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Abstract: (1) Background: T1 mapping in magnetic resonance imaging (MRI) of the liver has been
proposed to estimate liver function or to detect the stage of liver disease, among others. Thus far, the
impact of intrahepatic fat on T1 quantification has only been sparsely discussed. Therefore, the aim of
this study was to evaluate the potential of water—fat separated T1 mapping of the liver. (2) Methods:
A total of 386 patients underwent MRI of the liver at 3 T. In addition to routine imaging techniques,
a 3D variable flip angle (VFA) gradient echo technique combined with a two-point Dixon method
was acquired to calculate T1 maps from an in-phase (T1_in) and water-only (T1_W) signal. The
results were correlated with proton density fat fraction using multi-echo 3D gradient echo imaging
(PDFF) and multi-echo single voxel spectroscopy (PDFF_MRS). Using T1_in and T1_W, a novel
parameter FF_T1 was defined and compared with PDFF and PDFF_MRS. Furthermore, the value
of retrospectively calculated T1_W (T1_W_calc) based on T1_in and PDFF was assessed. Wilcoxon
test, Pearson correlation coefficient and Bland—Altman analysis were applied as statistical tools.
(3) Results: T1_in was significantly shorter than T1_W and the difference of both T1 values was
correlated with PDFF (R = 0.890). FF_T1 was significantly correlated with PDFF (R = 0.930) and
PDFF_MRS (R = 0.922) and yielded only minor bias compared to both established PDFF methods
(0.78 and 0.21). T1_W and T1_W_calc were also significantly correlated (R = 0.986). (4) Conclusion:
T1_W acquired with a water—fat separated VFA technique allows to minimize the influence of fat
on liver T1. Alternatively, T1_W can be estimated retrospectively from T1_in and PDFF, if a Dixon
technique is not available for T1 mapping.
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1. Introduction

In most clinical applications, magnetic resonance imaging (MRI) is used as a quali-
tative imaging modality. Quantitative assessment of T1 relaxation times is increasingly
discussed as a valuable tool for the detection and staging of liver disease. Compared with
T1-weighted images, whose signal intensities are—among others—dependent on the T1
relaxation times of different tissues, T1 maps are independent of other contrast mechanisms,
scanner hardware or software [1]. T1 mapping thus enables quantitative inter-individual
comparisons as well as intra-individual follow-up examinations.

Unenhanced T1 mapping of the liver was proposed by some authors to discriminate
patients with liver cirrhosis from those with normal liver function [2-5], a correlation of
native T1 with albumin was found even in non-cirrhotic liver parenchyma, suggesting a
direct influence of liver’s synthesis capacity on T1 relaxation times [6]. Most work, however,
has been performed using a liver-specific contrast agent (Gd-EOB-DTPA, gadoxetic acid).
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The accumulation of the paramagnetic contrast agent in the liver parenchyma increases
the signal intensity on T1-weighted images with a maximum in the hepatobiliary phase,
20 min after injection [7]. Several authors have reported a close correlation between Gd-
EOB-DTPA-enhanced T1 (or the reduction rate of T1) and the results of the indocyanine
green clearance test, a well-established method for the evaluation of liver function [8-11].
Kamimura et al. [§] and Haimerl et al. [11] were able to show even superior results of
T1 relaxometry compared to results from dedicated signal intensity-based indices. Fur-
thermore, a possible role of Gd-EOB-DTPA-enhanced T1 mapping for the detection and
classification of liver fibrosis has been discussed in comparison to clinical scores such as
the Child-Pugh score [5,8,12,13] or the Model for End-stage Liver Disease score [12,14]
as well as to the histology-based METAVIR score for liver fibrosis and cirrhosis [15,16].
Recently, differentiation of liver lesions using Gd-EOB-DTPA [17] or Gd-DTPA [18] and
detection of hepatocellular carcinoma (HCC) recurrence after hepatectomy [19] or even
HCC grading [20] have been described using the T1 reduction rate.

Hepatic steatosis and steatohepatitis are common histologic manifestations of several
liver diseases [21]. Nevertheless, the influence of fat on T1 relaxometry in the liver has
only been sparsely discussed so far. Depending on the acquisition technique and sequence
parameters used for T1 mapping, the presence of intrahepatic fat can result in a reduction
or even prolongation of measured T1 [22,23]. Based on phantom measurements and a
series of 15 patients, Le et al. concluded that Dixon water-only images yield more reliable
results for T1 in the presence of fat [22]. Water-only T1 mapping was also reported to be
superior for the evaluation of liver capacity in a single study [24].

Therefore, the purpose of our work was to apply water—fat separated T1 quantifica-
tion in the liver using a variable flip angle (VFA) technique [25] in combination with a
Dixon technique [26] in a large patient collective and to compare T1 calculated from an
in-phase (T1_in) and water-only (T1_W) signal depending on the intrahepatic fat fraction.
Furthermore, we aimed to show if T1_W can be estimated retrospectively to minimize the
influence of fat on liver T1 using T1_in and proton density fat fraction (PDFF).

2. Materials and Methods
2.1. Patients

This is a retrospective secondary analysis of data acquired in an observational study
at the Department of Radiology of the University Hospital Regensburg; the study was
approved by the local institutional review board; all patients gave informed consent.

In total, 406 successive magnetic resonance (MR) examinations of the liver which were
conducted according to our study protocol were analyzed retrospectively. MR of the liver
was carried out for the assessment of suspected liver lesions or as a follow-up in case of
known liver disease.

2.2. MR Data Acquisition

MR was performed on a clinical 3 T scanner (MAGNETOM Skyra, Siemens Healthcare,
Erlangen, Germany) using an 18-channel body coil and elements of a 32-channel spine
coil for signal reception. Standard liver imaging included T2-weighted Turbo Spin Echo
(TSE) sequences with and without spectral fat saturation (fs) as well as diffusion-weighted
imaging; a 3D Volumetric Interpolated Breathhold Examination (VIBE) fs sequence was
acquired precontrast as well as in the arterial, portal venous, late venous and hepatobil-
iary phase 20 min after injection of Gd-EOB-DTPA (Primovist, Bayer Healthcare, Berlin,
Germany; dosage: 0.1 mL/kg bodyweight). Mapping of T1, fat fraction and R2* of the
whole liver as well as multi-echo single voxel spectroscopy were added in all patients.

T1 mapping was performed with a VFA prototype 3D VIBE sequence during breathhold:
Repetition time (TR) = 5.79 ms, echo times (TE) = 2.46, 3.69 ms, flip angles = 1, 7, and 14°, mea-
sured voxel size 3.6 mm x 2.5 mm x 4.8 mm (interpolated to 1.3 mm X 1.3 mm x 3.0 mm),
with an acceleration factor of 4 using Controlled Aliasing In Parallel Imaging Results IN
Higher Acceleration (CAIPIRINHA) [27] and acquisition time of 17 s. A preceding B1 map
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was measured for inline correction of Bl inhomogeneities. T1 maps from in-phase (T1_in)
and water (T1_W) signal were calculated inline after fat-water separation by a 2-point
Dixon method.

Simultaneous mapping of PDFF and R2* was carried out with a 6-echo prototype 3D
VIBE sequence using a multi-step adaptive fitting approach which accounts for the spectral
complexity of fat [28]: TR = 9.2 ms, TE = 1.23 to 7.38 ms with ATE = 1.23 ms, flip angle = 4°,
measured voxel size 2.9 mm x 2.6 mm X 6.4 mm (interpolated to 2.6 mm X 2.6 mm x 4.0 mm),
CAIPIRINHA with acceleration factor of 4 and acquisition time of 15 s. A region of interest
(ROI) was positioned manually on morphological images in an area free of liver lesions
and major vessels; this ROI was transferred automatically to PDFF and R2* maps for inline
evaluation of PDFF and R2*.

Single voxel breath-hold 'H MRS (SVS) for fat quantification was acquired using
a Stimulated Echo Acquisition Mode (STEAM) sequence with 5 TEs in 5 concatenated
TRs: TR = 3000 ms, TE = 12, 24, 36, 48, and 72 ms, voxel size 30 mm x 30 mm x 30 mm,
sampling points = 1024, acquisition time = 15 s. The voxel was co-localized with the ROI
for PDFF quantification. Inline reconstruction and assessment resulted in a spectrum with
T2 correction and the corresponding fat fraction (PDFF_MRS) [29].

2.3. MR Data Analysis

MR examinations with global fat-water swaps in T1 and/or fat mapping were ex-
cluded from further evaluation. As severe motion artifacts were most clearly seen on PDFF
maps as bright and dark ripples, we also excluded patients if PDFF was above 2% and the
standard deviation of PDFF in the ROI was larger than 100%. Furthermore, we excluded
patients with R2* of the liver above 200 s~! because SVS included quite long echo times
which will result in very low signal and confounded PDFF values in case of considerably
increased liver iron content.

An ROI corresponding to the ROI for PDFF and R2* analysis was drawn manually on
T1_in and T1_W maps. Using T1_in and T1_W, a novel parameter FF_T1 was defined as

FF_T1 = (T1_W-T1_in)/(T1_in) 100 1)

FF_T1 was correlated with PDFF and PDFF_MRS to assess its value as a measure of
the fat fraction.

2.4. Statistical Analysis

Statistical analyses were performed using SPSS 25.0 (IBM SPSS Statistics, Armonk, New
York, NY, USA) and GraphPad Prism 7.0 (GraphPad Software Inc., San Diego, CA, USA).
Means and standard deviations were calculated for all data, and the Wilcoxon test was
applied to evaluate differences between T1_in and T1_W. Pearson’s correlation coefficient
R was calculated for the parameters T1_W-T1_in and PDFF, for PDFF, PDFF_MRS, and
FF_T1 as well as for T1_W and T1_W_calc. Furthermore, Bland-Altman analysis [30] was
performed to compare PDFF, PDFF_MRS, and FF_T1 as well as T1_W and T1_W_calc. For
all statistical tests, results with p < 0.05 were considered to be statistically significant.

3. Results

A total of 427 MR examinations were analyzed retrospectively: 21 of them had to be
excluded due to global fat-water swaps in T1 mapping (n = 7), PDFF mapping (n = 3) or
swaps in both methods (n = 11). Sixteen examinations were excluded because of severe
motion artifacts and four were excluded because R2* was above 200 s~1: R2* was 207.6,
244.4,308.7 and 553.3 s~ ! in those patients. From the remaining 386 examinations, 264 were
performed in men, and 122 were performed in women; the mean age was 58 + 18 years
(age range: 18 to 85 years).
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Overall, T1_W was significantly longer (p < 0.001) compared to T1_in. In two patients,
T1_W and T1_in were identical; in another eight patients, T1_in was longer than T1_W
with a maximum difference of 7 ms (Table 1).

Table 1. Descriptive statistics for T1 relaxation times (T1_in, T1_W, T1_W-T1_in, T1_W_calc), liver fat
measurements (PDFF, PDFF_MRS, FF_T1) and R2* in 386 patients.

Mean + Standard Deviation Range (Min, Max)
T1_in (ms) 835 £ 102 448,1172
T1_W (ms) 873 + 96 611,1183
T1_W-T1_in (ms) 38 + 38 —7,225
T1_W_calc (ms) 867 + 95 608, 1199
PDFF (%) 411+£4.73 0.1,35.7
PDFF_MRS (%) 4.68 + 5.87 0.0,37.5
FF_T1 (%) 4.88 £5.46 —0.77,38.6
R2* (s71) 52.0 +21.5 2.0,198.3

T1_in: T1 relaxation time from fat and water in-phase signal; T1_W: T1 relaxation time from water-only signal;
T1_W_calc: T1 relaxation time from water-only signal, calculated using T1_in and PDFF; PDFF: proton density fat
fraction (from MR imaging); PDFF_MRS: proton density fat fraction (from MR spectroscopy); FF_T1: fat fraction,
calculated from T1 mapping combined with a 2-point Dixon method; R2*: relaxation rate.

In those 10 patients, PDFF and PDFF_MRS were between 0 and 2.5%. The difference
T1_W-T1_in showed a significant correlation (p < 0.001) with PDFF with a correlation
coefficient of 0.890 (Figure 1).
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Figure 1. Scatterplot of the difference between T1_W and T1_in versus PDFF in 386 patients showing
good correlation (R = 0.890).

The majority of our patients revealed rather low PDFF and R2* within the liver: PDFF
was below 5% in 292 patients and between 5 and 10% in 58 patients; PDFF between 10
and 20% was found in 29 patients and 7 patients showed PDFF above 20%. R2* was below
100 s~ in 372 patients and above 100 s 1in 14 patients. Details for PDFF, PDFF_MRS,
FF_T1 and R2* are summarized in Table 1.

Figure 2 shows a patient with low hepatic fat fraction and very similar results for
T1_in and T1_W while Figure 3 depicts a patient with increased PDFF and clearly different
results between T1_in and T1_W.
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Figure 2. A 67-year-old female patient: T1 mapping from in-phase signal (a) and water-only signal
(b) yielded similar T1 relaxation times for T1_in (=912 ms) and T1_W (=929 ms) suggesting low fat
fraction in the liver with a fat fraction calculated from T1 mapping FF_T1 = 1.9%. Comparing T1_in
and T1_W maps with identical window and center settings yields very similar color impression of
the liver. PDFF mapping in a circular region of interest (c) resulted in PDFF = 1.1%, PDFF_MRS in a
co-localized voxel (d) was 1.7%.

Figure 3. A 75-year-old male patient: T1 mapping from in-phase signal (a) and water-only
signal (b) yielded clearly different T1 relaxation times for T1_in (=733 ms) and T1_W (=880 ms) sug-
gesting increased fat fraction in the liver with a fat fraction calculated from T1 mapping FF_T1 = 20.1%.
Comparing T1_in and T1_W maps with identical window and center setting yields clearly differ-
ent color impression of the liver. PDFF mapping (c) resulted in PDFF = 17.6%, PDFF_MRS in a
co-localized voxel (d) was 19.6%.
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PDFF, PDFF_MRS and FF_T1 showed a very high correlation coefficient (Table 2), all
correlations were significant at the p < 0.001 level.

Table 2. Pearson correlation coefficient R and Bland—Altman analysis for liver fat measurements
(PDFE, PDFF_MRS, FF_T1).

R Mean Bias 95% CI
PDFF_MRS vs. PDFF 0.954 0.57 —3.29,4.43
FF_T1 vs. PDFF 0.930 0.78 —3.27,4.82
FF_T1 vs. PDFF_MRS 0.922 0.21 —4.30,4.71

PDFEF: proton density fat fraction (from MR imaging); PDFF_MRS: proton density fat fraction (from MR
spectroscopy); FF_T1: fat fraction, calculated from T1 mapping combined with a 2-point Dixon method;
CI: confidence interval.

Bland-Altman analysis revealed a slightly higher fat fraction from PDFF_MRS com-
pared to PDFF (mean bias 0.57) and from FF_T1 compared to PDFF (mean bias 0.78);
FF_T1 was also somewhat higher than PDFF_MRS (mean bias 0.21) (Table 2, Figure 4).
Bland-Altman plots showed a trend towards larger deviations for higher fat content
(Figure 4).
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Figure 4. Bland—Altman plots to compare three different methods for fat quantification (a—c) as well
as measured and retrospectively calculated T1_W (d): (a) PDFF_MRS vs. PDFF, (b) FF_T1 vs. PDFF,
(c) FF_T1 vs. PDFF_MRS and (d) T1_W_calc vs. T1_W. The blue line represents the mean difference,
the red dotted lines indicate the 95% confidence interval.

T1_W measured from 2-point Dixon and T1_W_calc, which was calculated using T1_in
and PDFF, demonstrated an excellent correlation (R = 0.986, p < 0.001). Descriptive statistics
for T1_in, T1_W, and T1_W_calc are given in Table 1. Bland—Altman analysis yielded a
minor underestimation of T1_W_calc relative to T1_W (mean bias: 6.23,95% CI: —25.3, 37.8)
(Figure 4).

4. Discussion

Using a 3D VFA technique with high parallel imaging acceleration factor, T1 mapping
of the whole liver was feasible within a single breathhold with acceptable spatial resolution.
Two echoes were acquired in our prototype sequence to calculate T1 maps from a water
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and fat in-phase signal (T'1_in) and water-only signal (T1_W) based on the Dixon technique.
Thus far, most authors who employed the VFA technique for T1 quantification in the liver
applied only a single echo time [8,9,12-14,18,19,31]. For the sake of acquisition time, TE
is usually set as short as possible ending up with an echo time which is near the opposed
phase [8,9,17] or somewhere between the in- and opposed-phase condition [12,14].

In our study including 386 patients, we were able to demonstrate that T1_in and T1_W
were significantly different and that their difference is significantly correlated with the fat
fraction in the liver.

Thus far, the role of fat in T1 mapping of the liver has only been discussed in a few
papers: Dixon water-only T1 mapping is described as a more reliable estimation of T1 in
the presence of fat for dynamic contrast-enhanced MRI [22] and for the evaluation of liver
capacity using plain as well as gadoxetic acid-enhanced T1 mapping of the liver [24].

Besides the VFA technique, inversion recovery-based sequences such as Look-Locker [2,16]
or Modified Look-Locker Inversion recovery (MOLLI) [5,23] have been used for T1 quan-
tification in the liver. Depending on TR, Mozes et al. showed prolonged T1 in the presence
of increased hepatic fat [23]. Liu and coworkers reported that the influence of fat on liver
T1 will be reduced at 3 T using a TE of 1.8 ms [32]. In cardiac imaging, where MOLLI is
usually applied for T1 quantification of the myocardium, fat might also influence the T1
results—as intramyocardial fat or by partial volume effects at tissue boundaries: Kellman
and coworkers reported an additive or subtractive T1 bias for the myocardium, depending
on whether the center frequency corresponds to the myocardium and fat being in-phase
or out-of-phase [33]. In skeletal muscle imaging, T1 mapping has been proposed for mon-
itoring fatty infiltrations in neuromuscular disorders, as T1 decreased with increasing
intramuscular fat fraction [34].

More recent studies emphasize the influence of fat on T1 quantification of the liver [31]
and new techniques addressing the fat-water separation problem are described [35,36].

Based on those previous results and our current results, it can be concluded that the
T1 bias caused by increased hepatic fat will be especially relevant when unenhanced T1
mapping is used to estimate liver function or to evaluate liver fibrosis. T1 values acquired
in the hepatobiliary phase after the application of Gd-EOB-DTPA are significantly shorter
than the precontrast values; thus, one might assume a minor influence of fat in that case.
However, parameters combining pre- and postcontrast T1 (e.g., T1 reduction rate) which
are mainly used in Gd-EOB-enhanced quantitative liver imaging [2,5,8-12,14-17,19,24,37]
will also be affected.

In our present study, we introduce a novel parameter FF_T1 which determines the
variation of T1_W relative to T1_in; its definition was motivated by the low and constant
T1 of fat. Because of the definition of FF_T1, negative values can occur—although they are
meaningless from a physiological point of view. Negative values for FF_T1 (up to —0.77%),
which were found in our collective in eight patients, have to be interpreted as a very low
fat fraction. The term “fat fraction” for the newly defined parameter FF_T1 seems to be
justified—at least as an estimation of fat content—for the following reasons: FF_T1 showed
a significant correlation with PDFF and both measures even yielded similar absolute values.
Yokoo et al. recently published a meta-analysis which demonstrated excellent linearity, bias
and precision of PDFF across field strengths, imager manufacturers, and reconstruction
methods [21]. Similar to that work, we found a very good correlation between PDFF and
PDFF_MRS with a minimal underestimation of PDFF. The same applies to FF_T1 and
PDFF_MRS, but with a minimal overestimation of FF_T1.

With the empirically found correlation of PDFF and FF_T1, it is even possible to esti-
mate T1_W retrospectively (T1_W_calc) from PDFF and T1_in. T1_W_calc was computed
for all patients and compared to the measured T1_W from two-point Dixon T1 mapping.
It is worth emphasizing that a data-focused approach was utilized here. With the VFA
T1 mapping as well as the multi-echo Dixon method being based on the FLASH signal
model, the effective T1 of the in-phase echo, i.e., T1_in, can be calculated from T1_W, T1_F
and PDFF. Furthermore, this dependency also includes the protocol parameters of the VFA
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acquisitions and even potentially details of the fitting method. With the assumption of
T1_F to be known, it is even conceivable that T1_W can be determined from PDFF and an
effective T1 determined at a given echo time. A more detailed analysis is beyond the scope
of this manuscript but may warrant future investigations.

Considering FF_T1 as a measure of the fat fraction, retrospective calculation of T1_W
is possible using T1_in and PDFE. T1_W measured from our two-point Dixon technique
and T1_W_calc yielded excellent correlation with only a minor bias. Therefore, T1_W can
be estimated retrospectively if the fat fraction is known from a separate acquisition.

Several limitations of our sequence technique and our study design in this single-
center study have to be addressed. Global fat-water swaps were a limitation of our VFA
technique combined with a two-point Dixon method, as T1_W maps were confounded in
about 4% of patients. The number of swaps was smaller than reported in an earlier study of
a multi-echo Dixon technique for hepatic fat and iron quantification [38]. As R2* correction
and spectral fat modeling are not included, FF_T1 will not be able to quantify hepatic
fat exactly. Although FF_T1 showed a very good correlation with PDFF and PDFF_MRS
in our study collective, there was a trend towards larger errors for higher fat fractions
and the number of patients with high hepatic fat was limited in our collective: using the
grading results of Franca et al., 23 patients with severe steatosis (PDFF > 12.9%) [39] were
included in our study. According to Tang and coworkers, there were only four patients
with severe steatosis (PDFF > 22.2%) [40]. Furthermore, patients with R2* > 200 s ! have
been explicitly excluded from our study. A follow-up of our study focusing on patients
with severe hepatic iron overload and/or severe steatosis might be very interesting but
needs adaption/optimization of our techniques for T1, PDFF and R2* mapping.

Another limitation of our study was the way the data were collected and evaluated. In
contrast to PDFF and FF_T1, which were evaluated in a single two-dimensional circular ROI,
PDFF_MRS was measured in a co-localized voxel. Furthermore, all three measurements
were acquired in separate breathholds. These facts will reduce the accuracy of individual
results and might partially explain some spread of the results.

5. Conclusions

T1 calculated from the in-phase signal (T1_in) in a VFA technique is significantly
different from T1 calculated from the water-only signal (T1_W) and the difference is
significantly correlated with the fat fraction. Therefore, T1 based on a VFA method will
yield different results depending on TE and this effect might be especially important for T1
quantification in patients with steatosis. Furthermore, it has been shown that T1_W can be
estimated retrospectively from T1_in and PDFF in those cases where T1_W cannot be (or
was not) assessed using a Dixon technique.
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