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Abstract

Purpose—To evaluate free-breathing chemical shift-encoded (CSE) magnetic resonance
imaging (MRI) for quantification of hepatic proton density fat-fraction (PDFF). A secondary
purpose was to evaluate hepatic R2* values measured using free-breathing quantitative CSE-MRI.

Materials and Methods—Fifty patients (mean age, 56 years) were prospectively recruited and
underwent the following four acquisitions to measure PDFF and R2*; 1) conventional breath-hold
CSE-MRI (BH-CSE); 2) respiratory-gated CSEMRI using respiratory bellows (BL-CSE); 3)
respiratory-gated CSE-MRI using navigator echoes (NV-CSE); and 4) single voxel MR
spectroscopy (MRS) as the reference standard for PDFF. Image quality was evaluated by two
radiologists. MRI-PDFF measured from the three CSE-MRI methods were compared with MRS-
PDFF using linear regression. The PDFF and R2* values were compared using two one-sided t-
test to evaluate statistical equivalence.

"Address reprint requests to: U.M., Department of Radiology, University of Wisconsin, Clinical Science Center, 600 Highland Ave.,
Madison, WI. umotosugi@uwhealth.org.
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Results—There was no significant difference in the image quality scores among the three CSE-
MRI methods for either PDFF (P = 1.000) or R2* maps (P = 0.359-1.000). Correlation
coefficients (95% confidence interval [CI]) for the PDFF comparisons were 0.98 (0.96-0.99) for
BH-, 0.99 (0.97-0.99) for BL-, and 0.99 (0.98-0.99) for NV-CSE. The statistical equivalence test
revealed that the mean difference in PDFF and R2* between any two of the three CSE-MRI
methods was less than +1 percentage point (pp) and +5 s™1, respectively (P < 0.046).

Conclusion—Respiratory-gated CSE-MRI with respiratory bellows or navigator echo are
feasible methods to quantify liver PDFF and R2* and are as valid as the standard breath-hold
technique.

Hepatic steatosis is the abnormal accumulation of intracellular fat in hepatocytes, primarily
in the form of triglycerides. Similar to alcoholic fatty liver disease, nonalcoholic fatty liver
disease (NAFLD) can progress to inflammation and fibrosis, eventually resulting in
cirrhosis.! Fortunately, with intervention, isolated steatosis is reversible, and reduction in
liver fat may diminish many of its associated risks. Weight loss, through exercise and diet,
are central to improvement of obesity-related fatty liver disease.

An accurate and precise method to detect and monitor hepatic steatosis is required for the
management of patients with NAFLD. Nontargeted percutaneous liver biopsy is the current
reference standard to detect hepatic steatosis and definitely diagnose NAFLD.23 However,
repeated biopsy is undesirable for longitudinal treatment monitoring.> Hence, many
imaging-based methods have been proposed for liver fat quantification, including
ultrasound,® computed tomography,’-8 and magnetic resonance imaging (MRI).2 Among
these, confounder-corrected chemical shift-encoded (CSE) MRI using multiecho gradient
echo MRI is perhaps the most promising noninvasive technique.10-12

An interesting and useful byproduct of confounder-corrected PDFF estimation is the
simultaneous estimation of R2* maps of the liver. R2* is a well-established quantitative
imaging biomarker of liver iron, and simultaneous estimation of PDFF and R2* provides a
fat-corrected estimate of R2* that correlates closely with iron content in the liver.13
Quantification of liver iron is of interest because iron overload has been associated with
NAFLD and the metabolic syndrome, and increases the risk of liver damage and the
development of hepatocellular carcinoma.141%

In order to obtain whole-liver coverage, current chemical shift-encoded MRI requires
breath-holding for ~20 seconds. Previous research has shown that patients with lung disease
or congestive heart failure could not hold their breath as long as outpatients without lung/
heart disease.18 A separate study demonstrated that patients with chronic lung disease could
only hold their breath at end-expiration for a mean time of 10 seconds.1’ The presence of
motion artifacts can corrupt the ability of quantitative imaging reconstructions to provide
accurate PDFF and R2* maps for the diagnosis and monitoring of NAFLD or liver iron
deposition.

Respiratory-gated 3D Ty-weighted MRI can be performed during free-breathing within
reasonable scan times.18 Hence, the main purpose of this study was to evaluate free-
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breathing CSE-MRI for quantification of hepatic PDFF. A secondary purpose was to
evaluate hepatic R2* values measured using free-breathing quantitative CSE-MRI.

Materials and Methods

Patients

This prospective study was performed after obtaining approval from our local Institutional
Review Board. A total of 50 patients (mean [range] age of 56 [21-89] years; 20 men and 30
women) who were scheduled for routine clinical abdominal MRI were prospectively
recruited after obtaining informed written consent. Exclusion criteria were: 1) patients with
contraindications to MRI; 2) age <18 years. Indications for MRI were assessment of the
liver fat (n = 19, 38%), evaluation of liver tumor (n =5, 10%), cirrhosis with/without
hepatocellular carcinoma (n = 12, 24%), hemochromatosis (n = 1, 2%), and others (n = 13,
26%).

MRI and Spectroscopy

All imaging was performed on a clinical 3T scanner (MR750, GE Healthcare, Waukesha,
WI1) using a 32-channel phased array body coil. The following four quantitative acquisitions
were performed in all subjects: 1) conventional breath-hold CSE-MRI fat quantification
method (BH-CSE); 2) respiratory-gated CSE-MRI with respiratory bellows (BL-CSE); 3)
respiratory-gated CSE-MRI with navigator echoes (NV-CSE); and 4) single voxel multiecho
T,-corrected STEAM spectroscopy (MRS) as the reference standard for PDFF.

The entire liver was imaged using a 3D volume oriented in the axial plane for all three CSE-
MRI scans. Phase encoding for BL-CSE and NV-CSE was set left-right to reduce
respiratory motion-related artifact in the liver, but in the anterior—posterior direction for BH-
CSE to reduce scan time. Other acquisition parameters were the same for all three CSE-MRI
acquisitions: TE = 1.2, 2.2, 3.2, 4.3, 5.3, 6.3 msec acquired in two shots of three echoes
each, TR = 8.0 msec, flip angle = 3° to minimize T;-related bias,1® acquisition matrix = 256
x 144 x 32, field of view (FOV) = 40 x 32 x 26 cm, reconstructed slice thickness = 8 mm.
An autocalibrated parallel imaging method was used to accelerate the acquisition with a
factor of 2 for both phase and slice encoding direction in all three CSE-MRIs, resulting in an
effective acceleration of ~2.8.20 Scan time was 16 seconds for BHCSE, and ~1 minute and
20 seconds for BL and NV, depending on the breathing pattern. BH-CSE was scanned at the
end-expiration.

For respiratory gating with NV-CSE, the diaphragm position was updated every ~200 msec
by real-time processing of the navigator echo. The navigator consisted of a 2D pencil-beam
excitation placed in the superior—inferior direction, centered on the right hemidiaphragm,
using a 10° flip angle, 20 cm length, 2 cm width, and 256 readout points. When the
diaphragm position, as measured by two consecutive navigator echoes, fell within a
predetermined acceptance window, the data from the imaging block between the two
navigator echoes were used for image reconstruction. Respiratory gating with BL-CSE was
performed using the signal from the respiratory bellows where the maximum position value
corresponded to end-expiration and the minimum position value corresponded to end-
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inspiration. The acceptance window was defined as the positions above the prescribed
respiratory position based on a rolling histogram accumulated over a 10-second period that
was updated every two TRs.

For reconstruction of PDFF maps, an online reconstruction algorithm was used to perform
R2* correction,2! spectral modeling of fat,22 and correction for eddy currents 23 and noise
related bias!® to create quantitative PDFF and R2* maps of the entire liver.

For MRS, a 2.0 x 2.0 x 2.0 cm3 voxel was placed in the posterior lobe of the liver, avoiding
major blood vessels. MRS parameters included: TE = 10, 15, 20, 25, 30 msec to enable T,
correction, TR = 3500 msec to minimize Ty bias, one signal average, 2048 points, and a
spectral width of +2.5 kHz, acquired in a single 21-second breath-hold. Fat-quantification
from MRS data was performed using an in-house fitting routine that accounts for the
spectral complexity of the fat signal as well as MRS T, decay.24

Quantitative and Qualitative Assessment

Image quality of PDFF and R2* maps was visually evaluated by consensus reading of two
radiologists (U.M. and P.B.) with 13 and 8 years' experience in liver imaging, respectively.
A 3-point scale was used for the image quality assessment; 3 = good, no difficulty to find a
place for PDFF measurements in the liver; 2 = fair, some artifact in the liver that may
interfere with finding the place of measurements; 1 = poor, severe artifacts in the liver.

In addition, a radiologist (U.M.) with 13 years' experience in liver imaging placed regions of
interest (ROIS) in the anterior, posterior, and lateral lobes of the liver. A circular ROI with a
size of ~3.0 cm? was placed in the liver on PDFF and R2* maps in the axial plane. During
the ROI placement, special attention was paid to avoid partial volume effects at the liver
edge, obvious artifacts, or contamination of large vessels. For each ROI location, a second
ROI was then placed in an adjacent slice to average the measurement over two slices.

The PDFF measured in the posterior lobe was compared with that of MRS, which served as
the reference standard (Fig. 1). ROIs in the posterior lobe were co-registered with the MRS
voxel as best as possible. However, the placement of the ROl was manually adjusted if any
obvious image artifacts such as ghosting were identified at that location.

Statistical Analyses

The results for image quality assessment were analyzed using the McNemar test, to compare
the three CSE-MRI methods.

MRI-PDFF from the PDFF maps in the posterior lobe was compared with MRS-PDFF using
linear regression and correlation coefficients, including 95% confidence intervals (Cls). We
also tested the ability of the three CSE-MRI methods to discriminate those patients with or
without clinically significant steatosis, defined as a threshold PDFF value of 5.56% by
MRS, as determined from the Dallas Heart Study.2> The sensitivity, specificity, and
accuracy of the PDFF determined with CSE-MRI methods were calculated using this
predefined threshold.
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Correlation coefficients with 95% Cls in PDFF and R2* values between each pair of BH-,
BL-, and NV-CSEs were also calculated. Intraindividual differences were plotted as Bland-
Altman plots. To test the equivalence of the measured results from the 3 CSE-MRI methods,
two one-sided paired t-tests were used, assuming clinically acceptable difference of +1pp for
PDFF and 5 s~ for R2* measurements. Here, pp refers to the “percent point” that is the
unit for the arithmetic difference of two PDFF values expressed as percentages, eg, given
two absolute PDFF values of 24% and 20%, the difference was shown as 4pp.

The correlation coefficients were interpreted as no correlation for 0-0.20, fair correlation for
0.21-0.40, moderate correlation for 0.41-0.70, substantial for 0.71-0.90, and strong
correlation for 0.91-1.0. P < 0.05 was considered statistically significant. All statistical
analyses were performed using MedCalc (MedCalc Software, Ostend, Belgium) and JMP
software v. 10 (SAS Institute, Cary, NC).

Image Quality of PDFF and R2* Maps

Figure 2 shows representative images of PDFF maps and R2* maps acquired with BH-, BL-,
and NV-CSE. There were no significant differences in the image quality scores among the
three CSE-MRI techniques for either PDFF (P = 1.000) or the R2* map (P = 0.359-1.000)
(Fig. 3) For the PDFF maps, image quality was rated as good in 29 patients for BH-CSE, 31
patients for BL-CSE, and 30 patients for NV-CSE. The numbers of patients with PDFF
maps rated as “poor” were 0, 3, and 1 for BH-, BL-, and NV-CSE, respectively. For the R2*
maps, image quality was good in 21, 25, and 23 patients for BH-, BL-, and NVVCSE,
respectively. The number of patients with R2* maps rated as “poor” were 2, 8, and 10 for
BH-, BL-, NV-CSE, respectively, indicating that motion artifacts were more prevalent on
the R2* maps using free-breathing methods than on PDFF maps.

PDFF of CSE-MRI Techniques Compared With MRS

The PDFF and R2* values in the 50 patients ranged from 1.6 to 34.6% (median, 4.1%) and
18.5t0 172.0 s1 (median, 47.1 s71), respectively, based on BH-CSE. The correlations
between PDFF measurements using the three different CSE-MRI techniques and MRS were
all strong (Fig. 4). Correlation coefficients were 0.980 (95% CI, 0.964-0.9898) for BH-,
0.986 (0.974-0.992) for BL-, and 0.989 (0.981-0.994) for NV-CSE. Using a PDFF value of
5.56% as measured by MRS as the threshold to diagnose clinically significant steatosis, 18
out of 50 patients were found to have clinically significant steatosis. The accuracy (95% ClI)
for identifying the patients with and without clinically significant steatosis were 46/50 (92%
[81-98%]), 45/50 (90% [78-97%]), and 47/50 (94% [83-99%]) for BH-, BL-, and NV-CSE,
respectively (Table 1).

PDFF and R2* Values Compared Between Three CSE-MRI Techniques

The correlations in PDFF measured using the three CSEMRI techniques among themselves
were also strong (correlation coefficient = 0.987-0.994 in anterior lobes, 0.992-0.994 in
posterior lobes, and 0.978-0.989 in lateral lobes) (Table 2). The difference between any two
of the three CSE-MRI techniques was significantly less than £1pp in every lobe (-0.03-
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0.65pp, P < 0.046), suggesting equivalence in PDFF measured by the three CSE-MRI
techniques. (Fig. 5; Table 2).

The measured R2* values of the three CSE-MRI techniques also had strong correlations
(Table 3). The mean difference between any two of the three R2* maps were within +5 s
in all three liver lobes (P < 0.028, Fig. 6; Table 3).

Discussion

In this work we have demonstrated the feasibility of two free-breathing quantitative CSE-
MRI methods using respiratory bellows or navigator echoes to quantify PDFF and R2* in
the liver. Both respiratory-gated imaging methods and breath-held CSE-MRI had strong
correlation and agreement with MRS to quantify PDFF, demonstrating that PDFF and R2*
measurements using all three methods were equivalent. In our study, although R2* maps
with BL- and NV-CSE suffered from some motion-related artifacts, no significant
differences in image quality assessment were observed between breath-hold and respiratory-
gated techniques.

Our results demonstrate the feasibility of using free-breathing quantitative CSE-MRI
methods, with either navigator echoes or bellows for patients who are unable to hold their
breath. The measurements with respiratory-gated CSEMRI were as valid as breath-hold
CSE-MRI.

Although there was no statistical difference in image qualities between the three CSE-MRI
acquisitions, poor image quality in PDFF maps was observed in three patients for BL-CSE
and one patient for NV-CSE, whereas image quality was acceptable for all BH-CSE
acquisitions. A possible explanation for the image degradation in these patients might be an
irregular respiratory cycle and high respiratory rate. Irregular respiratory cycles may lead to
inappropriate respiratory-gating using bellows or navigator echoes. Further, unexpectedly
high respiration rates may cause a failure in update of respiratory monitoring. Another
explanation could be operator error when placing the respiratory bellows or using the
navigator prescription. In our results, no patients had severely degraded image quality for
either BH- and NV-CSE, suggesting operator-related errors rather than patient-related
factors. Considering the potential degradation of image quality, use of the respiratory-gated
CSE-MRI method is recommended for patients who are not expected to perform good
breath-holds such as children and others who cannot follow breath-holding commands. For
patients capable of holding their breath, we still recommend the conventional breath-held
scan to reduce total acquisition time and to minimize the risk of poor image quality.

Radial k-space sampling is an interesting alternative that some groups have demonstrated to
minimize respiratory motion-related artifacts.26 This has been demonstrated during free
breathing using no respiratory gating. While scanning with this method, patients are usually
required to keep their respiration shallow to minimize total motion. Previous studies have
shown the advantages of this method for free-breathing T;-weighted imaging without
respiratory gating in patients who had not been able to hold their breath appropriately in a
prior scan 27 and in pediatric patients under sedation.?8 The image quality of the radial free-
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breathing approach, although promising, had worse image quality compared to acquisitions
performed in subjects capable of excellent breath-holds.2® Quantitative CSE MRI methods
using radial k-space sampling has not been reported, to the best of our knowledge.

There are several limitations of this study. One limitation is the lack of a direct validation of
PDFF across the entire liver using biopsy. However, biopsy sampling across the entire liver
is clearly not feasible and a single biopsy is unlikely to provide adequate representation of
fat fraction of the entire liver because of poor sampling variability.*> For this study we used
MRS, which is widely accepted as a noninvasive reference standard to quantify fat in the
liver. For this reason pathological assessment is probably not necessary to validate the free-
breathing imaging-based PDFF mapping techniques.®30:31 Consensus reading, rather than
independent reading, might be a concern of reader-based bias. However, the grading of
image quality in this study was easy and straightforward in most cases, therefore we believe
that the results of the consensus reading are objective and reproducible.

The subjects in this study were mostly outpatient adults, who typically do not fail breath-
holding, resulting in equivalency of respiratory-gated CSE-MRI and breath-held CSI-MRI.
However, it is tempting to speculate that the respiratory-gated CSE-MRI outperforms the
breath-held technique in patients who frequently fail to hold their breath for the entire scan,
such as children and seriously ill and/or old patients. Another potential limitation may be
pencil beam navigator echoes used to monitor positions of the diaphragm. Since the
navigator pencil beam excites signal in the liver, saturation effects are a potential concern. A
small navigator flip angle (10°) was used to minimize possible saturation effects, and no
such artifacts were observed. Further studies with navigator echoes acquired with varying
flip angles to investigate this potential confounder are needed.

In conclusion, we have demonstrated the feasibility of two respiratory-gated CSE-MRI
methods, using respiratory bellows or navigator echoes, to quantify PDFF in the liver. Our
results demonstrate that measurement of PDFF and R2* using these sequences is as valid as
conventional quantitative breath-hold CSE-MRI.
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Figure 1.
Example PDFF maps acquired using breath-held CSE-MRI and corresponding MR spectrum

acquired in a patient with 14% PDFF. MRI-PDFF values measured in different lobes are
shown. MR spectroscopy was performed in the posterior lobe and compared to the imaging
results obtained from the ROI placed in the posterior lobe.
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Figure2.
Example of the CSE-MRI PDFF maps (top) and R2* maps (bottom) acquired with breath-

holding (left), respiratory-gating with respiratory bellows (center), and navigator echoes
(right) in one subject. Very similar image quality and quantitative values were observed
between the three methods. MRS-PDFF was 25%.
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Figure 3.
Summary of image quality assessment for PDFF and R2* maps. More than half of the PDFF

maps were rated as “good image quality.” Although poor quality was seen more often in
PDFF maps with respiratory-gated methods, the image quality scores were not significantly
different (P = 1.000). Similarly, poor-quality R2* maps were more common with
respiratory-gating methods than breath-hold methods, but the difference was not significant
(P =0.359-1.000).
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Excellent correlation and agreement was observed between PDFF measured using MRS and
the three CSE-MRI methods. Correlation between fat fractions derived by BH-, BL-, and
BV-CSE versus the reference standard MRS. Correlations were all strong with correlation
coefficients (r) ranging from 0.986 to 0.980. The equations in the second row represent

linear regression.
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Figure5.

Bland-Altman plots showing the intraindividual difference in fat fraction between two of the
three CSE-MRI techniques with either breath-hold (BH), respiratory-gating with bellows
(BL), or navigator echoes (NV). Statistical equalities within =1 point are shown in each liver
lobe (P < 0.046)
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Figure6.
Bland-Altman plots showing the intraindividual difference in R2* values between two of the
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three CSE-MRI techniques with either breath-hold (BH), respiratory-gating with bellows

(BL), or navigator echoes (NV). Statistical equalities within 5 s™1 are shown in each liver
lobe (P < 0.028).
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Table 1
Sensitivity, Specificity, and Accuracy of PDFF Determined With MRI in the Detection of

Clinically Relevant Steatosis

Sensitivity [95% CI] Specificity [95% CI]  Accuracy [95% CI]

Breath-hold 94 [73-100]% (17/18) 91 [75-98]% (29/32) 92 [81-98]% (46/50)

Bellows 94 [73-100]% (17/18) 90 [71-96]% (28/32) 90 [78-97]% (45/50)

Navigator 100 [81-100]% (18/18) 91 [75-98]% (29/32) 94 [83-99]% (47/50)

Numbers in parentheses are numbers of patients. Sensitivity, specificity, and accuracy of MRI fat fraction for the detection of steatosis was
calculated using a reference threshold fat fraction of 5.56%, based on MRS PDFF as the reference standard.

J Magn Reson Imaging. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Motosugi et al.

Table 2

Page 17

Agreement of the Chemical Shift Method-Based PDFF Between Breath-Hold (BH) and

Free Breathing Technique With Bellows (BL) or Navigator Echoes (NV)

BH vs. BL

BL vs. NV

NV vs. BH

Anterior lobe

Correlation coefficient [95% CI]

0.994 [0.990-0.997]

0.992 [0.986-0.996]

0.987 [0.977-0.993]

Mean difference [90% CI] (pp)

-0.04 [-0.25-0.16]

0.07 [-0.16-0.29]

-0.03 [-0.32-0.26]

P value for equivalent test

<0.001

<0.001

<0.001

Posterior lobe

Correlation coefficient [95% CI]

0.994 [0.988-0.996]

0.994 [0.989-0.996]

0.992 [0.985-0.995]

Mean difference [90% CI] (pp)

-0.02 [-0.23-0.20]

-0.07 [-0.28-0.13]

0.08 [-0.14-0.34]

P value for equivalent test

<0.001

<0.001

<0.001

Lateral lobe

Correlation coefficient [95% CI]

0.989 [0.980-0.994]

0.978 [0.961-0.988]

0.978 [0.961-0.988]

Mean difference [90% CI] (pp)

-0.10 [-034-0.14]

-0.54 [-0.90—0.21]

0.65 [0.30-0.99]

P value for equivalent test

<0.001

0.019

0.046

Difference in PDFF is shown as mean (standard deviation) with a unit of percentage point (pp). Two one-sided paired t-test is used to show

“equality” of the results from each sequence, ie: P < 0.05 suggests no more than 1pp difference in PDFF between the paired sequences. Confidence

interval (Cl) is shown as 90% ClI, because one-sided t-test with alpha of 0.05 was done twice for both sides.
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Table 3

Agreement of the R2* Measurements Between Breath-Hold (BH) and Free-Breathing Technique With

Bellows (BL) or Navigator Echoes (NV).

BH vs. BL BL vs. NV

NV vs. BH

Anterior lobe

Correlation coefficient [95% CI] ~ 0.841 [0.731-0.908]  0.8376 [0.726-0.906]

0.963 [0.935-0.979]

Mean difference [90% CI] (s7})  -0.39[-1.88-1.09]  -0.41[-2.14-1.31]

0.80 [-1.07-2.69]

P value for equivalent test <0.001 <0.001

<0.001

Posterior lobe

Correlation coefficient [95% CI]  0.708 [0.526-0.828]  0.621 [0.403-0.772]

0.939 [0.893-0.965]

Mean difference [90% CI] (s1)  0.32 [-1.06-1.70] -1.83 [-4.54-0.88] 1.51 [-0.31-3.33]
P value for equivalent test <0.001 <0.028 0.001
Lateral lobe

Correlation coefficient [95% CI]  0.894 [0.816-0.940] 0.868 [0.774-0.925]

0.955 [0.922-0.974]

Mean difference [90% CI] (s1)  1.30 [-0.55-3.17] -1.81 [-4.28-0.67]

0.50 [-1.67-2.68]

P value for equivalent test <0.001 <0.018

<0.001
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Difference is shown as mean (standard deviation). Two one-sided paired t-test is used to show “equality” of the results from each sequence, ie: P <

0.05 suggests no more than 5 s~1 difference in R2* measurements between the paired sequences. Confidence interval (CI) is shown as 90% ClI,

because one-sided t-test with alpha of 0.05 was done twice for both sides.
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