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GASTROINTESTINAL IMAGING 

Quantitative imaging biomarkers of liver disease measured by using MRI and US are emerging as important clinical tools in the 
management of patients with chronic liver disease (CLD). Because of their high accuracy and noninvasive nature, in many cases, 
these techniques have replaced liver biopsy for the diagnosis, quantitative staging, and treatment monitoring of patients with CLD. 
The most commonly evaluated imaging biomarkers are surrogates for liver fibrosis, fat, and iron. MR elastography is now routinely 
performed to evaluate for liver fibrosis and typically combined with MRI-based liver fat and iron quantification to exclude or grade 
hepatic steatosis and iron overload, respectively. US elastography is also widely performed to evaluate for liver fibrosis and has the 
advantage of lower equipment cost and greater availability compared with those of MRI. Emerging US fat quantification methods 
can be performed along with US elastography. The author group, consisting of members of the Society of Abdominal Radiology 
(SAR) Liver Fibrosis Disease-Focused Panel (DFP), the SAR Hepatic Iron Overload DFP, and the European Society of Radiology, 
review the basics of liver fibrosis, fat, and iron quantification with MRI and liver fibrosis and fat quantification with US. The au-
thors cover technical requirements, typical case display, quality control and proper measurement technique and case interpreta-
tion guidelines, pitfalls, and confounding factors. The authors aim to provide a practical guide for radiologists interpreting these 
examinations.
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Introduction
Chronic liver disease (CLD) is a significant cause of mortality, 
morbidity, and health care expenditure and is responsible for 
more than 44 000 deaths each year in the United States and 
2 million deaths worldwide (1). The most common causes of 
CLD are nonalcoholic fatty liver disease (NAFLD), chronic viral 
hepatitis B and C infections, and alcohol-related liver disease. 
The epidemiology of CLD has shifted over the last decade as a 
result of effective antiviral regimens and increased prevalence 
of NAFLD resulting from the global obesity epidemic (1,2).

For patients with CLD, an emerging patient management 
clinical tool is quantitative imaging biomarkers of liver disease. 
Currently, commercially available liver imaging biomarkers 
include MRI measurement of fibrosis, fat, and iron concentra-
tion, and US measurement of fibrosis and fat. US is not used for 
iron quantification. Historically, diagnosis and staging of liver 
fibrosis, fat, and iron has relied on liver biopsy. However, liver 
biopsy has limitations including sampling error, cost, invasive-
ness, morbidity, pathologist interreader reporting variability, 
and low patient acceptance (3). For the same reasons, repeat 
biopsy to assess for treatment response is undesirable. Biop-
sies sample only a small portion of the liver, which may not 

accurately reflect overall liver involvement when there is het-
erogeneous distribution in the liver. As MRI and US biomarker 
technologies have become more available, they have success-
fully replaced liver biopsy in many patient care settings, owing 
to availability, repeatability, and improved patient acceptance.

For fibrosis detection and staging, MR elastography (MRE) 
is now routinely performed in many radiology practices (4). In 
most centers, MRE is combined with MRI-based fat and iron 
quantification to provide a comprehensive liver biomarker 
panel (5). Dedicated liver US shear wave elastography (SWE) 
and fat quantification can be easily added to a standard ab-
dominal US examination. The greater availability and lower 
equipment cost of US compared with MRI makes US more 
convenient in routine clinical care.

In this article, our author group, which consists of mem-
bers of the Society of Abdominal Radiology (SAR) Liver Fi-
brosis Disease-Focused Panel (DFP), the SAR Hepatic Iron 
Overload DFP, and the European Society of Radiology, reviews 
the basics of quantifying liver fibrosis, fat, and iron concentra-
tion with MRI and quantifying liver fibrosis and fat with US. 
This includes a review of technical requirements, typical case 
display, quality control, measurement technique, and case in-
terpretation guidelines, pitfalls, and confounding factors. Our 
goal is to provide a practical guide for radiologists interpreting 
these examinations.

MR Elastography

Overview
MRE can be performed by adding hardware and software to 
existing or new 1.5-T and 3-T MRI scanners (6). The clinical 
liver MRE setup consists of an active driver placed outside the 
MRI scanner room connected to a passive driver via a plastic 
tube through a waveguide in the wall (Fig 1). The passive driver 
is placed over the right hepatic lobe by using the midclavicular 
line and xiphisternum as landmarks and held in place with an 
elastic strap. The passive driver is securely fastened on the ab-
dominal wall to ensure that vibrations are transmitted into the 
abdominal wall and liver (6,7). In general, we recommend that 
all acquisitions are performed with the patient at end expira-
tion, which ensures reproducible positioning of the diaphragm 
and liver (Fig 2) (8). The passive driver delivers acoustic vibra-
tions produced by the active driver and creates propagating 
shear waves that are imaged with the MRE sequence. The raw 
data (ie, magnitude and phase images) are immediately avail-
able for review on the scanner workstation. The wave informa-
tion contained in the raw data is then processed by an auto-
matic inversion algorithm that produces an elastogram in gray 
scale and/or color scale. Additional images may be produced 
depending on the vendor including gray-scale and color-wave 
images and gray-scale and color elastograms with and without 
a confidence map (Fig 3; Appendix S1).

MRE Quality Control
Each MRE sequence performed must be reviewed for quality 
to ensure that any liver stiffness measurement (LSM) obtained 
will be valid and for troubleshooting. All liver MREs should 
be obtained at a fixed 60-Hz frequency, which is standardized 
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TEACHING POINTS
	� A good-quality MR elastography (MRE) examination has the following fea-

tures: signal void in the abdominal wall, sections obtained through the mid 
liver, good shear wave propagation in the liver, and a large region of liver 
parenchyma available for liver stiff measurement (LSM).
	� Fat-water swaps can affect only a portion of a single image or the entire se-

ries. Regions of interest (ROIs) should not be placed in swapped areas as the 
PDFF values are incorrect.
	� In patients with severe or extreme iron overload, the signal may decay too 

fast for the mSGRE acquisition to measure the liver signal intensity adequate-
ly before it decays to noise. When this occurs, the R2* estimation becomes 
computationally unstable, resulting in imprecise estimates and a speckled 
“snowstorm” appearance on the R2* map.
	� It should be noted that with US, LSM is reported as the Young modulus in 

kilopascals, while with MRE, LSM is reported as the magnitude of the complex 
shear modulus, also in kilopascals. US measurements in kilopascals are ap-
proximately three times the kilopascals reported with MRE when performed 
at the same frequency. However, since the Young modulus and shear mod-
ulus measure two different entities, conversion of LSM measurements ob-
tained with US SWE and MRE should generally be avoided.
	� New quantitative US methods to assess liver fat content have recently been 

developed. These techniques analyze the radiofrequency echoes returning 
to the transducer and calculate parameters that can be used to quantify liver 
fat content. They include attenuation coefficient, backscatter coefficient, and 
speed of sound, as well as combinations of these.
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Figure 1. Diagram shows the typical liver MRE 
setup. The MRE active driver (ferromagnetic) is lo-
cated outside of the MRI scanner room, typically in 
the MRI system and components room. The pneu-
matic tubing from the active driver passes through 
the waveguide in the wall between the scanner 
room and the components room. The tube is then 
connected to the passive driver tubing via the 
connecting tube, ensuring continuity of the active 
and passive drivers at either end. On this illustra-
tion, the patient is scanned in the feet-first supine 
position, although this can be changed to the 
headfirst supine position depending on the MRI 
system configuration. The passive driver is placed 
over the liver by using the midclavicular line and 
xiphisternum as landmarks and then held in close 
contact with an elastic wrap.

Figure 2. Chart shows a sample MRE protocol. 
*Detailed protocols from multiple MRI vendors 
and MRI systems are available in the Radiological 
Society of North America (RSNA) Quantitative 
Imaging Biomarkers Alliance (QIBA) Profile (8). 
†For a body mass index (BMI) less than 19, use 
30% amplitude; for BMI greater than 29, use 70% 
amplitude. EPI = echo-planar imaging, FOV = field 
of view, MEG = motion-encoded gradient, Min = 
minimum, RUQ = right upper quadrant, TE = echo 
time, TR = repetition time, 2D = two dimensional. 

MRI control room

MRE liver
(passive) driver

Passive driver
tubing

MRI system and 
components room 

MRE
active
driver

Waveguide

MRI scanner room

Connecting tube

Active driver tubing

MRI Scanner Parameters 1.5T* 3T* Pa�ent Prepara�on
Pulse sequence 2D gradient echo 2D spin echo - EPI 4–6 hour fast

Orienta�on Transverse Transverse
TR 50 msec 1000 msec Pa�ent Posi�on
TE Min TE (~18.2 msec) MinFULL (~55.4 msec) Supine

Sec�on thickness 10 mm 8 mm
Sec�on gap 0 mm 2 mm Passive Driver Placement

Phase encoding direc�on Right to Le� Right to Le� RUQ; centered over liver
FOV read (pa�ent specific) 420 mm 420 mm

Number of sec�ons 4 4–9 Sec�on Placement
Averages 1 1 Largest cross sec�on of liver
Flip angle 25° 90°

Acquisi�on matrix 256 x 64 80 x 80 Breath Hold

Typical scan �me 55 sec (11–15 
sec/sec�on) 16 sec Passive driver placed and all 

sequences obtained in end-expira�on,
which is more reproducible

MRE driver frequency 60 Hz 60 Hz
MEG frequency 60 Hz 60 Hz
MEG direc�on (Z-direc�on) (Z-direc�on) Ac�ve Driver

Amplitude (BMI 19–29)† 50% 50% Located outside of imaging room
Respiratory control Breath hold Breath hold

Bandwidth 31.25 kHz 250 kHz

across all scanners and field strengths (Fig 2). A good-quality 
MRE examination has the following features: signal void in 
the abdominal wall, sections obtained through the mid liver, 
good shear wave propagation in the liver, and a large region 
of liver parenchyma available for LSM (Fig 4) (6,7). Table 1 
summarizes issues to consider when evaluating MRE exam-
inations for quality.

For the most accurate LSM, the goal is to obtain high-qual-
ity elastograms with a large amount of liver parenchyma 
uncovered by the 95% confidence map available to make the 
LSM. However, occasionally elastograms are low quality, with 
only a small amount of liver available for LSM, or nondiag-
nostic, with no liver parenchyma available for measurement 
(Fig 5). When lower-quality examinations occur, it is import-
ant to determine and, if possible, correct the cause so MRE 
can be repeated. Table 2 lists causes of lower-quality or non-
diagnostic MRE examinations and proposed solutions (Figs 
S1–S6) (6–11). Finally, the softer liver parenchyma in normal 

livers (ie, LSM approximately <2.5 kPa) can attenuate waves 
resulting in a small region of interest (ROI) for LSM, which 
can simulate a low-quality examination but does not require 
troubleshooting or repeating (Fig 6) (7). 

MRE Measurement Technique
Before LSM is performed, the wave images and color elasto-
grams should be evaluated visually to determine if an elasto-
gram likely depicts normal or elevated liver stiffness (LS) (7). 
Normal livers typically have thin waves that are attenuated 
(darken) as they move toward the central portion of the liver 
and display blue or violet liver parenchyma on color elasto-
grams. With elevated LS, wave images demonstrate thicker 
waves that are unattenuated, while color elastograms depict 
liver parenchyma in green through red (Fig 7). 

When making the LSM, each elastogram is evaluated for 
ROI placement. ROI measurements can be performed man-
ually or by using automated techniques (12). Manual ROI 
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measurements can be performed at the MRI scanner, on a pic-
ture archiving and communication system (PACS), or on an 
independent workstation. ROI measurements should be made 
by using a freehand ROI tool, sampling the largest portion of 
liver on each elastogram. When making ROI measurements, 
the following general principles apply. On magnitude images, 
which are best for evaluating liver anatomy, areas within 1 cm 
of the liver edge, large vessels, extrahepatic tissues, fissures, 
masses, and gallbladder fossa should be avoided. On wave im-
ages, areas with wave distortion, low-amplitude waves, and 
poor wave propagation should be avoided. On elastogram im-
ages, crosshatched regions on the 95% confidence map should 
be excluded. Finally, liver “hot spots,” which usually result 
from shear wave interference, reflect artifact rather than actual 
stiffness and should be avoided (6,7,13). Hot spots frequently 
occur under the passive driver from excessive vibrations and 
along the liver dome from oblique shear wave orientation rel-
ative to the section plane (Figs S5, S6) (7). Large vessels and 
masses can also cause hot spots.

The method for making the LSM varies depending on the 
PACS or workstation features such as the availability of an ROI 
copy-and-paste function and confidence map (Figs 8–10). For 
analysis of liver MRE examinations, ROIs are drawn on each 
image and the mean LSMs (m) in kilopascals are recorded. The 

areas (a) of the ROIs are also recorded. The measurements are 
combined into an overall mean LSM. This can be done by cal-
culating a simple average of the mean stiffness values on each 
image. However, calculating the weighted mean (ie, weighted 
arithmetic mean) corrects for the different sizes of the ROIs on 
each image and will avoid potential measurement bias if some 
ROIs are much smaller than others. To calculate the weighted 
arithmetic mean, AMw, the following formula can be used: 

AMw = (m1a1 + m2a2 + m3a3 + m4a4) ÷ 
(a1 + a2 + a3 + a4) (Fig 11) (8).

MRE Interpretation
The overall mean LSM and a range of LSM values can be in-
cluded in the radiology report. The report should include a re-
minder that LSM values need to be interpreted in conjunction 
with clinical and laboratory results because confounding fac-
tors can affect LS unrelated to fibrosis (Table 3) (11,14–17). For 
example, LS can increase after meal ingestion, and therefore 
fasting is recommended for patients 4–6 hours before elastog-
raphy is performed (18–20). With heterogeneously fibrotic liv-
ers, it may be best to measure the largest liver area possible to 
obtain the overall LS and also report the LSM range (21). MRE 
results should be reported to the nearest decimal (eg, 2.3 kPa, 

Figure 3. Raw and postpro-
cessed images at MRE. The 
magnitude and phase images 
are the raw data acquired during 
MRE. The magnitude images pro-
vide anatomic information, and 
the phase images show shear 
wave propagation, both of which 
are useful for troubleshooting. 
Postprocessing by using a multi-
model direct inversion algorithm 
generates gray-scale and color elastograms without and with a 95% confidence map and gray-scale and 
color wave images. Liver stiffness (LS) can be measured on either the gray-scale or color elastogram, 
depending on the vendor. The color images are useful for subjective and qualitative assessment of LS. 
(The images in Figures 3–20 are axial images.)
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not 2.34 kPa). Figure 12 provides a dictation template that can 
be added to a diagnostic MRI report or used as a stand-alone 
report.

Quantification of Liver Fat and Iron with MRI

Overview
MRI techniques to quantify liver fat and iron concentration have 
been available and approved for clinical care for over 10 years. 
These MRI-derived biomarkers have been adopted into clinical 
management guidelines (22), resulting in increasing clinical de-
mand in academic centers and community practices alike.

Currently considered the most objective MRI metric of tis-
sue fat content, the proton density fat fraction (PDFF) is the 
ratio of mobile protons in fat (triglyceride) molecules to the 
total mobile protons of water and fat (23,24). Several methods 
are available to measure the liver PDFF (eg, MR spectroscopy), 
but the most widely used is based on a chemical shift–encoded 
(CSE) multiecho spoiled gradient-recalled-echo (mSGRE) se-
quence. Several different MRI biomarkers of liver iron quan-
tity have been proposed (25–28). Of these, the mSGRE-based 

2.1 kPa

A B

C D

Figure 4. Features of a good-quality MRE examination. (A) Magnitude image obtained through the mid liver shows signal 
void in the abdominal wall (arrow). (B) Wave image shows good-quality waves that propagate through the liver (arrows) with 
minimal wave distortion. (C, D) Color (C) and gray-scale (D) elastograms show a large area of the liver uncovered by the 95% 
confidence map, available for LSM. On the confidence maps, the crosshatched regions indicate areas with low-confidence 
data that should be excluded when making the LSM. The ROI on image D (outline) shows an LSM of 2.1 kPa, which is within 
the normal range. There is a hot spot under the passive driver on the elastograms (arrow in C and D), which was excluded 
from the LSMs. Liver hot spots are usually due to shear wave interference and reflect artifact rather than actual LS.

Table 1: Issues to Consider When Evaluating MRE Exam-
inations for Quality

Magnitude series
Is there signal void in the abdominal wall?*
Were sections obtained through the mid liver?*
Is the overall liver signal intensity decreased?
Is significant motion artifact or ascites present?
Is bowel interposed between the passive driver and liver?

Wave series
Is there good wave propagation?*
Is there focal or diffuse wave distortion?
Are there low-amplitude (dark) waves?
Is there artifact from the lung base or susceptibility effect of 

bowel gas present?
Elastograms

Is enough liver parenchyma available to make LSMs?*
Are artifactual hot spots present?

*Features of a good-quality MRE examination.
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transverse relaxation rate (R2*) is emerging as the first-line 
biomarker of liver iron concentration and is naturally bundled 
with PDFF measurements by using the CSE MRI method. In 
this section, we review the basic principles of fat and iron MRI 
biomarkers, the pulse sequences that allow biomarker esti-
mation, and the interpretation of PDFF and R2* parametric 
maps (Appendix S1).

MRI-based Liver Fat Quantification
Hepatic steatosis is the histologic hallmark of fatty liver dis-
ease, defined as the abnormal intracellular accumulation of 
triglycerides within hepatocytes (29,30). Tissue triglyceride 
concentration can be measured by exploiting the difference 
in the MR frequencies, or chemical shift, between triglycer-
ide and water protons. This is the basis of conventional T1-
weighted dual-echo in- and opposed-phase (IOP) MRI, where 
echo times (TEs) are chosen such that the signal contributions 
of protons from water and those from methylene protons on 
fat are either in-phase (ie, additive) (TE ∼2.3 msec at 3 T; 4.6 
msec at 1.5 T) or opposed-phase (ie, subtracting) (TE ∼1.15 
msec at 3 T; 2.3 msec at 1.5 T). IOP imaging allows subjective 
assessment of hepatic steatosis by detecting relative signal loss 
on opposed-phase images. CSE fat-water separation takes this 
one step further to computationally synthesize T1-weighted 
fat-only and water-only images, from which a fat fraction (FF) 
map can be calculated as FF = Sfat / (Sfat+ Swater), where S is the 
observed signal intensity of fat-only and water-only images as 
labeled (31,32). In tissues with low fat content, FF can also be 
calculated as (Sip– Sop) / 2  Sip, where S is the observed signal 
intensity of in-phase (ip) and opposed-phase (op) images as 
labeled. However, these calculations from observed signal in-
tensities are biased by multiple confounders—notably T1 bias, 
T2* decay, and the spectral complexity of fat (33). Objective 
and standardized fat quantification requires eliminating these 

confounders (24). The confounder-corrected FF is referred as 
the PDFF, representing the ratio of mobile triglyceride pro-
tons to all mobile protons and is a chemical measure of tissue 
triglyceride concentration (34), calculated as PDFF = PDfat / 
(PDfat + PDwater). PDFF has been validated against liver biopsy 
and MR spectroscopy as reference standards and has shown 
excellent reproducibility across a variety of field strengths and 
vendors in several meta-analyses (35–37).

PDFF technique is usually implemented as an mSGRE 
sequence, using low flip angle radiofrequency excitation 
to minimize T1 bias, T2* decay correction over six sequen-
tial TEs, and multipeak triglyceride spectral modeling (Fig 
13). The dedicated reconstruction algorithm can generate 
several types of calculated images, including in- and op-
posed-phase images, water PD and fat PD images, and the 
PDFF map (Figs 14, 15). As PDFF calculation requires the 
estimation of correction of T2* signal decay, a T2* (or alter-
natively R2*) map can also be reconstructed, the implication 
of which is discussed in the next section. Current commer-
cial implementations, such as IDEAL-IQ (GE Healthcare), 
qDixon (Siemens Healthineers), and mDixon Quant (Philips 
Healthcare), use three-dimensional (3D) Cartesian k-space 
sampling within 10–20-second breath holds and are avail-
able at both 1.5 T and 3 T. Rapid compressed sensing k-space 
sampling sequences and free-breathing motion-robust se-
quences have been developed and are expected to become 
available in the near future for patients who have difficulty 
with breath holding (38–41).

MRI-based Fat Quantification Measurement Technique and 
Interpretation.—PDFF maps are interpreted by placing multi-
ple circular ROIs (diameter ≥2 cm) onto the liver PDFF maps, 
while avoiding large vessels, focal lesions, artifacts, and the 
liver edge (42). For high interreader reproducibility, at least 

Figure 5. High-quality, low-quality, and nondiagnostic 
gray-scale elastograms in four patients. (A) High-quality 
elastogram shows a large amount of liver available for 
LSM within the ROI (outline). (B, C) Low-quality elasto-
grams in two patients show a small amount of liver pa-
renchyma available to make LSMs on both elastograms, 
with small ROI measurements (outline) drawn on both 
images. The cause of both of these low-quality images 
was mild liver iron overload obtained with gradient-echo 
sequences. (D) Nondiagnostic elastogram shows the 
crosshatching of the 95% confidence map covering the 
entire liver and no liver available for LSM.

2.2 kPa
2.0 kPa

2.8 kPa

A B

C
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four ROIs should be placed whenever possible, two or three in 
the right lobe and one or two in the left lobe, in representative 
areas of liver parenchyma (Fig 16). The placement of ROIs 
in the left lobe may be challenging owing to smaller size and 
cardiac motion artifact. 

The mean PDFF value is reported (42). With PDFF, 
weighted or unweighted mean calculations are acceptable. A 
range of PDFF values could be reported when heterogeneous 
steatosis is present. With PDFF thresholds, there is no clear 
consensus in the literature for differentiating normal from 
abnormal values. Even reported clinical biopsy grades have 
no defined relationship between biopsy steatosis grade and 
any disease state. In the fat quantification dictation template 
included in Figure 12, the PDFF thresholds provided are com-
monly used in clinical practice and are based on the biopsy 
versus CSE-MRI study by Tang et al (Table 4) (43). However, 

more research is needed, and PDFF thresholds used when re-
porting cases may change in the future. PDFF results should 
be reported to the nearest integer (eg, 10%, not 10.4%).

MRI-based Fat Quantification Pitfalls.—In some MRI systems, 
scanner software versions, or image viewers, the ROI value 
may need to be scaled by a factor of 10. This can be checked 
by placing an ROI in the subcutaneous fat, which should have 
PDFF values of 80%–100%, typically 93%–96% (Fig 16). PDFF 
values are independent of field strength, and ROI values do 
not need to be modified in this respect, unlike liver iron con-
centration calculation, as discussed in the next section.

The CSE fat-water separation technique that underpins 
PDFF is susceptible to a unique artifact referred to as fat-water 
swap. The artifact is a result of the natural ambiguity of the sig-
nal from water or fat dominant voxels during the computational 

Table 2: Causes of Lower-Quality or Nondiagnostic MRE Examinations and Proposed Solutions

Cause Magnitude Images Wave Images Elastograms Solution

Poor or No Shear Wave Delivery to the Liver

Connecting tube discon-
nected

No signal void in abdominal 
wall

No shear waves Nondiagnostic Reconnect the tube and secure 
connection

Active driver powered off No signal void in abdominal 
wall

No shear waves Nondiagnostic Power on the active driver

Passive driver loose or 
not in contact with the 
abdominal wall

Minimal or no signal void in 
abdominal wall

Minimal low-am-
plitude waves

Small ROI for LSM Place the passive driver snugly on 
the abdominal wall over liver

Driver amplitude set too 
low

Minimal or no signal void in 
abdominal wall

Minimal low-am-
plitude waves

Small ROI for LSM Increase amplitude to appropriate 
level for patient size

Interposing structures 
between the passive 
driver and liver

Colon or other structure 
between passive driver and 
liver

Wave distortion 
and low-ampli-
tude waves

Small ROI for LSM Reposition the driver so that it lies 
over the liver and repeat MRE

Shear Waves Delivered but Lower-Quality Elastogram Obtained: Patient Conditions

Iron overload Decreased liver signal intensity No shear waves 
within the liver

Nondiagnostic Use lower echo time (TE)
Use spin-echo echo-planar imag-

ing pulse sequence (if available)
Use 1.5-T scanner (if available)

Moderate to severe he-
patic steatosis

Slightly decreased liver signal 
intensity

Lower-amplitude 
waves with wave 
propagation

Moderate-sized ROI 
for LSM

Use in-phase TE or reduce TE 
closer to in-phase

Massive ascites Massive ascites Chaotic waves Nondiagnostic Use 1.5-T scanner (if available) to 
decrease dielectric effect

Consider large-volume paracente-
sis before imaging

Shear Waves Delivered but Lower-Quality Elastogram Obtained: Technical Reasons

Elastogram sections 
obtained too high or 
too low

Elastogram sections obtained 
too high or too low

Distorted low-am-
plitude waves

Small ROI for LSM Reposition passive driver to obtain 
sections through mid liver

Driver amplitude set too 
high

Signal void on abdominal wall 
extends into the liver

Wave distortion 
(phase wrap)

Hot spot under passive 
driver to be exclud-
ed from LSMs

Decrease the amplitude to the ap-
propriate level for patient size

Patient motion artifact Blurry image with motion 
artifact

Wave distortion Small ROI for LSM Encourage patient breath holding
Use spin-echo echo-planar imag-

ing pulse sequence (if available)
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step to separate the relative signal contributions by fat and water, 
which can result in incorrect assignment of water signal as fat 
and fat signal as water. Fat-water swaps can affect only a portion 
of a single image or the entire series (Figs 17, 18). ROIs should 
not be placed in swapped areas as the PDFF values are incorrect. 
However, if only a portion of the liver is affected, the remainder 
of the unswapped liver can be used for ROI placement. Another 
type of artifact occurs in severe liver iron overload, where PDFF 
estimation becomes impossible due to insufficient signal-to-

noise ratio (SNR) in the later TE images of multiecho CSE ac-
quisitions. This is further explained in the next section.

MRI-based Liver Iron Quantification
Due to the ferromagnetic property of iron, the MR signal in 
iron-loaded liver decays more rapidly than does the normal 
liver. This decay rate can be quantified by the transverse re-
laxation times (T2 and T2*, both reported in milliseconds) 
or rates (R2 and R2*, both reported in inverse seconds). The 

2.0 kPa

A B

C D

1.9 kPa

Figure 6. Normal MRE simulating a low-
er-quality examination. (A, B) Color elasto-
grams from two different section locations 
in the same patient show that the liver 
parenchyma appears mostly blue through-
out, indicating lower stiffness values (white 
arrows). (C) Wave image corresponding 
to B shows waves that are relatively thin 
(white arrows) and darken centrally owing 
to attenuation from softer normal liver pa-
renchyma. (D) Gray-scale elastogram corre-
sponding to B (excluding a hot spot) shows 
ROI measurements (outline) with normal LS 
values. While the smaller size of the ROI for 
this normal MR elastogram simulates a low-
er-quality image, this examination does not 
require troubleshooting or repeating. Note 
that the gold arrow on B and D indicates 
an elastogram hot spot caused by wave 
distortion (gold arrow on C). This hot spot 
region was not included in LSMs.

A B

C

1.9 kPa

D

9.5 kPa

1.9 kP

Figure 7. Healthy nonfibrotic (A, B) versus 
fibrotic (C, D) liver. (A) Wave image in a 
healthy nonfibrotic liver shows thin waves 
(arrows) that darken centrally as they are 
attenuated by softer normal liver paren-
chyma. (B) Color elastogram shows that 
the liver tissue not excluded by the 95% 
confidence map is blue or violet owing to 
lower stiffness values. The LSM was 1.9 
kPa for this section, which is within the nor-
mal range. (C) Wave image in a fibrotic liver 
in a different patient shows waves (arrows) 
that are thicker than those on A and not 
attenuated centrally. (D) Color elastogram 
shows that the liver tissue not covered by 
the 95% confidence map is red or orange 
owing to elevated stiffness values. The 
LSM for this section is 9.5 kPa, which is 
consistent with stage 4 fibrosis or cirrhosis.
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measurement of these relaxation times or rates is referred to as 
relaxometry. R2 mapping is performed by pixel-by-pixel biex-
ponential model relaxometry on the signal intensity data from 
multiple spin-echo (SE) acquisitions at different TEs, resulting 
in an R2 map of the liver. Average liver R2 values have been 
calibrated against liver iron concentration (LIC, in milligrams 
of iron per gram [mg Fe/g] or micromole of iron per gram 
[μmol Fe/g] of dry liver tissue) measured by a biochemical as-
say from liver biopsy specimens and shown to be reproducible 
(44–46). An increase in LIC results in a nonlinear, although 
monotonic, increase in liver R2. Published nomograms can 
be used to estimate LIC from the measured average R2 value. 
Long acquisition times, limited number of sections, motion ar-

tifact, and added time and cost of off-line proprietary analysis 
are limitations of current commercially available R2 relaxom-
etry techniques (eg, FerriScan; Resonance Health).

R2* relaxometry is performed by pixel-by-pixel single-ex-
ponential model relaxometry on the signal-intensity data 
from an mSGRE acquisition, resulting in a liver R2* map 
(47). The most convenient method of obtaining a liver R2* 
map is by using commercially available CSE mSGRE se-
quences, which simultaneously generate volumetric PDFF 
and R2* maps in a single breath hold (48). The simultane-
ous quantification is important, as accurate R2* estimation 
requires elimination of the confounding effects of fat (and 
vice versa) (49). Unlike SE-based R2 relaxometry, an increase 

A B

C D

Figure 8. How to make LSMs when both 
a copy-and-paste function and confidence 
map are available. First, an ROI (outline in 
A–D) is drawn on the color elastogram, A, 
with confidence map, avoiding the cross-
hatched regions. This ROI is then copied 
and pasted onto the magnitude image, B, 
with adjustments made to avoid large ves-
sels (arrows) and the liver edge. Next, the 
ROI is copied onto the color wave image, C, 
to ensure good-quality waves are being 
sampled, with adjustments made to avoid 
areas of wave distortion. Finally, the ROI is 
copied to the gray-scale elastogram, D, to 
obtain the LSM for this section. This process 
is repeated for all sections obtained, and 
then the weighted arithmetic mean is calcu-
lated to determine the overall mean LSM. 
The overall mean LSM was 7.0 kPa, which is 
within the stage 4 fibrosis or cirrhosis range.
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Figure 9. How to make LSMs when a co-
py-and-paste function is available but a con-
fidence map is not. First, an ROI (outline in 
A–D) is drawn on the magnitude image, A, 
avoiding the liver edge and large vessels. 
This ROI is then copied and pasted onto the 
color wave image, B, to ensure good-quality 
waves are being sampled, with adjustments 
made to avoid areas of wave distortion. 
Finally, depending on the MRI system used, 
the ROI can be copied onto the color elas-
togram, C, or gray-scale elastogram, D, to 
obtain the LSM for this section. This process 
is repeated for all sections obtained, and 
then the weighted arithmetic mean is calcu-
lated to determine the overall mean LSM. 
The overall mean LSM in this patient was 1.5 
kPa, which is within the normal range.
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in LIC results in a linear increase in R2* (47,50). R2* relaxom-
etry for LIC estimation has recently undergone a multicenter 
multivendor validation and was found to be repeatable and 
reproducible at 1.5 T, 2.89 T, and 3.0 T (51). Unlike commer-
cial R2 relaxometry, which requires off-site analysis, mSGRE 
R2* maps can be automatically reconstructed and sent to a 
radiology workstation for immediate interpretation. As such, 

many radiology practices have adopted R2* relaxometry as the 
first-line method for MRI-based liver iron quantification.

MRI-based Iron Quantification Measurement Technique and In-
terpretation.—The reconstructed R2* map is usually interpreted 
and analyzed by placing ROIs. At this time, evidence-based 
consensus of ROI placement has not been published, but 

Figure 10. How to make LSMs when a 
confidence map is available but a copy-and-
paste function is not. The first step, using a 
“localizer mode,” is to hover the cursor (ar-
row in A) on the gray-scale elastogram with 
confidence map to identify corresponding 
areas marked by a crosshair on the magni-
tude image (circle in B). Use this function to 
avoid the liver edge, fissures, large vessels, 
and masses when drawing the ROI (outline 
in A). Next, on each wave image, identify 
areas with wave distortion (rectangle in 
C), low-amplitude waves, and poor wave 
propagation, and avoid inclusion in the ROI. 
Finally, hot spots identified on the color 
elastogram (white arrow in D) are avoided. 
The hot spot in D was caused by a liver me-
tastasis, confirmed by correlating the finding 
with that on a fat-suppressed T2-weighted 
MR image (red arrow in inset image). Free-
hand ROI measurements are then made on 
the gray-scale elastogram with confidence 
map, A, for each of the four sections to ob-
tain the LSM for each section, and then the 
weighted arithmetic mean is calculated to 
determine the overall mean LSM. The over-
all mean LSM was 1.9 kPa, which is within 
the normal range.

1.9 kPa

A B

C D

Figure 11. How to calculate the weighted 
arithmetic mean for LSMs. The weighted 
arithmetic mean reflects the relative con-
tribution of the area of the liver measured 
in each section. LSM can be reported as 
the weighted arithmetic mean along with 
the range of values. For the analysis of 
liver MRE examinations, ROIs are drawn 
on each section and the mean LSMs (m) 
in kilopascals are recorded, as depicted 
on the gray-scale elastograms, A–D. The 
areas (a) of the ROIs are also recorded. To 
calculate the weighted arithmetic mean 
(AMw), the following formula can be used: 
AMw = (m1a1 + m2a2 + m3a3 + m4a4) ÷ (a1 
+ a2 + a3 + a4). For this patient, calculation 
of the weighted arithmetic mean LSM is 
as follows: [(2.72  34.5) + (2.96  32.1) 
+ (2.53  38.6) + (2.73  38.0)] ÷ (34.5 + 
32.1 + 38.6 + 38.0) = 2.73 kPa. Thus, for this 
examination, the overall mean LS to report 
is 2.7 kPa (range, 2.5–3.0 kPa).

2.72 kPa
34.5 cm2 2.96 kPa

32.1 cm2

2.53 kPa
38.6 cm2

2.73 kPa
38.0 cm2

A B

C D
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Table 3: Confounders That Affect LSM with Both MRE and US SWE*

Factor Effect on LSM How to Identify Effect on Interpretation

Acute hepatitis, elevated trans-
aminases, flares of hepatitis in 
patients with hepatitis B or C 
infection

Elevated LSM AST and/or ALT can be 
up to five times greater 
than normal value

Overestimates the degree of fibrosis

Elevated right heart pressure (con-
gestive heart failure, tricuspid re-
gurgitation) or Fontan palliation

Elevated LSM Enlarged IVC and 
hepatic veins, medical 
records, cardiac status

Overestimates the degree of fibrosis; it is not possible 
to use cutoff values, as the degree of congestion 
and its contribution to stiffness is unknown

Nonfasting state May lead to elevated 
LSM

Contracted gallbladder Overestimates the degree of fibrosis; if the LSM is 
within normal range, no need to repeat the exam-
ination in the fasting state

Budd-Chiari syndrome Elevated LSM Evaluate hepatic veins Overestimates the degree of fibrosis
Infiltrative diseases (amyloidosis, 

sarcoidosis, diffuse liver metasta-
sis, Gaucher disease)

Elevated LSM Medical records, patient 
history

Overestimates the degree of fibrosis

Alcohol abuse, alcohol binge Elevated LSM Medical records, patient 
history

Overestimates the degree of fibrosis

Acute biliary obstruction Elevated LSM Findings at B-mode US, 
CT, or MRI

Overestimates the degree of fibrosis

Treatment of hepatitis C with 
DAAs†

Decreased LSM Medical records With treatment, the degree of inflammation de-
creases, decreasing LSM over a few weeks; fibrosis 
might start to improve over several months

Hepatitis B infection undergoing 
treatment

Decreased LSM Medical records Pattern of LSM decline likely reflects remission of 
liver inflammation and fibrosis regression during 
the first 6 months and fibrosis regression during 
long-term antiviral therapy

Note.—ALT = alanine aminotransferase, AST = aspartate aminotransferase, DAAs = direct antiviral agents, IVC = inferior vena cava.
* For any of the confounders, the delta change in LS may be helpful in assessing the progression or regression of disease, regardless of the 
cause.
† In patients with chronic hepatitis C infection treated with DAAs, the baseline value must be the one obtained at the end of treatment.

many centers have adopted similar methodology as for PDFF 
(Fig 19). Once ROIs are placed, the mean R2* value for the 
ROIs is calculated and reported. Similar to PDFF, weighted or 
unweighted mean calculations are acceptable. A range of R2* 
values may be reported if there is heterogeneous distribution 
across the liver. R2* values are then converted to LIC in milli-
grams of iron per gram of (mg Fe/g) dry liver tissue by using 
field-specific calibration equations (Table 5) (51). Care must be 
taken to use the correct equation for each field strength. If the 
LIC is reported in micromole of iron per gram of (μmol Fe/g) 
dry liver tissue, the LIC value in mg Fe/g can be converted to 
μmol Fe/g by dividing by 0.055845, which is the atomic weight 
of iron (ie, 0.055845 mg/μmol or 55.845 g/mol).

LIC can be used to grade liver iron overload severity (Table 
6) (46). It is important that R2* LIC measurement is reported in 
a standardized format to aid patients and referring clinicians. 
If prior LIC values are available, providing comparison with 
the current LIC value is recommended to help clinicians assess 
the evolution of disease (52–56). R2* and LIC results should 
be reported to the nearest integer (eg, 76/sec, not 76.2/sec) and 
decimal (eg, 18.2 mg Fe/g, not 18.23 mg Fe/g), respectively. A 
dictation template for reporting results is provided in Figure 12.

MRI-based Iron Quantification Pitfalls.—The standard CSE 
mSGRE sequence used for PDFF is usually suitable for accu-

rate R2* LIC estimation in patients with mild or moderate iron 
overload. However, in patients with severe or extreme iron 
overload, the signal may decay too fast for the mSGRE acqui-
sition to measure the liver signal intensity adequately before it 
decays to noise. When this occurs, the R2* estimation becomes 
computationally unstable, resulting in imprecise estimates 
and a speckled “snowstorm” appearance on the R2* map (Fig 
20). It is important to recognize this appearance and not use 
the R2* maps for LIC measurement. In addition, the accom-
panying PDFF map is uninterpretable because the accuracy 
of PDFF estimates and R2* estimates are interdependent. This 
situation can often be remedied by shortening the initial TEs 
to less than 1 msec and the interecho interval to less than 1 
msec, usually achievable by reducing the acquisition matrix 
(thus spatial resolution) or by using fractional echoes and/or 
an interleaved acquisition (ie, even and odd TEs acquired in 
two separate repetition times). Otherwise, alternative LIC es-
timation methods can be considered, such as an R2-based LIC 
method (FerriScan) or liver biopsy.

US SWE

Overview
US SWE techniques include vibration-controlled transient 
elastography (VCTE) and acoustic radiation force impulse 
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(ARFI) techniques (57–59). The shear waves are generated 
by body-surface vibrations made by a probe tip, as in VCTE, 
or the push-pulse of a focused ultrasound beam, as in ARFI 
techniques. VCTE is performed without imaging guidance 
when making measurements. The content of this section fo-
cuses on the imaging-guided ARFI-based techniques. This in-
cludes point SWE (pSWE), which measures stiffness in a small 
fixed volume of approximately 1 cc, and two-dimensional (2D) 
SWE, which measures stiffness over a larger user-adjustable 
area and includes a color-coded elasticity map that is displayed 
on the US monitor and sent to the PACS (Appendix S1).

For all US SWE techniques, to achieve the highest reproduc-
ibility and measurement accuracy, adherence to a strict proto-
col for acquiring LSM is required. However, even in the best 
conditions, US systems from different vendors can give dif-
ferent results. Therefore, the intersystem variability should be 
considered when comparing results (60,61). Moreover, using 
the same system is recommended for follow-up purposes. All 
guidelines recommend the same protocol for correct LSM ac-
quisition with ARFI-based techniques (Table S1) (58,59,62,63).

US Elastography Quality Control
Optimization of the B-mode image is required, as B-mode 
tracks the shear waves to provide an estimate of shear wave 

speed (Figs 21, 22). The B-mode image should be free of ar-
tifacts, especially shadowing. The most important quality cri-
terion is the variability between subsequent measurements, 
which is assessed by the interquartile range (IQR)–to-median 
ratio (subsequently referred to as IQR/M). The IQR/M should 
be less than or equal to 30% for measurements reported in ki-
lopascals and less than or equal to 15% for measurements re-
ported in meters per second because the conversion of meters 
per second to kilopascals is nonlinear (59). A high IQR/M con-
firms poor precision in most settings and therefore poor accu-
racy. However, an IQR/M in the recommended range confirms 
high precision but not high accuracy, as measurements taken 
in regions with artifacts may give a low IQR/M but are inaccu-
rate. Using the manufacturer’s quality criteria is also important 
to confirm that accurate LSMs have been obtained (Figs 23–25). 
With pSWE, 10 measurements should be obtained. Fewer than 
10 measurements (at least five) can be obtained with pSWE if 
necessary. However, the IQR/M should be within the recom-
mended range. For 2D SWE, five measurements should be ob-
tained when the manufacturer’s quality criteria are available.

For ARFI techniques, there can be a measurement depth 
dependence, so follow-up studies should be taken at the same 
depth. In most systems, the maximum ARFI push pulse is 
4–4.5 cm from the transducer, which is the optimal location 

Figure 12. Suggested MR liver 
elastography and MRI-based 
liver fat and iron quantification 
dictation template macro (6, 9, 
43, 46, 51). This dictation template 
macro may be modified to com-
ply with individual institutional 
requirements. 

PROCEDURE: [GRE/SE EPI] MR elastography and chemical shi�-encoded GRE sequences were performed for 
liver fibrosis, fat, and iron quan�fica�on on a [1.5/3.0/2.89] Tesla scanner. 

MR Liver Elastography 

Mean liver s�ffness (weighted mean of [  ] measurements): [  ] kPa (range [ ] – [ ] kPa).
Interpreta�on of MR elastography results. Mean LSM:

� <2.5 kPa = Normal
� 2.5 to 3.0 kPa = Normal or inflamma�on
Increased liver s�ffness, in the appropriate clinical se�ng, is compa�ble with liver fibrosis as below:
� 3.0 to 3.5 kPa = Stage 1–2 fibrosis
� 3.5 to 4.0 kPa = Stage 2–3 fibrosis
� 4.0 to 5.0 kPa = Stage 3–4 fibrosis
� >5.0 kPa = Stage 4 fibrosis or cirrhosis

MR Liver Fat Quan�fica�on

In representa�ve areas of the liver, the mean proton density fat-frac�on (PDFF) is [ ]% (range [ ] – [ ]%).

Histological steatosis grades by PDFF:

� <6% = Normal
� 6 – 17% = Mild
� 17 – 22% = Moderate
� >22% = Severe

MR Liver Iron Quan�fica�on  

In representa�ve areas of the liver, the mean transverse relaxa�on rate R2* is [ ]/s (range [ ] – [ ]/s) at 
[1.5T/3.0T/2.89T], corresponding to a liver iron concentra�on (LIC) of [ ] mg Fe/g (range [ ] – [ ] mg Fe/g).

@1.5T: LIC = 0.02603 × R2* – 0.16      @3.0T: LIC = 0.01349 × R2* – 0.03      @2.89T: LIC = 0.01400 × R2* – 0.03 

Iron overload severity grades by LIC:

� <1.8 mg/g = Normal
� 1.8 – 3.2 mg/g = Mild
� 3.2 – 7.0 mg/g = Moderate
� 7.0 – 15.0 mg/g = Severe
� ≥15.0 mg/g = Extreme

IMPRESSION:

1. Liver s�ffness of [  ] kPa consistent with [  ].

2. [No/Mild/Moderate/Severe] hepa�c steatosis with a fat frac�on of [  ]%.

3. [No/Mild/Moderate/Severe/Extreme] hepa�c iron overload with an es�mated liver iron concentra�on of [ ] 
mg Fe/g.
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Figure 13. Chart shows the fat and iron 
quantification MRI sequence and re-
construction. ms = msec. (A) An mSGRE 
sequence is used to acquire images at 
increasing TEs during which the observed 
liver signal intensity undergoes in- and 
out-of-phase oscillations due to fat versus 
water chemical shift, as well as R2* signal 
decay. A low flip angle is used to minimize 
bias in fat quantification due to differences 
in the T1 relaxation times between the 
liver and fat. (B) The observed mSGRE 
signal is fitted to a mathematical model on 
a pixel-by-pixel basis. On the graph, the 
blue curve plots the signal model and the 
red circles indicate the data to which the 
blue curve is fit. A reconstruction algorithm 
simultaneously generates a map of the 
PDFF as well as a map of R2* relaxation 
rates. s = second. 

for obtaining measurements (58,59). Recognizing artifacts is 
critical in performing US SWE and is discussed in the follow-
ing sections.

US Elastography Interpretation
Guidelines have recommended that SWE techniques can re-
place liver biopsy for fibrosis staging in several clinical scenar-
ios. However, histologic assessment and SWE do not measure 
the same entity. Histologic assessment evaluates fibrosis, fat, 
and inflammation separately, whereas SWE techniques mea-
sure LS, which is mainly related to fibrosis but also affected by 
inflammation, congestion, and other factors. Table 3 lists con-
founding factors to consider when interpreting SWE results. 
For many reasons, it is inappropriate to translate stiffness 
values into a histologic score (64). Stiffness is a quantitative 
estimate, whereas liver fibrosis histologic scoring systems are 
based on categorical scales. Therefore, even in “ideal” condi-
tions, overlap between consecutive stages of liver fibrosis is 
inevitable when using LS as a liver fibrosis surrogate marker.

Several guidelines have been released for interpreting SWE 
measurements. A Society of Radiologists in Ultrasound (SRU) 
panel highlighted that the overlap between consecutive stages 

of liver fibrosis is as large if not larger than differences between 
vendors, and therefore suggested that separate cutoffs for dif-
ferent vendors are not required (59). In addition, the spectrum 
of advanced fibrosis and early cirrhosis is a continuum in as-
ymptomatic patients, and distinguishing between the two on 
clinical grounds is often impossible. Considering these uncer-
tainties, the term compensated advanced chronic liver disease 
(cACLD), which includes F3 and F4 stages, has been proposed 
for asymptomatic patients (65,66). Clinically, it is of utmost 
importance to diagnose cACLD because these patients are at 
higher risk of complications related to portal hypertension or 
hepatocellular carcinoma. Therefore, in patients with chronic 
viral hepatitis and nonalcoholic fatty liver disease (NAFLD), 
the SRU panel proposed the “rule of four” for ARFI techniques 
(59,63). Table 7 lists recommended interpretation guidelines 
for ARFI techniques. An ARFI technique dictation template is 
provided in Figure 26. US SWE results should be reported to 
the nearest decimal for LSM in kilopascals (eg, 5.3 kPa, not 5.32 
kPa) and to the second decimal for LSM in meters per second 
(eg, 1.41 m/sec, not 1.413 m/sec). There is approximately 10% 
variability of US SWE measurements, and therefore at least a 
10% delta change is needed for clinically relevant change (59).
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Figure 15. Fat-iron quantification MRI sequence output in a patient with liver fat and iron overload. There 
is marked signal loss on the opposed-phase image (A) compared with the in-phase image (B), indicating the 
presence of hepatic steatosis. These qualitative observations are quantitatively confirmed by the calculated 
PDFF map (C), where the pixel intensity (brightness) represents the PDFF, which can range from 0% (no fat, all 
water) to 100% (all fat, no water). There is also mildly elevated R2*, as evidenced by the brighter pixel intensities 
on the accompanying R2* map (D). Note that elevated R2* is indicative of iron overload, which could not have 
been concluded based on the in- and opposed-phase images owing to obscuration of the small iron effect by a 
large fat effect.

Figure 14. Typical fat-iron quantification 
MRI sequence output in a patient without 
liver fat or iron overload. These chemical 
shift–encoded sequences can reconstruct 
several types of images, including an op-
posed-phase image (A), in-phase image (B), 
PDFF map (C), and R2* relaxation rate 
map (D). These sequences can also gener-
ate water-only (ie, fat-suppressed) as well 
as fat-only (ie, water-suppressed) images 
(not shown). This case does not show visible 
signal loss on the opposed-phase image (A) 
compared with the in-phase image (B), sug-
gesting the absence of hepatic steatosis.0%

100%

0/s

250/s

A B

C D
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Figure 16. Examples of ROI placement on PDFF maps. At 
least four circular ROIs of 2 cm or larger in diameter should 
be drawn, two to three in the right lobe and one to two in the 
left lobe. Attention should be paid to avoid areas of artifact, 
focal lesions, visible blood vessels, and bile ducts. The average 
value of the four or more ROIs is reported. The ROI values can 
be used directly without any scaling, or scaling by a factor of 
10 may be needed depending on the vendor and MRI scanner 
software version. For example, A shows a PDFF map where 
the ROI values can be used directly. The average PDFF value 
is 21%, consistent with moderate hepatic steatosis. Note that 
the subcutaneous fat is typically close to 100 in PDFF. B shows 
a PDFF map that is scaled by a factor of 10. The average PDFF 
value is 8.4%, consistent with mild hepatic steatosis. Note 
that the subcutaneous fat ROI value is 960, but it actually rep-
resents 96% fat after accounting for the scaling.

Table 4: PDFF Thresholds for Histologic Grades of Hepatic 
Steatosis

PDFF Histologic Steatosis Grade

<6% Normal
6%–17% Grade 1 (mild)
17%–22% Grade 2 (moderate)
>22% Grade 3 (severe)

Source.—Adapted and reprinted, with permission, from refer-
ence 43.

SWE techniques can also be used to evaluate the clinical 
outcome, including the risk of liver-related events, in patients 
with diffuse liver disease (59). One key feature of SWE is that 
with the continuous numerical values, the delta LS change 
over time is helpful in noninvasively evaluating progression 
or regression of a disease regardless of the cause (67), even 
in patients who do not have liver fibrosis but are affected by 
diseases that increase LS. Elastography gives an LS “value” 
that is just one marker of disease. It needs to be interpreted in 
the clinical context considering clinical and laboratory data, 
treatment, and other conditions. In children with CLD, SWE 
can be used to separate normal from abnormal results and se-
rially monitor individuals over time during treatment (59,68). 
Since LS measurement reflects stiffness, not fibrosis, beyond 
liver fibrosis assessment, LS is a useful parameter for evalu-
ating liver congestion that occurs in right-sided heart failure, 
congenital cardiac and valvular diseases, hepatic sinusoidal 
obstruction syndrome, and Budd-Chiari syndrome (67,69,70).

In patients with chronic hepatitis C infection successfully 
treated with direct-acting antivirals (DAAs), rapid LS decline 
has been reported by several studies related to resolution of 
inflammation rather than liver fibrosis improvement. The 
update to the SRU consensus proposed following patients 
treated with DAAs by using LS values obtained at the end of 
treatment as a baseline and to assess the clinical outcome by 
evaluating the LS delta change over time with respect to this 
baseline (59).

It should be noted that with US, LSM is reported as the 
Young modulus in kilopascals, while with MRE, LSM is re-
ported as the magnitude of the complex shear modulus, also 
in kilopascals. US measurements in kilopascals are approxi-
mately three times the kilopascals reported with MRE when 
performed at the same frequency (58). However, since the 
Young modulus and shear modulus measure two different 
entities, conversion of LSM measurements obtained with US 
SWE and MRE should generally be avoided.

US SWE Artifacts, Tips, and Tricks
Recognizing and understanding artifacts is critical in perform-
ing and interpreting US SWE LS measurements. Several types 
of SWE LSM artifacts are very common. Artifacts can result 
from poor acquisition, tissue composition, and operator error. 
Artifacts can overestimate or underestimate LS values. It is im-
portant to realize that shear wave speed estimates are made 
from B-mode tracking pulses, so if the B-mode image is poor 
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or has artifacts, LS estimates will be inaccurate. Following a 
standard protocol when acquiring measurements can decrease 
artifacts resulting from operator technique.

In most 2D SWE products, a quality map/factor is avail-
able that is helpful for identifying and avoiding artifacts. 
However, with pSWE, this tool is not available, and it is 

Figure 17. Local fat-water swap 
artifact on a water image (A), fat 
image (B), PDFF map (C), and R2* 
map (D). In rare cases, the chemi-
cal shift–encoded reconstruction 
can have either local (A–D) or 
rarely global (Fig 18) swapping of 
the fat and water signals. In the 
region of the swaps (arrows), the 
PDFF value can be nonsensical, 
showing 91% in the liver on C, 
which is incorrect. Although R2* 
values may or may not be sensi-
ble (D), these values are also in-
correct, as PDFF and R2* are es-
timated simultaneously, and the 
accuracy of one map depends on 
the accuracy of the other map.  
s = second.

Figure 18. Global fat-water swap 
artifact on a water image (A), fat 
image (B), PDFF map (C), and R2* 
map (D). In some cases, the chem-
ical shift–encoded reconstruction 
can have either a local (Fig 17) or 
rarely global (A–D) swapping of the 
fat and water signals. In the region 
of the swaps, the PDFF value can 
be nonsensical, showing 104% 
PDFF in the liver on C, which is in-
correct. Although R2* values may or 
may not be sensible (D), these val-
ues are also incorrect, as PDFF and 
R2* are estimated simultaneously, 
and the accuracy of one map de-
pends on the accuracy of the other 
map. In cases of global fat-water 
swaps, adjusting the shim-box and 
reshimming and/or shortening the 
initial TE or interecho interval may 
be helpful. s = second.
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therefore important to carefully place the measurement box 
away from areas known to create artifacts (eg, liver capsule, 
blood vessels, areas of shadowing). Table S2 lists artifacts 
that are common in US SWE LS measurements and describes 
how to detect and avoid them (Figs 23A, 24B, 27–29). Table 
S3 provides tips and tricks for US SWE LS measurement.

US Fat Quantification

Overview
Conventional B-mode US is widely used to qualitatively assess 
liver steatosis (71). It has been reported to have a 100% sensi-
tivity and 90% specificity to detect steatosis in 20% or more of 

Figure 19. Examples of ROI placement on R2* maps. Similar to PDFF maps, at least four circular ROIs with 
a diameter of 2 cm or greater should be drawn, at least two in the right lobe and at least one in the left lobe. 
The average R2* value of the four or more ROIs is used to estimate the LIC by using a field strength–specific 
calibration formula (Table 5). A shows an R2* map and four ROIs at 1.5 T in a patient with severe iron overload. 
B shows the R2* map and ROIs at 3 T in the same patient. By using the appropriate field strength–specific cali-
bration formula, LIC can be estimated by using 1.5-T or 3-T MRI. s = second.
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Figure 20. PDFF and R2* estimation failure due to severe iron overload as demonstrated on a water image (A), fat 
image (B), PDFF map (C), and R2* map (D). In severely iron-loaded livers, signal loss in the liver over the multiple TEs 
may be too rapid for reliable R2* estimation. In these cases, the nominal R2* estimates can have large variability, and 
the map becomes speckled or pixelated (D). This appearance is not biologically plausible, as iron deposition is locally 
homogeneous. Because all reconstructed images of the chemical shift–encoded sequence are interdependent, failure 
of reliable R2* estimation is similarly translated to failure to reliably estimate the PDFF map (C), as well as the water 
and fat images (A, B). These poor fitting artifacts can be partially overcome by using the shortest achievable initial TE 
and interecho interval (both <1 msec) but may remain problematic at very high liver iron concentrations. s = second.

Table 6: R2* and LIC Values Corresponding to Subjective Severity Indices of Iron Overload

LIC (mg Fe/g dry 
liver)

R2* at 1.5 T  
(per second)

R2* at 3.0 T  
(per second)

R2* at 2.89 T 
(per second)

Iron Overload Subjective 
Severity

<1.8 <75 <136 <131 None (normal)
1.8–3.2 75–128 136–238 131–230 Mild
3.2–7.0 129–274 239–520 231–501 Moderate
7.0–15.0 275–581 521–1113 502–1073 Severe
≥15.0 ≥582 ≥1114 ≥1074 Extreme

Source—Adapted and reprinted, with permission, from references 46 and 51. 

Table 5: Magnetic Field Strength Specific LIC Calibration Equations

Field Strength Vendor(s) Equation

1.5 T General Electric, Philips, Siemens LIC = 0.02603  R2* – 0.16
3.0 T General Electric, Philips LIC = 0.01349  R2* – 0.03
2.89 T Siemens* LIC = 0.01400  R2* – 0.03

Source.—Adapted and reprinted, with permission, from reference 51.
*Siemens 3-T systems operate at a nominally lower field strength; since the susceptibility effect scales 
with the field strength, a Siemens-specific calibration curve is provided for their 3-T systems.
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hepatocytes but is less sensitive for detecting lower degrees of 
liver fat (72). Subjective assessment of gray-scale US is limited 
by substantial interobserver variability. To improve liver fat 
quantification with B-mode US, the hepatorenal index (HRI) 
has been developed (73). This method compares the echo 
intensity of the liver parenchyma to that of the renal cortex, 
assuming a normal kidney. The HRI is impacted by operator 
experience, measurement depth, and vendor algorithm vari-
ability for calculating measurements. The literature has sig-
nificant variability, with the HRI optimal cutoff ranging from 
1.24 to 2.2 for diagnosing steatosis (74). To improve measure-
ment accuracy, vendors have used raw data to account for the 
time-gain compensation curve (74,75).

New quantitative US methods to assess liver fat content 
have recently been developed (76). These techniques analyze 
the radiofrequency echoes returning to the transducer and 
calculate parameters that can be used to quantify liver fat 
content. They include attenuation coefficient, backscatter co-
efficient, and speed of sound, as well as combinations of these 
(Figs 30, S7; Appendix S1). Controlled attenuation parameter 

(CAP) (ie, the attenuation coefficient on the FibroScan sys-
tem) is not discussed in this article. However, it must be high-
lighted that CAP must not be used as a reference standard in 
studies that assess the performance of new fat quantification 
algorithms due to its suboptimal performance in detecting 
and grading liver fat content (77,78).

At the time of this article, there are several articles on the 
use of the attenuation coefficient and some articles on the com-
bination of attenuation and backscatter suggesting that these 
techniques have good agreement with MRI PDFF (77,78). In 
fact, one vendor combined attenuation and backscatter coeffi-
cients to create a “US-derived fat fraction” that is reported as a 
percentage that seems highly correlative with MRI PDFF (79). 
However, further studies are needed to better specify how to 
perform these examinations and better define cutoff values. 
Backscatter and speed of sound techniques have limited discus-
sion in the literature, and further studies are needed to define 
their role in US liver fat quantification. Regarding reporting 
results, for all US techniques, it is currently recommended to 
report fat quantification based on the vendor’s recommended 
cutoff values (78).

Attenuation.—US attenuation-based fat quantification tech-
niques rely on energy loss of the acoustic signals while travel-
ing through tissue. The presence of fat in tissue increases the 
attenuation and thus the signal delay. However, attenuation 
is also dependent on the ultrasound frequency used. It is pos-
sible to quantify this energy loss while taking frequency into 
account and thus quantify tissue fat content.

The attenuation estimation techniques have been vali-
dated using a phantom with known attenuation values and 

Figure 21. Illustrations show the effect on the shear wave amplitude 
when the transducer is perpendicular to (as in A), and not perpendicular 
to (as in B ) the liver capsule. Note that the shear waves have higher ampli-
tude when the transducer is perpendicular to the liver capsule. When the 
transducer is angled to the liver capsule, the shear wave amplitude is de-
creased because of refraction of energy (dotted red arrow) weakening the 
ARFI pulse. This leads to inaccurate measurement of LS. (Reprinted, with 
permission, from Beth A. Halasz, Copyright © 2022.)

Figure 22. Illustration demonstrates the criteria used to evaluate the 
quality of the shear wave velocity assessment. A is the strength of the ARFI 
pulse, with red indicating more energy deposition. B is the location of the 
B-mode tracking pulses. Most quality maps evaluate the quality of the shear 
waves by assessing the height of the shear waves, signal-to-noise ratio of 
the shear waves, and whether the displacement curves, C, follow a regular 
pattern and if the slope of the distance from the ARFI pulse to the time of 
the maximum displacement curve peak is a straight line, D. The combina-
tion of the quality of each of these factors is summarized into one number, 
usually from 0 (no confidence) to 100 (high confidence). (Reprinted, with 
permission, from Beth A. Halasz, Copyright © 2022.)
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mathematical simulations. Factors affecting the accuracy 
of attenuation estimation include backscattering variation, 
speed of sound variation, focus location, imaging artifacts, 
imaging resolution, and signal-to-noise ratio. The sizes of 
the ROIs and analysis window are often optimized based 
on these factors in implementing an attenuation estimation 
technique (80). The depth of the ROI can be limited by the 

signal-to-noise ratio level. All vendor algorithms are de-
signed to exclude large blood vessels and artifacts in the ROI 
from measurements, which may increase the method’s ac-
curacy (77,78). Attenuation results are provided in decibels 
per centimeter per megahertz and should be reported to the 
nearest second decimal (eg, ATI 0.62 dB/cm/MHz, not 0.621 
dB/cm/MHz).

Figure 23. Manufacturer quality criteria for 2D SWE techniques: color-coded quality map. 2D SWE images obtained on US systems from five different manu-
facturers (in five different patients) show the color-coded quality maps (left images) and elasticity maps (right images). Generally on the quality maps, the highest 
quality is in green, whereas red indicates very poor quality. (A) In this case, the user can set a “confidence threshold” (CT) (white arrow). At 60%, as in this case, 
the low- and some medium-quality signals are filtered out in the elasticity map. There is reverberation artifact due to the liver capsule in the near field (yellow 
arrow). (B) In this case, the areas colored in green or yellow are of acceptable quality (arrow). (C) In this case, the color of the quality map (RLB) goes from purple, 
indicating poor reliability, to green, indicating the highest reliability. Another quality criterion of this vendor is the motion stability (M-STB) index (arrow) indicated 
by stars: the highest stability is indicated by five green stars, whereas red stars indicate motion. (D) In this case, the quality map ranges from zero (no confidence, 
red) to 100 (high confidence, white). The contour of the measurement box is white (as depicted here) if the software judges the measurement of high quality; 
otherwise it is in red color. (E) In this case, the quality of each measurement (circle) is assessed with a reliability measurement index (RMI) (arrow).
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Figure 24. Manufacturer quality criteria for 2D SWE techniques: propagation map and stability index. 2D SWE images were ob-
tained on US systems from two different manufacturers in two different patients. (A) The propagation map (right image), which is a 
quality assessment map, and the elasticity map (left image) are shown side by side. A good acquisition has a propagation map with 
parallel lines, and the intervals between the lines have the same distance. The propagation map is the guidance for placing the mea-
surement box (circles). (B) Stability index (SI) (bottom image) is an indicator of temporal stability and is displayed while positioning 
the measurement box. The software filters out values with a low signal-to-noise ratio, and these areas are left blank. An acquisition 
of good quality should have an SI greater than 90%. There is reverberation artifact in the near field (white arrow) and a blank area 
around the vessel in the far field (yellow arrow).

Backscatter.—Another quantitative US technique is the use 
of backscattered signals from tissue to detect intrahepatocyte 
fat. Fat vacuoles within hepatocytes increase ultrasound scat-
tering signals, resulting in greater backscatter and a brighter 
liver appearance (ie, more echogenic) (77).

Speed of Sound.—Speed of sound measurement is another 
US biomarker of hepatic steatosis. Speed of sound decreases 
proportionally to increased liver fat content. Limitations in-
clude potential confounding factors such as inflammation, 
parenchymal edema, increased intracapsular pressure, and 
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Figures 25. Manufacturer quality criteria for point SWE (pSWE) techniques. pSWE images, A–D, obtained with four US systems from different manufactur-
ers (in four different patients). A, VsN (arrow) is a reliability index that indicates the percentage of effective push-track sequences. A measurement of good 
quality should have a VsN greater than or equal to 50%. When the signal-to-noise ratio of an acquisition is very low, the mean value is not shown. B, The 
mean value of the push-track sequences is given together with the standard deviation (SD). An SD less than or equal to 30% of the mean value indicates an 
acquisition of good quality. When the signal-to-noise ratio of an acquisition is very low, the mean value is not shown. C, The quality of each measurement is 
assessed with a reliability measurement index (RMI) (arrow). D, This system takes 15 pSWE measurements with a single button push, evaluates the quality of 
the shear waves (shown with dots in each small rectangle), and deletes the measurements felt to be unreliable. The horizontal line above the measurement 
area (arrow) is placed at the liver capsule to standardize the measurement depth. The deep abdominal transducer (DAX) used for this software has a lower 
frequency allowing deeper penetration. It is calibrated to provide similar stiffness measurements to the standard C5 transducer, although the frequency is 
lower, to allow measurements of LS up to 14 cm.

Table 7: Recommendations for Interpretation of LS Values Obtained with ARFI Techniques in 
Patients with Viral Hepatitis and Nonalcoholic Fatty Liver Disease (Rule of Four)

LS Value Recommendation

≤5 kPa (1.3 m/sec) High probability of being normal
<9 kPa (1.7 m/sec) In the absence of other known clinical signs, rules out cACLD; if there are known 

clinical signs, may need further test for confirmation
9–13 kPa (1.7–2.1 

m/sec)
Suggestive of cACLD but need further test for confirmation

>13 kPa (2.1 m/
sec)

Rules in c ACLD

>17 kPa (2.4 m/
sec)

Suggestive of CSPH

Source.—Adapted and reprinted, with permission, from reference 59. 
Note.—CSPH = clinically significant portal hypertension.
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temperature change, as higher temperatures increase speed 
of sound values and vice versa (77).

Conclusion
Quantifying liver fibrosis, fat, and iron with MRI and fibrosis 
and fat with US are important clinical tools in evaluating pa-
tients with CLD, replacing liver biopsy in most patient care 
settings. This article provides a primer for using MRI and US 
to evaluate these key imaging biomarkers. Our goal is to pro-
vide a helpful guide for practicing physicians and trainees in-
terpreting these studies.

Figure 28. Artifacts from blood vessels just out of the image 
plane. 2D SWE images show a quality map (left) and elasticity 
map (right). Shear-wave propagation occurs in all directions 
perpendicular to the push pulse of the ultrasound beam. In 
the elasticity map (right), these blood vessel artifacts can be 
seen as teal (ie, blue-green) areas (arrows). The measurement 
box should not include these areas. Note that the quality 
map (left) suggests high-quality signals throughout the field 
of view. The quality map does not identify all artifacts, and 
for this reason, both the quality map and the elasticity map 
should be evaluated to detect artifacts.

Figure 27. Artifact due to vessel pulsation. 2D SWE elas-
ticity map (left) shows a vessel that is included in the field of 
view (white arrow). The elasticity map shows an increase in 
stiffness around the vessel (yellow arrows). The lines on the 
propagation map (right) are spread apart and not parallel, 
indicating low quality (green arrow).
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