RESEARCH ARTICLE

MR Elastography for Classification of Focal
Liver Lesions Using Viscoelastic
Parameters: A Pilot Study Based on
Intrinsic and Extrinsic Activations
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Background: Intrinsic activation MR elastography (iMRE) uses cardiovascular pulsations to assess tissue viscoelastic proper-
ties. Applying it to focal liver lesions extends its capabilities.

Purpose: To assess the viscoelastic parameters of focal liver lesions measured by iMRE and compare its diagnostic perfor-
mance with extrinsic MRE (eMRE) for differentiating malignant and benign lesions.

Study type: Prospective.

Population: A total of 55 participants underwent MRI with research MRE sequences; 32 participants with 17 malignant and
15 benign lesions underwent both iIMRE and eMRE.

Field Strength/Sequence: iIMRE at ~1 Hz heart rate used a 3 T scanner with a modified four-dimensional (4D)-quantitative
flow gradient-echo phase contrast and low-velocity encoding cardiac-triggered technique. eMRE employed a gradient-
echo sequence at 30, 40, and 60 Hz.

Assessment: Liver displacements were measured using 4D-phase contrast and reconstructed via a nonlinear inversion
algorithm to determine shear stiffness (SS) and damping ratio (DR). IMRE parameters were normalized to the
corresponding values from the spleen. Lesions were manually segmented, and image quality was reviewed.

Statistical Tests: Kruskal-Wallis, Mann-Whitney, Dunn’s test, and areas under receiver operating characteristic curves
(AUC) were assessed.

Results: SS was significantly higher in malignant than benign lesions with iMRE at 1 Hz (3.69 + 1.31 vs. 1.63 + 0.45) and
eMRE at 30Hz (3.76 £ 1.12 vs. 2.60 £ 1.26 kPa), 40Hz (3.76 £ 1.12 vs. 2.60 £+ 1.26 kPa), and 60 Hz (7.32 + 2.87
vs. 2.48 +£1.12kPa). DR was also significantly higher in malignant than benign lesions at 40Hz (0.36 £ 0.11
vs. 0.21 £ 0.01) and 60 Hz (0.89 4+ 0.86 vs. 0.22 £ 0.09). The AUC were 0.86 for iIMRE SS, 0.87-0.98 for eMRE SS, 0.47 for
iIMRE DR, and 0.62-0.86 for eMRE DR.
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Data Conclusion: Cardiac-activated iMRE can characterize liver lesions and differentiate malignant from benign lesions

through normalized SS maps.
Level of Evidence: 2
Technical Efficacy: Stage 2

he assessment of liver mechanical properties through
magnetic resonance elastography (MRE) plays a role in

health and the

1- . . . .
treatments.  Prior work indicates that a mere 1-kPa increase

understanding  liver effectiveness  of
in liver stiffness corresponds to a 4% increase in the likeli-
hood of hepatocellular carcinoma (HCC),? along with a
16.3% rise in the risk of tumor recurrence after resection.
Consequently, mechanical properties can serve as biomarkers
to grade the progression of liver cancer.?

MRE can be used to generate viscoelastic mechanical
property images across various frequencies.” Traditionally,
MRE measurements involve inducing mechanical waves
through external vibration sources at frequencies typically
between 30 and 100 Hz.® However, in some organs such as
the brain and liver, intrinsic MRE (iMRE) may capitalize on
physiological tissue motion induced by cardiovascular pulsa-
tions, thus eliminating the need for external vibration

9-11
sources.

iMRE offers several advantages over extrinsic
MRE. Most notably, it removes the requirement for external
vibration sources and the need for additional hardware, thus
broadening the number of scanners on which it could be
implemented. Moreover, iMRE can solve the problem of
poor shear wave penetration.” Additionally, iMRE measure-
ments occur at physiological frequencies, aligning better with
the biomechanical characteristics of living tissues.” This is
important as tissue mechanical properties can exhibit consid-
erable frequency dependencies. Using physiological frequen-
cies allows us to study tissue mechanical properties under
conditions that closely mimic natural physiological states,
which are important for understanding how these properties
affect tissue function and health.'”

In liver tumor characterization, parameters such as the
complex shear modulus representing stiffness (|G*|), the storage
modulus (real part of G*), the loss modulus (imaginary part of
G*), and the shear wave speed (c), phase angle () of the com-
plex modulus have been employed.*®'® The damping ratio
(DR), defined as the ratio of loss modulus to storage modulus,
has been primarily associated with the characterization of
steatohepatitis, inflammation, and fibrosis.'*"7 A proof-
of-concept study using iMRE in the liver showed that storage
modulus increased by 200% and DR decreased by 50% in a
focal nodular hyperplasia relative to healthy liver."' However,
iMRE has not been used to calculate viscoelastic parameters for
characterizing and classifying a range of focal liver lesions.

This pilot study aimed to assess the viscoelastic parame-

ters of focal liver lesions measured by nonlinear inversion
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(NLI) iMRE and to compare the diagnostic performance of
iMRE with eMRE for differentiating benign and malignant

liver lesions.

Materials and Methods
Study Design

This prospective single-center study was conducted from March
2021 to April 2022 and received approval from the institutional
review board. Informed written consent was obtained from all partic-

ipants enrolled in this study.

Participant Selection

Participants were eligible if they: 1) were enrolled in a HCC surveil-
lance program for chronic liver disease or cirrhosis; 2) underwent
diagnostic MRI for characterization of a focal liver nodule; or 3) had
a liver nodule 210 mm incidentally found at ultrasound, computed
tomography (CT), or MRI that required further characterization.
Participants were included in this pilot cohort if nodules were visible
on MRI (reported by A.T., 18 years of experience in liver MRI).
Participants were excluded if they: 1) had a contraindication to MRI
(ie, insurmountable claustrophobia or pacemaker); 2) had chronic
kidney disease preventing injection of gadolinium-based contrast
agent; 3) had previously treated liver lesions; and 4) had no visible
focal liver lesion on MRI.

DPosteriori exclusion criteria were based on the absence of
acceptable MRI image quality, incomplete multiparametric MRI
scans, lesions smaller than 10 mm, inadequate image quality for seg-
mentation purposes, and improper visibility of the spleen in the
images assessed by three independent observers (A.T. and M.B.,
fellowship-trained abdominal radiologists with 1 year of experience;
and E.K., fellowship-trained abdominal radiologist with 1 year of
experience).

Index Tests
MRI examinations were performed on a 3 T scanner (Achieva TX,
Philips Healthcare, Best, The Netherlands) using the integrated
dual-channel body coil for transmission and a 16-channel body array
for signal reception. All included participants underwent clinical
contrast-enhanced MRI sequences, research iMRE, and research
eMRE sequences.

Table 1 provides sequence parameters for iMRE, eMRE, and
segmentation.

Intrinsic MRE was performed in the axial plane using a modi-
fied quantitative four-dimensional (4D) sequence consisting of a
low-velocity encoding (VENC) cardiac-triggered ~phase-contrast
sequence with three-dimensional (3D) motion-encoding across mul-
tiple time points within the cardiac cycle.18

Extrinsic MRE (30, 40, and 60 Hz) was performed using the
eXpresso sequence’® with 3D motion-encoding and a commercially
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Table 1. Acquisition Parameters for the Intrinsic, Table 1. Continued
Segmentation, and Extrinsic MRE Sequences Segmentation
Intrinsic Balanced steady-state free-
Sequence 4D-Phase Contrast Sequence precession (bSSFP)
Number of slices 8 Spatial resolution 4 (isotropic)
(mm)
Cardiac phases 8
Repetition time 1.83
Echo time (msec) 9.2 (msec)
Field-of-view (mm?) 320 x 320 Flip angle 45°
Spatial resolution (mm) 4 (isotropic) (degrees)
Breathing breath-hold Sequence 4D-Flow
Repetition time (mSCC) 12.2 VENC (Cm/SCCOﬂd) 110 in AP, RL, and FH
Acceleration factor 2 (SENSE)’ 7 (EPI) Otth parameters Same as thC 1mag1ng sequence
VENC (cm/second) 5 in AP and RL, 10 in FH VENC = velocity encoding; SENSE = sensitivity ~encoding;
Scanning time (secon ds) 14-22 TE = echo time; TR = repetition time.
Extrinsic
Sequence Expresso available active transducer (Resoundant, Rochester, MN, USA).
Motion-encoding That sequence is a rapid multi-slice gradient-recalled echo MRE
frequency 30Hz 40Hz 60 Hz sequence leveraging fractional-encoding.

) ) ) Two additional sequences were performed with the same
Field-of-view (mm’) 320 x 320 geometry as for the intrinsic MRE sequence to allow for identifica-
Spatial resolution (mm) 4 x 4 tion and segmentation of the large vessels present in the liver (arter-
Pasallel i . s ies and veins), First, a balanced steady-state free-precession (bSSFP)

arallel imaging .

: sequence was performed as it provides a high signal for all fluid-
acceleration (SENSE) . .

containing regions. Second, a 4D-flow sequence was also performed
Slice thickness (mm) 4 to identify specifically arteries and veins that display high-velocity
Number of breath-holds 4

blood flow. That sequence was performed with exactly the same
parameters as for the intrinsic MRE sequence but using a higher

Motion-encoding gradient 19.6 VENC of 110 cm/second in all three spatial directions.
amplitude (mT/m) In this study, all MRE sequences were conducted under
Flip angle (°) 20 breath-hold to mitigate respiratory motion, which is generally effec-
tive given participants” ability to perform consistent breath-holding.
TE (msec) 6.9 For the eXpresso sequence specifically, despite using four separate
TR (msec) 108 81 71 breath-holds to account for motion in different encoding directions,
residual motion between breath-holds may still occur. The nonrigid
Number of slices 9 9 8 registration has not been employed between breath-holds in
Breath-hold duration 16.7 12.5 10.9 eXpresso sequences as routinely practiced in other imaging
(seconds) modalities like intravoxel incoherent motion and dynamic contrast-

enhanced due to concerns about potential phase information alter-

eXpresso factor 3 3 2 ation in MRE applications.'”
Scanning time (seconds) 66.8 50 43.6
Segmentation Nonlinear Inversion MR Elastography
Balanced steady-state free- Mechanical properties were derived from the measured displace-
Sequence precession (bSSFP) ments using a NLI algorithm.”” The NLI algorithm iteratively
updates a discretized description of the property distribution in a
Echo time (msec) 0.91 heterogeneous finite element model by minimizing differences
Field-of-view 320 X 320 between model displacements and motion measurements. In this
(mm?) study, viscoelastic governing equations were used as the model, simi-

lar to the approach by Gordon-Wylie et al.'® From this model, the

complex shear modulus was calculated.
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The complex shear modulus comprises the storage modulus
(@), the loss modulus (G”), and their magnitude (|G*|). In this
study, two parameters are presented: shear stiffness (SS) and
DR. These parameters are formulated as follows:

2#G"|?
55:% M)
GN

While NLI-MRE has been shown to be highly repeatable and
precise for in vivo brain applications,”' this work presents the first
application of NLI-MRE to the intrinsically and extrinsically excited
liver. Here, we have employed the same NLI approach, which typi-
cally requires 2—3 hours, to analyze MRE liver data. SS and DR have
been reported at all selected frequencies. The only difference
between intrinsic and extrinsic cases is that, in the intrinsic case, the
values for SS and DR were normalized to the corresponding values
from the spleen. At low frequencies (~1 Hz), the shear modulus can
only be determined relative to a nonunique scalar multiplier.'? In
this case, material properties are relative, so liver parameters are nor-
malized by the mean values of the spleen, as a reference, to allow for
comparability within the liver and lesion. Normalization was per-
formed by separately calculating and normalizing SS and DR values
given the reconstructed complex shear modulus values found in both
organs. Although the DR is inherently a normalized parameter, we
applied this additional normalization step using the spleen as a refer-
ence organ to ensure consistency with the reported SS values, such
that all reported iMRE values are relative to the values observed in
the spleen.

A spatial filter was applied during the reconstruction process
to reduce noise and improve the smoothness of the mechanical
maps. Specifically, a spatial frequency Gaussian filter, smaller than
half the voxel size, was used to achieve this smoothing,

Image Analysis

For the segmentation, a radiologist (M.B.) performed manual delin-
eation of the liver based on the bSSFP and 4D flow sequences for
the entire cohort. The radiologist used clinical MR images to iden-
tify the lesion location. The identification of focal liver lesions was
based on established criteria, including lesion size equal or greater
than 10 mm, distinct morphological, signal, or enhancement differ-
ences compared to the background liver. The radiologist utilized 3D
slicer” to delineate the regions of interest (ROIs) on the MRE
images. A sample ROI illustration has been included in Fig. S1 in
the Supplemental Material.

The initial reconstruction results showed artifacts in the vessels
for intrinsic analysis confirmed by three observers (A.T., M.B., and
E.K.). Motion measurements within voxels containing a substantial
portion of rapidly flowing blood can readily lead to motion estimates
with aliasing issues, primarily due to the heightened motion sensitiv-
ity necessary for detecting small tissue velocities’; therefore, another
radiologist (E.K.) segmented the vessels and spleen. These segmenta-
tions were used to allow the normalization of the liver mechanical
parameters by the mean value of the same parameters within the
spleen. To ensure the accuracy and reproducibility of ROI

2528

identification, the second radiologist independently reviewed all seg-
mentations and revised some of them. The same ROIs drawn for
iMRE were duplicated for eMRE to ensure consistency in the mea-

surement of viscoelastic parameters across both imaging modalities.

Reference Standard
The ground truth for liver lesion diagnosis was a composite reference
standard that included contrast-enhanced MRI using Gd-BOPTA,
or histopathology. Categorization and diagnosis of liver nodules were
established according to LI-RADS reporting standards version
2018 by four radiologists (A.T., M.B., EK., and A.F., abdominal
radiologist, 16 years of experience) who were unaware of the findings
of the research MRI studies.® Portal hypertension (determined by
the presence of splenomegaly, ascites, or varices) and other condi-
tions that may affect the mechanical properties of the spleen by
increasing the portal venous pressure such as tumor invasion or
bland thrombus in the portal vein, and mesenteric vein involvement
were assessed based on MRI images by a radiologist (A.F.).

When

according to the clinical standard of care was included to resolve

available, histopathological ~evaluation performed
cases when imaging results were inconclusive or indicative of malig-
nancies other than HCC. Liver biopsy using 18-gauge core needles,
surgical resection specimens, or liver explants was employed to

obtain pathological diagnoses.

Interobserver Assessment

To evaluate interobserver agreement, a second radiologist (E.K.)
independently performed repeated segmentations on 15 participants,
and iMRE measurements were performed for this group. The SS
and DR calculated from these segmentations were then assessed
using the intraclass correlation coefficient (ICC).

Statistical Analysis
Statistical analyses were conducted using R (version 3.4.3; R Foun-
dation) with the “lme4,” “pROC,” and “ggplot2” packages. A sig-
nificance level of P<0.05 was adopted, and 95% confidence
intervals were calculated by bootstrapping using the “boot” package.
Mean and standard deviation values were computed for lesions and
background liver. Kruskal-Wallis tests were performed to compare
multiple groups of lesions and gave a P-value that indicates whether
there are statistically significant differences between the groups over-
all. The Dunn’s post hoc test performs pairwise comparisons
between groups with larger populations to determine which specific
groups differ, applying Bonferroni correction to adjust P-values
(0.001). The Mann—Whitney U test was used to compare viscoelas-
tic properties between liver lesions grouped as benign (including
hemangioma, focal nodular hyperplasia, adenoma, LR-2, and LR-3)
(LR4, LR-5, HCC,

cholangiocarcinoma).  Sensitivity, specificity, positive predictive

or  malignant metastasis, and
value, negative predictive value, and the area under the receiver opet-
ating characteristic curve (AUC) were computed for the participants
who completed both iMRE and eMRE exams to allow head-to-head
comparison of the diagnostic performance of these two methods.
The cut-off for diagnostic performance was determined using the
Youden Index, to provide the best balance between the sensitivity

and specificity. AUCs were compared using the DeLong method.**
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Results

Participant and Observation Characteristics

Fifty-five participants (mean age: 60 £ 14 years [range 26—
82], 34 male) were examined using MRE. Thirty-three
underwent iMRE, 45 eMRE, and 32 both iMRE and eMRE.
Figure 1 shows the flowchart of participant recruitment,
including exclusions and technical failures of intrinsic and
extrinsic MRE. A total of 22 participants were excluded from
iMRE, of which 12 out of 55 (22%) were excluded due to
the spleen not being visible. For eMRE, 10 participants were
excluded. The intrinsic MRE cohort included 16 benign and

Baradaran Najar et al.: MR Elastography of Focal Liver Lesions

17 malignant lesions and the extrinsic MRE cohort included
23 benign and 22 malignant lesions. Table 2 summarizes
characteristics of participants and lesions included in the
study. Diseases which may affect the normalized SS by
increasing spleen stiffness was present in 31% (17/55) of par-
ticipants. Portal hypertension was observed in 15% (5/33) of
participants who underwent iMRE.

The acquisition time for iMRE varied between 14 and
22 seconds (one breath-hold), depending on the subject’s
heart rate. For eMRE, the total acquisition time at 30 Hz was
4 breath-holds of 16.7 seconds each, totaling 66.8 seconds; at

286 eligible No participation
I * Unreachable n= 55
v » Refusal n= 34
126 participated * Miscellaneous n= 71
l Excluded
* Lesion(s) not found on MRI
55 patients with MRI research protocols =t
» Dropped gallstone n=1

* Incomplete MRE acquisition

n=3

Technical failure

+ Segmentation failed due to poor ||

Technical failure
» Segmentation failed due to poor

quality n= 2 : _
» Spleen not visible n=12 auality Liehe
: eMRE
- MRE _ Focal Lesions: n=45
Focal lesions: n=33 . i
= _ Benign n=23
Benign n=16 ; N
. _ » Hemangioma n=28
+ Hemangioma n=5 i
 FNH n=3
« FNH n=3
_ * Adenoma n=2
» Adenoma n=1 B
+ LR-2 n=2
+ LR-3 n=7
: _ * LR-3 n=28
Malignant n=17 . i
_ Malignant n=22
« LR-4 n=4 N
« LR4 n=5
+ LR-5 n=6
. _ + LR-5 n=6
» Metastasis n=5 . _
_ * Metastasis n=8
« HCC n=1 .
; : _ + HCC n=2
» Cholangiocarcinoma n=1 . . _
+ Cholangiocarcinoma n=1
[ |
v
iIMRE vs. eMRE Comparison
Focal lesions: n=32
Benign n=15
* Hemangioma n=4
+ FNH n=3
+ Adenoma n=1
+ LR-3 n=7
Malignant n=17
+ LR-4 n=4
+ LR-5 n==6
* Metastasis n=5
« HCC n=1
» Cholangiocarcinoma n=1

Figure 1: Flowchart of participant selection. LR indicates the category levels within Liver Imaging Reporting and Data System
(LI-RADS). FNH = focal nodular hyperplasia; HCC = pathology-proven hepatocellular carcinoma.
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Table 2. Characteristics of the Study Participants

Characteristics
Sex
Male
Female
Age (years)
Mean =+ SD (range)
BMI (kg/m?)
<25
>25 and <30
230 and <40
240
Ethnic category
Arab
Asian
Black
Caucasian
Hispanic
Indian
Conditions that may affect the mechanical properties of the spleen
Portal hypertension
Tumor in a vein
Bland thrombus in the portal vein
Mesenteric vein involvement
Focal liver lesion
Hemangioma
Focal nodular hyperplasia
Hepatocellular adenoma
Cholelithiasis
LR-2
LR-3
LR-4
LR-5
Metastasis
HCC
Cholangiocarcinoma
Size of focal liver lesions

Hemangioma

2530

Values

34
21

60 + 14 (26-82)
27 £ 5 (18-41)
17 (30.9)

22 (40.1)

15 (27.3)
1(1.8)

3 (5.4)
4 (7.3)
1(1.8)
43 (78.2)
3 (5.4)
1(1.8)

13 (23.6)
1(1.8)
2 (3.6)
1(1.8)

55

10 (18.2)
3 (5.4)
2 (3.6)
1(1.8)
2 (3.6)
9 (16.4)
6 (11.1)
6 (11.1)

11 (20.0)
4 (7.3)
1(1.8)

25.6 £ 18.7

Volume 61, No. 6



Table 2. Continued

Characteristics
Focal nodular hyperplasia
Hepatocellular adenoma
LR-2
LR-3
LR-4
LR-5
Metastasis
HCC
Cholangiocarcinoma

Heart rate (beats per minute)

Values are mean % SD (range) or number (percentage).

BMI = body mass index; HCC = hepatocellular carcinoma; SD = standard deviation.

Baradaran Najar et al.: MR Elastography of Focal Liver Lesions

Values
17.0 £ 4.2
27.5 £20.5
128 £7.6
173 +£5.6
17.8 £ 4.2
23.6 £74
29.2 £ 19.4
10.0 £ 7.1
35
70 + 11 (46-91)

40 Hz, it was 4 breath-holds of 12.5 seconds each, totaling
50 seconds; and at 60 Hz, it 4 breath-holds of
10.9 seconds each, totaling 43.6 seconds. In addition to these
times, there was a default inter-breath-hold period of
10 seconds, which could be adjusted based on the subject’s

was

needs. Including these intervals, the total acquisition time for
eMRE was approximately 280 seconds.

Mechanical Parameters Measurements
Figure 2 shows representative images of a cholangiocarcinoma
including color parametric maps of iMRE and eMRE for SS

and DR. In the iMRE color maps for SS and DR, the iMRE
map of normalized SS shows an increase in stiffness within
the lesion area. This increase is also observed in the SS and
DR maps generated from eMRE. Figure 3 shows representa-
tive images of normalized SS by iMRE and SS by eMRE in
four cases of benign and malignant liver lesions. Both the
normalized SS from iMRE and SS from eMRE demonstrate
increased stiffness in the area surrounding different types of
lesions. The mechanical maps in these figures appear very
smooth due to the application of a spatial filter. There are
some blank regions in the maps of mechanical parameters,

0 3 6 0 0.09 0.18 0 6 12 0 0.5 1
NSS NDR SS (kPa) DR

Figure 2: A 79-year-old man with a cholangiocarcinoma. (a) Arterial phase imaging. (b) Intrinsic MR elastography (iMRE)
reconstruction of normalized SS (normalized to the mean of shear stiffness in the spleen) reveals elevated stiffness in the tumor area.
(c) iMRE reconstruction of normalized DR (normalized to the mean of DR in the spleen). (d) Extrinsic MR elastography (eMRE)
reconstruction at 60 Hz displays increased SS (kPa) in the tumor area. (e) eMRE reconstruction demonstrates a higher DR at 60 Hz in
the tumor area. NSS = normalized shear stiffness; NDR = normalized damping ratio; SS = shear stiffness; DR = damping ratio.

June 2025
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o

MET Adenoma

HCC

30 4 8
NSS SS (kPa)
Figure 3: Intrinsic and extrinsic MRE results in four representative cases of benign and malignant liver tumors. Shown are maps of
normalized SS and SS (kPa) along with MR images for anatomic orientation. (a) A 35-year-old woman with adenoma, (b) a 42-year-old
woman with liver metastasis, (c) a 57-year-old man with a pathology-proven hepatocellular carcinoma (HCC) in the setting of a viral
hepatitis B-induced liver cirrhosis, and (d) a 64-year-old man with a pathology-proven liver metastasis from a low-grade intestinal-

type adenocarcinoma of the colon, all showed higher normalized SS (iMRE) and SS (eMRE at 60 Hz) than in the background liver
tissue. NSS = normalized shear stiffness; SS = shear stiffness.

which correspond to the vessels inside the domain. These ves- Table 3 summarizes descriptive statistics SS and DR at
sels create artifacts in the iMRE and have been segmented various frequencies (1, 30, 40, and 60 Hz) for benign and
out from the reconstruction process. malignant lesions. For each participant, the average value of

2532 Volume 61, No. 6
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viscoelastic parameters was calculated across all segmented
areas, including the liver, lesion, and spleen, segmented by
two radiologists (M.B., and E.K.). Normalized SS values for
benign and malignant lesions at 1 Hz in iMRE were
1.63 £ 0.45 and 3.69 % 1.31, respectively. SS values for
benign and malignant lesions at 30 Hz in eMRE were
260+ 126 and 3.76 +£1.12kPa; at 40 Hz
2.49 £ 274 and 6.06 &+ 1.65 kPa; and at 60 Hz were
2.48 £ 1.12 and 7.32 £ 2.87 kPa, respectively. Normalized
DR values for benign and malignant lesions at 1 Hz in iMRE
were 0.17 £ 0.21 and 0.18 £ 0.23, respectively. DR values
for benign and malignant lesions at 30 Hz were 0.27 £ 0.07
and 0.30 £0.11; at 40 Hz 0.21 £ 0.01
0.36 £ 0.11; and at 60 Hz 0.22 £ 0.09
0.89 £ 0.86, respectively.

were

were and

were and

Liver Lesion Classification

Figure 4 shows boxplots of iMRE-determined normalized SS
at 1 Hz and extrinsic MRE-determined SS at 30, 40, and
60 Hz for different types of liver lesions, and for benign
and malignant liver lesions. There were significant differences
in iMRE-determined normalized SS at 1 Hz, and extrinsic
MRE-determined SS at 30, 40, and 60 Hz between lesion
types. There were significant differences between hemangi-
oma and metastasis, but not between FNH and metastasis
(P =0.005) for the intrinsic MRE. There were significant
differences between hemangioma and metastasis for 30, 40,
and 60 Hz. Furthermore, there were significant differences
between FNH and metastasis at 30, 40, and 60 Hz. There
were significant differences between benign and malignant
lesions in iMRE-determined normalized SS at 1 Hz and
eMRE-determined SS at 30, 40, and 60 Hz.

Figure 5 shows boxplots of iMRE-determined normal-
ized DR at 1 Hz and extrinsic MRE-determined DR at
30, 40, and 60 Hz for different types of liver lesions, and for
benign and malignant liver lesions. The iMRE-determined
normalized DRs were not significantly different between
lesion types at 1Hz (P=0.77) and extrinsic MRE-
determined DRs at 30 Hz (P = 0.06). However, DRs were
significantly different between lesions at 40 and 60 Hz. There
were no significant differences between the pairwise groups at
any frequency. There were no significant differences in the
iMRE-determined normalized DR at 1 Hz (P = 0.62). There
were no significant differences between benign and malignant
iMRE-determined normalized DR at 1 Hz
(P=0.62). There were significant differences between

lesions in

benign and malignant lesions eMRE-determined DR at
30, 40, and 60 Hz.

The interobserver agreement were performed on 15 par-
ticipants who underwent iMRE. The NLI-iIMRE was found
to be reproducible, with an ICC of 0.98 (95% CI: 0.92,
1.00) for SS and 0.95 (95% CI: 0.88, 0.97) for the DR. The

2534

Bland—Altman plot is shown in Fig. S2 in the Supplemental
Material.

Diagnostic Performance

Table 4 and Figure 6 show the estimates of diagnostic perfor-
mance and the ROC curves of SS and DR using iMRE at
1 Hz and eMRE at 30, 40, and 60 Hz. These comparisons
were made for 32 participants who completed both iMRE
and eMRE data acquisition. To differentiate benign and
malignant lesions using SS, the AUCs were 0.86 (95% CI:
0.81-0.92) for iMRE at 1 Hz, and 0.87 (0.82-0.89), 0.93
(0.87-0.98), and 0.98 (0.95-1.00) for eMRE at 30, 40, and
60 Hz, respectively. Statistical comparisons of the AUCs
between iMRE at 1 Hz and eMRE at all frequencies indi-
cated significant differences. For the DR, the AUCs were
0.47 (0.43-0.55) for iMRE at 1 Hz, and 0.62 (0.58-0.606),
0.81 (0.75-0.87), and 0.86 (0.72-0.95) for eMRE at 30, 40,
and 60 Hz, respectively. Parameter SS from eMRE at 60 Hz
provided higher AUC than SS at 40 Hz (0.98 vs. 0.93,
P=10.27), SS at 30 Hz (0.98 vs. 0.87 P = 0.44), and nor-
malized SS at 1 Hz (0.98 vs. 0.86, P=0.41) for dis-
tinguishing benign and malignant lesions. Parameter DR
from eMRE at 60 Hz provided higher AUC than DR at
40 Hz (0.86 vs. 0.81, P=0.21), DR at 30 Hz (0.86
vs. 0.62, P=0.03), 1 Hz
(0.86 vs. 0.47, significant difference) for distinguishing

and normalized DR at
benign and malignant lesions.

Discussion

This pilot study assessed viscoelastic parameters over a spec-
trum of focal liver lesions evaluated by iMRE and compared
the diagnostic performance of iMRE and eMRE for differen-
tiating benign and malignant nodules. SS, a parameter related
to elasticity, was higher in malignant liver lesions compared
to benign lesions at all evaluated frequencies, regardless of
whether iMRE or eMRE was used. DR, which characterizes
the overall viscoelastic behavior of a material, did not show
significant differences between malignant and benign lesions
at lower frequencies but differed significantly at 40 and
60 Hz with eMRE. The findings demonstrate that eMRE
provided superior diagnostic performance at higher frequen-
cies, especially for differentiating lesions based on SS and DR.

The higher stiffness observed in malignant lesions is in
agreement with the prior literature.®® This observation aligns
with the established notion that liver tissue undergoes sub-
stantial biomechanical changes during malignant transforma-
tion, resulting in increased tissue stiffness.” The phenomenon
of increased stiffness in malignant lesions is multifactorial,
with several underlying elements contributing to this mechan-
ical alteration.”® Indeed, malignancy is associated with a
higher mitotic rate, leading to an elevated ratio of nucleus-to-

% This increased cellular density and nuclear

cytoplasm.

crowding have been associated with greater tissue stiffness.
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Figure 4: (a) Boxplot of intrinsic MRE-determined normalized SS for different types of liver lesions and for benign and malignant
lesions at 1 Hz. (b) Boxplot of extrinsic MRE-determined SS for different types of liver lesions and for benign and malignant lesions
at 30 Hz, (c) 40 Hz, and (d) 60 Hz. NSS = normalized shear stiffness; SS = shear stiffness; HEM = hemangioma; FNH = focal nodular
hyperplasia; HCA = hepatocellular adenoma; MET = metastasis; HCC = hepatocellular carcinoma; CCA = cholangiocarcinoma.

Furthermore, alterations in the actin cytoskeleton, a crucial changes in the actin cytoskeleton can enhance tissue rigid-
component of cellular mechanical properties, play a pivotal ity.”” These findings underscore the potential of iMRE as a

role in modulating tissue elasticity. In cancerous tissues, tool for assessing these mechanical alterations and providing
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Figure 5: (a) Boxplot of iIMRE-determined normalized DR for different types of liver lesions and for benign and malignant lesions at
1 Hz. (b) Boxplot of eMRE-determined DR for different types of liver lesions and for benign and malignant lesions at 30 Hz, (c) 40 Hz,
and (d) 60 Hz. NDR = normalized damping ratio; DR = damping ratio; HEM = hemangioma; FNH = focal nodular hyperplasias; HCA
= hepatocellular adenoma; MET = metastasis; HCC = hepatocellular carcinoma; CCA = cholangiocarcinoma.

crucial diagnostic information. This has been observed in rab-
bits with VX2 tumor models that have been performed
in vivo elastography of liver cancer.”®

In prior human studies, Venkatesh et al reported a

greater mean SS in malignant liver lesions (10.1 kPa)
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compared to benign lesions (2.7 kPa), based on data from
44 liver lesions using extrinsic MR elastography.® Garteiser
et al reported an AUC of 0.77 in 72 lesions using MR
elastography with 50-Hz mechanical waves and a full three-
directional motion-sensitive sequence, based on the loss
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Cut-
Technique Frequency AUC offs
iMRE 1 Hz 0.86 (0.81-0.92) =2.72
normalized
SS
eMRE SS 30 Hz 0.87 (0.82-0.89) =3.15
(kPa) 40Hz 093 (0.87-0.98) >3.62
60 Hz 0.98 (0.95-1.00) =4.16
iMRE 1 Hz 0.47 (0.43-0.55) =0.13
normalized
DR
eMRE DR 30 Hz 0.62 (0.58-0.66) =0.28
40 Hz 0.81 (0.75-0.87) =0.35
60 Hz 0.86 (0.72-0.95) =0.36

Numbers in parentheses are 95% confidence intervals.

NPV = negative predictive value.

Table 4. Diagnostic Performance of Mechanical Parameters Calculated Using iMRE and eMRE

AUC = areas under receiver operating characteristic curves; SS = shear stiffness; DR = damping ratio; PPV = positive predictive value;

Sensitivity  Specificity

(%) (%) PPV (%) NPV (%)
74 (71-77) 94 (91-95) 92 (89-96) 78 (75-80)
76 (74-81) 93 (92-97) 85 (82-89) 80 (77-84)
94 (89-97) 86 (84-92) 87 (83-91) 93 (91-96)
93 (90-95) 100 (95-100) 100 (95-100) 94 (91-95)
47 (42-51) 54 (51-61) 52 (48-55) 60 (56-63)
54 (50-64) 77 (75-84) 74 (71=77) 74 (71-77)
63 (60-66) 87 (85-94)  85(83-88) 69 (65-73)
66 (63-72) 93 (90-95) 95 (90-97) 79 (76-83)

a
1.00
0.75
>
=
% 0.50
c
(0]
%)
0.25 Frequency (Hz) AUC P-value
- 1 0.86 <0.001
30 0.87 <0.001
40 0.93 <0.001
0.00 60 0.98  <0.001
0.00 0.25 0.50 0.75 1.00
1 - Specificity

b
1.00 I_I—
l
|
|
0.75
Pary
=
% 0.50
[
[0
n
0.25 Frequency (Hz) AUC P-value
’ — 1 0.47 0.65
30 0.62 0.03
40 0.81 0.008
= 60 0.86 0.004
0.00
0.00 0.25 0.50 0.75 1.00
1 - Specificity

Figure 6: Receiver operating characteristics curve showing (a) SS and (b) DR for classification of benign vs. malignant lesions using
intrinsic MRE normalized results at 1 Hz and extrinsic MRE at 30, 40, and 60 Hz.

modulus value, to differentiate between benign and malignant
lesions.” Shahryari et al reported an AUC of 0.95 in 77 partic-
ipants, with a total of 141 focal liver lesions, using the
tomoelastography imaging method to compare benign
vs. malignant lesions based on the phase angle parameter.® Of
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note, all the prior work was performed using ex vivo measure-
ments or in vivo measurements with extrinsic MRE.

This study focused on the normalized DR as an addi-
tional parameter for characterizing liver lesions. The results
did not reveal a significant difference in the DR across
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different lesion types at intrinsic activation frequencies. This
finding is consistent with previous observations and highlights
the complexity of mechanical properties in liver lesions at
these physiological frequencies.'® The DR for intrinsic data is
a parameter that combines the effects of multiple physical
phenomena in the tissue, such as poroelastic effects, mechani-
cal wave attenuation due to fluid—solid interaction, and
mechanical losses in the tissue. In the extrinsic case at higher
frequencies, the first two of these phenomena are relatively
small compared to mechanical losses; tissue mostly acts as a
viscoelastic material.'* So, the DR has a clearer physiological
correspondence. In the intrinsic case, these different phenom-
ena have similar impacts on the displacement field, making
the parameter harder to interpret in terms of a single physio-
logical phenomenon.

Of the two parameters assessed, SS provided the higher
AUG: for differentiating benign and malignant liver lesions.
Prior studies reporting the iz vivo mechanical properties of
focal liver lesions relied on eMRE.®” Instead, in this tech-
nique, low-frequency, complex-valued harmonic motions at
the cardiac pulse frequency were determined via a Fourier
transform, and the subzone-based NLI-IMRE reconstruction
method was applied to determine the viscoelastic parameters
within the imaging volume.

The findings partially align with prior eMRE investiga-
tions, such as those by Hennedige et al and Shahryari et al
and brain iMRE by Burman et al.***** Notably, the iMRE
results, obtained at approximately 1 Hz without the use of
external transducers, corroborate Hennedige et al’s findings
regarding the differentiation of malignant and benign lesions
using the storage modulus (G").*° Burman et al’s study reveals
more consistent results from SS reconstruction than from DR
when using intrinsic MRE determined at 7 T.*” Moreover,
these results are in agreement with those of Sauer et al who
found that changes in tumor stiffness are related to fluid-
tissue properties.”’ This consistency with eMRE findings sup-
ports further investigation of iMRE as a noninvasive and
hardware-free technique for characterizing liver lesions.

The variation in the results at higher frequencies,
particularly at 60 Hz, when compared to the low-frequency
intrinsic MRE data, underscores the impact of frequency-
dependent mechanical properties in liver tissues.”>*> This dis-
crepancy may stem from differences in tissue response to vary-
ing frequencies of mechanical wave propagation. Higher
frequencies offer advantages such as better resolution of tissue
structures, reduced noise interference, and shorter propagation
distances within tissues, contributing to the observed differ-
ences. This underscores the potential for multifrequency MRE
to capture nuanced information about tissue mechanical proper-
ties and underscores the importance of choosing an appropriate
frequency range for specific diagnostic objectives.34

The characteristic correlation distance in MRE is linked
to the mechanical wavelength, which varies with the actuation
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frequency. iMRE uses a lower actuation frequency than
eMRE, resulting in a higher mechanical wavelength for
iMRE. Given the fixed spatial resolution in both iMRE and
eMRE, this higher wavelength in iMRE can lead to lower
diagnostic performance. Specifically, if the mechanical wave-
length is significantly larger than the size of the lesion, the
lesion deformation may not be sampled adequately, leading
to less precise measurements of mechanical properties. While
this study lacked a number of very small lesions with which
we could compare the detection limits of iMRE and eMRE
for these challenging cases, iMRE was able to detect lesions as
small as 15 mm in size. Based on these promising results,
future studies of this technique will seek to investigate possi-
ble limitations due to lesion size, especially compared to
higher-frequency eMRE methods.

The source of vibration in the liver is either from the
vasculature or heart movement. Although it has been usually
observed that a higher level of strain is on the diaphragmatic
side, there are also tumors on the visceral side that can be
detected using iIMRE. This demonstrates that iMRE is not
restricted to a specific area and can effectively measure
mechanical properties across the entire liver, regardless of
tumor location. demonstrates that iMRE can detect a lesion
on the visceral side, where a metastasis case was observed far
from the heart.

This study presents potential advantages over the cur-
rent literature, including the ability to characterize the
mechanical properties of liver lesions without using additional
hardware. A corollary is the ability to deploy this technique
into existing scanners using phase-contrast sequences. In this
pilot study, we have demonstrated that iMRE allows the char-
acterization of viscoelastic properties of focal liver lesions. By
evaluating tissue stiffness using intrinsic pulsations, iIMRE
could be added to MRI protocols while providing results sim-
ilar to that of eMRE.

Limitations
In the intrinsic reconstruction, stiffness values were normal-
ized by their respective values in the spleen. However,
mechanical properties of the spleen can undergo alterations
due to various factors, such as certain cancers and diseases like
portal hypertension, lymphoma, and leukemia.>> Thus,
employing the spleen as a reference standard for normaliza-
tion may present potential challenges. Second, this proof-
of-concept study demonstrating the feasibility of iMRE for
the characterization of focal liver lesions included only 32 par-
ticipants. After the initial analysis of the data, the decision to
use the spleen as a reference was made retrospectively,
resulting in the exclusion of some cases. Future studies should
investigate the ability to compute the absolute value of visco-
elastic parameters from iMRE without the need for normali-
Third,

segmentation time currently does not allow real-time clinical

zation to the spleen. the postprocessing and
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diagnosis. However, technical improvements and computa-
tional power will decrease the postprocessing time. Despite
being regarded as benign in the statistical analysis, a recent
meta-analysis by Lee et al reported that 31% of LR-3 lesions
on MRI performed with extracellular agents are HCC.*® In
addition, the study was conducted at a single center using a
single vendor, single field strength, and single magnet, which
may limit the generalizability of the findings.

Conclusion

This study provides insights into the assessment of liver
mechanical properties using iMRE, which does not require
an external actuator. We observed higher SS in malignant
liver lesions, regardless of whether iMRE or MRE techniques
were employed. This finding reinforces the well-established
understanding that malignant transformations in liver tissues
led to substantial biomechanical changes, resulting in higher
tissue SS. This research paves the way for future studies that
may refine our understanding of liver biomechanics and con-

tribute to more effective diagnostic and treatment strategies.
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