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Objectives: The aim of this study was to explore the technical feasibility of T1r MRI for
the liver, and to determine the normal range of liver T1r in healthy subjects at clinical 3 T.
Methods: There were 15 healthy volunteers. Three representative axial slices were
selected to cut through the upper, middle and lower liver. A rotary echo spin-lock pulse
was implemented in a two-dimensional fast-field echo sequence. Spin-lock frequency
was 500 Hz, and the spin-lock times of 1, 10, 20, 30, 40 and 50 ms were used for T1r
mapping. The images were acquired slice by slice during breath-holding. Regions of
interest (ROIs; n55) were manually placed on each slice of the liver parenchyma region,
excluding artefacts and vessels. The mean value of these ROIs (n515) was regarded as
the liver T1r value for the subject. Six subjects were scanned once at fasting status; six
subjects were scanned once 2 h post meal; three subjects were scanned twice at fasting
status; and seven subjects were scanned twice 2 h post meal.
Results: When two readers measured the same 10 data sets, the interreader
reproducibility (ICC: intraclass correlation coefficient) was 0.955. With the 10 subjects
scanned twice, the ICC for scan–rescan reproducibility was 0.764. There was no significant
difference for the liver T1r value at the fasting status (43.08¡1.41 ms) and post-meal
status (42.97¡2.38 ms, p50.867). Pooling together all the 32 scans in this study, the
normal liver T1r value ranged from 38.6 to 48.3 ms (mean 43.0 ms, median 42.6 ms).
Conclusion: It is feasible to obtain consistent liver T1r measurement for human
subjects at 3 T.
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Chronic liver disease is a major public health problem
worldwide. Chronic liver disease and cirrhosis result
in about 35 000 deaths each year in the USA. The trend is
expected to increase owing to an aging population, the
growing epidemic of obesity and non-alcoholic steato-
hepatitis, and the continued emergence of clinical mani-
festations among individuals with long-standing chronic
hepatitis C infection [1, 2]. Liver fibrosis, a common
feature of almost all causes of chronic liver disease,
involves the accumulation of collagen, proteoglycans
and other macromolecules within the extracellular
matrix. The accumulation of proteins in the extracellular
matrix promotes the formation of scars that bridge
together adjacent portal triads and central veins. Ulti-
mately, progressive hepatic fibrosis leads to cirrhosis, in
which fibrous bands carve the liver parenchyma into
nodules of regenerating hepatocytes, a characteristic fea-
ture of almost all end-stage liver disease [3]. Clinically,

liver fibrosis usually has an insidious onset and pro-
gresses slowly over decades. Patients remain asympto-
matic or have only mild, non-specific symptoms until the
development of cirrhosis. Originally considered to be
irreversible, hepatic fibrosis is now regarded as a
dynamic process, with potential for regression [3].
Sustained virological response to treatment for chronic
hepatitis B or chronic hepatitis C is associated with
improvement in histological scores for fibrosis [4]. Even
cirrhosis is reversible, as demonstrated by a recent
study on patients with chronic biliary obstruction [5].
Promising new treatments for liver fibrosis are under
investigation in clinical trials [6].

While the majority of complications from chronic liver
disease result from progressive hepatic fibrosis, the
available diagnostic tests used in clinical practice are
not sensitive or specific enough to detect occult liver
injury at early or intermediate stages [7, 8]. Liver biopsy
is the standard of reference for diagnosis and staging of
liver fibrosis. However, it is an invasive procedure, with
possible side complications. It can lead to hospitalisation
in 3% of cases, and has a fatality rate of 0.03% [9].
Histological assessment of fibrosis is also an inherently
subjective process, and subject to sampling variability. A
study that compared laparoscopic vs histological diag-
nosis of cirrhosis found that 32% of cases were under-
diagnosed with histological examination of a single liver
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biopsy specimen [10]. Also, a number of studies have
demonstrated excessive histological sampling error
(25–40%), resulting in poor reproducibility regardless
of underlying liver disease origin [11]. In addition,
interpretation variation by expert histopathologists may
be as high as 20% [12]. These limitations make liver
biopsy unsuitable for diagnosis and longitudinal mon-
itoring in the general population. A reproducible and
reliable non-invasive method is needed to evaluate
disease progression in patients with chronic liver
disease, to monitor treatment with conventional drugs
and new drugs under development, and for epidemio-
logical research. It has been noted that the absence of
robust non-invasive markers is the most significant
barrier to clinical trial development for novel pharma-
cological strategies to combat hepatic fibrosis [13].

With a biliary duct ligation-induced liver fibrosis rat
model, we reported that T1r MRI is able to detect liver
fibrosis, and the degree of fibrosis is correlated with the
degree of elevation of the T1r measurements [14].
Additionally, our recent study demonstrated T1r MRI
can be used to assess liver fibrosis induced with CCl4
intoxication of 1 ml kg–1 twice weekly. At week 2, week 4
and week 6, the rat liver T1r had a value increased over
the baseline value by 12.0%, 16.5% and 23.0%, respec-
tively. While at 4 weeks after the withdrawl of CCl4
insult, liver T1r decreased to close to the baseline value
(only 2.3%, higher than the baseline value) [15]. These
results suggest liver T1r quantification may play an
important role for liver fibrosis early detection and
grading. To translate liver T1r MRI to a clinically
applicable imaging biomarker [16], this study was
carried out with three aims: (1) to establish a clinical
applicable method for liver T1r MRI measurement and
assess its scan–rescan reproducibility, (2) to investigate
whether liver T1r MRI value differs between the fasting
status and post-meal status; and (3) to get the normal
liver T1r MRI range in healthy subjects at 3 T.

Methods and materials

All volunteers were recruited from an advertise-
ment in a university. The study was approved by the

institutional ethics committee, with all subjects providing
informed signed consent. All subjects were clinically
healthy, with no liver disease history or alcoholism. After
the MRI examination, the subjects were followed up by
telephone for 3 months and confirmed they remained
healthy. In total, 15 subjects took part in this study,
comprising 8 males and 7 females, with a mean age
of 28 years (range: 20–44 years). Subjects were asked to
undergo MRI 2 h after their standard evening meal, and/
or early in the morning before taking breakfast (fasting
status), depending on their availability.

MRI data acquisition was performed on a 3 T clinical
scanner (Achieva; Philips Healthcare, Best, Netherlands).
An 8-channel cardiac coil was used as the signal receiver
to cover the liver, and the built-in body coil was used as
the signal transmitter. Subjects were examined supine.
Anatomical imaging protocol was axial breath-hold T2

weighted spectral adiabatic inversion recovery (SPAIR)
sequence (repetition time, TR51236 ms; echo time, TE5

70 ms; 3006170 matrix; voxel size5161.467 mm; 20 slices;
section thickness 7 mm; intersection gap 2 mm; number
of signal averages, NSA52). After inspection of the
anatomical images revealed no imaging abnormalities,
with scout scans in the coronal plane and sagittal plane,
three representative axial slices were selected to cut
through the upper, middle and lower liver for T1r
imaging (Figure 1). Volume shimming was employed to
minimise B0 inhomogeneities.

For T1r measurement, a rotary echo spin-lock pulse
was implemented in a two-dimensional fast field echo
(FFE) sequence [17]. Spin-lock frequency was set as
500 Hz and spin-lock times of 1, 10, 20, 30, 40 and 50 ms
were used for T1r mapping. Segmented normal phase
alternating FFE readout was used for acquisition. T1r
weighted images were acquired during the transient
status towards the steady state, but with T1r weighted
magnetisation maintained [18]. A rotary echo spin-lock
pulse was applied once for every segment length of 80
readouts. A delay time of 6000 ms was inserted after each
segment acquisition to fully restore the equilibrium mag-
netisation prior to the next T1r preparation (Figure 2). TE
and TR for FFE acquisition were 1.16 and 2.3 ms, respec-
tively. The voxel size was 1.5061.5067.00 mm. The flip

Figure 1. (a) Coronal and (b) sagittal scout images. Three axial slices are selected to cut through the upper, middle and lower
liver.
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angle was 40u and the NSA was 2. A sensitivity-encoding
(SENSE) factor of 1.5 was applied for parallel imaging to
reduce the phase-encoding steps, and hence the acquisi-
tion time. The whole body specific absorption rate (SAR)
was ,0.4 W kg–1 for this sequence as demonstrated on
the scanner’s console.

The images were acquired with a breath-hold techni-
que. Volunteers were trained to breath-hold during
shallow breathing, and maintain breath-holding at a
similar breathing depth. At each slice level, T1r images
of each spin-lock time were inspected immediately after
acquisition, images with a breath-holding position shift
were discarded and these images were reacquired. The
scan time was 26 s per spin-lock time point (about 3 min
for six spin-lock time points). The actual data acquisition
time which needed breath-holding was 8 s per spin-lock
time point. The scan time of conventional T2 weighted
image was 24 s. Including the time for rescanning, the
whole examination lasted about 15 min.

T1r maps were computed on a pixel-by-pixel basis
using a mono-exponential decay model with a home-
made Matlab program (Mathworks, Natick, MA):

M TSLð Þ~M0|exp TSL=T1rð Þ ð1Þ

Where M0 and M(TSL) denote the equilibrium
magnetisation and T1r-prepared magnetisation with
the spin-lock time of TSL, respectively.

This mono-exponential equation was linearised by
logarithm and T1r maps were generated by fitting all
pixel intensity data as a function of TSL using linear
regression. T1r was calculated as –1/slope of the straight-
line fit. Maps of coefficient of determination (R2) were also
generated for the evaluation of goodness of fit. Only T1r
values for pixels associated with R2.0.80 were included
in the subsequent region of interest (ROI) placement and
T1r analysis to eliminate the unreliable poorly fitted T1r
values due to the blood vessel contamination with fresh
blood inflow, as well as respiration-induced artefacts.

The data were analysed by two radiology trainees
(DM, FZ) with more than 3 years of experience of
reading abdominal MRIs. To quantify liver T1r value,
five ROIs of approximately 100–200 mm2 were manually
placed on the liver parenchyma region of each slice’s T1r
maps with R2.0.80, excluding observable artefacts and
blood vessels (Figure 3), leading to a total of 15 ROIs
from each liver examination. The mean value of these
15 ROIs was regarded as the liver T1r value for the
subject. The first 10 data sets from post-meal status were
used to assess interreader reproducibility. For this, the
data were assessed by two readers independently. After
the confirmation of satisfactory interreader reproduci-
bility, the remaining data were measured by one trainee

only (DM), and the results by this trainee were used for
further analysis and processing.

Data are presented as mean ¡ standard deviation.
Reproducibility was assessed using intraclass correlation
coefficient (ICC) on absolute agreement. According to
Fleiss [19], an ICC value of ,0.4 represents poor
agreement, a value .0.75 represents good agreement
and a value between 0.4 and 0.75 represents fair to
moderate agreement. Comparison of liver T1r value at
fasting status and post-meal status was carried out with
Mann–Whitney U-test. All statistical analyses were done
using SPSS v. 14.0 (SPSS, Chicago, IL). A p-value ,0.05
was considered statistically significant.

Results

In total 32 scans were performed. Six subjects were
scanned once at fasting status; six subjects were scanned
once 2 h post-meal; three subjects were scanned twice at
fasting status; and seven subjects were scanned twice 2 h
post-meal. Satisfactory liver T1r maps (Figure 4), as well
as conventional T2 weighted images, were obtained from
all the scans. Using the threshold of R250.8, around 10–
20% of liver pixels (including pixels for blood vessels)
were excluded (Figure 4). One subject had mild claus-
trophobia, but his images remained satisfactory. The
liver T1r values of these 32 scans are listed in Table 1.

The ICC for interreader measurement reproducibility
was 0.955, indicating good reproducibility between the
two readers. 10 subjects were scanned twice (3 at fast-
ing status and 7 post meal); the ICC for scan–rescan

Figure 2. Diagram of the spin-lock fast field echo (FFE) imaging sequence for T1r image. TSL, time of spin-lock pulse.

Figure 3. T1r map with coefficient of determination R2.0.8
evaluation. Five regions of interest are placed on the liver
parenchyma region, excluding observable artefacts and
blood vessels.
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reproducibility was 0.764, indicating good reproducibil-
ity (Table 1).

A comparison was made to see whether there was a
difference in the liver T1r value at the fasting status and
at post meal. For those scanned twice, only the data from
the first scan were used, resulting in 9 values from
fasting status and 13 values from post meal status. Liver
T1r value was 43.1¡1.4 ms in the fast status and
43.0¡2.4 ms in the post meal status. There was no
significant difference in their values (p50.867).

Pooling all the 32 scans in this study, liver T1r values
ranged from 38.6 to 48.3 ms. The mean value was
43.0¡2.2 ms and the median value was 42.6 ms.

Discussion

In patients with pre-cirrhotic stages of liver fibrosis, as
well as patients with early cirrhosis, the liver paren-
chyma usually has a normal appearance, or may exhibit
only subtle, non-specific heterogeneity on conventional
MRI. Recently, a number of novel MRI techniques have
been investigated to identify or grade liver cirrhosis.

These include double contrast-enhanced MRI [20], MR
elastography [8, 21] and diffusion-weighted imaging
[8, 22]. These techniques’ sensitivity for early liver
fibrosis, reproducibility and intersite variability have
not been well established [23]. Other imaging methods,
including ultrasound and nuclear imaging techniques,
have limited value in detecting early liver fibrosis.

Recently, a new mechanism for MR tissue contrast,
T1r, has been investigated in biomedical applications.
T1r represents the spin lattice relaxation time constant
in the rotating frame, which determines the decay of
the transverse magnetisation in the presence of a ‘‘spin-
lock’’ radiofrequency field. T1r is sensitive to both low-
frequency motional processes and static processes, so can
be used to investigate macromolecular composition
and proton exchange within tissues [24]. T1r has been
proposed to be sensitive to the macromolecular composi-
tion of tissues [25–30]. T1r relaxation occurs in the
presence of a spin-lock pulse that minimises the effects of
diffusion and susceptibility on the signal. T1r MRI is a
truly non-invasive technique; it does not involve addi-
tional intravenous injection or external driver such as in
the case of elastography, therefore it can potentially have

Figure 4. The upper and middle
rows show liver T1r weighted
images acquired with spin-lock
times (TSL) ranging from 1 to
50 ms. Note vessels demonstrate
high signal on T1r weighted images.
The lower row shows the coefficient
of determination (R2) map (left), the
T1r map without R2 evaluation
(middle) and the T1r map with
R2.0.8 evaluation (right).

Table 1. Liver T1r values of healthy volunteers

Case number

T1r value (m)

Scan 1—fasting Scan 2—fasting Scan 1—post meal Scan 2—post meal

1 45.2 47.3 44.9 43.4
2 41.8 41.0 39.3 38.6
3 44.8 42.3
4 48.3 45.8
5 42.4 41.6 41.6
6 42.3 39.8
7 43.7 43.2
8 41.2 41.0
9 44.8 42.7
10 41.3
11 43.2
12 42.0 42.7 46.4
13 44
14 44.2 44.3
15 42.5
Mean 43.1 (n59) 43.8 (n53) 43.0 (n513) 42.8 (n57)
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good reproducibility and some intersite agreement.
Liver fibrosis involves the accumulation of collagen,
proteoglycans and other macromolecules. It is plausible
that T1r MRI may be sensitive for evaluation of liver
fibrosis.

The technical difficulties of T1r MRI include its
relatively slow acquisition speed, sensitivity to B0 and
B1 field inhomogeneities and high SAR. A rotary echo
pulse was applied in this study to compensate the B1
inhomogeneities [17]. Volume shimming was also
employed to minimise the B0 inhomogeneities. In all
T1r scans in this study, SAR deposition was under the
allowable Food and Drug Administration limits of
0.4 W kg–1 averaged over the whole body [31]. Owing
to respiratory motion, liver imaging represents a parti-
cular challenge for this technique. In our initial pilot
studies, three-dimensional FFE sequence and respiratory
gating was used to increase liver coverage; however, the
upper and lower sections of the scan block tended to
have poor image quality, probably due to B1 field
inhomogeneity. Importantly, it was observed that even
the use of respiratory gating might not completely elimi-
nate the respiration-induced displacement of images
acquired at each spin-lock time. Meanwhile, liver vessels
displayed high signal intensities with the use of FFE
sequence (Figure 4). Thus, even mild spatial misregistra-
tion due to respiratory motion could lead to an artifi-
cially high T1r value for liver parenchyma. As such,
the criterion of R2.0.80 was applied to eliminate the
unreliable artificially high T1r values induced by the
vessel contamination, as well as respiration-induced
artefacts. Interestingly, the small sensor balloon placed
on the abdominal skin surface for respiratory gating
induced B0 field inhomogeneities and deteriorated
image quality for the liver parenchyma region near the
balloon. During pilot studies, we also hypothesised that
coronal or sagittal image acquisition would be less
affected by respiration as its movement is mostly in the
cephalad–caudad direction. However, our results showed
both coronal and sagittal imaging still suffered from
respiratory motion, and also added cardiac motion arte-
fact to coronal imaging. It is known that the liver would
have a higher level of glycogen post meal than at fast
status. Our current study suggests that this glycogen level
fluctuation does not affect liver T1r level measurement.

The T1r imaging protocol may be further optimised in
future studies. The scan time of T1r imaging was
relatively long in the current study, and a good breath-
hold is needed for a satisfactory result. Only three slices
were acquired in this study for T1r imaging, though
most chronic liver diseases would be diffusely distrib-
uted. The coverage of more slices has to be compromised
with spatial resolution and signal-to-noise ratio within
the acceptable scan time in practical clinical settings. One
major factor that prolongs the T1r imaging time is the
long delay time for equilibrium magnetisation restora-
tion for any multishot segmented acquisition sequences.
A relatively long delay time of 6000 ms was used in the
current study to ensure the complete restoration of
equilibrium magnetisation, as well as the lower SAR
level. Longer shot length and fewer shot numbers might
be beneficial for scan time reduction, whereas the SAR
level would increase and the mono-exponential T1r
weighting could be obscured with the approach to a

steady state [32]. The mono-exponential model of T1r
relaxation can be linearised by logarithm. In principle,
only two spin-lock times are sufficient for linear fitting of
T1r provided that the T1r weighted images acquired at
these two spin-lock times have sufficiently high signal-
to-noise ratios. Therefore, T1r imaging with fewer spin-
lock time points is worth exploring in the future study.
Additionally, three-dimensional data acquisition techni-
ques with good respiration compensation are being
pursued in our laboratory.

In conclusion, our study demonstrated it is feasible to
obtain consistent liver T1r measurement for human
subjects at 3 T. There was no difference in liver T1r
values at fasting status and post-meal status. These
preliminary results will be relevant for translating liver
MRI T1r to a clinically applicable imaging biomarker for
liver fibrosis.
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