
cartilage water content (54) (Figure 7).

Due to aging populations and increasing rates of obesity 
in the developed world, the prevalence of OA is continually 
increasing. Decreasing the societal and patient burden 
of this disease motivates research in prevention, early 
detection of OA, and novel treatment strategies against 
OA. One key facet of this effort is the need to track the 
degradation of tissues within joints, especially cartilage. 
Currently, conventional imaging techniques provide 
accurate means to detect morphological deterioration of 
cartilage in the later stages of OA, but these methods are 
not sensitive to the subtle biochemical changes during early 
disease stages. During the past decade, MR techniques that 
quantify cartilage matrix changes have developed rapidly, 
with the rationale that detecting early and subtle cartilage 
degeneration is critical for allowing early intervention, 
monitoring treatments, and allowing prevention strategies 
for OA (55-58). Among these techniques, T1ρ has gained 
significant attention which needs no contrast agent and 
detects early changes in cartilage matrix with a high 
sensitivity to loss of PG.

In vitro studies have evaluated the relationship between 
T1ρ and the biochemical composition of cartilage. Early 
studies using bovine cartilage demonstrated a strong 
correlation between changes in PG and T1ρ (59), and 
proposed T1ρ as a more specific indicator of PG content 
than T2 relaxation in trypsinized cartilage (60). In T1ρ 
imaging experiments, the spin-lock techniques reduce 
dipolar interactions and therefore reduce the dependence of 
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the relaxation time constant on collagen fiber orientation n  
cartilage (61). This enables more sensitive and specific 
detection of changes in PG content using T1ρ as compared 
to T2, although T1ρ changes in cartilage may be affected 
by hydration and collagen structure as well. The reduced 
dipolar interaction also results in less ‘magic angle effect’ 
in T1ρ imaging as compared to T2 imaging. Less laminar 
appearance was observed in T1ρ-weighted images compared 
to T2-weighted images (61). Previous specimen studies 
reported that T1ρ values at the magic angle (54.7°) were 
significantly higher than at other angles, but the difference 
was smaller than the different in T2 values at the same 
angles (62). The different was decreased with increased T1ρ 
spin-lock frequencies and was diminished when T1ρ spin-
lock frequency was equal to or higher than 2K Hz (61). 
In OA cartilage obtained from patients who underwent 
total knee arthroplasty, it was demonstrated that T1ρ values 
were correlated with clinical and histological grades of 
degeneration and with GAG contents (62,63). In addition 
to GAG concentration, T1ρ has also been reported to 
correlate with biomechanical properties of cartilage. T1ρ 
relaxation rate was strongly correlated with aggregate 
modulus and hydraulic permeability in bovine cartilage (64).  
Using indentation techniques, significant site-specific 

correlation was observed between T1ρ and the phase angle, 
a viscoelastic mechanical behavior of the cartilage measured 
by indentation, in human OA tibial specimens (65). 
Recent studies showed that the adiabatic and continuous 
wave T1ρ were strongly correlated with OARSI grade and 
biomechanical parameters (66), and T1ρ/T2 were correlated 
with cartilage initial elastic modulus at both 500 Hz and 
1,000 Hz (67). These studies form the experimental basis 
for using the T1ρ mapping techniques in studying cartilage 
pathology in OA. 

The mechanism of T1ρ relaxation time in biological 
tissues, particularly in cartilage, is not fully understood yet. 
Using native and immobilized protein solution, Makela 
et al. suggested that proton exchange between the protein 
side chain groups and bulk water contribute significantly to 
the T1ρ relaxation (68). Based on spectroscopy experiments 
with peptide solutions, GAG solutions and bovine cartilage 
samples before and after PG degradation, Duvvuri et al. 
further suggested that in cartilage hydrogen exchange 
from NH and OH groups to water may dominate the low 
frequency (0−1.5 KHz) water T1ρ dispersion (69). They 
speculated that increase of the low frequency correlation 
rate with PG loss could be the result of increased proton 
exchange rates. Other evidence of a proton exchange 

Figure 7 Articular cartilage and degeneration during osteoarthritis (OA). Changes at early stages of OA include hydration, loss of 
proteoglycan (PG), thinning and loosening of collagen. Changes in late stages include further loss of PG and collagen, dehydration, 
extensive fibrillation and cartilage thinning, and eventually denudation of the subchondral bone [Reprinted with permission (55)].
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pathway is the PH dependency of T1ρ values in the ischemic 
rat brain tissues (70). Mlynárik et al. on the other hand, 
have suggested that the dominant relaxation mechanism in 
the rotating frame in cartilage at B0 ≤3T seems to be dipolar 
interaction (71). The contribution of scalar relaxation 
caused by proton exchange is only relevant at high fields 
such as 7T. Clearly, further investigations are needed to 
better understand this relaxation mechanism.

In vivo T1ρ reproducibility from single site studies was 
reported excellent with CVs ranging from 1.7−8.7% 
(10,13,72). Results from multicenter studies however vary, 
with one study reported CV ranging 7−19% (73), while 
one more recent study ranging 2−6% (74). Future studies 
are warranted to evaluate multi-site multi-vendor variation 
of T1ρ quantification with a clinical trial setup. T1ρ values 
were shown to increase with ages (75) and were significantly 
higher in women than men in patellofemoral and lateral 
tibial-femur compartments in a middle-aged OA cohort 
(18 men, 25 women) (76). In vivo studies show increased 
cartilage T1ρ values in OA subjects compared to controls 
(10,15,75,77-80). T1ρ and T2 values in asymptomatic active 
healthy subjects with focal cartilage abnormalities were 
found to be significantly higher than those without focal 
lesions (75), suggesting that T1ρ and T2 could be parameters 
suited to identify active healthy subjects at higher risk 
for developing cartilage pathology. In patients (n=20) 
with patellar-femoral pain (PFP) but no evidence of OA, 
significant elevated T1ρ were found in the lateral facet of 
patella cartilage, but no medial facet, compared to controls, 
and the T1ρ values of PFP patients were significantly 
correlated with the degree of patellar tilt (81). No 
significant differences were noted in T2 relaxation times. 
Further, elevated T1ρ was observed in subcompartments in 
OA subjects where no obvious morphologic changes were 
observed, suggesting the capability of T1ρ in detecting very 
early biochemical changes within the cartilage matrix (78).  
T1ρ measurements were reported to be superior to T2 
in differentiating OA patients from healthy subjects, 
especially at early stages (75,78,82), potentially due to the 
higher sensitivity of detecting PG changes in the matrix. 
Elevated T1ρ has been correlated with lesions identified 
with arthroscopy, and showed increased sensitivity and 
specificity of detecting cartilage damage compared to 
morphologic images (83-86) (Figure 8). T1ρ imaging has 
also been applied to evaluate cartilage repair tissue after 
following microfracture (MFx) and mosaicplasty (MOS) 
cartilage resurfacing procedures, and showed preliminary 
results that a differentiation between different tissue types  

after cartilage repair procedures was possible by applying 
T1ρ mapping, in particular, in combination with T2 mapping 
(87-89).

In addition to the average values, the heterogeneity of 
T1ρ values was evaluated using gray-level co-occurrence 
matrices  (GLCM) (90-93) .  Signif icant  increased 
heterogeneity of cartilage T1ρ and T2 were observed in 
subjects with OA compared to controls, and such texture 
analysis showed improved group discrimination as compared 
to the global average (91). The pixel-by-pixel correlation 
between T1ρ and T2 showed a large range in both controls 
and OA patients (R2 ranging from 0.221 to 0.763 in OA 
patients vs. R2 ranging from 0.547 to 0.726 in controls (92). 
These results suggested T1ρ and T2 may have different 
spatial distribution and provide complementary information 
regarding cartilage degeneration in OA (Figure 9).  
Combining these two parameters may improve our 
capability for diagnosis and staging the disease. 

The relationship between cartilage degeneration and 
lesions of other tissues in the joint were studied using 
T1ρ imaging. T1ρ values of medial femoro-tibial cartilage 
were significantly higher in subjects having meniscal tears 
compared to subjects without a meniscal tear (94-96). These 
studies provided quantitative evidence linking meniscal 
injury to OA development. T1ρ values were reported to be 
higher in regions overlying bone marrow edema-like lesions 
(BMEL) in subjects with OA and acute anterior cruciate 
ligament (ACL) injury (97). OA patients with BMEL 
showed overall higher T1ρ values in cartilage compared 
with those who had no BMEL, suggesting BMEL may be 
correlated with disease severity of OA (98). Furthermore, 
cartilage overlying BMEL showed a significantly higher T1ρ 
value increase from baseline to 1-year follow up compared 
to surrounding cartilage, suggesting BMEL is indicative of 
accelerated cartilage degeneration. Interestingly, no such 
difference was found using WORMS scoring. This result 
suggests that quantitative cartilage imaging, such as T1ρ, 
may be a more sensitive indicator of cartilage degeneration 
than semi-quantitative scoring systems.

Previous clinical studies suggest that acute ACL injury 
is a risk factor for post-traumatic OA development and T1ρ 
imaging have been applied for assessment of early cartilage 
damage and degeneration after ACL injury (85,97,99-103). 
Significant elevated cartilage T1ρ values were observed 
after acute ACL injury (normally less than 6-month of 
injury and before ACL reconstruction) (97,99). The most 
significant T1ρ elevation was normally observed in posterior 
lateral tibia overlying BMELs, indicating the damage to 
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Figure 8 Color maps of T1ρ relaxation times alongside registered FSE images and arthroscopy images of the same region. Increased T1ρ 
relaxation times are observed in conjunction with the increased Outer bridge grading of 0 to 3. Elevated T1ρ values were observed in regions 
with arthroscopically confirmed focal lesions (as indicated by arrows) [Reprinted with permission (86)]. FSE, Fast Spin Echo.
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Figure 9 Radiographs (A), T1-weighted water excitation SPGR image (B), T1ρ map (C) and T2 map (D) for a patient with advanced OA  
(male, 46). Based on radiographs, the patient had joint space narrowing with 1 mm in medial compartment and 3 mm in lateral 
compartment, and significant osteophytes in both femoro-tibial and femoro-patellar joints, resulting in a KL score as 4. In MR images, 
significant osteophytes were seen in both femoro-tibial and femoro-patellar joints. The cartilage had a grade 3 thinning in medial femur, 
medial tibia and femoro-patellar compartments, and grade 2 thinning in lateral femur and lateral tibia compartments. The average T1ρ value 
was 55.4±26.0 ms and the average T2 value was 43.8±11.1 ms in cartilage [Reprinted with permission (78)]. OA, osteoarthritis.
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cartilage during the initial injury. T1ρ values in posterior 
lateral tibial were correlated with the volume of BMEL (97),  
suggesting that T1ρ values in these regions may be a 
potential indicator of injury severity during ACL tear. 
After ACL reconstruction, cartilage T1ρ values in posterior 
lateral tibia decreased compared to baseline but were still 
significantly higher than controls, suggesting potential 
irreversible damage of cartilage in these regions despite 
the resolution of BMEL (Figure 10). In the medial side, 
T1ρ values were significantly higher than controls as early 
as 1-year after ACL reconstruction, and keep increasing 
over 2-year after ACL reconstruction (100,101,103). Using 
loaded MRI, it was recently demonstrated that the abnormal 

knee kinematics including anterior tibia translation and 
internal rotation, is correlated with T1ρ in the medial side 
of the ACL-reconstructed knees (104,105). Increased T1ρ 
values in the medial side of ACL-reconstructed knees were 
also correlated to higher peak knee adduction moments 
(KAM) measured with 3D motion analysis (106). These 
results provide quantitative direct evidence of linking 
abnormal biomechanics to the joint degeneration after 
ACL reconstruction. Quantitative T1ρ can probe these 
degenerations at much earlier time points than radiographs 
or conventional MRI. 

Loading plays a critical role in the development of 
healthy cartilage, as well as in the progression of OA. Both 
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Figure 10 T1ρ maps of the lateral side (A,B) and medial side (C,D) of an ACL-injured knee at baseline (A,C) and one-year follow up (B,D). 
T1ρ values in posterior lateral tibia were elevated significantly in ACL-injured knees at baseline and remained high at 1-year follow despite 
resolution of bone bruise. T1ρ values in the contacting area of medical femoral condyle and medial tibia were significantly elevated in ACL-
injured knees at one-year follow up [Reprinted with permission (100)]. ACL, anterior cruciate ligament.
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excessive load and inadequate load have been shown to result 
in degenerative changes in articular cartilage (107-109).  
T1ρ imaging provides a powerful in vivo tool to study 
cartilage responses to loading quantitatively. MRI T1ρ and T2 
were applied to evaluate cartilage changes in asymptomatic 
marathon runners (110,111). Significantly higher T2 
and T1ρ values were observed within 48 hours after 
running, although runners did not demonstrate any gross 
morphologic MRI changes after running a marathon (110).  
More interestingly, after 3 months the T2 values recovered 
to baseline in all compartments except for the medial 
femoral condyle, while T1ρ values remained elevated at the 
3-month follow-up MRI (110). These results suggest that 
while T2 may be more subjected to transient fluid shifts (in 
the articular cartilage and meniscus) as responses to loading, 

T1ρ may be an indicator of early loss of PG in cartilage 
matrix.

Significant differences in T1ρ was found in asymptomatic 
female collegiate athletes between impact subjects 
(ten basketball players) and nonimpact subjects (ten 
swimmers), suggesting different loading to the joint will 
affect the cartilage composition which is detected by T1ρ  
imaging (112). In 26 subjects with a clinical diagnosis of 
KL1-3 OA, T1ρ was found to be significantly higher in 
medial tibial central cartilage than lateral tibial central 
cartilage in varus group, suggesting association between 
knee alignment, therefore different loading to different 
compartments, and T1ρ values of femorotibial cartilage in 
patients with clinical OA (113).

Using a MR-compatible loading device, significant 
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decreases of T1ρ and T2 were observed with simulated static 
loading (50% body weight) (114-116). The decreases of 
relaxation times were probably due to loss of water content 
and alteration to the matrix structure under acute loading. 
In 137 subjects with and without knee OA, reductions of T1ρ 
and T2 were larger for subjects with OA (range, 13−19% 
change) when compared to healthy controls (range, 3−13% 
change) (116), suggesting loaded T1ρ and T2 values can be a 
sensitive marker for the impaired biomechanical properties 
of OA cartilage. 

In summary, T1ρ imaging in cartilage can provide 
valuable information related with biochemical changes in 
cartilage matrix. In particular, compared to more established 
T2 relaxation time, T1ρ provides more sensitive detection 
of PG loss at early stages of cartilage degeneration. Similar 
as T2 quantification, T1ρ quantification requires no contrast 
agent inject and no special hardware, therefore has the 
great promise to be used in multicenter clinical trails and 
be translated into clinical practice. Technique challenges of 
T1ρ quantification include high energy deposited to tissue 
(high SAR) and relatively long acquisition time. Advanced 
acceleration techniques have shown great promise to reduce 
the acquisition time without sacrifice quantification accuracy 
(117-119). Advanced image processing tools including 
robust cartilage segmentation are also critical for accurate 
T1ρ quantification. Recent efforts include automatic atlas-
based cartilage segmentation and voxel-based relaxometry 
(VBR) analysis (120,121). In addition to the knee joint, 
T1ρ imaging has been applied to other joints such as hip  
(Figure 11, 122-126). 

Applications of T1ρ MR imaging in intervertebral disc 

Musculoskeletal conditions are the most common cause 
of severe long term pain and physical disability, and they 
affect hundreds of millions of people around the world. 
Currently, the global population is experiencing a shift 
in its age structure due to decreasing fertility rates and 
increasing longevity. As a result, clinicians worldwide will 
be required to manage an increasing number of spinal 
disorders specific to the elderly and the aging of the spine. 
Spine degeneration and associated clinical symptomatology 
is a major socioeconomic burden (127-129). Degenerative 
disc disease of the intervertebral disc is the most common 
cause of back pain associated disability in adults across 
the world. Early signs of disc degeneration are manifested 
by biochemical changes, including a loss of PGs, a loss of 
osmotic pressure and hydration. In the later stages of disc 
degeneration, morphological changes occur, including a 
loss of disc height, disc herniation, annular tears and radial 
bulging. Disc degeneration can be a combination of a 
physical aging process and as well as pathological process. 
In an analysis of published data of 600 autopsy specimens 
of young and middle-aged subjects younger than 50 years, 
intervertebral disc degeneration was observed in men in the 
2nd decade of life, occurring at an earlier age than in women; 
the severity of aged matched disk degeneration was also 
being generally greater in men (130). In a later independent 
histologic study, Łebkowski et al. (131) investigated 308 
lumbar intervertebral disks at autopsy from 57 women 
(mean age, 41.8 years) and 79 men (mean age, 42.1 years). 

Figure 11 Quantitative MRI of hip impingement. Sagittal T1-weighted image (A) of a patient with mixed impingement demonstrates 
swelling and increased signal in the anterior-superior labrum, suggesting a tear. T2 (B) and T1ρ (C) maps of the same patient demonstrate 
applications of quantitative imaging to the hip [Reprinted with permission (56)].
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Disk degeneration became first readily apparent during 
the 2nd decade of life, though it was observed to occur in 
men almost a decade earlier than in women. However, 
after menopause women show accelerated lumbar disc 
degeneration compared with men (132,133).

To explore more sensitive imaging biomarkers for disc  
degeneration, Johannessen et al. firstly published T1ρ 
imaging of disc ex vivo in 2006 (134). Shortly later 
Blumenkrantz et al. published in vivo feasibility results (135).  
T1ρ imaging allows for spatial measurements on a continuous  
rather than an integer-based grading, minimizes the 
potential for observer bias. Although there still exist 
other technical challenges for T1ρ imaging such as high 
SAR (especially at ultrahigh magnetic field strength) 
and relatively long acquisition time, T1ρ imaging has the 
advantages of no contrast agent administration, no RF 
hardware modification, and the ability to be implemented 
on any standard clinical scanners. In one recent study 
of lumbar MRI at 3T (49), It was found for nucleus 
pulposus (NP), T1ρ and T2 decreases quadratically with disc 
degeneration grades and have no significant trend difference 
(Figure 12). For annulus fibrosis (AF), T1ρ decreases linearly 
as the disc degenerated and has a slope of −3.02 and −4.56 
for eight- and five-level gradings respectively; while the 
slopes for T2 values are −1.43 and −1.84 respectively, being 
significantly flatter than those of T1ρ (P<0.001, Figure 2). 
Therefore T1ρ is a more sensitive biomarker for early disc 
AF degeneration. It is also noted in this study that, for 
both NP and AF, discs of grade 5/8 to 8/8 degenerations 
had similar T1ρ and T2 relaxation times without significant 
statistical difference. This means when the disc degenerated 
to a certain extent, T1ρ and T2 relaxation time will become 
insensitive. Therefore, for severe degeneration and disc 
space narrowing, the 5- or 8-level grading system will 
remain to be used (136,137). In one study involving 52 
subject and at 3T, it was shown an age related reduction 
of T1ρ and T2 magnetic resonance relaxation times both in 
the NP and the annulus fibrosus of lumbar intervertebral 
disc. However, the relative performances of T1ρ vs. T2 were 
broadly similar. Actually, T2 slightly out-performed T1ρ in 
NP region, but T1ρ slightly out-performed T2 in annulus 
fibrosus region (Figure 13) (138). In one recent study, T1ρ 
value was shown to be significantly lower in asymptomatic 
young male weightlifters compared with a sedentary control 
group matched for age and sex (139).

Chronic low back pain is a physical symptom with 
multiple possible causes; defining the specific source of 
the pain remains a challenge. In degenerated discs, two 

mechanisms of pain have been proposed, i.e., the ‘‘chemically 
sensitized’’ and ‘‘mechanically sensitized’’ disc. In the 
former, degenerating discs can undergo an inflammatory 
process that involves cytokines, such as interleukins and 
TNFa as well as specific nociceptive mediators such as 
prostaglandins and NO. In the latter, degenerated discs 
are no longer intact. Endplate and annular fissures develop 
that may bring neovascularity and new nerve growth 
with unmyelinated nerve endings having nociceptive 
morphologies and neurotransmitters. With compromised 
mechanical integrity, the transport of nociceptive mediators 
to its innervated periphery and adjacent structures in 
degenerated discs would be easier than in healthy discs, 
where the transport of solutes, especially larger solutes, is 
limited. Thus, the physician’s inability to identify a patient’s 
underlying pathology hinders his choice of treatment. 
However, MRI does not always show sufficient specificity 
to identify a degenerated disc as the actual source of the 
pain. The only tool currently available for direct evaluation 
of disc pain is provocative discography. Due to its invasive 
nature, there is no agreement on whether it may still be 
considered a gold standard or even a reliable procedure. 
A reliable diagnostic tool that could help a clinician to 
determine if a disc is the source of the pain in patients with 
chronic lower back pain is still not available (140). MRI 
findings of disc protrusion, nerve root displacement or 
compression, disc degeneration, and high intensity zone 
are all associated with lower back pain, but individually, 
none of these abnormalities provides a strong indication 
that lower back pain is attributable to underlying pathology. 
This limits their value in refining epidemiological case 
definitions for low back pain (141). Additionally, It has been 
suggested that researchers should not focus on extending 
their capacity to find ‘‘mildly degenerated’’, asymptomatic 
discs for possible early intervention.

Recently Ogon et al. (142) reported that disc’s T2 
relaxation time tended to be lower in the chronic low back 
pain group than in the control group, and these values 
were significantly different within the posterior AF. The 
results indicated a correlation between posterior annulus 
fibrosus degeneration and chronic low back pain. Ogon 
et al. proposed that chronic low back pain did not show 
correlations with T2 values in the anterior annulus fibrosus 
or NP, but did in the posterior annulus fibrosus, because of 
low sensitivity against noxious stimuli in the front part of 
the disc. We expect further studies with T1ρ based technique 
may be valuable as T1ρ is known to be more sensitive for 
annulus fibrosus than T2.
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Figure 12 Thirty-eight subjects (mean age: 48 years; range, 23−71 years) scanned at 3T scanner. For nucleus pulposus (NP), T1ρ and 
T2 values decreased following disc degeneration and had the similar trend (P=0.67). For annulus fibrosus, T1ρ values decreased as disc 
degenerated and had a slope of −2.80 and −4.33 for 8- and 5-level gradings respectively; while the slopes for T2 values were −1.18 and −1.53 
respectively, being significantly flatter (P=0.002) as compared to those of T1ρ.

Figure 13 Aging related reduction of disc relaxation time. (A) Aging related reduction of T1ρ vs. T2 of the annulus fibrosus of L1/2-L4/5 
discs (n=52 subjects). The slope of T1ρ is slightly steeper than that of T2 (P=0.31); (B) aging related reduction of T1ρ vs. T2 of the nucleus 
pulposus (NP) of L1/2-L4/5 discs. The slope of T2 is slightly steeper than that of T1ρ (P=0.085) [Reprinted with permission (138)]. AF, 
annulus fibrosis.
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Therefore, the clinical value and relevance of imaging 
biomarkers for early cartilage change remain to be further 
explored (143). The influencing factors for calculating 
T1ρ value include individual subject variation, regions of 
interest (ROIs) measured, water content, spin-lock power, 
pulse sequence parameters, and protocol settings, etc. 
Despite the promising results in evaluating small chorts, 
the value of individual T1ρ measurement in a clinical setting 
requires validation with reference standard, and larger 
prospective multicenter trials. Salzmann et al. evaluate 
clinical outcomes and the quality of repair tissue after 
autologous chondrocyte implantation using qualitative MR 
T2-weighted relaxation times. It was found there was only 
weak correlation of quantitative imaging data and clinical 
function (144). A critical lack of conclusive evidence still 
remains to determine whether MRI is reliable in predicting 
clinical outcomes after cartilage repair and, furthermore, 
which parameters are most important in determining these 
outcomes (145,146). 

Currently, what is the most efficient approach to obtain 
T1ρ imaging of the spine remains to be established. Till now 
most the published paper obtained only single sagittal plane 
as T1ρ imaging is a time consuming technique. Development 
for speeding-up data acquisition as well as overcoming B0/B1  
inhomogeneity is continuing. Imperfect flip angle of tip-
down/tip-up/refocus pulse due to inhomogeneous B1 field 
will complicate the orientation of the net magnetization. 
The deviation of the effective spin-lock field from the 
nominal spin-lock field due to inhomogeneous B0 further 
complicates the magnetization evolution and leads to signal 
null (banding artifact) and/or signal contamination from 
T2ρ relaxation. Improvement of T1ρ quantification can be 
realized either by reducing artifacts from T1ρ-weighted 
images and then following the mono-exponential relaxation 
model for fitting (9), or by fitting the signal intensity of T1ρ-
weighted images even with artifacts to a more complicated 
magnetization model which is able to quantify T1ρ and 
T2ρ relaxation even in the presence of field imperfections, 
as demonstrated in the literature (147). The former one 
works at an image acquisition stage; the latter one works at 
an image post-processing stage. Wang et al. and Yuan et al. 
suggested the feasibility of limited number spin-lock time 
(=3) (148). Zhu et al. proposed PANDA-T1ρ approach to 
reconstruct the T1ρ-weighted images from under-sampled 
k-space data and accelerate the acquisition of T1ρ imaging 
by a factor of 2−4 (117). Johnson et al. proposed precision-
guided sampling schedules for efficient T1ρ mapping (149). 
The optimal signal of spine tissue already remains to be 

further tested (150). For example, Yuan et al. showed bi-
exponential T(1ρ) relaxation was observed in muscles with a 
longer relaxation component of ~37− ~41 ms (a fraction of 
~80− ~88%) and a shorter T(1ρ) relaxation component of 
~9− ~11 ms (~12−20%) (151). 

Currently there are a number of issues for translational 
research of novel MR techniques for intervertebral disc 
evaluation:

(I)	 To evaluate one novel MR technique (a new 
biomarker) against another existing imperfect 
biomarker, such as the 5-level disc degeneration 
grading system is not a perfect approach, instead 
focus should be on evaluating a MR technique 
against clinical outcomes (152,153). The clinical 
relevance of disc degeneration grading, i.e. the disc 
degeneration grading seen on T2 weighted MRI, 
remain unknown; instead only disc space narrowing 
is known to be likely related to lower back  
pain (154). One study by Blumenkrantz et al. (155)  
that included 16 patients, found a significant 
correlation between T1ρ data and clinical symptoms. 
The relevance of these findings is limited by the 
small size of the group tested;

(II)	 5-level (and 8 level) disc degeneration grading 
system are mainly based on T2 relaxivity, therefore 
particularly evaluate T2/T2* measurement against 
disc degeneration grading are not very meaningful. 
There are a number of quantitative measures 
for AF and NP, such as the signal ratio of disc 
components vs. cerebral spinal fluid (CSF), T2/T2*,  
T1ρ, CEST (156). The clear advantage of T1ρ as 
compared with other measurement needs to be 
explored and validated, particularly considering 
T2 weight anatomical image offer superior 
spatial resolution and signal-to-noise ratio. The 
measurement reproducibility for T1ρ remains to 
be better established, as well as the influence of 
susceptibility effect on measurement precision in 
the targeted regions;

(III)	 The best segmentation method for anterior  
AF,  NP,  and  pos ter ior  NP remains  to  be 
further explored (157). Actually based on T2 
weighted image, it is very difficult to accurately 
and comprehensively segment these three  
components (158).  This wil l  be especial ly 
problematic in severely degenerated discs. To 
authors’ knowledge, data till now showed T1ρ map 
and CEST could not separate inner AF and NP 
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either. One recent study seemed to show posterior 
AF degeneration is related to chronic low back 
pain, but not anterior AF, NP (142), therefore 
evaluation of posterior AF may be more important. 
Disc T1ρ imaging in axial plane may provide more 
information than sagittal plane. Ex vivo study of 
T1ρ imaging in axial plane has been reported by 
Mulligan et al. (159);

(IV)	 Till now, most studies are cross-sectional, and 
small  in subject number. Few longitudinal 
studies are available. High quality studies involve 
clinical endpoints and longitudinal follow-ups 
will be valuable. Regarding whether the novel 
MR technique can positively influence clinical 
management, there are many further questions: 
(I) can the disc changes detected by novel MR 
technique amenable to some medical or surgical 
interventions; (II) what MRI detected disc changes 
are physiological aging? (III) will some disc 
changes detected by highly sensitive novel MR 
technique leading to over-treatment, as they may 
recover or repair by the physiological mechanism. 
Some  lesions can be learnt from the cancer screen 
studies. More than two decades of cancer screen 
for breast cancer and prostate cancer showed that 
high sensitivity based method leads to many false 
positive results and over treatment (160-163). Early 
detection of diseases has intuitive assumption any 
deviations—subtle or apparent—from a clearly 
demarcated “normal” were to be corrected, given 
the underlying hypothesis that diseases develop 
along progressive linear paths of increasing 
abnormalities. However, now it is understood that 
screening of non-symptomatic subjects may even 
do more harm (160,162). 

Challenges and forward looking 

A number of RF pulse cluster for T1ρ prep have been 
proposed to improve the robustness of T1ρ prep against 
system imperfection. Comprehensive studies to compare 
these methods can help users to choose the right approach 
for specific study. Despite the significant improvement 
of robustness of T1ρ prep at the presence of B1 RF and B0 
field inhomogeneity, residual artifacts can still be observed 
at certain cases with these methods. Further work is still 
needed to improve the effectiveness of T1ρ prep RF pulses in 
terms of compensation of B1 RF and B0 field inhomogeneity.

Various data acquisition methods have been reported 
for data acquisition in T1ρ imaging, with a few of them for 
3D quantitative T1ρ imaging (12-14,16). Different data 
acquisition may result in different T1ρ value. A systematic 
study to compare these methods and understand the pros 
and cons of each of them can be very beneficial to setup a 
norm for T1ρ imaging in the field. 

For routine clinical use, the establishment of the 
reproducibility of T1rho measurement is essential. A few 
reproducibility studies have been carried out recently 
(72,164). It will be very beneficial to have comprehensive 
reproducibility studies performed with different time span, 
at different system, at systems from different vendors, and 
at different sites. 

The change of T1rho value between the healthy state 
and diseased state can be small. However, the sources which 
cause errors of T1ρ quantification are multiple, including 
B1 RF inhomogeneity and B0 field inhomogeneity and 
data acquisition. With the demand of fast data acquisition 
and high spatial resolution, it inevitably results in loss of 
SNR, which increases the risks of quantification error. 
Without providing confidence level of measured T1ρ value, 
it is difficult for users to make clinical diagnosis based on 
measured T1rho map. It is one of the major challenges 
to establish such confidence level in quantitative T1rho 
imaging. 

A major application of T1ρ is in cartilage. However, 
the presence of magic angle effect can confound its use. 
Magic angle effect may be mitigated by increasing spin 
lock frequency (165). However, the maximum spin lock 
frequency available in a clinical scanner is limited by the 
power of RF amplifier and SAR. Further investigation 
may be needed to address magic angle effect. In cartilage, 
there usually exist three groups of tissues with ultra-shot, 
intermediate, and long T1ρ relaxation, respectively. Typically 
measured T1ρ value is the average of the intermediate and 
long T1ρ value. Multi-component analysis may help improve 
the diagnostic value of T1ρ, but at cost of scan time. Further 
technical work to improve data acquisition speed for multi-
component analysis is needed. 
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