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Abstract
Objectives To investigate the repeatability, reproducibility, and staging and monitoring of the performance of native T1 mapping
for noninvasively assessing liver fibrosis in comparison with acoustic radiation force impulse (ARFI) elastography.
Methods The repeatability and reproducibility were explored in 8 male Sprague-Dawley rats with intraclass correlation coeffi-
cient (ICC). Different degrees of fibrosis were induced in 52 rats by carbon-tetrachloride (CCl4) insult. Another 16 rats were used
to build fibrosis progression and regression models. The native T1 values and shear wave velocity (SWV) were quantified by
using native T1 mapping and ARFI elastography, respectively. The METAVIR system (F0–F4) was used for the staging of
fibrosis. The area under the receiver operating characteristic curve (AUC) was determined to assess the performance of quan-
titative parameters for staging and monitoring fibrosis.
Results Native T1 values shared similar good repeatability (ICC = 0.93) and reproducibility (ICC = 0.87) with SWV (ICC =
0.84–0.93). The AUC of native T1 values were 0.84, 0.84, and 0.75 for diagnosing significant fibrosis (≥ F2) and liver cirrhosis
(F4) and detecting fibrosis progression, and those of SWV were 0.81, 0.86, and 0.7, respectively. No significant difference in
performance was found between the two quantitative parameters (p ≥ 0.496). For detecting fibrosis regression, native T1 values
had a better accuracy (AUC = 0.99) than SWV (AUC= 0.56; p = 0.002).
Conclusion Native T1 mapping may be a reliable and accurate method for noninvasively assessing liver fibrosis. Compared with
ARFI elastography, it provides similar good repeatability and reproducibility, a similar high accuracy for staging fibrosis, and a
better accuracy for detecting fibrosis regression.
Key Points
•Native T1mapping is a valuable tool for noninvasively assessing liver fibrosis and can be measured on virtually all clinicalMRI
machines without additional hardware or gadolinium chelate injection.

• Compared with acoustic radiation force impulse elastography, native T1 mapping yields similar good repeatability and
reproducibility and a similar high accuracy for staging fibrosis.

• Native T1 mapping provides a significantly better performance for detecting fibrosis regression than acoustic radiation force
impulse elastography.
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Abbreviations
ARFI Acoustic radiation force impulse
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CCl4 Carbon tetrachloride
ICC Intraclass correlation coefficient
MRE Magnetic resonance elastography
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ROI Region of interest
SWV Shear wave velocity
WsCV Within-subject coefficient of variation

Introduction

Noninvasive measurement of stiffness with magnetic
resonance elastography (MRE) or ultrasound-based
elastography like transient elastography and acoustic ra-
diation force impulse (ARFI) elastography, is used for
the assessment of liver fibrosis in clinical practice [1–3].
Ultrasound-based elastography is inexpensive and quick,
but this method is inadequate for patients with obesity
or ascites and also has sample errors [4]. MRE has a
higher technical success rate and could sample the
whole liver. A recent review reported that MRE had a
better accuracy than ultrasound-based elastography for
staging liver fibrosis [1]. However, the implementation
of MRE requires an additional hardware and software.
The incremental cost greatly limits its widespread use in
hospitals [5].

T1 mapping, a technique which was used to quantify
the longitudinal relaxation time (T1 value) of tissues, is
useful for evaluating cardiac diffuse fibrosis with injec-
tion of gadolinium chelates [6, 7]. T1 mapping/T1-
weighed imaging enhanced with hepatobiliary contrast
agent is a surrogate imaging biomarker of liver function
[8] and can be useful for the staging of liver fibrosis,
however with overlap between stages, and risk of false
negatives in case of impaired liver function [9]. In ad-
dition, the safety of repeated administration of gadolin-
ium chelates should be considered [10]. Recent studies
reported the potential of “native T1 mapping” (pre-
contrast T1 mapping) for the diagnosis of liver fibrosis
and as a predictor of clinical outcome in patients with
chronic liver diseases [11–14]. However, we still know
little about its robustness and performance for staging
and monitoring fibrosis, and if its reliability and perfor-
mance are similar to those of elastography.

The aim of the current study was to investigate the perfor-
mance of native T1 mapping for noninvasively assessing liver
fibrosis, including repeatability, reproducibility, and staging
and monitoring the process of fibrosis, and to compare them
with those of ARFI elastography.

Materials and methods

Animal model and study design

To decrease the influence of confounding factors, we per-
formed this prospective study in a rat model of liver fibrosis

made with carbon tetrachloride (CCl4). All the experimental
procedures were approved by the Institutional Animal Care
and Use Committee of Xinhua Hospital Affiliated to Shanghai
Jiao Tong University School of Medicine. A total of 76 male
Sprague-Dawley rats (weight, 200 ± 20 g) were used in this
study and received experimental process after 1-week adap-
tion. All the rats were housed on a 12-h light-dark cycle with
free access to standard food and water.

The flowchart of this study is shown in Fig. 1. In 8 healthy
rats, native T1 mapping and ARFI elastography were per-
formed consecutively twice in the liver on the same day in
order to explore the repeatability of both modalities. A week
later, the animals received the same liver imaging for the third
time to investigate the reproducibility. To induce liver fibrosis
with different stages, 40 rats were randomly divided into 4
groups (n = 10 each group) and were intraperitoneally injected
with a mixture of CCl4 and olive oil (CCl4:olive oil = 2:3) at a
dose of 1.5 ml/kg twice a week for 2, 4, 7, or 10 weeks,
respectively. Control group included 12 rats receiving only
pure olive oil for corresponding durations (n = 3 each group).
As there are no approved drugs for the treatment of liver
fibrosis, we adopted a common method of CCl4 withdrawal
tomake the regressionmodel of fibrosis [15]. Sixteen rats with
fibrosis, induced by CCl4 injection for 7 weeks in the same
way, underwent the same magnetic resonance imaging (MRI)
and ultrasound examinations (session 1). Subsequently, they
were randomly divided into 2 groups (n = 8 each group) and
received CCl4 injection/CCl4 withdrawal for 4 weeks to make
fibrosis progress or to allow fibrotic livers regress spontane-
ously. The 16 rats were then performed the second liver im-
aging (session 2).

To avoid the acute inflammatory reaction after CCl4 injec-
tion and spontaneous regression after CCl4 withdrawal, the
animals underwent liver imaging and subsequent liver har-
vesting at 3–6 days after the last insult of CCl4. Before both
imaging, animals fasted for 8–10 h and then received anesthe-
sia with 3% barbital sodium (intraperitoneal injection at a dose
of 2–3ml/kg). To explore the variations of quantitative param-
eters over different locations, we performed both imaging
measurements and pathological analysis respectively on the
left liver lobe (left medial and/or lateral lobe) and right liver
lobe (middle lobe and/or right lateral lobe and/or triangle lobe)
for all rats except the 8 healthy ones in repeated measurements
study, of whom only the right liver lobes were investigated.

MRI

Liver MRI was performed at a 3.0-T MRI imager (Ingenia,
Philips Healthcare), using a dedicated 8-channel phased-array
rat coil with a 5-cm inner diameter (Chenguang Medical
Technologies Co.). Look-Locker sequence, a gradient-echo
sequence with inversion recovery pulse and imaging single
slice with multiphase, was used for standard transverse T1
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mapping: repetition time/echo time = 5/1.7 ms, flip angle = 7°;
field of view = 100 × 100 mm, matrix = 112 × 96, slice thick-
ness = 8 mm, slice gap = 0 mm; acceleration factor = 2, num-
ber of signal averages = 1; false physiological signals used for
triggering acquisitions. The methods for acquiring T1 maps
and measuring native T1values are provided in Appendix E1
in the Electronic SupplementaryMaterial. Supplementary Fig.
S1 is the example of placing region of interest (ROI).

ARFI elastography

AnAcuson S2000 system (Siemens Healthineers) was used to
perform ARFI elastography with a 9L4 high-frequency probe.
Rat hairs on the abdomen were removed with an animal shav-
er. The rats were then placed on a mounting plate. A sonog-
rapher (S.L.G., with 5-year experience in liver ARFI
elastography) who was blinded to the MRI and pathological
results measured the shear wave velocity (SWV) of rat livers
in supine position. A ROI of 5 × 6 mm2 was placed in the liver
parenchyma at the depth of 0.7–1.5 cm from the liver capsule,
free from large blood vessels, artifacts, and obvious acoustic
shadows. The mean SWV calculated from 10 ROIs was re-
corded respectively for the left and right liver lobes.

Pathology

Following imaging experiment, the rats were sacrificed by
cervical dislocation after deep anesthesia with intraperitoneal
injection of barbital sodium. Liver samples were formalde-
hyde-fixed, embedded in paraffin, cut into serial sections with
a thickness of 4 μm, and then stained with hematoxylin-eosin,
Sirius red, and Prussian blue. A pathologist (X.Y.W., with
16 years of experience in liver pathology), blinded to the re-
sults of MRI and ultrasound, evaluated the degree of fibrosis

(F0–F4) and necroinflammatory activity (A0–A3) based on
the METAVIR classification system: F0 = no fibrosis, F1 =
mild fibrosis (portal fibrosis without septa), F2 = substantial
fibrosis (periportal fibrosis and few septa), F3 = advanced
fibrosis (numerous septum fibroses without cirrhosis), F4 =
cirrhosis (widespread fibrosis); A0 = absent, A1 = mild activ-
ity, A2 =moderate activity, A3 = severe activity. Liver fibrosis
(≥ F2) was recognized as a significant fibrosis. Iron deposition
in the liver was scored as follows: 0 = none, 1 =minimal, 2 =
mild, 3 = moderate, 4 = severe [16]. The involvement of
steatosis was graded from 0 to 3: 0, < 5%; 1, 5–33%; 2,
> 33–66%; 3, > 66%.

Statistics

Intraclass correlation coefficient (ICC) and within-subject co-
efficient of variation (WsCV) were calculated to evaluate the
repeatability (ICC-1, WsCV-1) and reproducibility (ICC-2,
WsCV-2) of native T1 values and SWV. Correlations among
native T1 value, SWV, and the stage of fibrosis were analyzed
with Spearman’s rank correlation. Mixed model analysis of
variance with Bonferroni’s correction was used to compare
the quantitative values (native T1 values and SWV) between
different lobes and different degrees of pathological changes
(fibrosis, necroinflammatory activity, iron deposition, and
steatosis). As detecting significant liver fibrosis (≥ F2) and
cirrhosis (F4) is of significant importance for the treatment,
receiver operating characteristic curves and AUCs were used
to evaluate the corresponding performance of native T1 map-
ping and ARFI elastography. The cutoff values, diagnostic
sensitivity, and specificity were determined based on
Youden’s index. Nonparametric Wilcoxon’s test and the
Mann–Whitney U test were used to compare the quantitative
parameters (native T1 values and SWV) between different

Fig. 1 Flowchart of this study. ARFI, acoustic radiation force impulse; CCl4, carbon tetrachloride
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groups (progression group vs. regression group) and sessions
(session 1 vs. session 2). Receiver operating characteristic
curves and AUCs were also adopted to evaluate the perfor-
mance of quantitative parameters for detecting the
progression/regression of fibrosis. Receiver operating charac-
teristic curves were compared with DeLong’s test. Statistical
analyses were conducted with SPSS statistics software (v. 23,
IBM) and MedCalc (v. 11.4.2.0). p values were reported with
two sides, and p < 0.05 was considered to be statistically
significant.

Results

Animal models and pathological results

All 8 healthy rats completed the study of repeated mea-
surements. In fibrosis staging study, 2 and 3 rats died of
hepatotoxicity or anesthetic accidents in groups receiving
CCl4 injection for 7 and 4 weeks, respectively. A total of
94 liver samples from 47 rats were acquired for patholog-
ical evaluation, and the stages of fibrosis were as follows:
F0, 27 (left, 13; right, 14); F1, 11 (left, 4; right, 7); F2, 17
(left, 10; right, 7); F3, 23 (left, 12; right, 11); F4, 16 (left,
8; right, 8). Among them, 21.28% rats (10/47) showed a
one-stage difference in fibrosis between the left and right
liver lobes, and the others (37/47) had no inter-lobe dif-
ference. There is no statistical significance for the fibrosis
s t ages be tween the two lobes (p = 0.058) . For
necroinflammatory activity, 51 (left, 25; right, 26), 41
(left, 21; right, 20), 2 (left, 1; right, 1), and 0 specimens
were respectively diagnosed as A0–A3. There was 76
(left, 36; right, 40), 18 (left, 11; right, 7), 0, and 0 liver
samples diagnosed as 0–3 for iron deposition, respective-
ly. Steatosis content was scored as 0–3 respectively in 72
(left, 36; right, 36), 22 (left, 11; right, 11), 0, and 0 liver
samples. The results of fibrosis stages for fibrosis progres-
sion and regression group were shown in Appendix E2 in
the Electronic Supplementary Material. There was a sig-
nificant difference in the fibrosis stages between the two
groups (p = 0.002).

Repeatability and reproducibility

The ICCs and WsCVs of native T1 values and SWVare sum-
marized in Table 1. Similar good repeatability was observed
for both parameters, while the reproducibility was demonstrat-
ed relatively poor. However, native T1 values seemed to al-
ways have slightly lower variations during repeated measure-
ments than SWV.

Staging liver fibrosis

As illustrated in Supplementary Fig. S2, native T1 values
(rho = 0.69, p < 0.001) and SWV (rho = 0.64, p < 0.001)
demonstrated similar moderate correlations with the
stages of fibrosis. There was also a moderate correlation
between native T1 values and SWV (rho = 0.62,
p < 0.001). Figures 2 and 3 displayed that both quantita-
tive values increased significantly with the advance of
fibrosis stage (p < 0.001). Significant differences were ob-
served for both parameters (Fig. 3) between F0–1 and F2–
4 (native T1 value, p = 0.009; SWV, p = 0.002) and be-
tween F0–3 and F4 (native T1 value, p = 0.001; SWV,
p < 0.001). Besides, both quantitative parameters mea-
sured in the right lobe were significantly higher than those
in the left lobe (p < 0.001), as depicted in Fig. 3. Figure 4
and Table 2 displayed that native T1 values manifested
the same high accuracy (AUC = 0.84) for diagnosing sig-
nificant fibrosis (≥ F2) and liver cirrhosis (F4), while
SWV presented a higher accuracy for diagnosing liver
cirrhosis (F4, AUC = 0.86) than significant fibrosis
(≥ F2, AUC = 0.81). The performance between the two
parameters had no significant difference for staging fibro-
sis (≥ F2, p = 0.496; F4, p = 0.732). In this study, there is
no significant difference in native T1 values among livers
with different degrees of necroinflammation (p = 0.315),
iron deposition (p = 0.08), and steatosis (p = 0.157), while
a significant difference in SWV was found between the
livers having different grades of steatosis (steatosis,
p = 0.017; necroinflammation, p = 0.136; iron deposition,
p = 0.57).

Table 1 Repeatability and
reproducibility of native T1
mapping and ARFI elastography

Parameters ICC-1 WsCV-1 (%) ICC-2 WsCV-2 (%)

Native T1 value 0.93 1.54 0.87 1.87

95% confidence interval 0.63–0.99 0.34–0.97

p 0.001 0.008

SWV 0.93 4.13 0.84 6.6

95% confidence interval 0.65–0.99 0.22–0.97

p 0.001 0.013

ICC intraclass correlation coefficient, WsCV within-subject coefficient of variation, SWV shear wave velocity
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Monitoring liver fibrosis

As illustrated in Figs. 5 and 6, both native T1 values and SWV
increased significantly after the progression of liver fibrosis

(p ≤ 0.041), while only native T1 values decreased significant-
ly after the regression of liver fibrosis (p = 0.002). Table 3
summarizes the diagnostic performance of both values for
detecting fibrosis progression and regression in the liver.

Fig. 2 Color-coded native T1 maps and acoustic radiation force impulse
(ARFI) images in the liver and the hematoxylin-eosin (HE) and Sirius red
staining (× 100) of liver specimens at F0–F4 stages. Both native T1

values (from blue gradually to green and then to red) and SWV increased
with the advance of fibrosis stage

Fig. 3 Native T1 values and shear wave velocity (SWV) of F0–F4 liver
fibrosis measured at the left and right liver lobes. All the values increased
significantly with the advance of fibrosis stage (p < 0.001). Furthermore,
both native T1 values and SWV measured in the right liver lobe were

higher than those in the left lobe (p < 0.001), which was more significant
for SWV values. *A comparison of quantitative parameters between F0–
F1 and F2–4. #A comparison of quantitative parameters between F0–F3
and F4
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Compared with SWV, native T1 values had a similar high
accuracy for detecting fibrosis progression (p = 0.662) and a
significantly higher accuracy for detecting fibrosis regression
(p = 0.002).

Discussion

The results of this study suggest that native T1 mapping is a
reliable, accurate, and noninvasive tool for assessing liver fi-
brosis in rodents and possibly also in humans. Native T1 map-
ping was as robust as ARFI elastography through repeated
measurements. For assessing liver fibrosis, it provided a sim-
ilar high accuracy for staging fibrosis (≥ F2 and F4) and de-
tecting fibrosis progression and also yielded a higher accuracy
than ARFI elastography for detecting fibrosis regression.

Previous studies also showed an excellent agreement
through repeated liver examinations for native T1 map-
ping (coefficient of variation, 1.3–1.8%) [13] and ARFI

elastography (ICC, 0.85–0.89) [17]. Both our results and
meta-analysis demonstrate a trend of ARFI elastography
towards a better value for diagnosing high-stage fibrosis
and liver cirrhosis [18, 19]. The reported AUCs were
0.82, 0.85, 0.94, and 0.94 for diagnosing fibrosis of
≥ F1, ≥ F2, ≥ F3, and F4, respectively [18]. In contrast,
as our results and previous studies revealed, native T1
mapping seemed to provide a similar or even better per-
formance for diagnosing early-stage fibrosis. In a study
including 79 patients with various liver diseases, the
AUC of native T1 mapping for diagnosing liver fibrosis
(≥ F1) was 0.94 [13]. For staging liver fibrosis, the AUCs
were 0.803, 0.712, and 0.696, respectively, for diagnosing
≥ F1, ≥ F2, and F3 liver fibrosis in another animal study
[20]. Therefore, native T1 mapping might be a better
choice for detecting an early-stage fibrosis than ARFI
elastography. To the best of our knowledge, now, there
is no study that has investigated the usefulness of native
T1 mapping for evaluating the regression of liver fibrosis,

Fig. 4 Receiver operating characteristic curves of native T1 values and shear wave velocity (SWV) for diagnosing (a) significant fibrosis (≥ F2) and (b)
cirrhosis (F4) in the liver

Table 2 Performance of native T1 mapping and ARFI elastography for diagnosing significant liver fibrosis (≥ F2) and cirrhosis (F4)

AUC 95% confidence interval Cutoff values Sensitivity (%) Specificity (%) p*

≥ F2

Native T1 value 0.84 0.75–0.91 577.95 ms 98.21 65.79 0.496

SWV 0.81 0.71–0.88 1.54 m/s 75 78.95

F4

Native T1 value 0.84 0.75–0.91 617.98 ms 93.75 66.67 0.732

SWV 0.86 0.78–0.92 1.71 m/s 93.75 78.21

*A comparison of receiver operating characteristic curves between native T1 value and SWVwith DeLong’s test. AUC area under the receiver operating
characteristic curve, SWV shear wave velocity
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and even further compared it with any modality of
elastography. The reason for the superiority of native T1

mapping over ARFI elastography for detecting fibrosis
regression is still unclear, and further studies are needed.

Fig. 5 Color-coded native T1 maps, acoustic radiation force impulse
(ARFI) images, and the Sirius red staining (× 40) of liver specimens in
the fibrosis progression/regression groups. The images vividly depicted

that both native T1 values and shear wave velocity (SWV) increased after
the progression of liver fibrosis and decreased after the regression of
fibrosis

Fig. 6 Box plots of native T1 values and shear wave velocity (SWV) in
the progression and regression groups of liver fibrosis. Both quantitative
parameters increased significantly after the progression of liver fibrosis

(p ≤ 0.041); however, only native T1 values decreased significantly after
the regression of fibrosis (p = 0.002). *p < 0.05, **p < 0.01
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Pathologically, the left and right liver lobes presented sim-
ilar stages of fibrosis, while both native T1 values and SWV
measured at different lobes were significantly different. This
inter-lobe difference has been reported by previous studies for
ARFI elastography, but has not been investigated for native
T1 mapping [21, 22]. The cause of this phenomenon is un-
known and should be further investigated. One consequence is
that when pathology is the standard reference, native T1
values should be measured in the area where the biopsy is
performed and not in the whole liver or the other lobe.
Additionally, measurement of native T1 values varies with
the field strength. As a consequence, follow-up of native T1
mapping in longitudinal studies should be performed on ma-
chines with the same field strength to keep comparability.

Although collagen deposition is the only significant
influencing factor for the measurement of native T1 values
in this experimental study, other pathological changes in the
liver (e.g., inflammation, iron concentration, and steatosis)
could act as confounding factors and influence the measure-
ment [23, 24]. In human studies, native T1 value increases in
patients with hepatic inflammation due to the elevated water
content, while it is reduced in the case of iron deposition [25,
26]. As fibrosis is always accompanied with the above patho-
logical changes in chronic liver diseases, native T1 mapping
used alone may inevitably lose some accuracy for evaluating
fibrosis in patients. However, it could be combined and
corrected with other MRI parameters (e.g., proton density fat
fraction and T2* value), which could accurately quantify the
confounding factors (e.g., steatosis or iron deposition) and
improve its performance for estimating fibrosis [13].

MRE has been proposed as the most accurate imaging
technique for staging liver fibrosis (AUC, 0.87–0.93) by
head-to-head studies, especially for patients with ascites or
obesity [27, 28]. Recent studies also found that enhanced T1
mapping with gadoxetic acid is strongly correlated (r = 0.96,
p < 0.001) with the severity of liver fibrosis [8] and has a high
accuracy (AUC, 0.81–0.85) for staging fibrosis [9]. The ad-
vantage of native T1 mapping is that implementation does not
need additional hardware or contrast agent. It could be applied
in almost every MR machine without extra cost, ensuring a

wide availability. T1 mapping is a quick sequence. As
multiparametric MRI develops for evaluating diffuse liver dis-
eases, availability and quick acquisition are clear advantages,
favoring native T1 mapping [14].

There are several limitations in this study. First, the degree
of inflammation, iron deposition, and steatosis was too mini-
mal to explore their confounding effect on the measurement of
native T1 values and SWV. Second, since the important value
of MRE has been widely acknowledged for assessing liver
fibrosis, the comparison of native T1 mapping with MRE
would be desirable, but was not included in this study because
of the unavailability of MRE in our hospital. Third, this study
evaluated liver fibrosis in a rat model made with CCl4.
Generalization to patients with fibrosis of different origins
needs to be tested.

In conclusion, our study demonstrates that native T1 map-
ping is a noninvasive, reliable, and accurate imaging method
for assessing experimental liver fibrosis in rodents. As com-
pared with ultrasound elastography, it provides similar good
repeatability and reproducibility, a similar high accuracy for
staging fibrosis, and a significant better accuracy for detecting
fibrosis regression.
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