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Abnormal accumulation of liver fat, or hepatic steatosis, 
is a pathologic condition that is increasing in preva-

lence, progressive in nature, and associated with hepatic 
and extrahepatic complications. Development of quantita-
tive imaging methods over the past 2 decades has produced 
accurate, precise, and reproducible methods to assess the 
severity of hepatic steatosis. Herein, we review state-of-the-
art liver fat quantification using CT and MRI, including 
advantages and limitations, followed by a guide for their 
use in clinical practice.

Burden of Hepatic Steatosis and Nonalcoholic 
Fatty Liver Disease
In hepatic steatosis, several lipid metabolites can accumu-
late in the liver, including triglycerides (the majority), free 
fatty acids, and cholesterol (1,2). In the absence of spe-
cific causes (eg, alcohol abuse,  steatogenic medications, 
or viral infection), the term nonalcoholic fatty liver dis-
ease (NAFLD) is used (3). NAFLD is the most common 
chronic liver disease (4), with an estimated pooled overall 

global prevalence of 25%, as diagnosed with imaging (US 
and/or CT) (4). Areas most affected include the Middle 
East (32%), South and North America (30% and 24%, 
respectively), and Asia (27%) (4).

NAFLD can occur at an early age (5) and may result in 
fibrosis or cirrhosis in childhood or early adulthood (5,6). 
The pooled mean prevalence of pediatric NAFLD is es-
timated to be 8% in the general population and 34% in 
children seen at obesity clinics (6). As for the early onset of 
NAFLD, additional considerations including race, ethnicity  
(7), and genetically inherited metabolic disorders should 
be considered (3,7,8). Pediatric NAFLD, however, remains 
generally underdiagnosed because of lack of awareness.

NAFLD represents a spectrum of disease, with the 
majority at one end with only “isolated” hepatic steato-
sis or nonalcoholic fatty liver (3). A fraction of patients 
with NAFLD, estimated at 20% (projected to be 27% 
in 2030), will develop hepatocyte injury and inflamma-
tion, representing a more aggressive subset known as 
nonalcoholic steatohepatitis (NASH). We note that an 

Hepatic steatosis is defined as pathologically elevated liver fat content and has many underlying causes. Nonalcoholic fatty liver 
disease (NAFLD) is the most common chronic liver disease worldwide, with an increasing prevalence among adults and children. 
Abnormal liver fat accumulation has serious consequences, including cirrhosis, liver failure, and hepatocellular carcinoma. In ad-
dition, hepatic steatosis is increasingly recognized as an independent risk factor for the metabolic syndrome, type 2 diabetes, and, 
most important, cardiovascular mortality. During the past 2 decades, noninvasive imaging-based methods for the evaluation of 
hepatic steatosis have been developed and disseminated. Chemical shift–encoded MRI is now established as the most accurate and 
precise method for liver fat quantification. CT is important for the detection and quantification of incidental steatosis and may 
play an increasingly prominent role in risk stratification, particularly with the emergence of CT-based screening and artificial intel-
ligence. Quantitative imaging methods are increasingly used for diagnostic work-up and management of steatosis, including treat-
ment monitoring. The purpose of this state-of-the-art review is to provide an overview of recent progress and current state of the art 
for liver fat quantification using CT and MRI, as well as important practical considerations related to clinical implementation.
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with NAFLD is 4.8 per 1000 person-years, which is higher than 
liver-specific mortality (0.77 per 1000 person-years) (4).

Finally, it is important to note that the nomenclature NAFLD 
may change in the near future. Due to the increasingly recog-
nized strong association of NAFLD with metabolic diseases, re-
naming NAFLD to metabolic-associated fatty liver disease, or 
MAFLD, has been proposed (13,14). Although not yet widely 
accepted, the goal of the redefinition is to increase patient aware-
ness and understanding as well as to more effectively express the 
underlying cause of the disease (13,14).

Detection and Diagnosis of Hepatic Steatosis
At present, nontargeted liver biopsy remains the definitive refer-
ence standard for steatosis detection and grading. Histologically, 
grading represents the percentage of hepatocytes containing 
intracellular lipid–containing vacuoles (2). According to Brunt 
et al (2), grade 0 (,5% hepatocytes affected) is normal, grade 
1 (5%–33% hepatocytes affected) is mild, grade 2 (34%–66% 
hepatocytes affected) is moderate, and grade 3 (.66% he-
patocytes affected) is severe. A commonly used threshold for 
moderate steatosis is 30% (15–17). Of note, the histopatho-
logic thresholds are based on visual assessment, with no basis 
in prognosis or other clinical outcome (18). Importantly, the 
histopathologic grade should not be confused with MRI proton 
density fat fraction (PDFF, in percentage), which is an entirely 
different metric (19). In contrast to the former, PDFF represents 
a calculated signal liver fat fraction, at the voxel level at MR spec-
troscopy (MRS) or on a pixel-by-pixel basis in an MRI-derived 
parametric map (MRI PDFF map) (20).

An important limitation of liver biopsy includes its impracti-
cal nature for routine and repeat steatosis assessment (3,4). Fur-
thermore, biopsy has high sampling variability, a fundamental 
limitation related to sampling of approximately just 1:50 000th 
of the liver; this may lead to inaccurate steatosis estimation 
(21,22). Last, biopsy requires sedation and is expensive (21,23).

Conversely, noninvasive imaging has witnessed substantial 
progress during the past 2 decades, enabling cost-effective, safe, 
rapid, and accurate volumetric assessment of steatosis over the 
entire liver (Fig 1), and is increasingly preferred as a method of 
choice in the clinical realm (24,25).

US: Feasibility and Limitations
US is the most common modality used for the initial evalua-
tion of elevated liver enzymes, often related to hepatic steatosis. 
However, most sonographic examinations are qualitative in na-
ture and limited in performance, particularly in obese patients, 
who are at highest risk of NAFLD.

Conventional US (B-mode US) facilitates estimation of ste-
atosis severity on the basis of subjective analysis of sonographic 
patterns (26). With B-mode US, steatosis is typically graded as 
absent (score, 0), mild (score, 1; slight diffuse increase in liver 
echogenicity), moderate (score, 2; moderately increased liver 
echogenicity, slightly impaired visibility of diaphragm and the 
portal vein wall), or severe (score, 3; marked increased echo-
genicity of the liver, poor visualization of diaphragm, portal vein 
wall, and posterior parts of the right liver lobe) (27). Importantly, 

estimated 20% (projected to be 29% in 2030) of patients with 
NASH will develop stage F3 or F4 fibrosis (ie, advanced fibrosis  
and/or cirrhosis) (9).

Patients with NAFLD, particularly those with NASH, are at 
higher risk for adverse outcomes (3,4). NAFLD is an indepen-
dent risk factor for hepatocellular carcinoma, and NASH-related 
cirrhosis is the second-most common indication for liver trans-
plant in the United States (3). Moreover, NAFLD is often pres-
ent in alcoholic liver disease and hepatitis C virus infection, the 
current leading causes for liver transplant (3,10).

Isolated steatosis, previously considered as “benign” or “sim-
ple”—misnomers that should be abandoned in our opinion—is 
increasingly recognized to have important clinical implications. 
Liver fat is strongly associated with metabolic syndrome (4) and 
cardiovascular diseases (3,11) and may even play a causative role 
in the development of type 2 diabetes (3). The prevalence of 
diabetes and metabolic syndrome among patients with NAFLD 
is estimated to be 23% and 41%, respectively (4). Nonalcoholic 
fatty liver is also associated with increased prevalence of coro-
nary artery disease and atherosclerosis (odds ratio: 1.9 and 1.3, 
respectively) (12), and liver fat has been shown to be an inde-
pendent risk factor for high-risk plaque (odds ratio: 2.1) (11). 
Of note, cardiovascular disease deaths associated with elevated 
liver fat content far exceed liver-specific mortality in patients 
with NAFLD: The cardiac-specific mortality among patients 

Abbreviations
CSE = chemical shift encoded, MRS = MR spectroscopy, NAFLD = 
nonalcoholic fatty liver disease, NASH = nonalcoholic steatohepatitis, 
PDFF = proton density fat fraction, ROI = region of interest, SNR = 
signal-to-noise ratio

Summary
Noninvasive quantitative imaging is central to the detection, quantita-
tive grading, and management of hepatic steatosis; although chemi-
cal shift–encoded MRI represents the most precise and reproducible 
method for liver fat quantification and surveillance, CT is playing an 
increasingly important role in the detection of incidentally detected 
steatosis and its initial grading.

Essentials
	N Chemical shift–encoded (CSE) MRI has emerged as the primary 

clinical and research tool, providing estimates of proton density 
fat fraction (PDFF) as a reliable biomarker for the detection and 
quantification of liver fat content.

	N Accurate, precise, and reproducible quantitative volumetric assess-
ment of hepatic steatosis over the entire liver is possible within a 
single breath hold with CSE MRI.

	N Attenuation values at unenhanced CT are linear, correlate strongly 
with PDFF, and offer an alternative means to quantify liver fat 
content.

	N Postcontrast CT is less accurate in the assessment of mild hepatic 
steatosis but can be used for detecting moderate-to-severe steatosis 
(30% lipid fat content at histopathologic examination).

	N Nonalcoholic fatty liver disease (NAFLD) is strongly associated 
with the metabolic syndrome and cardiovascular morbidity and 
mortality, warranting active research into the relationship between 
liver fat and these conditions; the renaming of NAFLD to meta-
bolic associated fatty liver, or MAFLD, has recently been proposed 
although not yet widely adopted.
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conventional B-mode US has only moderate diagnostic perfor-
mance for hepatic steatosis of 5% or greater (sensitivity, 50%–
62%), may fail in obese patients or those with ascites, and is 
highly operator- and platform-dependent (28–30).

Considerable effort has been directed toward the develop-
ment of quantitative US techniques such as attenuation and 
backscatter coefficient, controlled attenuation parameter, shear-
wave elastography and dispersion, speed of sound, and quanti-
tative US spectroscopy (26,31,32). The controlled attenuation 
parameter method, which is based on transient elastography 
implemented as part of the FibroScan technology (Echosens, ap-
proved by the U.S. Food and Drug Administration in 2013), 
is the most widely studied quantitative US approach and has 
shown moderate performance for the detection of hepatic ste-
atosis for MRI PDFF of a least 5%, with reported sensitivity and 
specificity of 75% and 77% (cutoff, 288 dB/m) (25). A com-
prehensive review of controlled attenuation parameter and other 
quantitative US methods is beyond the scope of this article and 
can be found in recent publications (26,27,33,34).

Advances in quantitative US are expected to improve the ac-
curacy and reproducibility of US-based liver fat quantification. 
However, the availability of numerous emerging quantitative US 
techniques from a large number of vendors may paradoxically 
hinder dissemination owing to the challenge of harmonizing 
methods across vendors and platforms (34).

CT and MRI
CT and MRI are cross-sectional imaging modalities capable of 
enabling the detection and quantification of liver fat content on 
the basis of different physical principles. CT exploits changes in 
x-ray attenuation in the presence of fat, measured in Hounsfield 

units (35,36). MRI exploits differences in Larmor frequencies, 
or chemical shift, between protons in triglycerides and those in 
water, providing quantitative estimates of PDFF (37).

CT Examination
CT is a widely used imaging method capable of enabling objec-
tive estimation of liver fat content. The x-ray absorption of tri-
glycerides is lower than that of normal liver (35), leading to a de-
crease in attenuation with increasing fat content (Fig 2) (15,38). 
At unenhanced CT, mean liver attenuation for biopsy-proven 
absence of fat is approximately 64 HU, whereas moderate ste-
atosis corresponds to approximately 42 HU (36). In general, 
unenhanced CT is superior to contrast-enhanced CT in the 
prediction of pathologic liver fat content determined with his-
topathologic examination (R2 = 0.65 vs 0.51, respectively) (36). 
Iodinated contrast material increases liver attenuation, con-
founding and often precluding accurate quantification of liver 
fat content (36,39).

The sensitivity and specificity of CT for mild steatosis (cut-
off values at liver biopsy, 10%–20%) is 57% and 88%; for 
higher-grade steatosis (cut-off values at liver biopsy, .25%), the 
sensitivity of CT increases to 72% and specificity to 95% (28). 
A threshold of 48 HU at unenhanced CT has been shown to be 
highly specific (100%) for moderate-to-severe steatosis (30%) 
determined at histologic examination, with a sensitivity of 54%, 
positive predictive value of 100%, and negative predictive value 
of 94% (16).

CT-based liver fat content has traditionally been evaluated 
using attenuation values (16,40,41), which is convenient in 
routine practice. A recently demonstrated linear relationship be-
tween Hounsfield unit at unenhanced CT and PDFF allows for 

Figure 1:  Among the noninvasive modalities used for quantification of liver fat, chemical shift–encoded (CSE) MRI–based proton density fat fraction (PDFF) mapping 
has the best combination of accuracy, precision, and reproducibility in the measurement of liver fat content. Estimation of hepatic fat content using US is based on increased 
echogenicity and sound attenuation and has low accuracy for detection of mild-to-moderate steatosis. Decreased x-ray attenuation (Hounsfield units) on noncontrast CT 
scans can be used to quantify liver fat and correlates closely and linearly with MRI PDFF. CSE MRI generates confounder-corrected volumetric quantitative maps of PDFF, 
a fundamental property of tissue. (A, D) Conventional US images, (B, E) noncontrast CT images, and (C, F) MRI PDFF maps in 44-year-old man (patient 1) with mild-to-
moderate hepatic steatosis (MRI PDFF = 12%, CT attenuation = 43 HU) and 59-year-old woman (patient 2) without steatosis (MRI PDFF = 2%, CT attenuation = 65 HU).
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CT-based liver fat content to be expressed as a PDFF-equivalent 
(15). Excellent linear correlation was observed between unen-
hanced CT Hounsfield unit and PDFF (15,38) in a phantom (r2 
= 0.986) and in clinical cases (R2 = 0.828) (15), allowing deriva-
tion of a clinical CT-MRI conversion equation (15), as follows:

,

where HU is the Hounsfield unit. This equation applies to acqui-
sitions performed at 120 kVp. Deviations from 120 kVp will lead 
to small but measurable deviations from this relationship (38). Ac-

cording to Equation (1), a PDFF of 0% corresponds to approxi-
mately 67 HU at unenhanced CT, and 0 HU would correspond 
to 38.2% PDFF (15). Similarly, unenhanced CT equivalents for 
PDFF-based thresholds for mild steatosis (5%) and moderate 
steatosis (15%) correspond to 57 HU and 40 HU, respectively. 
Conversion of unenhanced CT Hounsfield unit to PDFF may 
have both research and clinical applications, allowing harmoniza-
tion of liver fat quantification across MRI and CT (Fig 2).

As noted earlier, in the setting of contrast-enhanced CT, 
both absolute and relative (normalized to spleen as inter-
nal reference) attenuation values have been used for steatosis 

Figure 2:  Triglycerides have lower x-ray absorption than normal liver parenchyma, leading to decreased CT attenuation (measured in Hounsfield units) with increasing 
liver fat content. Shown are three example noncontrast CT images in patients with increasing degrees of fat content. Images were obtained in (A) a patient with normal liver 
and (B, C) patients with moderate-to-severe (B) and severe (C) hepatic steatosis. The MRI proton density fat fraction equivalent values to 65 HU, 23 HU, and 23 HU are 
approximately 0.5%, 25%, and 40%, respectively.

Figure 3:  Hepatic steatosis can be quantified using the absolute unenhanced CT attenuation measured in Hounsfield units. Relative liver-
spleen Hounsfield unit difference can be used when iodinated contrast material has been administered. An important pitfall to avoid is use of 
arterial phases where the spleen enhances earlier than the liver, which could be mistaken for hepatic steatosis using the spleen as the refer-
ence. CT scans obtained in a patient (A) before and (B2D) after contrast material administration in the arterial (B), late arterial (C), and 
portal venous (D) phases. No steatosis is seen on unenhanced CT scan (65 HU) (A). CT scans obtained in early (B) and late (C) arterial 
phase show liver Hounsfield unit is 40 HU and 220 HU less, respectively, than that in the spleen, mimicking steatosis. In portal venous phase 
(D), attenuation of liver and spleen is essentially equal.
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assessment (17,36,42) (Fig 3). Interestingly, absolute postcon-
trast liver attenuation measurements showed better perfor-
mance (R2 = 0.516) in the prediction of pathologic fat content 
determined with histologic examination than those normalized 
to spleen (liver-spleen Hounsfield unit difference and ratio: R2 
= 0.24 and R2 = 0.33, respectively) (36). A liver-spleen attenu-
ation difference of 219 HU was reported as the optimal cut-
off for at least 30% steatosis at histopathologic examination 
(42). An important pitfall is use of the arterial phase, where 
the spleen enhances earlier than the liver, leading to potential 
misdiagnosis of steatosis (Fig 3). When possible, nonenhanced 
CT is best for the assessment of hepatic steatosis.

At this time, dual-energy CT has no clear advantage over sim-
ple attenuation (Hounsfield unit) measurements when intrave-
nous contrast material is not present. Dual-energy CT material 
decomposition techniques enable separation of attenuation con-
tributions from high- and low-energy photons (43). Importantly, 
energy versus attenuation curves, that is, “basis functions,” for 
water and fat are very similar, making it fundamentally difficult 
to separate water and fat attenuation using different x-ray ener-
gies. Thus, the most likely role for dual-energy CT is to separate 
superimposed iodine or iron overload (43–45), which can mask 
the presence of steatosis at single-energy CT. Mixed results using 
contrast-enhanced dual-energy CT for liver fat quantification 
have been reported (38,45,46). Given the linear relationship of 
unenhanced CT to MRI PDFF, the simplest approach may be 
the apparent attenuation of virtual noncontrast images derived 
from dual-energy CT.

Clinical CT offers an important opportunity for detecting 
incidental steatosis and may help elucidate the natural history of 

NAFLD (47). However, it is important to be mindful of various 
pitfalls, superimposed iron (Fig 4), amiodarone (Fig 4), iodine 
contrast (Fig 3), glycogen overload, and hepatitis (20,36,38)—
conditions that increase the attenuation of the liver and could 
mimic and also mask the coexisting steatosis. Of note, the effect 
of iron on CT attenuation is very weak and may be relevant only 
in moderate-to-severe iron overload (39).

Liver attenuation is also affected by beam hardening in pa-
tients with large body habitus, kilovolt peak settings, and vendor-
specific filters, although these effects are small (38). Therefore, 
the primary diagnostic and monitoring tool for specific evalua-
tion of hepatic steatosis should be MRI, which enables accurate 
and precise measurements without the use of ionizing radiation.

MRI Examinations
MRI is an imaging method rich with contrast mechanisms ca-
pable of enabling the detection and quantification of liver fat 
content by means of direct measurement of proton signal in wa-
ter and fat (20).

Conventional qualitative methods used in the past include 
in-phase and opposed-phase imaging or fat-suppression meth-
ods (T1-weighted gradient-echo and T2-weighted fast spin-echo 
sequences). Although these methods enable qualitative assess-
ment of steatosis, they are unsuitable for quantitative assessment 
as a result of multiple confounding factors (discussed later) that 
diminish their accuracy.

Quantitative assessment of triglycerides in the tissue can be 
performed using confounder-corrected CSE MRI and con-
founder-corrected MR spectroscopy (MRS). Both CSE MRI and 
MRS exploit the chemical shift between water and fat resonance 

Figure 4:  Detection and quantification of liver fat at CT is confounded by substances that increase the attenuation of the liver, such as amioda-
rone, iron, or glycogen. (A, B) Unenhanced CT images in a patient before (A) and after (B) long-term treatment with amiodarone. (C, D) CT scans 
obtained in patients with hereditary hemochromatosis (C) and transfusional hemosiderosis (D) show increased liver attenuation.
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frequencies. Reduced electronic shielding of protons in water mol-
ecules, relative to protons in triglycerides, leads to a resonance fre-
quency of water higher than that of fat, by 3.4 ppm as the relative 
difference between water and main methylene resonance peaks, 
at body temperature (20). Both MRS and CSE MRI exploit this 
“chemical shift” to separate water and fat proton signals (20).

If the proton MRI signals of water and fat can be separated 
and measured, a normalized fat signal ratio can be calculated. 
If the signals are proportional to the proton density of water 
and fat, the resulting ratio is equivalent to the PDFF (19), 
defined as follows: PDFF = F/(W + F), where F and W are the 
unconfounded signals from protons within mobile triglyc-
erides and mobile water molecules, respectively (37). PDFF 
is expressed as percentage (range, 0%–100%) and correlates 
closely to the percentage of fat estimated at histologic exami-
nation (28,37).

Accurate and reproducible estimation of PDFF using CSE 
MRI or MRS requires that all confounders of the MRI signal 
are addressed (19). For CSE MRI, confounders include T1-
related bias (48,49), T2* decay (49–51), spectral complexity of 
fat (49,50), eddy currents (52,53), noise-related bias (48), con-
comitant gradients (54), and even temperature (55). In short, 
T1-related bias occurs when an acquisition is T1 weighted where 
water and fat have different T1 values; T2* decay occurs if images 
are acquired at different echo times and can also be amplified in 
the presence of iron overload. For spectral complexity of fat, only 
the single fat spectral peak is taken into account in conventional 
in-phase and opposed-phase and conventional shift-based water-
fat separation methods; however, for accurate quantification, 
optimally proton signals from all fat spectral peaks must be con-
sidered. Noise bias results from separation and recombination of 
magnitude water and fat images when using chemical shift–based 
water-fat separation methods. Eddy currents occur as a result of 
rapid switching of gradients and lead to phase shifts on com-
plex images acquired at different echo times (37). MRS-based 
methods must address T1-related bias, T2 decay, and J-coupling, 
which will depend on the type of MRS acquisition (20).

If all of the above-mentioned confounders are addressed or 
mitigated, both CSE MRI and MRS can provide highly accurate 
and precise estimates of PDFF (20,38,56,57). Excellent correla-
tion has been observed between MRI PDFF and MRS PDFF 
and histopathologic examination–determined liver fat content  
(r = 0.743 [P , .001] and r = 0.712 [P , .001], respectively), 
with no clear superiority of cross-sectionally diagnostic accuracy 
for either MRI or MRS PDFF (z = 0.19, P = .849) (58).

With the development of MRI techniques quantifying fat 
in the liver, methods validating these are increasingly important 
(59). For this purpose, phantoms, which are experimental repli-
cas of organs or tissues, represent a practical solution for testing 
and quality control of MRI-based fat quantification. Home-
made fat-water phantoms have been described (60,61), although 
commercial phantoms (eg, Calimetrix PDFF Phantom) are now 
available (57,62).

MRS examination.—Proton MRS is the earliest reported method 
quantifying liver fat using modern MRI systems (20,63). With 
MRS, the proton signals of water and fat obtained from a single 

voxel acquired during a single breath hold (approximately 20 
seconds) are depicted as separate peaks in a high-resolution spec-
trum (64,65). The two most commonly used methods are point-
resolved spectroscopy, or PRESS, and stimulated-echo acquisition 
mode (STEAM) (20). Although point-resolved spectroscopy has 
a higher signal-to-noise ratio (SNR) than STEAM, STEAM is 
less affected by J-coupling and is generally preferred (66). With 
use of histopathologic examination as the reference standard, a re-
cent meta-analysis reported that confounder-corrected MRS has a 
sensitivity of 73%–89% (compared with 73%–91% for US and 
82%–97% for CT) and specificity of 92%–96% (compared with 
70%–85% for US and 88%–95% for CT) (28).

To obtain estimates of MRS PDFF, a single voxel is typically 
placed in the right liver lobe (38), avoiding large vessels and bile 
ducts (20). However, the use of a small voxel (approximately 
2–9 cm3) has the same intrinsic limitation of biopsy-sampling 
variability (67). Multivoxel MRS can be used to cover larger 
volumes but increases the scanning time proportionately (min-
utes to hours, depending on the encoding technique and spa-
tial coverage) (68).

Single-voxel MRS has high intra- and interexamination re-
peatability if performed correctly (69). However, the ability to 
interrogate the liver in a reproducible manner over time is an 
important disadvantage of MRS compared with volumetric 
CSE MRI methods. Furthermore, MRS analysis software is not 
supported by most clinical MRI systems, requiring specialized 
expertise for acquisition and data postprocessing and limiting 
its use as a clinical tool. In addition, given the limited tissue sam-
pling of MRS, compared with volumetric CSE MRI methods, 
the test-retest variability of MRS is generally acknowledged as 
higher for MRS than for CSE MRI.

CSE MRI.—CSE MRI methods separate water and fat signal 
components by means of strategically sampling spoiled gradient 
echoes at multiple echo times (typically six echoes), usually in one 
repetition (70). For the calculation of PDFF, acquired MRI data 
must be reconstructed and postprocessed by fitting to an accurate 
spectral model of fat and water and corrected for the above-men-
tioned confounders. Magnitude- and complex-based strategies are 
generally used in the postprocessing and calculation of CSE MRI 
PDFF (37). Magnitude-based CSE MRI uses the magnitude of 
the gradient-echo signals (ie, discards the phase of the signals), is 
simpler to implement, and is more robust to phase errors such 
as B0 field inhomogeneities and eddy currents (52,53). However, 
magnitude-based methods suffer from lower SNR and limited 
PDFF dynamic range (0%–50%). Complex-based CSE MRI uses 
both magnitude and phase components of the signal and can en-
able measurement of the full PDFF range (0%–100%). Complex-
based CSE MRI has higher SNR but is more sensitive to phase er-
rors and can suffer from occasional water-fat swaps in the presence 
of inhomogeneous B0 fields (71,72). Because it is uncommon for 
PDFF to exceed 50%, the limited dynamic range of magnitude-
based CSE MRI is only relevant for applications outside the liver 
(eg, bone marrow, adipose tissue). Finally, hybrid-based methods 
have also been implemented that combine the phase insensitivity 
of magnitude-based methods and the high SNR and full dynamic 
range of complex methods (53). Whether the CSE reconstruction 
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is magnitude based, complex based, or a combination of both (hy-
brid method) depends on the vendor.

CSE MRI has been extensively validated in phantoms 
(59,73), animals (74,75), ex vivo liver tissue (76), and in clinical 
studies with histopathologic examination (77–79) and MRS as 
the reference standard (38,70). CSE MRI is considered an ac-
curate and precise method for liver fat detection and quantifica-
tion (19,24,57,58,78). CSE MRI PDFF has linear correlation 
with MRS PDFF (R2 = 0.96), and it has coefficient of repro-
ducibility and repeatability of 4.1% and 3.0%, respectively (57). 
Furthermore, MRI PDFF is highly reproducible across scanner 
platforms, manufacturers, field strengths, and imaging centers 
(57,80). This is particularly important for standardization and 
widespread dissemination of PDFF as a clinically accepted bio-
marker. Even though fat percentage estimated with histopatho-
logic examination and PDFF are not interchangeable, they cor-
relate strongly (58,78).

CSE MRI can be performed within a single breath hold and 
can provide near real-time PDFF map reconstruction (37) over 
the entire liver in approximately 15–20 seconds. Complex-based 
CSE MRI was first approved by the U.S. Food and Drug Ad-
ministration in 2011 and is now available from all major MRI 
vendors for the purpose of tissue fat quantification (81), leading 
to widespread availability. Importantly, MRI PDFF is increas-
ingly accepted as the most optimal method, among the invasive 
or noninvasive methods, for quantifying liver fat content—even 
overperforming biopsy (22,57,78,82). Indeed, the ability to in-
terrogate the entire liver avoids sampling limitations of biopsy 
and also MRS. This is an important advantage for longitudinal 
studies or treatment monitoring, especially if multiple sites or 
scanner platforms are used. Sampling of the entire liver allows 
for precise co-localization of PDFF measurements from volu-
metric data sets acquired at different time points.

Furthermore, confounder-corrected CSE MRI also allows for 
simultaneous assessment of iron deposition. Iron is a paramagnetic 
substance and thus shortens the T2* (ie, increases the relaxation 
rate R2* as R2* = 1/T2*) and leads to signal loss with increas-
ing echo time (83). Conversely, concomitant liver steatosis may 
mask the R2* signal decay in the liver and confound the interpre-
tation. By means of simultaneous estimation of PDFF and R2*, 
CSE MRI provides fat-corrected R2* maps that enable quantifica-
tion of the liver independently of the presence of fat (20,83). In 
contrast to other imaging methods such as CT or US, CSE MRI 
is thus an optimal imaging solution for coexisting fat and iron 
deposition in the liver (Fig 5). Coexisting fat and iron is relevant 
in conditions such as viral hepatitis, hepatocellular carcinoma, he-
mochromatosis, and hemosiderosis (83).

In many clinical scenarios, detection and quantification of 
either liver fat or liver iron overload is the only clinical indication 
for MRI, opening the opportunity for a reduced-fee abbreviated 
MRI protocol. Pooler et al (81) reported their experience using 
a rapid fat and iron MRI protocol that could be completed in 
as little as 3 minutes of table time. This rapid protocol includes 
a localizer, single-breath-hold, CSE MRI sequence providing 
PDFF and R2* maps and a rapid T2-weighted anatomic survey 
(81). In the United States, such an abbreviated examination can 
be appropriately billed to Medicare and/or Medicaid as a “lim-
ited” examination with modifier 52, reducing the charge by ap-
proximately 50%—which is equal to that of abdominal US (84).

Manual CT- and MRI-based Assessment of Liver Fat
Currently, there is no consensus on a standardized approach 
to measuring liver fat with manually drawn regions of interest 
(ROIs). Several standardized approaches have been proposed 
(85–87). Because a heterogeneous pattern of steatosis has been 
reported in up to 60% of patients with NAFLD (88), the place-

Figure 5:   Chemical shift–encoded (CSE) MRI enables simultaneous estimation of both liver fat and iron deposition. Fat-corrected R2* (R2* = 1/T2*) mapping is a 
natural byproduct of multi-echo CSE acquisitions used for R2*-corrected proton density fat fraction (PDFF) mapping. Shown are representative MRI scans in three patients 
with various fat and iron levels throughout the liver.
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ment of a single ROI is unlikely to be sufficient to correctly 
estimate the true severity of liver fat. Although placement of 
largest-fit-possible ROIs in all nine Couinaud hepatic segments 
was shown to be the most reproducible and repeatable method 
(87), it is time consuming and thus difficult for clinical practice. 
Therefore, placement of one large single-section ROI in the ante-
rior, posterior, medial, and lateral segments of the liver, avoiding 
bigger vessels and bile ducts, has been proposed as an acceptable 
alternative (87). Future artificial intelligence–based segmenta-
tion algorithms hold promise for accurate and automated seg-
mentation of the liver and are anticipated to lead to standardized 
strategies for MRI and CT analysis of liver fat.

Future Trends

Automated CT- and MRI-based Assessment of Liver Fat
Automated assessment of CT liver Hounsfield unit values and 
MRI PDFF maps has emerged using deep learning–based al-
gorithms (Fig E1 [online]) for liver fat quantification (89–95). 
Fully automated liver segmentation may increase objectivity 
and reproducibility, avoiding bias introduced by human ana-
lysts (89). Several approaches have been proposed, including 
automated ROI extraction (90) and automated mean volu-
metric whole-liver attenuation using deep learning–based al-
gorithms (89,93,94). Of note, deep learning algorithms allow 
for automated liver fat quantification even with incomplete 
coverage of the liver, such as with chest CT (91). Promising 
results have been shown with high correlation of automated 
and manually performed CT Hounsfield unit and MRI PDFF 
measurements (89,93). However, further refinement and eval-
uation of automated PDFF analysis methods is still required 
(Table E1 [online]). Small systematic differences observed in 
mean attenuation between automated and manual methods are 
likely due to inclusion of vessels with most automated tech-
niques (89,91,93). Furthermore, the presence of large liver 
lesions or surgically altered livers are important unsolved chal-
lenges (93,94). Finally, emerging work has demonstrated that 
ROI-based PDFF analyses should use the median, rather than 
the mean, estimator (ie, average) for unbiased PDFF quantifi-

cation. Asymmetric noise statistics on PDFF maps can lead to 
SNR-dependent bias if the mean, rather than median, PDFF 
value is used (96). Overall, automated algorithms are promis-
ing for rapid and objective measurement of liver fat, particu-
larly for large cohort studies.

Respiratory Motion Mitigation with CSE MRI
Although commercially available (Table E2 [online]) CSE MRI 
acquisitions are short, many patients are unable to hold their 
breath for even a modest acquisition time. Unfortunately, even 
mild motion-related ghosting from adipose tissue into the liver 
can lead to bias and variability in PDFF (Fig 6).

To address this challenge, a variety of free-breathing strategies 
have been recently proposed (97–100). The use of navigator-
based free-breathing acquisitions in combination with Carte-
sian-based complex-based CSE MRI is effective (98), although 
residual artifacts may remain—especially with irregular breath-
ing. Alternatively, non-Cartesian methods (eg, radial-based 
methods) are showing promising results (99,101), although the 
reconstruction algorithms needed for these approaches are con-
siderably more complex and radial-based methods suffer from 
persistent motion artifacts, especially with associated R2* maps. 
Development of non-Cartesian CSE MRI methods is an active 
area of research, although its translation to clinical practice re-
mains uncertain at this time.

Recently, a Cartesian-based two-dimensional sequential 
“single-shot” CSE MRI approach has been proposed to ad-
dress motion-related artifacts due to breathing (102). Ex-
ploiting a temporal footprint of approximately 0.5–1 second 
per section, this single-shot strategy freezes all respiratory 
motion. In this way, respiratory motion–related artifacts and 
the associated errors from aliased adipose tissue are avoided 
entirely. The main disadvantage of this strategy is the use of 
low flip angles, typically 5° at 1.5 T and 3° at 3.0 T, which 
is necessary to maintain proton-density weighting and avoid 
T1-related bias (100,102). Low flip angles in combination 
with short repetition times leads to low SNR (Fig 7). Re-
cently, Zhao et al (100) addressed this limitation using a non-
steady-state approach with Cartesian-based centric-encoding 

Figure 6:  Motion-related ghosting from adipose tissue into the liver can lead to substantial bias and variability of proton density fat fraction (PDFF) 
measurements. Although three-dimensional chemical shift–encoded (CSE) MRI acquisitions are relatively short (approximately 15–20 seconds), 
many patients are unable to hold their breath even for this modest acquisition time. PDFF maps acquired using three-dimensional CSE MRI in the 
same patient during (A) free-breathing and (B) breath-hold. Scan obtained during free breathing shows artifactually increased PDFF value due to 
ghosting artifact from adipose tissue (arrow in A). .
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and a variable flip angle strategy to maintain motion robust-
ness while achieving high SNR performance (Fig 7).

Acceleration of MRI for Fat Liver Quantification
On the basis of recent developments, advanced methods in-
cluding compressed sensing and MR fingerprinting may also 
enable liver fat quantification (103–105). Compressed sens-
ing reconstruction allows reconstruction of the MRI scans 
using fewer phase encodes and thus shortens acquisition time 
(103,104), whereas fingerprinting allows for direct measure-
ments of tissue properties and relaxation parameters (105). In 
fingerprinting, MRI settings and parameters deliberately vary 
during the data acquisition to generate a unique signal pat-
tern or “fingerprint.” These are then compared and matched 
to samples from a dictionary of signal patterns generated using 
Bloch equation simulations. Once matched, the tissue prop-
erties used for generation of a fingerprint are identified and 
depicted as pixel-wise maps (105).

Setting Up Clinically Meaningful PDFF Thresholds
There remains an unmet need to define PDFF thresholds that 
can help identify clinically meaningful stages of disease. In 
the Dallas Heart Study (106), a threshold of 5.56% was iden-
tified as the 95th percentile threshold in a cohort with no 
risk factors for liver disease. In a weight loss surgery study 
(107), 5% and 15% MRI PDFF thresholds have been pro-
posed for detection and differentiation between none-to-mild 
and mild and/or moderate-to-severe steatosis, respectively. A 
recent study by Rehm et al (108) in adolescent girls identified 
an MRI PDFF threshold of 3.0% as predictive of metabolic 
syndrome. Another pediatric study (109) suggested an MRS 
PDFF threshold of 6.0% (sensitivity, 93%; specificity, 96%) 
and MRI PDFF threshold of 3.5% (sensitivity, 89%; specific-
ity, 88%) as diagnostic for NAFLD. In summary, we propose 
that until definitive studies are performed, PDFF thresholds 
for mild, moderate, and severe steatosis should be considered 
at 5%, 15%, and 25%, respectively. On the basis of the CT-
MRI calibration in Equation (1) (15), this corresponds to CT 
attenuation thresholds of 57 HU, 40 HU, and 23 HU for 

mild, moderate, and severe steatosis, respectively, for a CT 
energy of 120 kVp.

Finally, an important question is the clinically meaningful 
reduction of liver fat over time, particularly for the drug devel-
opment in NASH clinical trials or other intervention (81). In 
a randomized clinical trial with biopsy-proven NASH, absolute 
reduction of 24.1% MRI PDFF and a relative reduction (per-
centage change) of 229% of the baseline MRI PDFF value over 
24 weeks were shown to be associated with a histologic response 
in NASH (defined as two-point improvement in the NAFLD 
activity score) (110). Further studies are needed to establish 
meaningful cutoffs for liver fat reduction that, if maintained over 
a certain period of time, would lead to either reversal of NASH 
or improvement in fibrosis grade.

Clinical Implementations of Imaging Methods
The utility of imaging methods used for the severity assessment 
of hepatic steatosis is crucial. Moreover, given the high preva-
lence of hepatic steatosis, it is a common incidental finding at 
cross-sectional imaging. This provides a unique opportunity to 
report and grade the severity of steatosis to initiate lifestyle mod-
ifications or other interventions. Practice guidance statements 
from the American Association for the Study of Liver Diseases 
recommend the following for incidentally detected steatosis at 
imaging: (a) Patients with abnormal liver function tests or signs 
attributable to liver disease should be evaluated as suspected 
for NAFLD and approached accordingly and (b) patients with 
normal liver function tests should be assessed for metabolic risk 
factors such as obesity, dyslipidemia, or diabetes mellitus or for 
other alternative causes for steatosis such as excessive alcohol 
consumption or possibly medication induced (3).

In patients with abnormal liver function tests or incidental 
findings of hepatic steatosis at imaging and high clinical suspi-
cion for NAFLD, a rapid MRI protocol targeted for liver fat 
quantification is the method of choice for estimating the severity 
of steatosis (Fig 8). Optional MRI elastography might be added 
to assess stiffnesses of liver tissue and fibrosis presence. If the 
probability of having NAFLD is lower, but steatosis cannot be 
excluded, an extended liver protocol should be considered.

Figure 7:  Free-breathing (FB) two-dimensional (2D) sequential chemical shift–encoded (CSE) MRI with centric encoding and variable flip angle (VFA) strategy is a 
promising technique that can mitigate respiratory motion while achieving high signal-to-noise ratio (SNR). Example proton density fat fraction (PDFF) maps using breath 
holding (BH) and free breathing are shown. (A) Three-dimensional (3D) multi-echo spoiled gradient-echo CSE MRI provides good SNR performance, but reliable breath 
holding is necessary to avoid motion-related artifacts that can occur even during breath holding (arrows). (B) Free-breathing two-dimensional CSE MRI freezes respiratory 
motion by using a very short temporal window, at the expense of lower SNR due to the use of low flip angles needed to avoid T1-related bias. (C) In contrast, a recently 
proposed variable flip angle sequential approach shows promise to avoid breathing artifacts and T1 bias while achieving high SNR performance (101).
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Figure 8:  Flow chart shows diagnostic imaging work-up for hepatic steatosis and nonalcoholic fatty liver disease (NAFLD). In patients with abnormal liver function tests 
or incidental findings of hepatic steatosis at imaging and high clinical suspicion for NAFLD, a rapid MRI protocol targeted for liver fat quantification is the method of choice 
to estimate steatosis severity. MRI elastography might be added to assess stiffnesses of liver tissue and fibrosis presence. If the probability of having NAFLD is lower, but ste-
atosis cannot be excluded, an extended liver protocol should be considered. CSE-MRI = chemical shift–encoded MRI, GBCA = gadolinium-based contrast agent, IP/OP 
= in-phase and opposed-phase imaging, T2w = T2-weighted imaging.

Figure 9:  Chemical shift–encoded (CSE) MRI enables assessment of fat content over the entire liver, unlike MR spectroscopy and biopsy, which sample small regions of 
tissue and provide no information about the spatial variability of steatosis.. Shown are three-dimensional CSE MRI proton density fat fraction (PDFF) maps in three different 
patients with heterogeneous pattern of steatosis.

Figure 10:  Nonalcoholic fatty liver disease can occur at an early age. Chemical shift–encoded (CSE) MRI allows reliable noninvasive quantification of liver fat content 
in children. These examples show representative proton density fat fraction (PDFF) maps obtained with CSE MRI within a single breath hold in (A) an 11-year-old boy with 
normal (,5%) liver fat content, (B) a 12-year-old boy with moderate steatosis, (C) an 11-year-old boy with moderate-to-severe steatosis, and (D) a 27-year-old man 
with severe steatosis.
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CT Examination
Unenhanced CT enables reliable identification of patients with 
moderate-to-severe steatosis (16). Increases in the use of CT for 
screening lung or colorectal cancer raise the opportunity for op-
portunistic screening of hepatic steatosis (40,111,112). Further-
more, given that hundreds of millions of CT scans are obtained 
annually worldwide, CT-based liver fat quantification has great 
potential as a possible prognostic biomarker (111). Last, due to 
low diagnostic performance in mild steatosis, potential risk of 
ionized radiation, and other limitations of CT described earlier, 
CT is considered unsuitable for primary diagnosis or monitor-
ing of hepatic steatosis. For this purpose, CSE MRI should be 
considered the method of choice (Fig 8).

CSE MRI
Given the subjective nature of semiquantitative evaluation of bi-
opsy samples, which has high intra- and interobserver variability,  
the heterogeneous character of steatosis (Fig 9), and sampling 
limitations of biopsy and MRS, CSE MRI has the best combina-
tion of accuracy, precision, and reproducibility for quantification 
of PDFF as a biomarker of steatosis (20,22,38,78,82).

PDFF is thus a useful surrogate for liver biopsy in the diagno-
sis and assessment of treatment response and has even shown to 
be more sensitive to changes in liver fat than histologic examina-
tion (78,113). As a result, PDFF has been increasingly imple-
mented in clinical and drug discovery trials (113–115) and will 
likely have increasing impact on future clinical trial design (25).

PDFF is also a valuable biomarker for preoperative risk as-
sessment (82). Hepatic steatosis is an independent predictor of 
perioperative complications in liver resection (116). Further-
more, steatotic donor livers are associated with poor graft func-
tion and decreased survival (117).

Finally, CSE MRI is the method of choice for liver fat quanti-
fication in the pediatric population (Fig 10), as it has been shown 
to be a feasible noninvasive alternative to liver biopsy (108,109).

Conclusion
During the past 2 decades, CT and MRI have been increasingly 
used for the evaluation of hepatic steatosis, providing an objective 
measurement of liver fat content. CT has utility for detection and 
risk stratification, particularly using artificial intelligence–based 
evaluation. Given the limitations of biopsy and other imaging 
methods, chemical shift–encoded (CSE) MRI has emerged as 
the primary tool for liver fat quantification. CSE MRI–derived 
proton density fat fraction is an accurate, precise, and reproduc-
ible marker of hepatic steatosis and is well positioned to transform 
the design of diagnostic strategies and clinical trials for nonalco-
holic fatty liver disease. Further advances in MRI, CT, and US 
are expected, including continued improvements in robustness to 
breathing artifacts, as well as accuracy, precision, reproducibility, 
cost, and access to these important biomarkers of liver fat.
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