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Abstract

Background: Whole organ, noninvasive techniques for the detection and quantification of non-

alcoholic fatty liver disease features have clinical and research applications. However, the effect of 

time of day, hydration status, and meals are unknown factors with potential to impact bias, 

precision, reproducibility, and repeatability of chemical shift encoded MRI (CSE-MRI) to quantify 

liver proton density fat fraction (PDFF).

Purpose: To assess the effect of diurnal variation on PDFF using CSE-MRI, including the effect 

of time of day, the effect of meals and hydration status, as well as the day to day variability.

Study Type: Prospective.

Subjects: 11 healthy subjects and 9 patients with observed hepatic steatosis.

Field Strength/Sequences: A commercial quantitative confounder-corrected CSE-MRI 

sequence (IDEAL IQ) and a MR spectroscopy (MRS) sequence (multi-echo STEAM) were 

acquired at 1.5T.

Assessment: MRI-PDFF and MRS-PDFF estimates were compared across six visits (before 

and after a controlled breakfast, before and after an uncontrolled lunch, at approximately 4PM, 

and then before breakfast on the following day) with three repeated measures for a total of 360 

MRI-PDFF and MRS-PDFF measurements.

Statistical Tests: Linear regression, Bland-Altman analysis, and mixed effect models were used 

to determine the bias, precision, and repeatability of PDFF measurements.
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Results: No statistically significant linear trend was observed across visits for either MRI-PDFF 

or MRS-PDFF (p-values=0.31 and 0.37, respectively). The repeatability was measured to be 

0.86% for MRI-PDFF and 1.1% for MRS-PDFF over all six visits. For MRI-PDFF, the variability 

between all six visits (0.94%) was only slightly higher than within each visit (0.66%) with a p-

value<0.001. For MRS-PDFF, the variability between all six visits was 1.29% compared to 0.87% 

within each visit (p-value<0.001).

Data Conclusion: Our results may indicate that it is not necessary to control for the time of day 

or the fasting/fed state of the patient when measuring PDFF using CSE-MRI.
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INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is the most common cause of chronic liver 

disease in the United States and the Western world (1). The earliest and hallmark feature of 

NAFLD is hepatic steatosis (2,3), which is the intracellular accumulation of triglycerides in 

the liver. In approximately 20% of patients with NAFLD, hepatic steatosis progresses to 

hepatocyte injury, inflammation and fibrosis (4), ie: nonalcoholic steatohepatitis (NASH). If 

left untreated, NASH can progress to end stage fibrosis (cirrhosis) and eventually liver 

failure and even hepatocellular carcinoma (5). Subsequently, NAFLD/NASH is expected to 

become the leading indication for liver transplantation in the Western world over the next 

decade (6). Currently, the most common procedure for the detection and grading of NAFLD 

is non-targeted liver biopsy (7,8). However, biopsy is limited by its invasive nature, cost, and 

perhaps most importantly, high variability due to the heterogeneous nature of diffuse liver 

disease on a microscopic level (9). For these reasons, development of whole organ, 

noninvasive techniques for the detection and staging of NAFLD disease features are of 

tremendous clinical and research interest, including drug discovery.

Over the last decade, emerging quantitative MRI biomarkers of hepatic steatosis such as 

proton density fat fraction (PDFF), have been developed, measured using confounder-

corrected chemical shift encoded MRI (CSE-MRI). There has been a tremendous amount of 

work evaluating the bias, precision, reproducibility, and repeatability of CSE-MRI to 

quantify PDFF in the liver (10–16)(10–16). Despite this work there is a relative paucity of 

data investigating the variation of liver PDFF during the day, between days, as well as 

variation in liver PDFF resulting from hydration status and meals. It is well-known that 

portal blood flow as well as hydration status of patients can change dramatically during the 

day (17). For these reasons, it can be expected that fat or water content of the liver and 

therefore, liver PDFF may vary as a result. It is also possible that meals, particularly those 

containing fructose or fat, may lead to immediate changes or variations in liver fat content. 

Therefore, it is unknown whether the time of day and the effect of hydration and meals can 

impact the bias, precision, reproducibility, and repeatability of PDFF measurements made 

using CSE-MRI. For these reasons, the purpose of this work was to assess the effect of 
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diurnal variation on PDFF quantification using CSE-MRI, including the effects of time of 

day, hydration, meals, and day to day variability.

MATERIALS AND METHODS

Research Subjects

This was a prospective HIPPA compliant study performed after obtaining approval from our 

local Institutional Review Board (IRB). Healthy adult volunteers and patients with known 

hepatic steatosis were recruited prospectively after obtaining informed consent. Healthy 

subjects were recruited from an IRB-approved database of research volunteers. Clinical 

patients who had undergone abdominal MRI for other reasons, but with incidentally 

observed hepatic steatosis on clinical liver MRI exams were also prospectively recruited. 

Patients with a known diagnosis of diffuse liver disease (including NAFLD/NASH), 

hepatitis, cirrhosis and/or liver malignancy were excluded from this study.

Study Design

Subjects were asked to come for a total of 6 identical MRI visits as outlined in Figure 1. The 

subjects arrived on the morning of Day 1 for the first MRI procedure at Visit 1, after fasting 

for at least 12 hours. This was followed by a controlled breakfast that consisted of two 

granola bars (Kind, New York, NY), 16 ounces of 2% milk, and 16 ounces of water. The 

subject was given 30 minutes to consume and digest breakfast, followed by the identical 

MRI procedure (Visit 2). Subjects were instructed to fast after the controlled breakfast and to 

return before lunch. Visit 3 commenced at noon and was followed by lunch at the hospital 

cafeteria. Subjects were asked to drink 16 ounces of water and were provided with a $10 

food voucher for lunch of their own choosing. Subjects returned 30 minutes after lunch for 

imaging at Visit 4 at approximately 1pm. Next, the subjects were asked to return at 

approximately 4 PM for Visit 5 and were asked to avoid drinking or snacks during this 

interval. Finally, subjects were asked to return the following morning for Visit 6, 

approximately 24 hours after Visit 1 and after at least 12 hours of fasting and under 

conditions identical to Visit 1.

For each of the 6 visits, subjects were scanned on a 1.5T clinical MRI system (HDxt, GE 

Healthcare, Waukesha, WI) using an 8-channel torso coil (USA Instruments, Cleveland, 

OH). The clinical protocol included a commercial quantitative confounder-corrected CSE-

MRI method (IDEAL IQ, GE Healthcare, Waukesha, WI) and a single voxel multi-echo 

STimulated Echo Acquisition Mode (STEAM)(18). The multi-echo STEAM voxel was 

placed in the right lobe of the liver avoiding large vessels, bile ducts, liver lesions and the 

dome of the liver. The multi-echo STEAM voxel was not co-localized between repeated 

scans since the patient moved between scans but the voxel was placed in the same region of 

the liver while avoiding any anatomical features seen in the repeated localizer. Specific 

acquisition parameters for both CSE-MRI and multi-echo MRS are provided in Table 1.

The entire imaging procedure including localizers, CSE-MRI, and MRS was performed 

three times for each of the 6 visits, in order to assess intra-visit repeatability of PDFF 

measurements made using CSE-MRI and MRS. Between each of the three repeated 
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acquisition, the subject was removed from the bore of the scanner and the anterior element 

of the coil was removed. The patient was asked to sit up and lie back down before 

repositioning the surface coil, followed by repeated localizers, CSE-MRI and MRS 

acquisitions.

Data Reconstruction and Analysis

For CSE-MRI, PDFF maps were reconstructed automatically on the scanner. Reconstruction 

includes correction for multiple confounding factors including T2* decay (19,20), multi-

peak spectral modeling (19), noise bias (21), and the effects of eddy currents (22). Further, a 

low flip angle relative to the acquisition TR was used to minimize T1 bias (21). For MRS, 

T2-correction was performed by fitting the signal to a monoexponential decay. T1 bias was 

avoided by using a long TR in the acquisition as shown in Table 1.

CSE-MRI PDFF maps were analyzed using a standardized procedure described by Campo et 

al (23), where a regions of interest (ROI) was placed in each of the nine Couinaud segments. 

The largest elliptical ROI that would fit in each of the segments (with minimu area of 2 cm2) 

was chosen while avoiding large vessels and bile ducts. This strategy has been demonstrated 

to reduce both the intra-and inter-reader variability (23). The average of the nine liver ROI 

measurements was averaged together to provide a single MRI-PDFF estimate for each CSE-

MRI acquisition.

MRS acquisitions were analyzed through a fully automated processing of the multi-echo 

STEAM sequence (24). Voigt line shapes were used to fit the water peak and six fat peaks 

and T2 decay was included to model the spectra at multiple echo times. The fat peaks were 

allowed to shift in relation to the water peak but the separation between fat peaks was kept 

constant. Relative amplitudes of the smaller fat peaks were also allowed to change within 

±1% relative to the total fat signal. A non-linear least squares fitting was then used to 

estimate the minimum error fit.

Statistical Analysis

A linear mixed effect model was used to determine if a linear trend across time was observed 

in either MRI-PDFF or MRS-PDFF. The visit time, in hours since the first visit, and the 

subject’s initial PDFF were fixed effects and the intercept and visit times varied by subject. 

The change across time (in percent PDFF per hour) and its p-value was used to determine if 

a statistically significant linear change in PDFF occurred across time.

Linear regression and Bland-Altman analyses were used to compare the linearity and bias 

between MRS- and MRI-PDFF. The PDFF measurements, averaged over the three repeated 

measures, of MRI-PDFF was compared to MRS-PDFF for the 20 subjects and 6 visits 

(n=120).

The repeatability of the two techniques was assessed using a repeatability coefficient 

between the repeated scans (25). For a given technique, the repeatability coefficient was 

calculated as the 95% confidence interval of the difference between all 360 measurements 

(over 3 repeated scans, 6 visits, and 20 patients) and the corresponding per-visit average 

(averaged over the three repeated measures). This coefficient corresponds to the smallest 
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measurable difference of each technique or the smallest measurement change that can be 

interpreted as a real difference (25).

An analysis was also performed to determine whether the variation across visits was 

statistically different from the within-visit variation (across the three repeated scans) for both 

MRS and MRI-PDFF. A random effects model was used, with the subject as a random effect 

and the visit as a fixed effect, to account for the within-subject correlation between the 

measurements. This is equivalent to a random effect (repeated measure) ANOVA test on the 

variation between visits. All statistical analyses were performed using R version 3.3.2 (R 

Core Team, 2014, R Foundation for Statistical Computing, Vienna, Austria; available at: 

http://www.R-project.org/)

RESULTS

Research Subjects

A total of 20 subjects were recruited for this study, 11 healthy subjects were recruited using 

an IRB-approved database and nine patients were recruited from the local radiology clinic. 

Thirteen women and seven men with an average age of 46 (range = 22 – 66) were recruited. 

Supplementary Table 1 lists the 20 subjects, including age, sex, BMI, and any diagnoses 

related to the clinical MRI exam.

MRI and MRS Results

A wide range of PDFF values was observed (0.5–32.3%), with an average PDFF value of 

11.4%. An example PDFF map for a central liver slice of over all six visits for one of the 

subjects is shown in Figure 2. Note the expansion of the stomach before and after meals 

demonstrating the presence or lack of food within the stomach.

Figure 3 plots the MRI-PDFF measurements (averaged over the three repeated scans) for 

each of the six visits and all twenty subjects, where error bars represent the standard 

deviation of the value over the repeated scans. Similarly, Figure 4 plots the average MRS-

PDFF value over each of the three repeated measurements, for each of the six visits for all 

twenty subjects. The linear mixed effect model predicted the rate of change of PDFF to be 

−0.008% per hour for MRI-PDFF and 0.009% per hour for MRS-PDFF but neither were 

statistically significant (p-values of 0.31 and 0.37, respectively).

A comparison of the estimates from MRI-PDFF to MRS-PDFF are shown in Figure 5. The 

linearity between MRI-PDFF and MRS-PDFF and a Bland-Altman analysis are shown for 

all six visits and 20 subjects, where each measurement was averaged over the three repeated 

measures for both techniques. There was good agreement between MRI-PDFF and MRS-

PDFF with only a small bias observed between the two techniques and a linear correlation 

coefficient of 0.99.

Repeatability coefficients for MRI-PDFF and MRS-PDFF are shown in Figure 6. A 

repeatability coefficient of roughly 1% PDFF over the 360 measurements was seen in both 

techniques.
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A Bland-Altman analysis of the two morning fasting visits, i.e. Visit 1 versus Visit 6, for 

both CSE-MRI and MRS-PDFF is shown in Figure 7. The day to day measurements 

demonstrated a small bias in both techniques but the limits of agreement were approximately 

1.5% PDFF for both MRI-PDFF and MRS-PDFF.

The variability for both MRI-PDFF and MRS-PDFF is summarized in Table 2. Over all 6 

visits there was more variation and a higher standard deviation seen throughout the day(s) 

than seen within the visits for both MRI-PDFF and MRS-PDFF. Testing for equivalence of 

the overall per-visit and within-visit variation was highly significant (p-value < 0.001) for 

both MRI-PDFF and MRS-PDFF. This demonstrates that the within-visit variation is 

statistically different than the variation across visits. Similarly, a higher variability was seen 

before and after breakfast (Visit 1 vs Visit 2), before and after lunch (Visit 3 vs Visit 4), at 

the beginning of the Day 1 vs the end of Day 1 (Visit 1 vs Visit 5), and at beginning of Day 

1 vs the beginning of Day 2 (Visit 1 vs Visit 6) than within each of the repeated 

measurements. However, all variations seen were small in scale and less than 1–1.5% PDFF 

for both techniques.

DISCUSSION

In this work we have performed a prospective analysis in healthy subjects and subjects with 

documented hepatic steatosis to assess the effects of diurnal variation, i.e. time of day, and 

the effects of meals and hydration, on liver PDFF measurements made with CSE-MRI. The 

effects of measuring PDFF between two different days and the variability between repeated 

measurements (i.e. repeatability) was also analyzed. Our results demonstrate that there is no 

discernable bias as a result of meals or time of day. Specific degrees of variability introduced 

by time of day, between meals, and between day were also assessed. The observed 

variability are very similar in magnitude compared to past studies that have assessed PDFF 

repeatability (10,12,14–16).

Our comparison of MRI-PDFF to MRS-PDFF was also similar to past studies (10,15) with 

strong correlation between the two methods and only a small bias observed. In addition, we 

note that, as has been seen previously (10), PDFF as measured by CSE-MRI has consistently 

lower variability than MRS (i.e. higher precision than MRS). This is likely related to the fact 

that repeated placement of a single MRS voxel leads to intrinsic variability. CSE-MRI is 

able to quantify liver fat over the entire liver whereas MRS interrogates a relatively small 

portion of the liver, introducing potential sampling variability with repeated measurements.

Even though no discernable bias was measured, the variability of both techniques depended 

on fasting vs fed state and/or the time of day. The variability between all visits, before and 

after meals, and day to day were higher than the measured within-exam variability (with 

statistical significance p<0.05) for both MRI-PDFF and MRS-PDFF. However, all variations 

were very small (on the order of 1–1.5% absolute PDFF) and are comparable to previous 

studies (15,16). Further, the repeatability (assessed using a repeatability coefficient) was 

measured to be 0.86% for MRI-PDFF and 1.1% for MRS-PDFF over all six visits, which 

was smaller than previous studies, including a recent meta-analysis (15) that reported a 
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repeatability coefficient of 3% for MRI-PDFF, although measured over a smaller patient 

population.

There are several limitations of this study. The number of subjects used in this study (n=20) 

seems relatively modest, although the overall number of independent CSE-MRI and MRS 

acquisitions was very high (n=360), which provided sufficient data to assess the variability 

with statistical significance. Further, this study has a relatively good range of clinically 

relevant PDFF values, ranging from relatively low liver fat content to relatively severe liver 

fat content. The overall range is very similar to that documented by Yokoo et al (15) in a 

meta-analysis (n=1679) demonstrating a very similar distribution of PDFF values compared 

to prior studies.

In addition, the clinical patients recruited for this study, although they had no known history 

of diffuse liver disease, were not assessed thoroughly including biopsy to document a 

definite diagnosis of NAFLD. Although it is unclear that the etiology of hepatic steatosis 

would have been contributory, more controlled documentation with biopsy proven NAFLD 

should be considered a limitation of this study.

Further, additional imaging into the evening, including a visit after dinner, may also have 

been contributory by providing a more rigorous evaluation of diurnal variation. However, for 

logistical purposes, including a limitation of resources, performing MRI visits in the evening 

was not feasible at our institution. However, the data suggest that additional time points may 

not have been contributory since our results already demonstrated only small variations due 

to the meals, throughout the day, and between days. Finally, the midday meal was not 

controlled, leading to an additional source of potential variability in the results, although this 

effect, if any is thought to be very small given that only very small differences were seen 

between the controlled meal (breakfast) and uncontrolled meal (lunch). Further, the small 

differences suggest that whether the meal was controlled or uncontrolled did not affect the 

variability. The number of subjects also led to the limitation that correlation with the type of 

food ingested with changes in PDFF was not possible.

In conclusion, in this work we have investigated the effects of meal, hydration, repeated test 

variability, and between day variability using both CSE-MRI and MRS to measure liver 

PDFF. Only small changes in PDFF variability was detected but no significant temporal bias 

was observed in either healthy subjects or patients with hepatic steatosis. These data indicate 

that it is not necessary to control for the time of day or the fasting/fed state when measuring 

PDFF using either CSE-MRI or MRS in patients with suspected hepatic steatosis. Further, 

these data confirm the superior precision of CSE-MRI to quantify PDFF, compared to MRS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Schema for visit schedule over two days.
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Figure 2: 
Representative fat fraction images from all six visits for one patient. The arrow highlights 

the expansion and contraction of the stomach depending on the timing of meals.
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Figure 3: 
Minimal variation in the measured MRI-PDFF was observed throughout the six visits and 

had no obvious diurnal trends. The average across all Couinaud segments and repeated scans 

is shown for each time point spanning the two days and 20 subjects with each curve 

representing a different subject. Error bars represent the standard deviation of the measured 

fat fraction across the three repeated measurements at each visit.

Colgan et al. Page 12

J Magn Reson Imaging. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4: 
Measured MRS-PDFF throughout the six visits that had no obvious diurnal trends. The 

average across all Couinaud segments and repeated scans is shown for each time point 

spanning the two days and 20 subjects. Error bars represent the standard deviation of the 

measured fat fraction across the three repeated measurements at each visit.
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Figure 5: 
Good agreement was seen between MRI-PDFF and MRS-PDFF. The linearity (left) and a 

Bland-Altman analysis (right) is shown for MRI-PDFF vs MRS-PDFF over all six visits and 

20 subjects. Each data point represents the mean value (averaged over three repeated 

measures) for both techniques.
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Figure 6: 
Repeatability coefficients of about 1–1.15% were seen for both MRI-PDFF and MRS-PDFF. 

The within-visit differences from the per-visit average PDFF (averaged over three repeated 

measurements) are shown as a function of the per-visit average for both MRI-PDFF (left) 

and MRS-PDFF (right).
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Figure 7: 
Bland-Altman analysis comparing the day to day repeatability of MRI-PDFF and MRS-

PDFF demonstrates a small bias but limits of agreement around 1.5% PDFF. Each data point 

represents the MRI-PDFF and MRS-PDFF measurement averaged over the three repeated 

measures.
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Table 1:

Imaging acquisition parameters for CSE-MRI and MRS

CSE-MRI MRS

FOV (LR × AP × SI) [cm] 40 × 36 × 25.6 3 × 3 × 3

Acquisition matrix 256 × 160 × 32 NA

Resolution (mm) 1.6 × 2.5 × 8 NA

Flip angle 5 90, 90, 90

Receiver BW (±kHz) 125 5

Echo Times (ms) 1.2, 3.3, 5.4,7.4, 9.5 11.5 10,15,20,25,30

Mixing Time (ms) NA 5

TR (ms) 15.5 3500

Parallel Imaging Acceleration Factors 2 × 2 NA

Imaging Time (s) 21 18
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Table 2:

Within-visit and per-visit standard deviations of MRI-PDFF and MRS-PDFF with statistically significance (p 

< 0.05) indicated in bold

Visits Compared
MRI-PDFF (%) MRS-PDFF (%)

Within-visit Per-visit p-value Within-visit Per-visit p-value

Overall 0.66 0.94 <0.001 0.87 1.29 <0.001

1 vs 2(Breakfast) 0.53 0.70 0.01 0.87 1.40 0.09

3 vs 4(Lunch) 0.58 0.91 0.006 0.93 1.66 0.012

1 vs 5(Day 1) 0.69 1.14 0.019 0.65 0.89 0.705

1 vs 6(Day 1 vs 2) 0.77 1.31 0.018 0.71 1.07 0.001
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