
Or
ig

in
al

 r
es

ea
rc

h 
n

 G
as

tr
oi

nt
es

ti
na

l 
im

aG
in

G

418 radiology.rsna.org n Radiology: Volume 283: Number 2—May 2017

1 From the Departments of Radiology (J.C., M.Y., K.J.G., 
R.L.E.), Gastroenterology (J.A.T.), and Anatomic Pathology 
(T.C.S.), Mayo Clinic, 200 First St SW, Rochester, MN 
55905; and Echosens, Paris, France (J.O., V.M., L.S.). 
Received April 13, 2016; revision requested May 26; 
revision received July 20; accepted August 23; final version 
accepted September 13. Address correspondence to 
R.L.E. (e-mail: ehman.richard@mayo.edu).

Supported by National Institute of Biomedical Imaging 
and Bioengineering (grants EB 001981, EB 10393, and EB 
017197).

q RSNA, 2016

Purpose: To evaluate the diagnostic performance and examination 
success rate of magnetic resonance (MR) elastography 
and vibration-controlled transient elastography (VCTE) in 
the detection of hepatic fibrosis in patients with severe to 
morbid obesity.

Materials and 
Methods:

This prospective and HIPAA-compliant study was approved 
by the institutional review board. A total of 111 patients 
(71 women, 40 men) participated. Written informed con-
sent was obtained from all patients. Patients underwent 
MR elastography with two readers and VCTE with three 
observers to acquire liver stiffness measurements for liver 
fibrosis assessment. The results were compared with those 
from liver biopsy. Each pathology specimen was evaluated 
by two hepatopathologists according to the METAVIR scor-
ing system or Brunt classification when appropriate. All 
imaging observers were blinded to the biopsy results, and 
all hepatopathologists were blinded to the imaging results. 
Examination success rate, interobserver agreement, and 
diagnostic accuracy for fibrosis detection were assessed.

Results: In this obese patient population (mean body mass index = 
40.3 kg/m2; 95% confidence interval [CI]: 38.7 kg/m2, 41.8 
kg/m2]), the examination success rate was 95.8% (92 of 
96 patients) for MR elastography and 81.3% (78 of 96 pa-
tients) or 88.5% (85 of 96 patients) for VCTE. Interobserver 
agreement was higher with MR elastography than with bi-
opsy (intraclass correlation coefficient, 0.95 vs 0.89). In pa-
tients with successful MR elastography and VCTE examina-
tions (excluding unreliable VCTE examinations), both MR 
elastography and VCTE had excellent diagnostic accuracy in 
the detection of clinically significant hepatic fibrosis (stage 
F2–F4) (mean area under the curve: 0.93 [95% CI: 0.85, 
0.97] vs 0.91 [95% CI: 0.83, 0.96]; P = .551).

Conclusion: In this obese patient population, both MR elastography 
and VCTE had excellent diagnostic performance for as-
sessing hepatic fibrosis; MR elastography was more tech-
nically reliable than VCTE and had a higher interobserver 
agreement than liver biopsy.
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patients. Our hypothesis was that MR 
elastography is more technically reli-
able and diagnostically accurate than 
VCTE for detecting hepatic fibrosis in 
obese patients.

Materials and Methods

The Mayo Clinic and authors J.C., 
M.Y., K.J.G., and R.L.E. have intellec-
tual property rights and a financial in-
terest through receipt of royalties and 
equity from licensing of MR elastogra-
phy technology. R.L.E. serves as un-
compensated chief executive officer of 
Resoundant (Rochester, Minn), which 
is majority-owned by the Mayo Clinic. 
J.O., V.M., and L.S. are employees of 
Echosens (Paris, France). L.S. serves 
as chief technology officer of and holds 
equity in Echosens. The authors affili-
ated with the Mayo Clinic had control 
of the data. This research was conduct-
ed under the oversight of, and in com-
pliance with, the Mayo Clinic Conflict of 
Interest Review Board.

Patients
The institutional review board at the 
Mayo Clinic approved this prospec-
tive Health Insurance Portability and 

accurate biomarker for detecting he-
patic fibrosis. The diagnostic accuracy 
(area under the curve [AUC]) for de-
tecting hepatic fibrosis (stage F2–F4) 
has been reported to be 90.9%–99.4% 
for MR elastography and 83.7%–91.4% 
for US-based vibration-controlled tran-
sient elastography (VCTE) (16,17). 
US-based shear-wave elastography and 
US-based acoustic radiation force imag-
ing have also shown promising results 
(14,18,19) but still require further in-
vestigation (20–24).

In 2015, 65% of the adult Ameri-
can population and one-third of chil-
dren were reported to be overweight 
or obese (25,26). This growing epi-
demic has placed tremendous techni-
cal challenges on imaging technologies 
and equipment (25). For elastogra-
phy techniques, VCTE failed in 54.5% 
of obese patients (mean body mass  
index [BMI] 6 standard deviation = 
40.5 kg/m2 6 7.3) with the conven-
tional M probe, so an XL probe was 
designed specifically for obese patients. 
The use of a combination of M and XL 
probes has reduced the technical fail-
ure rate to 23.2% (27). For MR elastog-
raphy, although our previous study (12) 
did not find that BMI was a statistically 
significant risk factor for unsuccessful 
MR elastography examinations (P = .2) 
in 1287 patients with a large range of 
BMIs (range, 15.9–61.3 kg/m2; mean, 
29.9 kg/m2), another study found that 
obesity (patients could not fit into the 
magnet bore) caused two unsuccessful 
MR elastography examinations in 141 
patients (16).

In view of the growing obese 
population and the resultant techni-
cal challenges to both MR elastogra-
phy and VCTE, the aim of our study 
was to evaluate the diagnostic perfor-
mance and examination success rate 
of MR elastography and VCTE in the 
detection of hepatic fibrosis in obese 
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Advances in Knowledge

 n For detecting clinically significant 
hepatic fibrosis (stage F2–F4) in 
patients with successful MR elas-
tography and vibration-controlled 
transient elastography (VCTE) 
examinations, both MR elastog-
raphy and VCTE had excellent 
diagnostic accuracy, with a mean 
area under of 0.93 (95% confi-
dence interval: 0.85, 0.97) and 
0.91 (95% confidence interval: 
0.83, 0.96), respectively (P = 
.551).

 n In patients with obesity (mean 
body mass index [BMI] = 40.3 
kg/m2; 95% confidence interval: 
38.7 kg/m2, 41.8 kg/m2), the ex-
amination success rate of MR 
elastography (95.8%) was higher 
than that of VCTE (81.3% or 
88.5%).

 n Interobserver agreement was 
higher with MR elastography 
than with biopsy (intraclass cor-
relation coefficient: 0.95 vs 0.89, 
respectively).

Implication for Patient Care

 n In patients with obesity, MR elas-
tography can be performed suc-
cessfully, independent of BMI, as 
long as they can fit into the 
magnet bore.

Chronic liver disease and cirrhosis 
remain a leading cause of mortal-
ity in the United States (1). These 

trends are expected to increase because 
of an aging population, the growing ep-
idemic of obesity and nonalcoholic fatty 
liver disease, and the continued burden 
of disease from chronic hepatitis C in-
fection (2). For the majority of affected 
patients, the morbidity and mortality 
from chronic liver disease and cirrhosis 
are directly related to progressive he-
patic fibrosis.

Therefore, it is very important to  
detect hepatic fibrosis for disease treat-
ment and management. On the one 
hand, although liver biopsy is currently 
the standard of reference for detect-
ing liver fibrosis, it has some important 
limitations—such as its sampling er-
ror and invasive nature (3–8). On the 
other hand, many investigators have 
found that hepatic stiffness measured 
with magnetic resonance (MR) elas-
tography (9–12) and ultrasonography 
(US)–based elastography (13–15) is an 
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wave confidence maps. The confidence 
maps report the correlation coefficient 
of local polynomial fits to the wave im-
ages and reflect the wave image signal-
to-noise ratio (including wave ampli-
tude and magnetization signal-to-noise 
ratio) and the presence of artifacts (eg, 
blood vessels). Two readers (M.Y. and 
J.C., with 11 and 7 years of experi-
ence, respectively) drew regions of in-
terest inside the hepatic parenchyma, 
about 5–10 pixels away from the liver 
boundary, excluding regions with major 
blood vessels and wave confidence be-
low 95%. The readers were blinded to 
the clinical history and results of liver 
biopsy. The mean and standard devia-
tion of liver stiffness in the regions of 
interest were reported. Patients also 
underwent in-phase and out-of-phase 
hepatic fat imaging with the parameters 
described in Appendix E1 (online).

US-based VCTE Examination
Patients underwent VCTE (Fibroscan; 
Echosens, Paris, France) to measure 
liver stiffness (Young modulus, in kilo-
pascals) on the same day as MR elastog-
raphy with use of a standard M probe or 
an XL probe that is designed for patients 
with a high BMI. The M probe and XL 
probe have different central ultrasound 
frequencies (3.5 MHz vs 2.5 MHz) and 
measurement depths (2.5–6.5 cm vs 
3.5–7.5 cm). VCTE was performed with 
the patient in the supine position with 
the right arm in maximal abduction. The 
operators used a portable US scanner 
(Vscan, GE Medical Systems) in the ab-
dominal mode to identify a spot on the 
chest between the ribs at the level of the 
right hepatic lobe where the subcutane-
ous fat was thin and the liver was free 
of large vascular structures. The skin-to-
capsule distance (SCD) was measured 
first with the portable US scanner. Then 
the operators positioned one of the two 
VCTE probes (M or XL) on the desig-
nated intercostal spot with appropriate 
pressure and launched the VCTE mea-
surements. The M probe was chosen 
for patients with SCD of 2.5 cm or less, 
and the XL probe was used for patients 
with SCD of more than 2.5 cm. If the M 
probe failed, however, the XL probe was 
used even if SCD was less than 2.5 cm.

either portal or lobular (29). A group 
of staff hepatopathologists performed 
the first interpretation of the liver bi-
opsy specimens as part of the clinical 
service, and one independent hepato-
pathologist (T.C.S.) provided a second 
interpretation while blinded to the re-
sults of the first interpretation and elas-
tography. For discrepancies in fibrosis 
stage, the independent hepatopatholo-
gist reviewed the cases again and pro-
vided a final interpretation. In addition, 
the length of the liver biopsy sample 
(in millimeters), the number of portal 
tracts in the biopsy sample, and biopsy 
type were recorded. The first and sec-
ond interpretations were used to assess 
interobserver agreement of liver bi-
opsy. The final interpretations from the 
independent hepatopathologist were 
used for the statistical analysis.

MR Elastography and MR Imaging of Fat
MR elastography uses a pneumatic 
driver system to send mechanical shear 
waves into the patient’s liver and uses 
MR imaging to produce images of wave 
propagation in the liver that are pro-
cessed to create cross-sectional maps 
of liver stiffness (shear modulus, in ki-
lopascals) (9–11). In our study, patients 
underwent MR elastography in the su-
pine position, with a 19-cm-diameter 
passive drum driver placed against the 
anterior body wall close to the right 
hepatic lobe. The passive driver was 
secured with an elastic belt wrapped 
around the body and connected to an 
MR elastography active driver system 
via a 7.6-m-long flexible vinyl chloride 
tube with an inside diameter of 1.9 cm. 
A 1.5-T whole-body MR imaging unit 
with a 60-cm bore (Signa; GE Medical 
Systems, Milwaukee, Wis) was used 
with an eight-channel torso radiofre-
quency coil array. A record was made 
of patients who could not complete the 
MR elastography examination. The MR 
elastography parameters are described 
in Appendix E1 (online). Wave images 
were processed on the imager automat-
ically by the proprietary multimodel di-
rect inversion algorithm (Mayo Clinic, 
Rochester, Minn), producing four sec-
tions showing the stiffness distribution 
in the liver (elastograms) and associated 

Accountability Act–compliant study, 
and all enrolled patients provided writ-
ten informed consent. Between March 
2010 and May 2013, patients referred 
for liver biopsy after clinical evaluation 
for known or suspected chronic liver 
disease were considered for enroll-
ment consecutively in our study. The 
inclusion criteria were as follows: (a) 
age of at least 18 years; (b) diagnosis 
of chronic hepatitis C, nonalcoholic 
fatty liver disease, and/or alcoholic 
liver disease verified with liver histo-
logic examination within at least 48 
hours, but no later than 1 month, of 
study enrollment; and (c) verbal and 
written fluency of the English language. 
We also intended to include patients 
with obesity and morbid obesity be-
cause, at our institution, the number of 
patients who undergo liver biopsy has 
decreased as a result of the increase in 
the number of clinical MR elastography 
examinations being prescribed; how-
ever, patients who undergo bariatric 
surgery still undergo liver biopsy. The 
criteria for bariatric surgery is a BMI 
of at least 40 kg/m2 (morbidly obese) 
or a BMI of at least 35 kg/m2 (severely 
obese), with comorbidities according to 
the National Institutes of Health guide-
lines (28). Thus, most patients recruit-
ed for our study were obese patients 
who had undergone bariatric surgery. 
The exclusion criteria are listed in Ap-
pendix E1 (online). Patients fasted for 
at least 6 hours before they underwent 
MR elastography and VCTE.

Histologic Assessment
Liver biopsy was performed by using 
either a percutaneous needle biopsy 
or subcapsular wedge biopsy in our 
clinical practice. Liver specimens were 
fixed in formalin, embedded in paraffin, 
and stained with hematoxylin-eosin and 
Masson trichrome stains. The METAVIR 
scoring system or Brunt classification 
(when appropriate) was used for histo-
pathologic interpretations, with fibrosis 
classified as stage F0, F1, F2, F3, or F4, 
as described in Appendix E1 (online). 
The grade of necroinflammatory activ-
ity for all histologic liver specimens was 
evaluated semiquantitatively on a scale 
of A0 to A3 according to location as 
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would be included as a “false-negative” 
case for that examination (34).

Software (JMP Pro 11; SAS, Cary, 
NC) was used for the statistical analysis. 
AUC comparison was performed by the 
Model Comparison function. To com-
pare the difference between any two 
groups, one-way analysis of variance 
(for continuous values) or the Fisher 
exact test (for categoric values) was 
performed to calculate P values. P  
.05 was indicative of a statistically sig-
nificant difference.

The method for analyzing interob-
server agreement and confounding ef-
fects on liver stiffness are described in 
Appendix E1 (online).

Results

In total, 111 patients participated in 
our study. The mean overall BMI was 
40.3 kg/m2 (95% CI: 38.7 kg/m2, 41.8 
kg/m2), the time between MR elas-
tography and/or VCTE and biopsy 
was 23.6 days (95% CI: 22.0 days, 
25.2 days), and the average region of 
interest size per section at MR elas-
tography was 28.6 cm2 (95% CI: 25.7 
cm2, 31.5 cm2). Tables 1 and 2 show  
a summary of patient characteristics 
according to sex.

Examination Success Rates
Figure 1 (right) shows the patient flow-
chart for VCTE examinations. One pa-
tient refused to undergo MR elastog-
raphy but underwent a successful VCTE 
examination. A different patient re-
fused to undergo VCTE but underwent 
a successful MR elastography examina-
tion. For 13 other patients, the VCTE 
machine was unavailable at the time of 
the examination because machine deliv-
ery was delayed at the beginning of our 
study; in addition, the two probes were 
sent out for calibration every 6 months. 
Five of the 110 patients who under-
went MR elastography were not able to 
complete the MR elastography exami-
nation: Two patients were too large to 
fit into the MR imager bore and three 
became claustrophobic when placed in-
side the imager bore. VCTE failed (,10 
valid measurements) in four of the 97 
patients who underwent VCTE, and 

continuous values and as numbers 
of patients for categoric items. The 
success rate of MR elastography or 
VCTE was calculated as the number 
of patients who underwent success-
ful MR elastography or VCTE exam-
inations divided by the total number 
of patients who underwent examina-
tions with both methods. Six factors 
(age, chest and waist circumference, 
SCD, BMI, and sex) were examined 
as possible indicators of successful 
and unsuccessful MR elastography 
examinations. In addition to those six 
factors, the type of VCTE probe was 
also examined between successful and 
unsuccessful VCTE examinations.

Diagnostic performance in the 
detection of fibrosis was assessed by 
using a 2 3 2 table classic receiver 
operating characteristic (ROC) curve 
analysis in patients who had success-
ful MR elastography and reliable VCTE 
examinations; the VCTE ROC was also 
analyzed with the unreliable VCTE 
examinations included to evaluate the 
effect of unreliable examinations on 
the diagnostic accuracy of VCTE. To 
detect a difference of 0.05 in the AUC 
between MR elastography and VCTE, 
assuming 0.1 for the standard devia-
tion of AUC for each method, .05 for 
the probability of type I error (a), and 
0.85 for the statistical power, each 
method requires at least 73 patients. 
Sensitivity, specificity, positive pre-
dictive value, and negative predictive 
value were also calculated, and stiff-
ness thresholds were chosen to pro-
vide a sensitivity of at least 80% (33).

In addition to the classic 2 3 2 table 
ROC analysis where nonevaluable MR 
elastography and VCTE examinations 
were excluded because of technical 
failures, we performed a 3 3 2 table 
ROC analysis, including all nonevalu-
able MR elastography cases and non-
evaluable and unreliable VCTE cases. 
According to the intention-to-diagnosis 
design or “worst case” scenario, if a 
failed MR elastography or VCTE exam-
ination (nonevaluable examination) had 
negative findings at biopsy, then this 
nonevaluable examination would be in-
cluded as a “false-positive” case for that 
examination and a positive biopsy case 

Three authors are manufacturer-
certified operators (J.C., M.Y., and 
D.M.S., all with 3 years of experience), 
and they performed the VCTE examina-
tions while blinded to clinical history and 
the results of liver biopsy. At least two of 
the authors attempted multiple trials for 
achieving 10 valid measurements in each 
patient; if it was not possible to obtain 
10 valid measurements, the examination 
was recorded as a technique failure. De-
tails of the procedure are described in 
Appendix E1 (online).

The median value of the 10 valid 
measurements was recorded as the pa-
tient liver stiffness. In addition, the in-
terquartile range of the valid measure-
ments and the valid measurement rate 
(the number of valid measurements di-
vided by the number of attempted mea-
surements) of the examination were 
recorded. For our study, we applied the 
most commonly used reliability criteria 
for VCTE proposed by Castera et al 
(30): A set of stiffness values are con-
sidered reliable if at least 60% of the in-
dividual measurements are reported as 
valid by the instrument and the inter-
quartile range–to-median ratio is 30% 
or less. Recently, a somewhat less strict 
standard has been proposed by Boursi-
er et al (31): Stiffness values are consid-
ered to be reliable if the interquartile 
range–to-median ratio is 30% or less or 
the interquartile range–to-median ratio 
is greater than 30% with a median liver 
stiffness of less than 7.1 kPa. The total 
examination time was about 5–15 mi-
nutes. In conjunction with the VCTE ex-
amination, the patient’s chest and waist 
circumferences were measured with a 
tape measure.

With VCTE, the liver stiffness is re-
ported by using the Young modulus for 
VCTE and the shear modulus for MR 
elastography. For nearly incompressible 
and isotropic material, the Young mod-
ulus was three times the shear modulus 
(32).

Statistical Analysis
The patient characteristics were 
summarized according to sex by us-
ing descriptive statistics. Data were 
reported as means (and 95% confi-
dence intervals [CIs]) for items with 
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patients had unsuccessful VCTE and 
MR elastography examinations, 15 pa-
tients had successful MR elastography 
but unsuccessful VCTE examinations, 
and one patient had a successful VCTE 
examination but an unsuccessful MR 
elastography examination. The exam-
ination success rate of MR elastogra-
phy was 95.8% (92 of 96 patients). The 
success rate of VCTE was 81.3% (78 
of 96 patients) with the criteria used 
by Castera et al (30) and 88.5% (85 of 
96 patients) with the criteria used by 
Boursier et al (31), both of which are 
lower than that of MR elastography (P 
= .02 and .39, respectively).

Table 3 shows factors that affect MR 
elastography and VCTE success status. 
Among the six risk factors studied 
(age, chest and waist circumference, 
SCD, BMI, and sex), only waist cir-
cumference was significantly different 
between patients with successful MR 
elastography examinations and those 
with unsuccessful MR elastography ex-
aminations (mean waist circumference: 
118.9 cm [95% CI: 115.7 cm, 122.1 cm] 
for successful examinations and 139.5 
cm [95% CI: 123.6 cm, 155.4 cm] for 
unsuccessful examinations, P = .02; P  
.06 for the other factors). Among the 
seven risk factors that possibly affect 
VCTE (the six mentioned earlier plus 
the type of VCTE probe), three factors 
were significantly different between pa-
tients with successful VCTE examina-
tions and those with unsuccessful VCTE 
examinations: BMI (P = .01), chest cir-
cumference (P = .02), and waist cir-
cumference (P = .03; P  .07 for the 
other factors).

Diagnostic Performance in the Detection 
of Fibrosis
Figure 1 (left) shows the patient flow-
chart for the classic 2 3 2 table and 
3 3 2 table ROC analysis. Of the 77 
patients who underwent successful 
VCTE (after excluding unreliable ex-
aminations) and MR elastography ex-
aminations, 51 were women and 26 
were men. The demographic charac-
teristics for these 77 patients accord-
ing to sex were as follows: mean age, 
48.3 years (95% CI: 45.2 years, 51.4 
years) versus 51.5 years (95% CI: 47.2 

(81.4%) had successful VCTE exam-
inations. Ninety-six patients under-
went both MR elastography and VCTE 
examinations. Of those 96 patients, 
77 patients had successful VCTE and 
MR elastography examinations, three 

stiffness measurements were consid-
ered unreliable (not reliable according 
to the reliability criteria) in 14 patients.

Therefore, 105 of 110 patients 
(95.5%) had successful MR elastogra-
phy examinations and 79 of 97 patients 

Table 1

Summary of Patient Characteristics

Parameter Women (n = 71) Men (n = 40) P Value

Age (y) 47.0 (44.3, 49.7) 50.2 (46.5, 53.8) .17
Albumin level (g/dL) 4.11 (3.97, 4.25) 4.38 (4.22, 4.53) .01*
Alkaline phosphatase level (IU/L) 95.2 (81.9, 108.7) 78.9 (63.1, 94.7) .12
Alanine aminotransferase level (U/L) 98.0 (64.8, 131.2) 110.2 (68.7, 151.7) .65
Aspartate aminotransferase level (U/L) 80.4 (55.0, 105.9) 61.2 (32.9, 89.6) .34
Creatinine level (mg/dL) 0.73 (0.68, 0.78) 0.97 (0.91, 1.03) ,.0001*
Hemoglobin level (g/dL) 12.2 (11.7, 12.6) 13.4 (12.8, 14.1) .001*
Hematocrit level (%) 47.2 (35.9, 58.6) 41.2 (26.1, 56.2) .53
International normalized ratio 1.08 (0.84, 1.32) 1.28 (0.98, 1.57) .31
Platelets (billion/L) 225.0 (208.2, 241.8) 193.6 (171.2, 216.0) .03*
Tuberculosis (cm) 0.66 (0.39, 0.92) 0.80 (0.48, 1.13) .49
Leukocytes (billion/L) 8.73 (7.98, 9.47) 8.15 (7.14, 9.16) .36
Chest circumference (cm) 120.0 (116.6, 123.3) 120.0 (115.5, 124.5) .97
Waist circumference (cm) 118.4 (114.5, 122.4) 122.5 (117.2, 127.8) .23
SCD (cm) 3.2 (2.8, 3.5) 2.8 (2.4, 3.2) .20
BMI (kg/m2) 41.8 (39.8, 43.7) 37.6 (35.1, 40.2) .01*
Biopsy sample
 Sample length (mm) 14 (13, 15) 13 (11, 14) .24
 No. of portal tracts 11.1 (9.9, 12.3) 12.6 (11.0,14.2) .04*
Biopsy type† .84
 Needle 46 25
 Wedge 25 15
Cause† .09
 NAFLD 62 30
 HCV 6 9
 Other 3 1

Note.—Except where indicated, data are means, with 95% CIs in parentheses. 

* Statistically significantly difference between men and women (P  .05).
† Data are numbers of patients. HCV = hepatitis C virus, NAFLD = nonalcoholic fatty liver disease.

Table 2

Fibrosis Stage according to Inflammation Grade and Sex

Fibrosis Stage

Inflammation Grade for Women* Inflammation Grade for Men* P Value

A0 A1 A2 A3 A0 A1 A2 A3

F0 24 6 0 0 8 4 0 0 .43
F1 1 16 2 0 0 10 0 0 .68
F2 3 6 2 0 0 3 4 0 .14
F3 0 2 2 1 0 2 4 0 .74
F4 1 3 1 1 0 4 1 0 .99

* Data are numbers of patients.
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between the two MR elastography 
readers. Table 5 shows the cutoff stiff-
ness values, sensitivities, specificities, 
positive predictive values, and negative 
predictive values for detecting different 
stages of hepatic fibrosis.

Table 6 shows the results of the 3 3 
2 table with intention-to-diagnosis ROC 
analysis after including patients with 
nonevaluable (failed) MR elastography 
and VCTE examinations as false-posi-
tive or false-negative cases. As expect-
ed, the 3 3 2 table ROC analysis shows 
considerably lower diagnostic perfor-
mance when compared with classic 2 
3 2 table ROC analysis. For example, 
in the detection of stage F2–F4 fibrosis, 
MR elastography AUC decreased from 
0.93 (95% CI: 0.85, 0.97) to 0.80 (95% 
CI: 0.69, 0.88) and VCTE AUC from 

inflammation, respectively. With 2 3 
2 table ROC analysis, Table 4 shows 
AUCs (and 95% CIs) and their com-
parisons for differentiating different 
fibrosis grades with MR elastography 
(reader J.C.) and VCTE (with unreli-
able examinations both excluded and 
included). The AUC for detecting clin-
ically significant hepatic fibrosis (stage, 
F2) was 0.91 (95% CI: 0.83, 0.96) 
with VCTE (excluding unreliable ex-
aminations) and 0.93 (95% CI: 0.85, 
0.97) with MR elastography (P = .551); 
however, with the VCTE unreliable ex-
aminations included, the AUC for VCTE 
decreased statistically significantly to 
0.83 (95% CI: 0.73, 0.90; P = .005), 
which was also statistically significantly 
less than that of MR elastography (P = 
.018). There were no AUC differences 

years, 55.8 years) for women and men, 
respectively, P = .23; chest circumfer-
ence, 117.8 cm (95% CI: 114.2 cm, 
121.4 cm) versus 119.6 cm (95% CI: 
114.6 cm, 124.6 cm), P = .56; waist 
circumference, 115.6 cm (111.5 cm, 
119.8 cm) versus 121.9 cm (95% CI: 
116.0 cm, 127.9 cm), P = .09; SCD, 
3.0 cm (95% CI: 2.7 cm, 3.2 cm) ver-
sus 2.7 cm (95% CI: 2.3 cm, 3.1 cm), 
P = .24; and BMI, 39.8 kg/m2 (95% CI: 
37.7 kg/m2, 41.9 kg/m2) versus 37.8 
kg/m2 (95% CI: 34.9 kg/m2, 40.7 kg/
m2), P = .29.

Figures 2 and 3 show examples of 
MR elastography and VCTE liver stiff-
ness measurements for a patient (BMI 
= 41.0 kg/m2) with no fibrosis and 
no inflammation and another patient 
(BMI = 39.4 kg/m2) with fibrosis and 

Figure 1

Figure 1: Patient flowcharts for ROC analysis (left) and VCTE examinations (right). MRE = MR elastography.
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a previous study of 141 patients with a 
lower average BMI (mean BMI, 25.9 kg/
m2 6 4.0) than our patients, where the 
examination success rate was 94% with 
MR elastography and 84% with VCTE  
(P = .016) (16).

For MR elastography, high BMI is 
not necessarily the direct cause of an 
unsuccessful examination. For exam-
ple, we found that waist circumference, 

Discussion

In the patients who underwent both 
MR elastography and VCTE, the suc-
cess rate of MR elastography was 
95.8% and the success rate of VCTE 
was 81.3% with the criteria used by 
Castera et al (30) and 88.5% with the 
criteria used by Boursier et al (31). 
This finding is in agreement with that of 

0.91 (95% CI: 0.83, 0.96) to 0.76 (95% 
CI: 0.64, 0.84).

The interobserver agreement in-
traclass correlation coefficients of MR 
elastography and biopsy were 0.95 
and 0.89, respectively. Detailed results 
of interobserver agreement and con-
founding effects on liver stiffness are 
described in Appendixes E2 and E3 
(online).

Table 3

Factors That Affect MR Elastography and VCTE Success Status

Factor

MR Elastography (n = 110) VCTE (n = 97)

Successful Examinations  
(n = 105)

Unsuccessful Examinations  
(n = 5) P Value

Successful Examinations  
(n = 79)

Unsuccessful Examinations  
(n = 18) P Value

Age (y) 48.0 (45.7, 50.1) 47.4 (22.8,72.0) .96 49.8 (47.3, 52.3) 44.3 (38.7, 50.0) .08
Chest circumference (cm) 119.5 (116.7, 122.2) 133.5 (116.7, 150.3) .07 118.4 (115.6, 121.2) 127.3 (120.6, 134.0) .02*
Waist circumference (cm) 118.9 (115.7, 122.1) 139.5 (123.6, 155.4) .02* 118.2 (114.8, 121.7) 127.4 (119.7, 135.1) .03*
SCD (cm) 3.0 (2.7,3.2) 4.8 (0.2, 9.5) .29 2.9 (2.6, 3.1) 3.8 (2.8, 4.8) .07
BMI (kg/m2) 39.8 (37.7, 41.9) 51.0 (39.3, 62.7) .06 39.1 (37.4, 40.8) 45.1 (40.8, 49.5) .01*
Sex† .65 .79
 F 66 4 52 11
 M 39 1 27 7
VCTE probe† NA .38
 M NA NA 24 3
 XL NA NA 55 15

Note.—Except where indicated, data are means, with 95% CIs in parentheses.

* Indicates a statistically significant difference (P  .05) between successful examinations and unsuccessful examinations.
† Data are numbers of patients. NA = not applicable.

Figure 2

Figure 2: MR elastography and VCTE liver stiffness measurements in 63-year-old woman with nonalcoholic fatty liver disease (BMI, 41.0 kg/m2 ). (a) MR elastography 
magnitude image (field of view, 40 cm). (b) MR elastography stiffness map. (c) VCTE stiffness measurement. Liver stiffness was 2.45 kPa with MR elastography and 5.5 
kPa with VCTE (XL probe). Liver biopsy was performed with wedge biopsy, sample length was 9 mm, number of portal tracts in biopsy sample was 10, fibrosis stage was 
0, and inflammation grade was 0.
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the type of VCTE probe (M and XL) 
was a statistically significant risk factor 
for unsuccessful VCTE examinations in 
our study. This suggests that the type 
of VCTE probe can continue to be cho-
sen according to the patient’s SCD. 
Previous VCTE studies have shown 
that obesity had a great effect on VCTE 
technique failures, which ranged from 
23.2% to 54.5% (27).

imagers for patients with obesity, and 
spin echo–based MR elastography se-
quences for those with iron overload 
(36) can improve the success rate of 
MR elastography.

For VCTE, conversely, high BMI  
(P = .01) and chest (P = .02) and waist 
(P = .03) circumference were respon-
sible for unsuccessful VCTE examina-
tions. Surprisingly, neither SCD nor 

and not BMI, was the only statistically 
significant risk factor for unsuccessful 
MR elastography examinations. The 
mean waist circumference was 118.9 
cm (95% CI: 115.7 cm, 122.1 cm) for 
successful examinations and 139.5 cm 
(95% CI: 123.6 cm, 155.4 cm) for 
unsuccessful examinations (P = .02). 
We found that as long as the patient 
can fit into the bore comfortably, MR 
elastography can be performed suc-
cessfully independent of his or her 
BMI. In our previous study of 1287 
patients with a large range of BMIs 
(range, 15.9–61.3 kg/m2; mean, 29.9 
kg/m2), we also found that BMI was 
not a statistically significant risk fac-
tor for unsuccessful MR elastography 
examinations (P = .2), whereas MR 
elastography had a technical failure 
rate of 5.6% (77 of 1377 examina-
tions) owing to hepatic iron overload, 
execution errors, software glitches, 
and respiratory artifacts (12). Other 
investigators also found that claus-
trophobia, obesity (could not fit into 
the magnet bore), and hemochroma-
tosis were the causes for unsuccess-
ful MR elastography examinations 
(rate, 4.65% [six of 129 examinations] 
to 5.67% [eight of 141 examinations]) 
(16,35). In practice, the use of se-
dation for claustrophobia, wide-bore 

Figure 3

Figure 3: MR elastography and VCTE measurements of liver stiffness in 58-year-old woman with nonalcoholic steatohepatitis (BMI, 39.4 kg/m2 ). (a) MR elastography 
magnitude image (field of view, 42 cm). (b) MR elastography stiffness map. (c) VCTE stiffness measurement. Liver stiffness was 8.97 kPa with MR elastography and 66.4 
kPa with VCTE (XL probe). Liver biopsy was performed with needle biopsy, sample length was 20 mm, number of portal tracts in biopsy sample was eight, fibrosis stage 
was 4, and inflammation grade was 3.

Table 4

Performance in the Differentiation of Hepatic Fibrosis Grades

Parameter and Method
Fibrosis Stage  
F0 vs F1–4

Fibrosis Stage  
F0–1 vs F2–4

Fibrosis Stage  
F0–2 vs F3–4

Fibrosis Stage  
F0–3 vs F4

AUC*
 MR elastography 0.83 (0.72, 0.90) 0.93 (0.85, 0.97) 0.92 (0.82, 0.97) 0.95 (0.85, 0.99)
 VCTE_exc 0.81 (0.69, 0.89) 0.91 (0.83, 0.96) 0.87 (0.76, 0.94) 0.92 (0.73, 0.98)
 VCTE_all 0.77 (0.66, 0.86) 0.83 (0.73, 0.90) 0.84 (0.72, 0.92) 0.90 (0.71, 0.97)
P value
 MR elastography vs 

VCTE_exc
.686 .551 .150 .264

 MR elastography vs 
VCTE_all

.299 .018† .046† .216

 VCTE_exc vs VCTE_all ,.0001† .005† .146 .564

Note.—For the VCTE_exc group, we excluded patients who had unreliable VCTE examinations and included only those who had 
both successful MR elastography and successful (reliable) VCTE examinations. For the VCTE_all group, we included patients who 
had both unreliable and reliable VCTE examinations. The MR elastography group comprised only patients who had both 
successful MR elastography and successful (reliable) VCTE examinations.

* Data are means, with 90% CIs in parentheses.
† Statistically significantly difference (P  .05).
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In our study, the AUCs for detect-
ing clinically significant hepatic fibro-
sis (stage, F2) by using successful 
VCTE (excluding unreliable examina-
tions) and MR elastography examina-
tions were very high: 0.91 (95% CI: 
0.83, 0.96) for VCTE and 0.93 (95% 
CI: 0.85, 0.97) for MR elastography. 
There was no statistically significant 
difference between the two methods 
(P = .551). However, when unreliable 
VCTE examinations were included, 
the AUC of VCTE decreased signifi-
cantly to 0.83 (95% CI: 0.73, 0.90; 
P = .005).

Our findings are in agreement with  
those from previous studies. For exam-
ple, in a study of 146 patients with 
chronic liver diseases (mean BMI, 25.9 
kg/m2 6 4.0), where unreliable VCTE 
examinations were not identified or ex-
cluded, the diagnostic accuracy (AUC) 
for detecting hepatic fibrosis (stage F2–
F4) was 99.4% for MR elastography 
and 83.7% for VCTE (16). In another 
study of 103 patients (BMI, 25.5 kg/
m2 6 3.9) with viral hepatitis B and C, 
where unreliable VCTE examinations 
were actually identified or excluded, 
the AUC for detecting advanced fibro-
sis (stage F2–F4) was 90.9% for MR 
elastography and 91.4% for VCTE (17). 
Therefore, we anticipate that increas-
ing the number of reliable VCTE ex-
aminations—either by means of train-
ing or technical improvements—will 
improve VCTE AUCs and its success  
rate.

Our study had nonevaluable (failed) 
MR elastography and VCTE examina-
tions, which were excluded from the 
classic 2 3 2 table ROC analysis. We 
included them as false-positive or false-
negative cases according the intention-
to-diagnosis design or “worst case” sce-
nario in the 3 3 2 table ROC analysis. 
The 2 3 2 table ROC analysis is the 
approved approach that has been most 
widely used in the literature, whereas 
the 3 3 2 table analysis provides a 
more conservative assessment.

Our study had several limitations. 
First, our patient population was un-
evenly distributed in terms of fibro-
sis stages and inflammation grades. 
Second, 40 of our 111 patients (36%) 

the best effort on difficult patients as 
needed. This strategy may explain why 
the VCTE failure rate in our study was 
lower than that in previous studies.

Overall, it is suggested that if an 
obese patient can fit into the imager 
bore, then MR elastography is pre-
ferred; otherwise, VCTE should be per-
formed as the initial approach for liver 
stiffness measurement.

In our study, the technical failure 
rate of VCTE (4.1% [four of 97 pa-
tients]; ,10 valid measurements) was 
much lower than that in previous stud-
ies, although 14 of 97 patients (14.4%) 
had unreliable examinations. We used 
a separate US machine to guide the po-
sitioning of the VCTE probes, and we 
had multiple trained operators present 
to perform multiple examinations with 

Table 5

Diagnostic Performance in the Detection of Hepatic Fibrosis

Fibrosis Stage and Method Stiffness Cutoff (kPa) Sensitivity (%) Specificity (%) PPV (%) NPV (%)

F0 vs F1–4
 MR elastography 2.60 80.9 (38/47) 63.3 (19/30) 77.6 (38/49) 67.9 (19/28)
 VCTE 6.30 80.9 (38/47) 63.3 (19/30) 77.6 (38/49) 67.9 (19/28)
F0–1 vs F2–4
 MR elastography 3.50 82.1 (23/28) 89.8 (44/49) 82.1 (23/28) 89.8 (44/49)
 VCTE 7.80 82.1 (23/28) 77.6 (38/49) 67.6 (23/34) 88.4 (38/43)
F0–2 vs F3–4
 MR elastography 3.60 84.2 (16/19) 82.8 (48/58) 61.5 (16/26) 94.1 (48/51)
 VCTE 7.60 84.2 (16/19) 63.8 (37/58) 43.2 (16/37) 92.5 (37/40)
F0–3 vs F4
 MR elastography 4.52 81.8 (9/11) 90.9 (60/66) 60.0 (9/15) 96.8 (60/62)
 VCTE 14.60 81.8 (9/11) 92.4 (61/66) 64.3(9/14) 96.8 (61/63)

Note.—MR elastography and VCTE included patients who had both successful MR elastography and successful (reliable) VCTE 
examinations. Numbers in parentheses are raw data. NPV = negative predictive value, PPV = positive predictive value.

Table 6

Results of Intention-to-Diagnosis ROC Analysis with 3 3 2 Table, with Inclusion of 
Nonevaluable Examinations

Method and Finding

Stage F1–4 Fibrosis Stage F2–4 Fibrosis Stage F3–4 Fibrosis Stage F4 Fibrosis

Positive  
at Biopsy

Negative  
at Biopsy

Positive  
at Biopsy

Negative  
at Biopsy

Positive  
at Biopsy

Negative  
at Biopsy

Positive  
at Biopsy

Negative  
at Biopsy

MR elastography
 Positive 53 18 27 9 17 17 9 7
 Nonevaluable 4 1 2 3 0 5 0 5
 Negative 11 23 10 59 5 66 2 87
VCTE
 Positive 48 14 26 19 16 32 9 8
 Nonevaluable 2 2 0 4 0 4 0 4
 Negative 10 21 8 40 3 42 2 74

Note.—Data are numbers of patients. According to the intention-to-diagnosis design or “worst case” scenario, if a failed MR 
elastography or VCTE examination (nonevaluable) had a negative finding at biopsy, then this nonevaluable examination would be 
included as a false-positive case for that examination and a positive biopsy case would be included as a false-negative case for 
that examination. For MR elastography, the stiffness threshold and AUC were 2.6 and 0.73 (95% CI: 0.62, 0.81), respectively, for 
stage F1–4 fibrosis, 3.5 and 0.82 (95% CI: 0.71, 0.89) for stage F2–4 fibrosis, 3.6 and 0.85 (95% CI: 0.75, 0.91) for stage F3–4 
fibrosis, and 4.52 and 0.91 (95% CI: 0.81, 0.96) for stage F4 fibrosis. For VCTE, the stiffness threshold and AUC were 6.3 and 
0.71 (95% CI: 0.59, 0.81), respectively, for stage F1–4 fibrosis, 7.8 and 0.78 (95% CI: 0.67, 0.86) for stage F2–4 fibrosis, 7.6 and 
0.80 (95% CI: 0.68, 0.88) for stage F3–4 fibrosis, and 14.6 and 0.86 (95% CI: 0.70, 0.95) for stage F4 fibrosis.
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