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Abstract

Hepatic steatosis is characterized by abnormal and excessive accumulation of lipids within 

hepatocytes. It is an important feature of diffuse liver disease, and the histological hallmark of 

non-alcoholic fatty liver disease (NAFLD). Other conditions associated with steatosis include 

alcoholic liver disease, viral hepatitis, HIV and genetic lipodystrophies, cystic fibrosis liver 

disease, and hepatotoxicity from various therapeutic agents. Liver biopsy, the current clinical gold 

standard for assessment of liver fat, is invasive and has sampling errors, and is not optimal for 

screening, monitoring, clinical decision making, or well-suited for many types of research studies. 

Non-invasive methods that accurately and objectively quantify liver fat are needed. Ultrasound 

(US) and computed tomography (CT) can be used to assess liver fat but have limited accuracy as 

well as other limitations. Magnetic resonance (MR) techniques can decompose the liver signal into 

its fat and water signal components and therefore assess liver fat more directly than CT or US. 

Most magnetic resonance (MR) techniques measure the signal fat-fraction (the fraction of the liver 
MR signal attributable to liver fat), which may be confounded by numerous technical and 

biological factors and may not reliably reflect fat content. By addressing the factors that confound 

the signal fat-fraction, advanced MR techniques measure the proton density fat-fraction (the 

fraction of the liver proton density attributable to liver fat), which is a fundamental tissue property 

and a direct measure of liver fat content. These advanced techniques show promise for accurate fat 

quantification and are likely to be commercially available soon.

Keywords

hepatic steatosis; fat quantification; magnetic resonance imaging; magnetic resonance 
spectroscopy; magnitude; complex; fat-fraction

1 Introduction

Hepatic steatosis is a common condition of the liver, characterized by accumulation of lipid 

within hepatocytes. It is the histological hallmark of non-alcoholic fatty liver disease 
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(NAFLD) but also may occur with alcoholic liver disease, viral hepatitis, cystic fibrosis liver 

disease, and HIV and genetic lipodystrophies, as well as a manifestation of drug toxicity. 

This article first describes the clinical features of hepatic steatosis and current methods for 

its diagnosis. Imaging techniques that assess steatosis are then discussed, including 

ultrasound (US), computed tomography (CT), and magnetic resonance (MR) techniques. 

MR techniques are classified into those that measure the signal fat-fraction and those that 

address known confounding factors, allowing measurement of the proton density fat-

fraction.

The article is divided into the following sections:

• Hepatic steatosis: overview

○ Clinical features

○ Diagnosis

• US assessment of hepatic steatosis

• CT assessment of hepatic steatosis

• MR assessment of hepatic steatosis

○ Overview

○ Techniques that assess signal fat-fraction

○ Techniques that assess proton density fat-fraction

2 Hepatic Steatosis: Overview

2.1 Clinical features

Hepatic steatosis is the abnormal and excessive accumulation of lipid vacuoles within 

hepatocytes, primarily as triglycerides, although other lipid metabolites such as free fatty 

acids, cholesterol, and phospholipids may also be present. It affects over 20% of the general 

population and is associated with disorders that result in diffuse liver fat deposition, such as 

NAFLD, hepatitis, drug toxicities, alcoholic liver disease, lipodystrophy, parenteral 

nutrition, and pregnancy. Historically thought of as an incidental consequence of such 

disorders, hepatic steatosis is now increasingly recognized as key pathogenic process and 

meaningful pathological feature of many hepatic and systemic disorders (1–11).

Non-alcoholic fatty liver disease (NAFLD), present in 20–80 million Americans, is the most 

common chronic liver disease in the United States(12–14). Hepatic steatosis is the 

histological hallmark of NAFLD and is accepted by most investigators to play a pathogenic 

role in the development of non-alcoholic steatohepatitis (NASH), a more aggressive subset 

of NAFLD, characterized by necroinflammation, fibrosis and, eventually, cirrhosis(8,15–17). 

Free fatty acids, the substrate for triglyceride formation, trigger cell death by inducing 

oxidative stress, provoking production of cytokines and reactive oxygen species, which 

activates apoptosis, resulting in NAFLD progression. 5–15% of patients with NAFLD 

present with established cirrhosis on liver biopsy(8,16,17) while 4–5% of individuals with 

isolated steatosis eventually develop cirrhosis(8,11). In patients who have progressed to 
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NAFLD-related cirrhosis, about 7% will develop hepatocellular carcinoma (HCC) over a 10-

year timeframe(10). Hepatic steatosis may even have direct carcinogenic effects, as HCC has 

been described in patients with NAFLD without fibrosis or cirrhosis(18), although the 

relative contribution of steatosis and necro-inflammatory activity to hepatoccarcinogensisis 

in such patients has not been delineated.

In addition to contributing to liver injury, hepatic steatosis also has systemic implications. 

Steatosis interferes with insulin signaling, contributes to hepatic insulin resistance, and may 

be the pathogenic link between obesity and its metabolic complications(3,4). Hepatic 

steatosis is an established risk factor for, and may even contribute to, the development of 

diabetes; in longitudinal studies, 20–50% of individuals with steatosis subsequently develop 

diabetes(2,11). Emerging data also shows hepatic steatosis to be an independent risk factor 

for cardiovascular mortality(19) beginning in the 5th decade of life(3), with cardiovascular 

disease being the most common cause of morbidity and mortality in patients with 

NAFLD(3,9,19,20).

While the importance of hepatic steatosis is most obvious in NAFLD, steatosis is also 

relevant in other conditions. Concomitant occurrence of steatosis and viral hepatitis 

(especially certain hepatitis C virus genotypes) often heralds a worse prognosis with 

accelerated progression to cirrhosis. Steatosis may also affect the efficacy of antiviral 

therapy(6,7) in such patients. In patients undergoing liver surgery, hepatic steatosis reduces 

hepatocellular functional reserve and contributes to postoperative hepatic failure(21–23).

2.2 Diagnosis

Accurate, quantitative biomarkers of hepatic steatosis are necessary for accurate detection of 

steatosis, grading of the disease severity, clinical decision-making, prognosis and 

longitudinal monitoring of therapy. Qualitative biomarkers are insufficient for accurate 

detection, which requires a quantitative threshold to classify fat content as below or above a 

pathologic threshold. The relevant classification threshold also depends on the clinical 

context and may vary widely, from the standard 5% steatosis threshold often used for 

defining hepatic steatosis, to the 30% threshold for exclusion of liver transplantation 

donors(24).

Currently, liver biopsy is considered the gold standard for diagnosing and grading hepatic 

steatosis. At biopsy, hepatic steatosis is graded on a scale of 0–3 through subjective visual 

estimation of the proportion of hepatocytes containing intracellular vacuoles of fat. Steatosis 

grades are categorized into broad brackets of severity: grade 0 (normal) = up to 5% of cells 

affected, grade 1 (mild) = 5–33% of cells affected, grade 2 (moderate) = 34–66% of cells 

affected, and grade 3 (severe) = ≥67% of cells affected(25). Because these grading 

estimations are subjective, there is considerable inter- and intra-individual variation in 

steatosis grading at histopathology. Objective measurement of steatosis using computer 

image analysis of histology slides is possible(26,27) but is not done routinely in clinical 

practice. Regardless of whether steatosis is graded subjectively by visual estimation or 

objectively by computer image analysis, assessment of steatosis on histology slides 

fundamentally is a two-dimensional measurement. As such, it may not reliably reflect fat 

content in three-dimensional liver parenchyma.
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As we describe below, all MR-based techniques assess liver fat in three-dimensional tissue 

voxels; thus, while histology is the accepted clinical gold standard for diagnosis and grading 

of steatosis, it is probably not a well-suited reference standard for assessing the accuracy of 

the MR-based fat content measurement techniques described later in this article. A more 

suitable reference standard is liver tissue triglyceride concentration, by definition a three-

dimensional metric of hepatic fat content. Liver tissue triglyceride concentration can be 

measured via biochemical assay, but this is a destructive procedure. Tissue submitted for 

biochemical assay cannot be submitted for histological analysis, and important features 

other than fat content (e.g., necro-inflammatory activity, fibrosis, iron) cannot be assessed. 

For this reason, biochemically determined liver tissue triglyceride concentration is not 

routinely measured.

Whether biopsy specimens are analyzed histologically or biochemically, biopsy is an 

invasive procedure with inherent risks, and it is expensive relative to imaging methods. It 

carries a small but not negligible risk of hospitalization (1–3%) and even death (1:10,000)

(28). It also entails several hours of post-procedure recovery requiring a missed work or 

school day for both the patient and a caretaker. Furthermore, biopsy is subject to sampling 

variability as it evaluates only a small portion (0.05 cm3) of the liver (800–1000 cm3)(29–

38), and the distribution of fat throughout the liver may be non-uniform. Although it is 

unknown whether such sampling variability cause errors in diagnosis, it may lead to 

important errors during longitudinal assessment of liver fat. For these reasons, a non-

invasive, safe, and accurate method for detection and quantification of hepatic steatosis 

without sampling variability is necessary. As we describe below, US and CT can be used to 

assess steatosis but have important limitations, while MR-based techniques, particularly new 

techniques that measure the proton density fat-fraction, have the potential to meet this 

clinical and research need.

2.3 Why Quantitative Biomarkers for NAFLD with MRI?

In general, a quantitative biomarker is necessary for both accurate detection of disease 

(i.e.,make the correct diagnosis) and for accurate grading of disease severity (i.e.,: 

quantification). Accurate diagnosis is necessary before therapy can be initiated, and accurate 

quantification is needed to determine prognosis and guide therapy.

Quantitative biomarkers can be used for disease diagnosis and clinical decision making by 

applying ‘sliding scale’ cutoff values for binary classification of disease presence or absence 

(e.g., fatty liver vs. normal) or disease severity (e.g., disease sufficiently severe to warrant 

intervention vs. disease sufficiently mild to warrant observation only). The appropriate 

cutoff value often depends on the specific application. For example, a low cutoff value is 

likely to be appropriate for screening for early fatty liver disease (which requires high 

sensitivity to borderline abnormal elevations in liver fat content, whereas a higher cutoff 

value is likely to be appropriate for therapy initiation and selection (e.g., exercise vs. drugs 

vs. bariatric surgery vs. observation only), and a different cutoff value may be appropriate 

for other indications such as selection of potential living-related liver transplant donors.

Unfortunately, there are not yet clinically defined cutoff values for normal vs abnormal 

levels of hepatic fat or for levels that warrant different forms of therapy. A large MR 
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spectroscopy study performed by Szczepaniak et al in 2349 participants of the Dallas Heart 

Study defined a 95th percentile cutoff of 5.56% fat-fraction as abnormal, based on a subset 

of 345 patients with no identifiable risk factors for hepatic steatosis(14). This landmark 

study provides initial guidance for an appropriate cutoff value for detection of fatty liver, 

although future studies relating the fat-fraction to histology or to clinical outcome may 

modify this cutoff value slightly.

Regardless, as the current fat-fraction cutoff value for detection of fatty liver is low (on the 

order of 5%), the accuracy (bias) and precision (standard deviation) of a quantitative fat 

content biomarker must be far smaller than 5–6% to provide reliable diagnosis. The exact 

accuracy and precision needed for a clinically useful biomarker of liver fat content is 

uncertain and remains to be determined. Clearly, the more accurate and precise a biomarker 

is, the better, particularly when early detection is important and subtle changes during 

therapy are meaningful. In addition, accurate and precise biomarkers are especially valuable 

in clinical trials, in order to reduce the number of subjects needed to demonstrate efficacy of 

a treatment with statistical significance.

3 Ultrasound Assessment of Hepatic Steatosis

Ultrasound (US), is the most common imaging modality used to evaluate hepatic 

steatosis(39–41) because of its low cost, safety, and availability. It evaluates liver fat content 

indirectly based on subjective qualitative sonographic features such as liver echogenicity, 

echotexture, vessel visibility, and beam attenuation. Because it is operator- and machine-

dependent, US has limited repeatability and reproducibility. It is also challenging to perform 

in obese patients(42) due to impaired beam penetration and limited liver visualization. Its 

positive predictive value for detection of steatosis is only 62–77% (41,43). Utility of US in 

objective quantification of steatosis is hampered by factors such as fibrosis, edema, and 

extrahepatic adipose tissue. These factors confound the analysis of beam attenuation and 

echotexture, leading to unavoidable errors in fat quantification. US should thus be avoided, 

if possible, if there is need for early detection of steatosis, or if precise and accurate 

assessment of hepatic steatosis is needed. If US is performed, results should be interpreted 

cautiously.

4 Computed Tomography Assessment of Hepatic Steatosis

Unenhanced computed tomography (CT) is a widely used imaging modality that evaluates 

hepatic steatosis indirectly based on hepatic X-ray attenuation. Unlike the US features 

mentioned above, X-ray attenuation can be measured objectively and with high 

precision(41,44–46). However, several factors other than fat (e.g., presence of iron, copper, 

glycogen, fibrosis, and edema; ingestion of drugs such as amiodarone and gold) affect CT 

attenuation values, resulting in unavoidable errors in fat quantification(46) and low 

sensitivity for mild-moderate steatosis. Moreover, because CT relies on ionizing radiation, it 

is not suitable for use in children(47) and for longitudinal monitoring of adults with liver fat. 

Finally, inherent variability in attenuation values across CT scanners that manufactured by 

different vendors often results in different attenuation values(48). This variability can lead to 
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a platform dependent measurement of fat content with CT and is an important limitation of 

CT for liver fat quantification.

5 MR Assessment of Hepatic Steatosis

5.1 Overview

The two non-invasive MR-based techniques used for assessment of hepatic steatosis are 

MRS and MRI. The two techniques have the same underlying MR physics concepts, and 

they both exploit the difference in resonance frequencies between water and fat proton 

signals to quantitatively measure the signal fat-fraction and/or the proton density fat-

fraction. Signal fat-fraction refers to liver signal attributable to fat, while proton density fat-

fraction refers to the fraction of mobile protons in liver attributable to fat.

To calculate the signal or proton density fat-fraction using MRS or MRI, liver signal is first 

decomposed or separated into its fat and water signal components using a suitable MR-

based water-fat separation technique. Several water-fat separation techniques can be used, 

and each decomposes the liver signal in a different manner, as discussed in subsequent 

sections. A key concept is that MR techniques are unique in their ability to decompose the 

liver signal into its water and fat components and hence assess hepatic steatosis more 

directly than US or CT.

After the liver signal is decomposed, the signal fat-fraction (η) is calculated as the signal 

from fat protons divided by the combined signal from fat and water protons in the liver, ie:

η = F
W + F [1]

An important property of the signal fat-fraction is that it is independent of the sensitivity of 

RF coils (“B1” sensitivity). Calculating a fraction from spatially co-localized water and fat 

signals provides normalization that removes the influence of coil sensitivity, thereby 

avoiding errors introduced by inhomogeneous coil sensitivity when muscle or spleen is used 

as an internal calibration or normalization measurement. Signal fat-fraction generated with 

the MRS or MRI methods described below are, therefore, independent of signal variation 

due to B1 coil sensitivities across the body. As we describe later in this article, signal fat-

fraction can be calculated at the level of an MRS voxel or, in the case of imaging, pixel by 

pixel to form a signal fat-fraction parametric “map”.

Because numerous biological, physical, and technical factors influence the relative MR 

signals from fat and water, however, the signal fat-fraction is a confounded measure of 

steatosis, does not reliably reflect the fat content within the liver, and is not a consistently 

reliable or standardized biomarker of hepatic steatosis. Importantly, confounding factors lead 

to measures of fat content that are platform and imaging protocol dependent – different 

scanners or different scan parameters may yield meaningfully different apparent signal fat-

fractions. This behavior renders signal fat-fraction impractical as a biomarker of liver fat.
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To convert the confounded signal fat-fraction into an unconfounded proton density fat-

fraction, the effects of all confounding factors must be addressed. The specific confounding 

factors depend on the technique used and may include T1 bias, T2 relaxation, T2* decay, 

spectral complexity of the fat spectrum, J-coupling, noise bias, and eddy currents. These 

factors are discussed in detail below in the section entitled “MR Techniques that measure 

proton density fat-fraction”.

After minimizing or correcting all confounding factors, the signal fat-fraction is equivalent 

to the proton density fat-fraction. Measured correctly, the proton density fat-fraction is 

unconfounded by the biological, physical, and technical factors that confound the signal fat-

fraction; is independent of field strength, scanner platform and specific scanning parameters; 

and correlates highly with biochemically determined liver tissue triglyceride concentration. 

Thus, unlike the signal fat-fraction, the proton density fat-fraction reflects the content of fat 
in the liver and potentially is a reliable, meaningful, and standardized biomarker of hepatic 

steatosis. Indeed, the proton density fat-fraction represents a fundamental measure of fat 

content, and its platform and scan parameter independence is a characteristic strength as a 

useful biomarker.

In the sections below, we describe in more detail techniques that measure the signal fat-

fraction and the proton density fat-fraction. The discussion begins with techniques that 

measure the signal fat-fraction, because these are the foundation upon which more advanced 

techniques have been developed to measure the proton density fat-fraction.

5.2 MR techniques that Measure the Signal Fat-fraction

5.2.1 MRS—MRS is the most direct MR-based method to separate the liver signal into its 

water and fat components and calculate a signal fat-fraction. MRS depicts proton signals as 

a function of their resonance frequency (Figure 1). The resonance frequencies corresponding 

to protons in water and to the dominant protons in fat are distinct, can be identified based on 

prior knowledge, and can be quantified directly from the spectral tracing. Once the signal 

intensities at frequencies corresponding to water and fat are quantified, the signal fat-fraction 

is calculated using equation 1.

Collection of spectra for signal fat-fraction estimation requires proper acquisition technique. 

Typically a single voxel (typically 2×2x2 cm3 or 3×3x3 cm3) is manually placed in liver 

parenchyma, using multiplanar localizing images to avoid liver edges, large vessels, and 

large bile ducts. Shimming is then performed to achieve a homogeneous magnetic field 

across the voxel. After successful shimming, a spectroscopic sequence is performed. One of 

two spectroscopic sequences are typically used: stimulated echo acquisition mode (STEAM) 

and point resolved spectroscopy (PRESS). Both sequences are suitable for estimation of the 

signal fat-fraction. The STEAM consists of three 90° pulses and is capable of shorter TEs 

(as there is no TE evolution between the second and third RF pulses) than PRESS 

(90°-180°-180°). However, the use of stimulated echo in STEAM results in the signal-to-

noise-ratio (SNR) of STEAM being half that of PRESS. As we will discuss later, however, 

STEAM is probably more appropriate for estimation of the proton density fat-fraction.
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In performing single-voxel spectroscopy to estimate the liver fat-fraction, neither water nor 

fat saturation should be employed, as the signal intensities from both species are necessary 

to make the calculation. In addition, spatial saturation bands should not be used because 

saturation bands may partially saturate the signals arising from the voxel, and the degree to 

which water and fat signals are saturated may be unequal, leading to errors in the proportion 

of the liver signal attributed to fat. Although many authors advocate spectroscopic 

acquisition using many averages during free breathing, we find this to be unnecessary for 

assessment of fractional liver fat content, as the signal from even minimal amounts of liver 

fat can be readily detected and quantified without high SNR. For this reason and to save 

time, we prefer to collect spectra during a single breath-hold.

The analysis of collected spectra requires expertise and currently, must be performed off-line 

with specialized software. Automated, reliable, on-line analysis methods are not yet 

available, although are under development and may be commercially available in the near 

future. A full description of the analysis is beyond the scope of this review article, but key 

concepts are highlighted below.

The water spectrum is simple, as the two hydrogen protons in a water molecule have the 

same chemical environment, experience an identical magnetic field, and resonate at the same 

frequency. Consequently, the water spectrum consists of a single resonance peak. By 

convention, the center frequency of this peak is described in parts per million (ppm) with 

respect to a reference proton moiety (tetramethylsilane), which arbitrarily is assigned a 

relative resonance frequency of 0 ppm. The frequency (or chemical shift) of water protons 

relative to the reference proton depends on temperature; at 37°C, it is 4.70 ppm. By 

comparison, the fat proton spectrum is complicated, as the multiple hydrogen protons in fat 

have different chemical environments, experience non-identical magnetic fields, and 

resonate at different frequencies. A typical fat molecule has nine chemically distinct proton 

moieties, each with a unique resonance frequency. While spectral peaks corresponding to 

each moiety are discernible in high-resolution spectroscopy performed in fat samples at high 

field strength, there is insufficient spectral resolution at clinical field strengths (e.g., 1.5T or 

3T) to delineate each peak, and some of the peaks blend together, forming 6 well-defined 

peaks at clinical field strengths (Table 1). As discussed in more detail later, two of the peaks 

have similar frequencies as water and, in spectra acquired from fatty livers, are 

superimposed with and obscured by the larger liver water peak (Figure 1).

Once the visible peaks are identified, the area under each peak is quantified, usually by 

modeling each peak as a Gaussian distribution or a set of overlapping Gaussian distributions. 

The fat signal then is calculated as the sum of the area of the fat peaks (2.1, 1.3, and 0.9 

ppm) or as the area of the main CH2 peak (1.3 ppm). The signal fat-fraction can then be 

given as the fat signal divided by the sum of the water and fat peaks areas. Importantly, the 

signal fat-fraction with MRS has a dynamic range of 0–100%.

Virtually all spectroscopy in the liver is limited to single-voxel acquisition. While multi-

voxel spectroscopy permits coverage of larger volumes in the liver, its inherent problems 

have limited its application. The large volume reduces the quality of the shim and hence the 
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quality of the spectra. The time required for multi-voxel spectroscopy lies well beyond the 

range of single breath-hold techniques, leading to breathing induced artifacts.

5.2.2 MRI—MRI-based techniques that measure the signal fat-fraction have been used for 

over 25 years(49). These include fat-suppressed techniques and chemical shift-based 

techniques.

5.2.2.1 Fat-Suppressed Techniques: Fat-suppressed techniques separate the liver MR 

signal into its fat and water components by comparing magnitude images acquired with and 

without chemical fat saturation (or selective water excitation). Fat-saturation (or selective 

water-excitation) pulses are used to suppress fat signal, which decreases the overall liver 

signal in a fat-containing liver. This effect is seen with either T1 weighted or T2 weighted 

sequences. Two sets of images, one with and the other without fat suppression, are acquired 

with identical imaging parameters, and comparison made to each other for fat assessment. In 

the presence of fat, the signal is higher on the non fat-suppressed images than on the fat-

suppressed images (Figure 2), and the difference in signal intensity is entirely attributed to 

the presence of fat. Thus, the signal intensity from non fat-suppressed images is assumed to 

represent the sum of water and fat signals (W + F), the signal intensity from fat-suppressed 

images is assumed to represent water signal (W), and the difference in signal intensity 

between non fat-suppressed and fat-suppressed images is assumed to represent the fat signal 

(F). After making these assumptions, the signal fat-fraction (η) can be calculated as

η =
(SNFS − SFS)

SNFS
[2]

where SNFS and SFS are the signal intensities of liver without and with fat suppression, 

respectively.

Assuming perfect fat suppression, the equation above is valid, and this method estimates the 

signal fat-fraction with a dynamic range of 0 to 100%. In one retrospective study, better 

correlation was shown between signal loss in fat-suppressed T2 weighted FSE imaging and 

biopsy steatosis grade, than with dual echo imaging(50). A potential problem with fat-

suppressed techniques is that the complete and homogeneous suppression of the fat signal by 

the chemical fat saturation (or selective water excitation) pulse is difficult if not impossible 

to reliably achieve throughout the liver (Figure 2), due to inhomogeneous main magnetic 

field (Bo). This may result in incomplete fat suppression or even inadvertent water 

suppression, and equation 2 may not be entirely valid. While the fat saturation technique is 

suitable for estimation of the signal fat-fraction, it has not been widely researched as a 

method to measure proton density fat-fraction, and will not be discussed further in this 

review.

5.2.2.2 Chemical Shift-Based Techniques: Chemical shift-based techniques separate the 

MR signal into its water and fat components by acquiring images at two or more echo times 

(TEs) after signal excitation. Unlike the fat-suppressed technique, fat suppression (or 

selective water excitation) pulses are not applied. Two main chemical shift-based approaches 
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are possible: one approach uses magnitude data only (discards phase information) and is 

referred to in this manuscript as the magnitude-based approach. The other uses complex data 

(retains both magnitude and phase information) and is referred to as the complex-based 

approach. The two approaches are discussed below.

Magnitude-based chemical shift approach: The magnitude-based approach is probably the 

most commonly used MR approach for liver fat assessment in current practice. Typically, 

two gradient echoes are acquired, one at a TE in which the water peak (4.7 ppm) and the 

dominant fat peak (1.3 ppm) are “out of phase” (or “opposed phase”) and one at a TE in 

which the two peaks are “in phase”. Because two echoes are acquired, this is often called 

“dual-phase” or “dual-echo” imaging. The TEs corresponding to in phase and out of phase 

(IOP) depend on the field strength. At 1.5T, the chemical shift between water and the 

dominant fat peak (3.4 ppm) corresponds to a resonance frequency difference of −217 Hz 

(the main fat peak resonates 217 Hz slower than the water peak). Therefore, at 1.5T, signals 

from water and the main fat peak oscillate with a period of 4.6 ms (= 1000 ms/217Hz). This 

means that these signals are in phase every 4.6 ms (i.e., 4.6 ms, 9.2 ms, 13.8 ms, etc.) and 

out of phase at 2.3 ms and every subsequent multiple of 4.6 ms (i.e., 2.3 ms 6.9 ms, 11.5 

ms). At 3T, the chemical shift corresponds to a frequency difference of −434 Hz. Therefore, 

the oscillation period at 3T (2.3 ms) is half that at 1.5T (4.6 ms) and the corresponding IP 

and OP echo times at 3T are halved: water and the main fat peak are in phase every 2.3 ms 

(i.e., 2.3 ms, 4.6 ms, 6.9 ms) and out of phase at 1.15 ms and every subsequent multiple of 

2.3 ms (i.e, 1.15 ms, 3.45 ms, 5.75 ms). While multiple in-phase and out-of-phase TEs are 

possible for dual-phase imaging, it is preferable to use the first out-of-phase and the first in-

phase TE if possible: i.e., 2.3/4.6 ms at 1.5T and 1.15/2.3 ms at 3T, to maximize SNR 

performance and minimize the effects of T2* decay which worsen as increasing echo times 

(T2* effects are discussed in greater detail later). Depending on multiple factors (e.g., field 

strength, gradient performance, receiver bandwidth, frequency matrix, slice thickness, 

fractional echo sampling, scanner software), however, it may not be possible to acquire dual-

phase images using the first out-of-phase and in-phase TEs. For example, many early-

generation 3T scanners do not permit dual-phase imaging with TEs of 1.15 and 2.3 ms; on 

these scanners, typical TEs for dual-phase imaging are 2.3 and 5.75 ms.

To estimate the signal fat-fraction, we assume (a) the signal intensity from fat is less than the 

signal intensity from water (i.e.,SFat ≤ SWater ), (b) the signal intensity from OP images 

represents the difference in water and fat signals (i.e., SOP =|SWater−SFat|), and (c) the signal 

intensity from IP images represents the sum of water and fat signals (i.e., SIP =|SWater+SFat|) 

(49):

Re-arranging terms in (b) and (c), and assuming (a), the MR signal can be decomposed into 

its water and fat components based on arithmetic combinations of the in-phase and out-of-

phase signal intensities:

SWater = SIP + SOP

SFat = SIP − SOP

Reeder et al. Page 10

J Magn Reson Imaging. Author manuscript; available in PMC 2012 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Inserting the SFat and SWater terms into Eq. (1) generates Eq. (3), which permits calculation 

of the signal fat-fraction from the out-of-phase and in-phase signal intensities:

η =
SIP − SOP

2 * SIP
[3]

This formula can be applied to a region of interest or used on a pixel-by-pixel basis to 

generate a parametric signal fat-fraction map (Figure 3). Note, however, that the formula is 

reliable only for dual-echo sequences in which both echoes (IP and OP) are acquired after 

the same excitation; the formula may not be valid if the two echoes are acquired separately, 

as there may be scanner drift or inadvertent changes in calibration setting between 

acquisitions.

It is important to note that with magnitude-based approaches, it is only possible to achieve a 

dynamic range of 0–50% signal fat-fraction. This occurs because of a natural ambiguity in 

assigning fat-water signal dominance with magnitude-only images. As stated above, SOP =|

SWater−SFat|. Note that in this equation, the SOP is the same if the water and fat signal 

intensities are swapped. Thus, a tissue in which water signal is dominant will have the same 

opposed-phase signal intensity as a tissue in which fat signal is dominant. The ramification 

is that the signal fat-fraction calculated from a single pair of opposed-phase and in-phase 

echoes cannot distinguish between water-dominant and fat-dominant tissues. For example, a 

tissue with 30% fat by signal composition would appear to have the same signal fat-fraction 

as a tissue with 70%% fat – both tissues would be assigned a signal fat-fraction of 30%. This 

phenomenon is apparent on signal fat-fraction maps (Figure 3), on which subcutaneous 

adipose tissue (where fat is the dominant signal component) appears darker than fatty liver 

parenchyma (where water is the dominant signal component). This fat-water signal 

dominance ambiguity restricts the dynamic range of magnitude-based chemical shift 

techniques to 0–50% signal fat-fraction. Resolving the signal dominance ambiguity problem 

requires additional information such as complex phase information(50–56), or methods that 

require acquisition of additional images and exploit differences between water and fat T1 

(e.g., dual flip angle technique) (57).

Complex-based chemical shift-based approach: The complex-based approach (55,58–61) 

uses both magnitude and phase information from three or more images acquired at echo 

times appropriate for separation of water and fat signals. Phase shifts result from three main 

sources: a) unknown constant, time-independent phase shifts related to coil sensitivities and 

other system imperfections, b) known time-dependent phase shifts on fat only resulting from 

chemical shift differences between water and fat, and c) unknown time-dependent phase 

shifts that affect fat and water equally, due to magnetic field inhomogeneities (“field map”). 

As a result, decomposition methods that use complex data to separate water and fat signals 

must measure the unknown field map and demodulate (remove) it from the signal. Although 

including the phase information adds to the complexity to the reconstruction, estimating the 

field map permits unambiguous water-fat signal separation and allows measurement of the 

signal fat-fraction over a range of 0–100%.
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Estimation of complex water and fat signals can then be performed using a variety of non-

linear estimation methods such as IDEAL(55,62) or VARPRO(56). The separated water and 

fat images are co-registered and can be recombined into a signal fat-fraction map as shown 

in Figure 4 which permits estimation of the fat-fraction as the fat image divided by the fat 

and water images.

Unlike the magnitude-based approach, the complex-based approach permits full separation 

of water and fat signals to achieve a dynamic range of 0–100% signal fat-fraction, which 

offers promise as a general solution to fat quantification regardless of the tissue of interest 

(liver, adipose, bone marrow, etc.). Thus, unlike with the magnitude-based approach, adipose 

tissue appears bright on signal fat-fraction maps generated by the complex-based approach 

(Figure 4).

5.3 MR techniques that Measure the Proton Density Fat-fraction

As described above, several MR techniques have been developed to measure the signal fat-

fraction. These techniques are suitable for depicting the presence and, for the imaging 

methods, spatial distribution of fat signal from the liver. The signal fat-fraction is 

confounded by numerous factors, however, and so does not reliably assess fat content. To 

assess fat content, advanced MRS and MRI techniques have been proposed that address one 

or more confounding factors (Table 2)(50,55,57–61,63–82). Techniques that address all 

confounding factors measure proton density fat-fraction. Below, we first describe the 

confounding factors in general terms and we then discuss more specifically how advanced 

techniques address these factors.

5.3.1 Factors that Confound the Signal-Fat-fraction

1. T1 bias: T1 bias occurs when images are T1 weighted, resulting in relative amplification 

of the signal of fat (i.e., the shorter T1 proton species), compared to the signal of water (i.e., 

the longer T1 proton species) (Figure 5). Strategies that avoid T1 weighting or correct for 

differences in T1 between water and fat reduce T1 bias(59,63). Use of long repetition time 

for MRS or low flip angle (relative to the repetition time) for chemical shift-based MRI with 

are commonly used strategies (Figure 6).

2. T2 bias and T2* decay: T2 bias is a common confounder for fat quantification methods 

such as MRS that utilize refocusing pulses to generate echoes. The minimum echo time 

achievable with clinically available liver MRS sequences is always greater than zero, and 

therefore some degree of T2 relaxation occurs prior to echo sampling. Because the T2 

relaxation time of liver water is shorter than that of liver fat, there is relative amplification of 

the signal from fat (i.e., the longer T2 proton species) and compared to the signal of water 

(i.e., the shorter T2 proton species). (While it may seem counterintuitive, the T2 of liver fat 

is longer than T2 of liver water(77,83–85)). One strategy to correct for T2 bias is to use the 

shortest possible echo time and use population-based water and fat T2 values to correct for 

T2 decay. This strategy assumes water and fat T2 values are identical across individuals, 

which may be incorrect and lead to fat quantification errors. To avoid this assumption, an 

alternative strategy is to collect spectra at multiple echo times, which permits direct 

measurement of and correction for T2 effects at the individual level.
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T2* correction is necessary for chemical shift-based MRI fat-quantification methods that 

acquire images at increasing echo times after RF excitation. T2* decay leads to increasing 

signal loss with increasing TE. This confounding effect is amplified by the presence of iron, 

which commonly co-exists with fat in liver disease(86,87). If T2* related signal decay is not 

included in the signal model, signal estimation algorithms will incorrectly separate water 

and fat signals. T2* decay effects are minimized by either incorporating T2* into the signal 

model used to calculate the fat-fraction, thereby correcting for T2* decay as part of the 

signal fitting(60,63,65,79) or by measuring T2* separately and correcting for the effects of 

T2*(57,77,80). Inclusion of T2* into the signal model is advantageous because additional 

image acquisitions are not required. Yu et al(60,65) and Bydder et al(63) have described T2* 

correction for complex-based and magnitude-based methods, respectively.

The addition of T2* correction adds additional degrees of freedom (more unknown variables 

to estimate) to the water-fat separation problem, which has the effect of reducing SNR 

performance of the method. This can be mitigated in part by increasing the number of 

echoes in the echo train, which provides better sampling of the signal decay and hence, more 

robust estimation of, and correction for, T2* decay. Yu et al have demonstrated, 

preliminarily that at least 6 echoes are needed for accurate separation of water and fat with 

T2* correction and complex fitting, although a definitive optimization of the number of 

echoes required for T2* correction for both magnitude and complex fitting methods is still 

under investigation. Figure 7 shows an example of a magnitude-based fat-water separation 

method that simultaneously estimates T2*, water and fat. By measuring T2*, any 

confounding effects of signal decay on echoes acquired at increasing echo time is avoided. 

For comparison, a magnitude-based fat-water separation method without T2* correction is 

also shown.

Finally, the assumption that T2* decay is identical for water and fat signals has been 

challenged. At very low or very high fat-fractions, the “single” T2* model described in 

equation 5 is probably adequate to mitigate the effects of T2*. However, as described by 

O’Regan et al(79) and Chebrolu et al(88), the use of a “dual” T2* decay model that permits 

independent correction of water and fat signals may improve accuracy of water-fat 

separation particularly at high fat-fraction and when T2* is very short(88).

3. Spectral Complexity of Fat: Fat has a complex chemical spectrum that consists of 

multiple spectral components. At clinical magnetic field strengths, the spectral components 

of fat are seen as six distinct spectral peaks at different resonance frequencies (5.3, 4.2, 2.7, 

2.1, 1.3 and 0.9 ppm); in liver fat, the relative amplitudes of these peaks are approximately 

4.7, 3.9, 0.6, 12.0, 70.0, 8.8%, respectively (Figure 1, Table 1). These peaks collectively 

represent the total signal fat-fraction and should all be taken into account for accurate fat 

quantification. Correction must be made for the fat peaks that do not contribute to the fat 

signal measurement. If the fat has been measured by the main CH2 peak (1.3 ppm), the area 

of the other peaks must be accounted for. If the sum of the visible fat peaks gave the fat 

fraction, the two peaks (5.3 and 4.2 ppm) that lie close to the water resonance and cannot be 

differentiated from the water peak by in vivo MRS in fatty liver, must be corrected.
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However there is sufficient information in the four visible peaks to allow spectroscopy to 

exploit knowledge of the triglyceride chemical structure to determine the type of triglyceride 

present. This allows calculation of the full fat spectrum and hence the relative fraction of the 

fat signal that is included in the water peak. The complexity of the fat spectrum is a 

confounder for imaging techniques that model fat as a single resonance peak(84), e.g., the 

chemical shift-based signal fat-fraction techniques discussed earlier. Ignoring the complexity 

of the liver fat spectrum results in significant fat quantification errors(78,81), as illustrated in 

Figure 8. To correct for the confounding effects of spectral complexity, the MRS-derived full 

fat spectrum can provide a priori knowledge of the frequency and relative amplitudes of the 

six fat peaks as shown in Figure 1 and written explicitly as we show below for the signal 

models for magnitude and complex based techniques. Briefly, the spectral model fits 

acquired signal data into a mathematical model that correctly takes into account the 

multipeak interference pattern of fat protons. Detailed description of the model is beyond the 

scope of this review but can be found in published literature(55,60,63).

4. Noise Bias: Noise bias occurs during recombination of separated water and fat images 

into a fat-fraction image. It is seen in MRI methods that fully separate water and fat signals 

prior to magnitude reconstruction, such as chemical shift based water-fat separation 

methods. Noise bias is particularly marked at low fat-fractions and occurs because areas of 

low signal (e.g. fat signal from a liver or areas with little/no fat) have only positive noise 

after the magnitude operation. Methods that create fat-fraction maps from in-phase and 

opposed-phase images (equation 2) are more immune to noise bias except near fat-fractions 

of 50% when the signal intensity of opposed-phase images approaches zero and noise bias 

impacts fat-fraction calculations. Noise bias effects are more important in chemical shift 

based water-fat separation methods since low fat-fractions near zero are more clinically 

relevant. Figure 9 demonstrates the importance of noise related bias and the use of a 

magnitude discrimination technique to avoid this bias(59).

5. Eddy Currents: Eddy currents affect MRI methods that use phase information to 

quantify fat, such as complex-based chemical shift based water-fat separation methods. 

Rapid switching of gradients during image acquisition leads to unanticipated phase shifts on 

images acquired at different echo times, which affects the accuracy of fat-fraction estimates. 

Importantly, these phase shift are, in general, different at different echo times, leading to 

incorrect separation of water and fat. The effects of eddy currents are naturally avoided with 

magnitude-based methods that discard all phase information, including conventional dual 

echo imaging(50,57,63,66–80). Recently, hybrid approaches, that use complex-based 

separation methods to separate water and fat signals, followed by magnitude-based fitting 

for “fine-tuning” may be an effective way to achieve fat-fraction measurements with full 0–

100% dynamic range, while minimizing the impact of eddy currents(64). Figure 10 shows 

an example of the hybrid magnitude fitting approach used with complex-based MRI to avoid 

meaningful bias. Without this correction, the apparent fat-fraction may lead to incorrect 

diagnosis of fatty liver disease.

6. J-Coupling: J-coupling is an intrinsic behavior of all fat peaks (but not the water peak). 

In both PRESS and STEAM, J-coupled peaks exhibit complex behavior, meaning as TE 
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increases, the observed relaxation of the fat peaks is not well described by T2 decay alone. It 

is known that not only does J-coupling increases as TE increases, but that PRESS and 

STEAM differ in their sensitivity to J coupling. This means if a large TE range is used to 

correct for T2 decay, PRESS and STEAM will observe different T2s and give different 

incorrect estimates of fat-fraction. To minimize the effect of J-coupling, STEAM is chosen 

as it allows shorter TE than PRESS. However T2 correction does require measurements at 

multiple TEs and hence as short a range of TE as possible should be used to measure T2. 

The mixing time (TM) in STEAM is also affected by J-coupling and hence the smallest 

available value of TM should be used.

Most chemical shift based imaging approaches (both magnitude-based and complex-based) 

for fat quantification are based on low flip angle spoiled gradient echo imaging, and are 

unaffected by the effects of J-coupling. Quantitative imaging methods that use fast spin-echo 

approaches, however, may need to consider the effects of J-coupling(89).

7. Field Strength: Magnetic field strength is a potential confounding factor because T1 and 

T2* change with field strength, and the chemical shift of fat peaks scales linearly with field 

strength. Field strength is however not expected to influence fat-fraction measurements if 

low flip angles or long TR are used to avoid T1 bias, and if T2 or T2* correction is 

performed with spectral modeling.

Below we describe in more detail how advanced MRS and MRI techniques address the 

confounders to measure the proton density fat-fraction.

5.3.2 Advanced MRS Techniques to Measure Proton Density Fat-Fraction—The 

spectroscopic measurement of PDDF uses non-water saturated acquisition sequences. To 

minimize the effect of J-coupling on the fat peaks, the minimum possible TE is 

desirable(83). This suggests that STEAM may be preferable to PRESS. To minimize T1 

weighting a long TR is used (> 3000 ms). Correction for T2 can be performed using a single 

TE acquisition and predetermined water and fat T2 values, but suffer from poorer accuracy, 

as they are insensitive to T2 variability of the water peak. Alternatively, recent reports have 

described rapid, breath-held MR acquisitions with multiple echo times that facilitate 

measurement of T2 corrected MRS fat-fractions(78,82,90). As there is sufficient SNR even 

at very low fat-fractions to collect analyzable spectra in a single average, it is feasible to 

collect multi-TE spectra in a single breath-hold (Figure 11). A short range of TEs should be 

used to minimize confounding effects from J-coupling (the authors prefer a TE range of 10–

30 ms). A short TE range permits accurate determination of water T2, which is necessary for 

fat quantification. A short TE range does not permit accurate determination fat T2, but 

accurate determination of fat T2 is not essential for fat quantification, as fat has significantly 

longer T2s than water and for a short TE range advocated above, fat-fraction is insensitive to 

variability in the fat T2.

5.3.3 Advanced MRI Techniques to Measure Proton Density Fat-Fraction—In 

the following sections, the underlying physics of advanced magnitude-based and complex-

based quantitative imaging methods is described. Although algorithms that use complex-

based imaging are more complicated and involved, the underlying complex-based signal 
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model is more straightforward. Further, the signal model for magnitude-based methods is 

easily derived from the complex-based signal model. For these reasons, we first describe the 

complex-based signal method, followed by the magnitude-based method for measuring 

proton density fat-fraction. Details of these two approaches are described below. Figure 12 

shows a comparison of the calculated proton density fat-fraction parametric maps in a 

patient with severe steatosis using both magnitude-based and complex-based methods.

5.3.3.1 Complex-based Chemical Shift Technique: The complex-based chemical shift 

technique uses both magnitude and phase information from three or more images acquired at 

echo times appropriate for separation of water and fat signals. In its current implementation, 

technique is based on 3D gradient echo imaging. In principle it could be implemented as a 

2D sequence but from published literature this has not been done to our knowledge. To 

correct for T1 bias, a flip angle of 5° and a repetition time ≥10ms are typically used at 1.5T. 

Studies are underway to establish the appropriate flip angle and repetition time appropriate 

at 3T. As discussed above, a minimum of six echoes are typically used to correct for T2* 

decay, although studies performed in animal models have been performed comparing 6 and 

15 echo acquisitions, demonstrating no difference in estimated fat-fraction. As described by 

Yu et al(65), however, 6 echoes provides a good balance between short scan time and robust 

SNR performance of water-fat separation with T2* correction, and also allows relatively 

flexible echo times with good SNR performance. Thorough optimization of echo times and 

number of echoes has yet to be performed and may provide important, incremental 

improvements in fat quantification. The complex-based methods can also correct for spectral 

complexity of fat, in addition to T2* correction(60). Noise bias is minimized using phase 

constrained or magnitude discrimination methods developed by Liu et al(59). Eddy current 

are corrected using the hybrid complex-magnitude approach reported by Yu et al(64). 

Because the technique is based on complex data (like the water-fat separation technique), it 

provides estimates of proton density fat-fraction with a dynamic range of 0–100%. Although 

a dynamic range of 0–100% is important for imaging adipose tissue(91) or marrow, it may 

not be necessary for quantifying hepatic proton density fat-fraction, which seldom exceeds 

50%. Currently, the technique in its most advanced form is available only as an 

investigational prototype.

The signal model for the complex signal for a voxel containing water and fat, can be written:

S(TE) = W + F ∑
p = 1

P
rpe

i2πΔ f pTE
ei2πψTEe

−TE /T2* [4]

where the effects of T2* decay and spectral complexity of fat have been explicitly included, 

with P distinct spectral peaks of fat resonating at frequency Δfp and relative amplitude rp 

(normalized such that ∑
p = 1

P
rp = 1). The complex T2* correction method uses the signal 

model described in equation 5. A useful feature of this model is that the outer exponential 

terms of this equation can be combined to form a “complex” field map, ie: 
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ei2πψTEe
−TE /T2* = ei2πψTE, such that ψ = ψ + i

2πT2*
. Using this formulation greatly simplifies 

the estimation of water and fat signals, without adding complexity to the algorithm, while 

also providing correction for T2*.

5.3.3.2 Magnitude-based Chemical Shift Technique: The magnitude-based chemical shift 

technique discards phase information and uses magnitude images typically acquired at three 

or more echo times where water and fat signal are in phase and out of phase (50,57,63,66–

80). In its current implementation, the technique is based on 2D gradient echo imaging, 

although is inherently compatible with 3D imaging. In principle it could be implemented as 

a 3D sequence but from published literature this has not been done to our knowledge. To 

correct for T1 bias, a flip angle of 10° and a repetition time ≥120 ms are typically used at 

both 1.5T and 3T. T2* decay is corrected by collecting data at six echoes(63), although it is 

possible that fewer echoes may suffice. The technique also corrects for spectral complexity 

of fat using the spectral model described above. Noise bias and eddy current effects are 

considered negligible and do not require correction when using the technique. Because the 

technique is based on magnitude data (like the dual-echo technique), it cannot accurately 

quantify proton density fat-fraction beyond the 0–50% dynamic range and may therefore not 

suffice for fat-dominant tissues such as adipose tissue or marrow. This limitation may not be 

clinically important in quantification of hepatic steatosis as the proton density fat-fraction in 

human liver rarely exceeds 50%.

Magnitude-based methods can be extended to acquisition strategies with more than 2 

echoes, typically 6 echoes, and are compatible with T2* correction and spectral modeling of 

fat(63). The basic signal model from a voxel containing a mixture of water and fat is 

obtained by taking the magnitude of the complex signal model (equation 4), and can be 

written:

S(TE) = W 2 + F 2 ∑
p = 1

P
rpe

i2πΔ f pTE
2

+ 2Re W*F ∑
p = 1

P
rpe

i2πΔ f pTE
e

−TE
T2* [5]

where the effects of T2* decay and spectral complexity of fat have been explicitly included 

(assuming the T2* of water and fat are equal), with P distinct spectral peaks of fat resonating 

at frequency Δfp and relative amplitude rp (normalized such that ∑
p = 1

P
rp = 1), the vertical 

bars denote absolute value (ie: magnitude values of water and fat), Re{ } denotes the real 

part of the quantity, and the asterisk denotes complex conjugate. Non-linear signal 

estimation methods can then be used to estimate the amount of fat and water, to determine 

the proton density fat-fraction(63,64,79).

5.3.3.3 Performance and Utility of MRI Techniques that Measure the Proton Density 
Fat-Fraction: The complex- and magnitude-based chemical shift techniques have 

demonstrated excellent correlation and agreement with known proton density fat-fractions in 

phantom experiments(63,92), animal experiments(93) and in clinical studies that compare 
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them to single voxel MRS(78,82). In a clinical study on 110 patients imaged at 1.5T using 

the magnitude-based chemical shift technique, excellent correlation with MRS was 

demonstrated with a slope=0.98 CI=[0.92, 1.04], and intercept = 0.91% CI=[-0.18%, 1.99%]

(78). Excellent correlation has also been observed using the complex-based chemical shift 

technique at 1.5T on 54 patients, with r2=0.99, slope = 1.00±0.01%, and intercept=0.2%

±0.1%)(82). More recently, a large cohort study at 3T has shown similar results(94).

Although the exact threshold between normal and abnormal liver fat is not fully understood, 

a commonly used fat-fraction threshold of 5.56% is commonly used. This threshold is based 

on a large MR spectroscopy study performed in 2349 participants of the Dallas Heart 

Study(14), in which the 95th percentile cutoff of 5.56% fat-fraction was determined from a 

subset of 345 patients with no identifiable risk factors for steatosis. Using this threshold, 

both complex- and magnitude-based chemical shift techniques have accuracies close to 

100% for the detection of steatosis(78,82), and can potentially be used to classify patients as 

having clinically significant steatosis.

Currently, the multi-echo magnitude based pulse sequence described by Bydder et al(63) can 

be reproduced easily using standard, available pulse sequences, although the reconstruction 

of fat-fraction images is only available at limited sites. Complex-based methods such as 

those described by Yu et al(60) are only available as investigational pulse sequences and 

reconstruction methods. Such methods and may be available commercially in the near 

future.

Because they are quantitative and accurate when performed properly, both magnitude-based 

and complex-based methods have a role in longitudinal monitoring of liver fat. For example, 

figure 13 shows the impact of plasmapheresis in a patient with severe hypertriglyceridemia 

and the associated fatty liver disease. Please also note that that proton density fat-fraction 

exceed 50% in this extreme case. Such methods can also be used to characterize the 

concentration of fat within fat containing lesions such as HCC or adenoma (Figure 14). This 

is an emerging utility of fat quantification methods, but the clinical significance of this 

application is unclear and research in this area is necessary. Further, the relevance of fat 

quantification methods in liver will likely extend to other clinical specialties, including 

endocrinology, where diseases such as polycystic ovary syndrome (PCOS) are associated 

with metabolic abnormalities, including insulin resistance and fatty liver disease (Figure 15).

6 CONCLUSION

In summary, while liver biopsy is the current reference standard for assessment of hepatic 

steatosis, it has several drawbacks that make it a sub-optimal tool for establishing the 

diagnosis and severity of steatosis, as well as longitudinal follow-up of patients with liver 

fat. Non-invasive methods to assess liver fat are needed. Of available imaging modalities, 

MR-based techniques measure liver fat most directly and, if performed correctly, accurately. 

A key concept that was discussed in this paper is that the MR-determined signal fat-fraction 

is a confounded measurement of liver fat content that, in general, depends on the platform 

and specific scan parameters. For these reasons, signal fat-fraction is not a consistently 

useful or broadly applicable biomarker of hepatic steatosis. By comparison, the proton 
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density fat-fraction is an inherent physical property of tissue that provides an unconfounded 

measurement of liver fat content and, based both on theory and experimental studies, is 

emerging as a valid biomarker of liver fat content. Advanced MR imaging techniques 

currently under development have demonstrated high potential for accurate detection and 

quantification of hepatic steatosis using proton density fat-fraction. Given the excellent 

agreement of the imaging methods with MRS, the quantitative imaging approaches to fat 

quantification are generally preferable to MRS as they provide spatial coverage of the liver. 

However, further technical refinement and validation is still required for the techniques to be 

universally accepted as biomarkers of hepatic fat accumulation.
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Figure 1. 
Fatty liver spectrum in a 44 year-old woman with fatty liver disease. An MR spectrum was 

acquired from a single 20×20×20 mm3 voxel in the right lobe during a single breath-hold 

without averaging using the STEAM sequence at 3T (TR/TE = 3500/10 ms; mixing time = 5 

ms). Six distinct fat peaks can be resolved in vivo at clinical field strengths, as labeled (1–6), 

corresponding to the peaks in table 1.
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Figure 2. 
Signal fat-fraction using fat-suppressed MRI technique, acquired in a 32 year-old man with 

fatty liver disease. Axial T2-weighted single shot fast spin echo images of the liver acquired 

with no fat saturation (NFS, left) and with fat saturation (FS, right). The signal in a co-

localized region of interest (oval) is 640 arbitrary units (a.u.) in the NFS image and 250 a.u. 

in the FS image. Using Equation 2, the calculated signal fat-fraction is (640–250)/640 = 

61%. The true fat-fraction by MR spectroscopy (not shown) is 17%, illustrating that the fat-

suppressed MRI techniques may produce erroneous estimates of hepatic fat-content. 

Incomplete fat saturation and inadvertent water suppression (arrows) are potential pitfalls 

with fat-suppressed MRI techniques.

Reeder et al. Page 25

J Magn Reson Imaging. Author manuscript; available in PMC 2012 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Signal fat-fraction maps can be calculated on a pixel-by-pixel basis using dual-echo (in-

phase and opposed phase) imaging using equation 3. Signal fat-fraction maps may not 

accurately reflect the concentration of fat within the liver unless all confounding factors are 

addressed. Note that the dynamic range of signal fat-fraction calculated from dual-echo 

imaging, as well as all magnitude-based methods, is limited to 0–50%. Fortunately, fat-

fractions greater than 50% are uncommon in the liver, although can occur (e.g., Figure 13). 

Fat-fraction maps can be displayed in gray-scale or in color.
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Figure 4. 
Signal fat-fraction maps with full dynamic range (0–100%) can be calculated on a pixel-by-

pixel basis using equation 1, when complex-based fat-water separation methods are used to 

provide separate fat-only and water-only images. The signal fat-fraction map may not 

accurately reflect the concentration of fat within the liver unless all confounding factors are 

addressed. Fat-fraction maps can be displayed in gray-scale or in color.
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Figure 5. 
The effect of T1 weighting on fat-fraction estimation is demonstrated in this 39 year-old 

woman with fatty liver disease. Signal fat-fraction parametric maps were generated from 

magnitude images at fixed TR (=150ms) and flip angles of 70, 50, 30, and 10 degrees, and 

the apparent signal fat-fractions are shown. Reducing T1 weighting by decreasing flip angle 

can minimize T1 bias, although at a cost of reduced SNR performance. Avoiding T1 bias is 

important – otherwise the apparent fat-fraction depends on image parameters such as TR and 

flip angle, and comparisons of results using different protocols or different scanners may be 

invalid.
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Figure 6. 
Use of low flip angle is a common strategy to reduce T1 bias using chemical shift methods 

but does not suffice for accurate PDFF estimation. 12 year-old boy with fatty liver disease 

(same subject as in Figures 11 and 12) 2D out-of-phase (TE = 1.15ms, left) and in-phase 

(TE = 2.3ms, center) magnitude gradient echo images were acquired at 3T. To reduce T1 

bias, images were acquired with a 10-degree flip angle and TR of 150ms. The corresponding 

signal fat-fraction parametric map (right) was calculated using equation 3. Shown on the 

map are signal fat-fractions in five regions of interest demonstrating heterogeneity of fat 

across the liver. The circled region of interest is co-localized to an MRS voxel, where the 

MRS-determined fat fraction was 39.5%. Thus, while use of low flip angle relative to TR 

effectively reduces T1 bias, it is not sufficient for accurate fat fraction estimation, as 

discussed in the text.
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Figure 7. 
T2* correction is necessary for accurate fat-fraction estimation. 54 year-old man with 

concomitant hepatic iron overload and fatty liver. Shown are signal fat-fraction maps 

generated without T2* correction (left) from a pair of out-of-phase and in-phase magnitude 

images at 3T (TE = 1.15 and 2.3 ms), and with T2* correction (middle) from nine serial out-

of-phase and in-phase images. An R2* map (=1/T2*) is generated as part of the T2* 

correction process (right) (63,65). Compared to the T2*-corrected fat-fraction values, the 

T2*-uncorrected fat-fraction values are underestimated, particularly in the left lobe. The 

underestimation of fat-fraction in the left lobe is explained by the R2* map, because the R2* 

in the left lobe of the liver is higher (ie: higher iron concentration). .
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Figure 8. 
Accurate spectral modeling of fat is necessary to accurately measure liver fat. Complex-

based quantitative fat-fraction imaging was performed in a 16 year-old girl with fatty liver, 

using corrections for all confounding factors, including spectral modeling (left). T2-

corrected STEAM MRS (circle) demonstrated 30% fat-fraction by imaging and 29% by 

MRS, indicating close agreement. The same data were reconstructed using a single-peak 

model for fat (right), resulting in underestimation of fat-fraction in the liver (24%) and 

subcutaneous adipose tissue (85%). The fat-fraction in subcutaneous adipose tissue normally 

ranges between 90–100%.
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Figure 9. 
Noise-related bias can result using complex-based MRI techniques when the fat-fraction is 

close to zero. This occurs because the separated fat and water signals are converted into 

magnitude images to calculate the fat-fraction. In regions with no fat, the complex fat data 

has zero mean signal; due to noise, however, about half the pixels in the regions have 

positive values and about half have negative values (upper left). After the magnitude 

operation, the negative values are converted into positive values and the mean signal 

becomes non-zero (upper right). Consequently, the apparent fat-fraction is overestimated 

(bottom left). Liu et al has described the use of either phase constrained or magnitude 

discrimination methods (bottom right) to minimize noise related bias(59). T2-corrected 

STEAM MRS demonstrated a true fat-fraction of 1.0%. Images courtesy Diego Hernando, 

PhD.
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Figure 10. 
Unexpected phase shifts such as eddy currents can occur echoes acquired at different echo 

times. In this example, 6 echoes are acquired in one TR with fly-back gradients between 

echoes. A schematic diagram (top) demonstrates that the phase of the first echo in a voxel 

containing only water deviates from a linear trajectory. This deviation in phase leads to over 

estimation of the fat concentration, because the phase variation mimics signal oscillation 

from fat-water interference. A hybrid magnitude fitting method applied after complex-based 

fat-water separation can correct for such errors by discarding phase information(64). In this 

example, T2-corrected STEAM MRS demonstrated a true fat-fraction of 1.3%, close to the 

corrected value of 1.2% (right). Images courtesy Diego Hernando, PhD.
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Figure 11. 
Estimation of PDFF using single-breathhold T1-independent, T2-corrected, spectrally 

corrected spectroscopy. 12 year-old boy with fatty liver disease (same subject as in Figures 6 

and 12). After a single pre-acquisition excitation pulse, five STEAM spectra were acquired 

at echo times (TEs) of 10, 15, 20, 25, and 30 ms in a single 21-second breath-hold from a 

single 20×20×20 mm3 voxel without averaging at 3T. Notice the water peak decays more 

rapidly as a function of TE than the main fat peaks, indicating that liver water has shorter T2 

than liver fat. TR of 3500 ms and mixing time of 5 ms are used to minimize T1 effects. The 

MRS voxel is co-localized with the circled region of interest shown in Figures 6 and 12. 

Using the nomenclature in Table 1, the water peak and the six resolvable fat peaks are 

labeled. To estimate the proton density fat-fraction (PDFF), the areas of the water (4.7 ppm) 

and three major fat spectral peaks (0.9, 1.3, 2.1 ppm) are measured at each TE. For each 

frequency, the peak area is corrected for T2 decay using nonlinear least-square fitting to 

determine its relative proton density. The relative proton densities of the two fat peaks (4.2, 

5.3 ppm) obscured by the water peak are determined from those of the measurable fat peaks 

using prior knowledge of the NMR spectrum of liver fat (Table 1)(84), ie: spectrally 

corrected. The PDFF (39.5% in this case) is then calculated by dividing the fat proton 
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density (sum of all fat peaks) by the sum of the fat and water proton densities.. ppm = parts 

per million.
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Figure 12. 
Estimation of PDFF Using Single-Breath-hold T1-independent, T2*-corrected, spectrally 

modeled magnitude and complex chemical shift-based MRI techniques. 12 year-old boy 

with fatty liver disease (same subject as in Figures 6 and 11). Proton density fat-fraction 

(PDFF) parametric maps were calculated using magnitude (left) and complex (right) 

chemical shift-based fat-water separation techniques. The magnitude-based technique uses 

magnitude source images (not shown) to generate a PDFF image with dynamic range of 0–

50%, while the complex-based technique uses complex (magnitude and phase) source 

images (not shown) to generate a PDFF image with dynamic range of 0–100%. The two 

techniques demonstrate excellent agreement both qualitatively and quantitatively for fat 

within the liver. The two techniques also agree closely with MR spectroscopy. The 

calculated PDFF within the circled region of interest is 39% using the magnitude-based 

technique, 40% using the complex-based technique, and 39.5% using MR spectroscopy 

(Figure 10).
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Figure 13. 
Serial liver MRI exams can be used to demonstrate changes in liver fat during therapy. Serial 

PDFF maps obtained with complex-based MRI were acquired in a 41 year-old man with 

hypertriglyceridemia and insulin resistance undergoing plasmapheresis and multi-drug 

therapy to lower serum triglycerides. Follow-up MRI demonstrates reduction in hepatic 

PDFF (from 53% to 33%). Notice the corresponding reduction in liver size. This example 

demonstrates that fat-fractions greater than 50% may occur, and it also illustrates the use of 

gray-scale and color-scale PDFF maps.
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Figure 14. 
Quantitative MRI can be used to assess the concentration of fat in fat-containing liver 

masses such as hepatic adenomas. The estimated proton density fat-fraction is 19% in this 

pathology-proven lipid rich adenoma. Conventional T1-weighted dual-echo images are 

shown for comparison; notice signal loss on the opposed-phase image. Quantifying fat in 

such lesions currently has unclear clinical utility but potentially may offer insight into 

pathophysiology.
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Figure 15. 
Quantitative proton density fat-fraction imaging performed in a 16-year-old girl with 

polycystic ovary syndrome (PCOS), demonstrates severe steatosis. PCOS is a condition 

associated with insulin resistance and NAFLD. Quantitative fat-fraction imaging in PCOS 

may be an emerging application in an adolescent population that is often reticent to liver 

biopsy. In this patient, aminotransferases were mildly elevated, raising concern for 

steatohepatisis. Biopsy demonstrated severe steatohepatitis. Complex-based PDFF maps 

acquired at 1.5T (PDFF = 33%) and 10 days later at 3T (PDFF = 32%) demonstrate close 

qualitative and quantitative agreement. Conventional T1 weighted dual-echo images (1.5T) 

demonstrating marked signal drop-out on opposed phase imaging are shown for comparison.
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