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Introduction

Liver fibrosis is a key feature in most chronic liver diseases. 
It can lead to liver cirrhosis, terminal liver failure, and 
hepatocellular carcinoma. Currently, the golden standard 
for diagnosis of liver fibrosis is biopsies. Biopsies, however, 
is invasive and carries risks of complications (1). A 
noninvasive, robust, and reliable method for assessment 
of liver fibrosis would provide important benefits for 
clinical care and research, such as development of novel 
pharmacological strategies to treat hepatic fibrosis (2). 

T1rho, which measures the spin-lattice relaxation time in 

the rotating frame, is a valuable biomarker for assessment of 
tissue macromolecular environment. With preclinical study 
on rat liver, Wang et al. (3) reported that increase in T1rho 
values with increase in the stage of fibrosis. In the following 
clinical studies, it was reported that middle- to late-staged 
fibrotic liver has proportionately elevated T1rho value 
compared to normal liver (4-6). Recently, Singh et al. (7)  
reported that statistically significant correlation between 
stages of fibrosis and T1rho values was observed in human 
subjects; however, this study is limited to small sample 
size. Another recent study by Takayama et al. (8) shows 
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that T1rho has potential as a biomarker of liver function in 
patient with chronic liver disease. 

Currently it remains inconclusive whether T1rho 
imaging can be used for detection of early stage liver 
fibrosis. An obstacle to clinical evaluation is the lack of 
robust methods for quantitative T1rho imaging of liver 
in human subjects. Liver is rich in blood vessels that may 
contribute to elevated T1rho measurement of parenchyma 
(5,9). The presence of bright blood signal also increases 
sensitivity of T1rho quantification to motion. As reported 
in literatures (5,9), even minor spatial misregistration 
between images acquired with different time-of-spinlock 
(TSL) can lead to artificially high T1rho measurement of 
liver parenchyma. Technical improvements are required for 
further clinical studies and translation of T1rho imaging in 
liver.

There are a number of pulse sequences reported for 
quantitative T1rho imaging (10-20). Table 1 is a summary 
of the pulse sequences that have been used for T1rho 
quantification of liver. Note most of them are based on fast 
gradient echo acquisitions without suppression of blood 
signal. Blood vessels display bright signal intensity in these 
sequences and care is needed to avoid quantification error 
from blood signal. Most of these methods were reported of 
being implemented with multiple breath-holds or respiratory 
triggering for motion compensation, which is difficult to 
prevent small motion displacement between images acquired 
at different TSLs. Recently Singh et al. (7) reported a single 
slice acquisition with a breath-hold of 12 seconds at 1.5 T. 
However, the maximum TSL is limited to 30 ms that is 
suboptimal for T1rho quantification of liver, as healthy liver 
parenchyma can have T1rho value larger than 40 ms (22) and 
those with fibrosis even higher T1rho value.

Fast/turbo spin echo (FSE/TSE) has been used for 
quantitative T1rho imaging of knee and brain (10,20,25). 

In this study we proposed a pulse sequence for quantitative 
T1rho imaging of liver based on single shot fast/turbo spin 
echo (SSFSE/SSTSE) acquisition. We used the inherent 
black blood effect of SSFSE and combine it with double 
inversion recovery (DIR) (26) to achieve suppression 
of blood signal. Two main factors affecting suppression 
of blood signal when using FSE acquisition are the flip 
angle of refocusing RF pulses and the echo time (27,28). 
In this work, we presented theoretical analysis based on 
the extended phase graph algorithm (EPG) (29-31) to 
demonstrate that T1rho measurement is insensitive to the 
variation of these parameters when using FSE acquisition, 
which provides flexibility to optimize the proposed pulse 
sequence for black blood effect and other image qualities. 
This is potentially an important advantage of the proposed 
approach as it has been reported in literatures that T1rho 
quantification based on the segmented gradient echo 
acquisition and balanced SSFP acquisition does depend on 
the choice of flip angles and the location where the data at 
the center of k-space is acquired (15,16). 

Materials and methods 

MR pulse sequence

Figure 1 shows a scheme diagram of the proposed pulse 
sequence for 2D quantitative T1rho imaging of liver. The 
pulse sequence starts with a 90 degree RF pulse followed 
with crusher gradients to reset net magnetization, which 
assures the signal is constant at the beginning of T1rho-
prep (15). A long T1 recovery time is followed to allow 
longitudinal signal recovery before T1rho-prep. Spectral 
attenuated inversion recovery (SPAIR) with T1 nulling 
time at the beginning of T1rho-prep was used for fat 
suppression. A RF pulse cluster which has simultaneous 

Table 1 The existing pulse sequences used for T1rho imaging of liver

Study Data acquisition Black blood Respiratory compensation

Wang et al. (3) 3D FIESTA No N/A (animal study)

Allkemper et al. (5) 3D fast field echo No Respiratory triggering

Rauscher et al. (6) 2D FLASH No Multiple breath-hold

Zhao et al. (21), Wang et al. (4), Deng et al. (22) 2D fast field echo No Multiple breath-hold

Chen et al. (23) 3D turbo field echo No Respiratory triggering

Takayama et al. (8) 3D turbo field echo No Multiple breath-hold

Singh et al. (24) 2D turbo FLASH Yes Single breath-hold

Singh et al. (7) 2D turbo FLASH No Single breath-hold
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compensation of B1 RF and B0 field inhomogeneity is used 
for T1rho-prep (32). 

Differently to the previously reported methods used for 
T1rho quantification of liver, SSFSE is used in the proposed 
pulse sequence. The echo train of SSFSE starts with a few 
refocusing RF pulses with tailored flip angle to establish 
pseudo steady state followed with a RF train with constant 
flip angle. SSFSE requires the CPMG condition to avoid 
image artifacts and achieve high signal-to-noise efficiency. 
For liver imaging, the large field of view (FOV) may result 
in phase error from eddy current that can cause violation 
of the CPMG condition. Effective phase correction is 
important for the proposed pulse sequence to maintain 
robust T1rho quantification. We use the dummy gradient 
approach (Philips Healthcare, Best, the Netherlands) to 
compensate eddy current during FSE echo train. The 
crusher gradient used at the end of T1rho-prep can result 
in short-term eddy current effect in FSE acquisition. A 2-ms 
delay was added after T1rho-prep to address the short-term 
eddy current from these crusher gradients (33). 

One of the major advantages to use SSFSE is that the 
blood flow cannot maintain CPMG condition, which 
provides SSFSE an inherent black blood effect. SSFSE alone 
may be insufficient for blood suppression, particularly along 
through-slice direction (34). We combine the DIR (26) with 
SSFSE to achieve improved black blood effect in our pulse 
sequence. 

T1rho-prep is susceptible to the off-resonance effect. 
Therefore, it is desirable to suppress fat signal within liver. In 
our pulse sequence, we use SPAIR, which applies a 180 degree 
adiabatic inversion pulse tune to the fat resonance. The time 
delay of SPAIR is chosen such that fat signal is zero at the 

beginning of T1rho prep. The same strategy of fat suppression 
was used in reference (15). To improve the robustness of fat 
suppression under non-ideal imaging environment, we employ 
the gradient reversal technology (35) in addition to SPAIR 
for fat suppression, where the polarity of the slice selective 
gradient of the refocusing RF pulses is reversed compared 
to that of the excitation RF pulse, and therefore fat is not 
refocused during FSE train. 

Extended phase graph (EPG) analysis of quantification 
accuracy

In FSE acquisitions, two main factors affecting suppression 
of blood signal include the flip angle of refocusing RF 
pulses and the echo time (27,28). These two parameters are 
also critical to reduce image blurring. Here we use the EPG 
algorithm (29-31) to demonstrate that for the proposed 
pulse sequence, the choices of the refocusing flip angle and 
the echo time do not impact T1rho quantification as long 
as SNR is sufficient. This feature provides flexibility to 
optimize the pulse sequence for black blood effect. 

Following the EPG algorithm summarized by Busse  
et al. (30), we let (n)

kF  and (n)
kZ  be the thK -order configuration 

of transverse magnetization and longitudinal magnetization, 
respectively. The signal at the thn  echo within the echo train 
is characterized by the 0th order transverse configuration 

0
(n)F . If the magnetization after the 90-degree excitation RF 

pulse is purely transverse, we have:

{ 0(0)
k 0 0F ≠= prepM ,k=

,k and k
(0)Z 0=  [1]

where prepM  is the magnetization after T1rho-prep. 

Figure 1 A scheme diagram of the proposed pulse sequence. The pulse sequence starts with a 90 degree RF pulse followed with crusher 
gradients to reset net magnetization. A long T1 recovery time is followed to allow longitudinal signal recovery before T1rho-prep. 
Spectral attenuated inversion recovery (SPAIR) and gradient reversal approach are used for fat suppression. A RF pulse cluster which has 
simultaneous compensation of B1 RF and B0 field inhomogeneity is used for T1rho-prep. Data is acquired using single shot fast/turbo spin 
echo (SSFSE/SSTSE) approach. The SSFSE acquisition is combined with double inversion recovery to achieve black blood effect. A phase 
correction module is used to maintain CPMG condition for SSFSE acquisition.
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The transverse and longitudinal configurations at the 
thn  echo in echo train, (n)

kF  and (n)
kZ , can be calculated as 

linear combinations of the configurations at the ( 1)thn -  
echo, based on three processes involved which include 
precession due to gradient and off-resonance, nutation due 
to refocusing RF pulse, and T1 and T2 relaxation (30). By 
iteratively applying these linear operations and trace back 
to the first echo with initial condition given in Eq. [1], the 
transverse signal at the thn  echo can be expressed as: 

1 2 3 n -1= (T1, T2, , , )α α α α

(n)
xy prepM A M  [2]

where 1 2 3 n -1, ,α α α α  are the flip angle of the refocusing 
RF pulses, and 1 2 3 n -1(T1, T2, , , )α α α αA  is a constant 
scaling factor which is a function of T1, T2 and the flip 
angles.

B1 inhomogeneity causes the flip angle of the excitation 
RF pulse to deviate from 90-degree. If the flip angle of the 
excitation RF pulse is θ, we have:

{k

cos(0)
0 0F , 0kθ =

≠= prepM
,k

 
and

 
{k

sin(0)
0 0Z , 0kθ =

≠= prepM
,k [3] 

Similarly to the derivation of Eq. [2], we have: 

1 1 n -1 2 1 n -1 1 n -1= (T1, T2, , ) cos (T1, T2, , ) sin ( , T1, T2, , )α α θ α α θ θ α α+ =  

(n)
xy prep prep prepM C M C M A M

1 1 n -1 2 1 n -1 1 n -1= (T1, T2, , ) cos (T1, T2, , ) sin ( , T1, T2, , )α α θ α α θ θ α α+ =  

(n)
xy prep prep prepM C M C M A M

1 1 n -1 2 1 n -1 1 n -1= (T1, T2, , ) cos (T1, T2, , ) sin ( , T1, T2, , )α α θ α α θ θ α α+ =  

(n)
xy prep prep prepM C M C M A M

[4] 

where 1 2 3 n -1( , T1, T2, , , )θ α α α αA  is a constant scaling 
factor which is a function of θ, T1, T2 and the refocusing 
flip angles. 

Eqs. [2] and [4] indicate that the non-90 degree excitation 
induced by B1 inhomogeneity, the choice of echo time, and 
the refocusing flip angle only affects the scaling and not the 
relaxation profile stored in prepM . Therefore, if prepM  is a 
mono-exponential decay function of TSL, quantification 
of T1rho by fitting data to a mono-exponential relaxation 
model is valid if imaging data is acquired with FSE. This is 
advantageous compared to the other acquisition methods. 
As reported by Li et al. (15), when using fast gradient 
echo acquisitions, the T1 relaxation during echo train can 
compromise the magnetization contrast imparted by the 
T1rho-prep and result in a complicated signal profile. 
Witschey et al. (16) also shows T1rho measurement is 
dependent on the flip angle and location of the center of 
k-space acquired in echo train when using balanced SSFP 
acquisition. 

Figure 2 illustrates the property described by Eqs. [2] and 
[4]. For TSL/T1rho= -

prepM e , the signal profile along the FSE 

echo train was calculated using the EPG algorithm with 
various choices of the excitation and refocusing flip angles. 
Note for any given echo along the echo train, regardless 
of the excitation and refocusing flip angles, the relaxation 
rate in the mono-exponential decay imparted in prepM  is 
preserved accurately. 

Simulation 

We used EPG algorithm to simulate signal profile of 
SSFSE readout after T1rho-prep. The magnetization was 
prepared with TSL 0, 10, 30 and 50 ms, respectively. For 
comparison, we also simulated transient signal with spoiled 
gradient echo acquisition after T1rho prep with the same 
TSLs. The other parameters used for simulation include 
T1 900 ms, T2 35 ms and T1rho 40 ms. TR is 4.5 ms  
for spoiled gradient echo acquisition. Without losing 
generality, the initial magnetization prior to spinlock is 
assumed to be 1. The signal profile was Fourier transformed 
to spatial domain and then fit to a mono-exponential model 
to quantify T1rho. We measured T1rho value with the 
combination of the variation of the following acquisition 
parameters: flip angle, the location in echo train where 
the center of k-space was acquired, and echo train length. 
For SSFSE, we simulated data with two flip angles of the 
excitation RF pulse (60 and 90 degree), and three refocusing 
RF trains, including two constant flip angle trains (90 and 
180 degree) and one variable flip angle train. For spoiled 
gradient echo acquisition, we simulated data with six 
constant flip angle train, including Ernst angle (5.7 degree), 
1, 3, 10, 15 and 20 degree. For both SSFSE and spoiled 
gradient echo acquisition, data sets were simulated when 
the center of k-space was acquired at the 1st and 3rd echo 
in echo train, respectively, and with echo train length 1 
and 10, respectively. The combination of these parameters 
formed 24 data sets with SSFSE acquisition and 24 data sets 
with spoiled gradient echo acquisition. 

MR imaging

The volunteer studies were conducted with the approval of 
the Institutional Review Board (IRB). Data were collected 
from a Philips Achieva TX 3.0 T scanner equipped with 
dual transmit (Philips Healthcare, Best, the Netherlands). 
A 32 channel cardiac coil (Invivo Corp, Gainesville, USA) 
was used as receiver and body coil was used as transmit. RF 
shimming was applied to reduce B1 inhomogeneity. The 
subjects were scanned in supine position. Two-dimensional 



172 Chen et al. T1rho imaging of liver using SSFSE 

© Quantitative Imaging in Medicine and Surgery. All rights reserved. Quant Imaging Med Surg 2016;6(2):168-177qims.amegroups.com

axial images were acquired with phase encoding along 
anterior-posterior direction. Four sets of images with TSL 
0, 10, 30 and 50 ms were acquired for T1rho quantification. 
The spinlock frequency was 500 Hz. The parameters for 
MR imaging included: TR/TE 2,500/15 ms, in-plane 
resolution 1.5 mm × 1.5 mm, slice thickness 6 mm, SENSE 
acceleration factor 2, half scan factor (partial Fourier) 0.6, 
number of signal averaging 1, delay time for SPAIR 250 ms,  
and delay time for DIR 720 ms. Note with these timing 
of the pulse sequence, the T1 recovery time (shown in 
Figure 1) is 2,240 ms. Assume liver has T1 900 ms at 3 T, 
the magnetization of liver recovers to about 92% of that at 
equilibrium state with this T1 recovery time. The k-space 
was scanned in low-high profile order, i.e., it starts with 
center of k-space then gradually steps to high frequency 
region. Data sets were acquired with different level of blood 
suppression. The entire single slice T1rho data sets with 
four spinlock time were acquired within a single breath-
hold of 10 seconds. 

To validate the EPG analysis and simulation, we also 
performed multiple in vivo knee scans. The subject 
was scanned with transreceiver knee coil (Invivo Corp, 
Gainesville, USA). The knee scan was repeated 61 times 
with the excitation flip angle ranging from 65 to 125 degree, 

the refocusing flip angle ranging from 50 to 120 degree, 
and TE ranging from 5 to 30 ms. Same imaging parameters 
described previously were used for knee scan. 

Image analysis

Image analysis was implemented in Matlab R2015a 
(Mathworks, USA). For liver data, a small window with size 
4 by 4 was used to smooth the images to increase signal-
to-noise ratio (SNR) prior to T1rho quantification. The 
four images with different TSL were fitted to a mono-
exponential model to calculate T1rho map. Non-linear least 
square fit with the Levenberg-Marquardt algorithm was 
used for fitting. 

Results

Figure 3 shows the simulation results. Note regardless 
of the flip angle of the RF pulses, the echo train length, 
and the echo time, T1rho prep with SSFSE acquisition 
gave the correct T1rho quantification. In contrast, T1rho 
prep with spoiled gradient acquisition gave correct T1rho 
quantification when echo train length is 1 and the data 
acquisition started at the beginning of the echo train. When 

Figure 2 For prepared magnetization which is a mono-exponential decay of TSL with constant T1rho decay rate, EPG algorithm was used 
to simulate the signal profile during SSFSE echo train with various constant refocusing flip angle trains ranging from 75 to 180 degree and 
various excitation RF pulse flip angle ranging from 60 to 120 degree. The logarithm of the signal at a given echo along the echo train was 
plotted as a function of the time-of-spinlock. Note all these signal profiles have same constant slope, which characterizes T1rho decay. TSL, 
time-of-spinlock; EPG, extended phase graph; SSFSE, single shot fast spin echo.
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echo train length increased and/or the center of k-space was 
not acquired at the beginning of the echo train, the T1rho 
measured from transient signal of spoiled gradient echo 
acquisition deviated from the correct T1rho value. This is 
consistent to what has been discussed by Li et al. (15). 

For the 61 knee scans acquired with various flip angles 
of the excitation and refocusing RF pulse, and echo time, 
we measured T1rho on ROIs from three groups of muscle. 
The three ROIs are chosen to have relatively uniform tissue 
distribution and the mean of the image intensity within each 
ROI was fit to a mono-exponential model to calculate the 
mean T1rho value within this ROI. The mean and standard 
deviation of the measured T1rho within three ROIs across 
61 experiments are 32.3±0.4, 31.2±0.3 and 31.5±0.4 ms, 
respectively. The corresponding coefficient of variation (CV) 
is 1.29%, 1.03%, and 1.33%, respectively. 

Figure 4 shows the acquired T1rho-preped images with 
different level of blood suppression and the corresponding 
T1rho map. The three scans were acquired with refocusing 
flip angle 120, 90 and 75, respectively. TE was same for 
all three scans. The first two scans had no DIR and the 
third scan had DIR. Note T1rho-preped SSFSE images 

acquired with relatively large flip angle had poor blood 
suppression. By reducing the flip angle of the refocusing 
RF pulses, blood suppression was improved and image 
blurring was reduced. However, residual blood signal is 
visible. By combining DIR with SSFSE acquisition with 
small refocusing flip angle, blood signal in liver was greatly 
reduced. Note the improved blood suppression resulted in 
significantly reduced T1rho value in liver parenchyma. 

Discussion

In this study we demonstrated the feasibility to obtain 
singe slice T1rho map of liver within a single breath-hold 
of 10 seconds at 3.0 T filed strength with 500 Hz spinlock 
frequency. Recently, Singh et al. reported single breath-
hold acquisition of 12 seconds at 1.5 T field strength with 
maximum TSL of 30 ms (7). Higher field strength can 
impose further restriction on the maximum duration of 
the spinlock RF pulse. Parallel transmit provides reduced 
SAR compared to conventional transmit. Our scanner is 
configured with dual-transmit and the SAR of our pulse 
sequence is within the FDA limit under this configuration. 

Figure 3 Simulation results of T1rho quantification with various acquisition parameters of SSFSE and spoiled gradient echo acquisition. 
The actual T1rho value is 40 ms. For SSFSE, we simulated data with three flip angles of the excitation RF pulse (60 and 90 degree), and 
three refocusing RF trains, including two constant flip angle trains (90 and 180 degree) and one variable flip angle train. For spoiled gradient 
echo acquisition, we simulated data with six constant flip angle train, including Ernst angle (5.7 degree), 1, 3, 10, 15, and 20 degree. For 
both SSFSE and spoiled gradient echo acquisition, data sets were simulated when the center of k-space was acquired at the 1st and 3rd 
echo in echo train, respectively, and with echo train length 1 and 10, respectively. The combination of these parameters formed 24 data sets 
with SSFSE acquisition and 24 data sets with spoiled gradient echo acquisition. Note T1rho quantification based on SSFSE acquisition is 
insensitive to the choices of the flip angle of the excitation and the refocusing RF pulses, the echo train length, and the location of the center 
of k-space in echo train. In contrast, T1rho measurement using spoiled gradient echo acquisition shows dependency on these parameters. 
SSFSE, single shot fast spin echo.
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SSFSE is a standard clinical sequence for anatomical 
assessment of liver. We demonstrated that it was feasible 
to tune the refocusing flip angle and the echo time in the 
proposed pulse sequence without altering mono-exponential 
relaxation model for T1rho quantification. Desired image 
contrast can be obtained by tuning refocusing flip angle 
and echo time. Therefore, the proposed pulse sequence 
potentially can be used for simultaneous anatomical and 
biochemical (T1rho) assessment of liver, which may 
facilitate its incorporation into clinical protocol. 

Singh et al. (24) previously reported a blood suppression 

method for quantitative T1rho imaging of liver. In this 
method, a non-selective 180 degree RF pulse was applied 
to invert water signal and then a delay time was chosen so 
that the blood signal was zero at delay time. This method 
has advantage that it does not rely on flow property of 
blood. However, it results in signal loss of liver tissue. With 
the same timing of our MRI pulse sequence, and assume 
T1 of blood and liver are 1,600 and 900 ms, respectively, 
the magnetization of liver tissue recovers to 22% of 
that at equilibrium state if using this method, whereas 
the magnetization of liver recovers to 92% of that at 

Figure 4 T1rho-preped images with different level of blood suppression and the corresponding T1rho map. The T1rho-preped images 
were acquired with TSLs 0, 10, 30 and 50 ms, respectively. (A) T1rho-preped images with refocusing flip angle 120 degree and without 
DIR; (B) T1rho-preped images with refocusing flip angle 90 degree and without DIR; (C) T1rho-preped images with refocusing flip angle 
75 degree and with DIR. The echo time is 15ms for all three scans. Note reduced refocusing flip angle coupled with DIR improves blood 
suppression as well as image sharpness; (D) the measured T1rho map from T1rho-preped images in (A). The T1rho value in the three ROIs 
marked by solid curve is 53.8±4.1, 47.4±1.5, and 47.8±2.3 ms, respectively. The goodness-of-fit within the ROI marked by dashed curve is 
0.978±0.007; (E) the measured T1rho map from T1rho-preped images in (B). The T1rho value in the three ROIs marked by solid curve 
is 49.6±2.9, 47.2±2.1, and 47.7±3.1 ms, respectively. The goodness-of-fit within the ROI marked by dashed curve is 0.985±0.050; (F) the 
measured T1rho map from T1rho-preped images in (C). The T1rho value in the three ROIs marked by solid curve is 45.8±2.6, 44.5±3.7, 
and 43.8±1.2 ms, respectively. The goodness-of-fit within the ROI marked by dashed curve is 0.992±0.021. Note significantly reduced 
T1rho value with improved blood suppression. TSL, time-of-spinlock; DIR, double inversion recovery.

A
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equilibrium state using the proposed pulse sequence. 
Even though T1 relaxation can result in prolonged 

T1rho measurement when using segmented gradient echo 
acquisition methods, it may still provide valid differentiation 
of T1rho at different state if such prolongation is 
comparable at these states. Therefore, it may be feasible 
to differentiate liver at normal and diseased state using the 
gradient echo methods if the prolongation of T1rho value 
from spoiled gradient echo acquisition is comparable for 
normal and diseased liver tissue.  

Reduction of refocusing flip angle in FSE acquisitions 
increases its sensitivity to motion. It has been noticed that 
SSFSE with small refocusing flip angle applied in liver 
imaging can result in shading at upper abdomen region due 
to influence of cardiac motion (36). The problem can be 
mitigated by applying cardiac gating and collect SSFSE data 
during expiration phase when motion is insignificant (36). 
It is a limit of our study that we have not fully investigated 
this issue. Further study is needed to optimize the pulse 
sequence parameters and evaluate the tradeoff between 
image qualities. 

SSFSE alone is insufficient for blood suppression, 
particularly along through slice direction (34). We 
combined DIR with SSFSE for blood suppression. Motion-
sensitized driven-equilibrium (MSDE) methods (37,38) 
and delay alternating with nutation for tailored excitation 
(DANTE) (39) have been reported to provide superior 
blood suppression in vessel wall imaging than DIR. 
Compared to both DANTE and MSDE methods, the 
advantages of DIR include lower sensitivity to motion and 
less SNR loss. We plan to further investigate these methods 
for blood suppression in quantitative liver imaging. 

We used constant refocusing flip angle in our study. 
Variable flip angle can be used for reduced blurring, reduced 
SAR, and higher SNR efficiency. We plan to further 
investigate the use of variable flip angle in the proposed 
pulse sequence. 

Conclusions

We proposed a pulse sequence for black blood quantitative 
T1rho imaging of liver based on SSFSE acquisition. We 
demonstrated that it is feasible to use this pulse sequence 
to acquire entire T1rho data of a single slice with four 
TSLs and 500 Hz spinlock frequency at 3.0 T field strength 
within a single breath-hold of 10 seconds. The black 
blood effect together with a single breath-hold acquisition 
mitigates potential quantification errors in liver due to 

motion in previous methods, and therefore improves the 
robustness of T1rho imaging of liver. 
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