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Objective: To examine if intravoxel incoherent motion
(IVIM) and dynamic contrast-enhanced MRI (DCE-MRI)
can be used as new and supplemental MRI techniques
to differentiate hepatocellular adenomas (HCAs) from
focal nodular hyperplasias (FNHs) and analyse if
diffusion parameter apparent diffusion coefficient
(ADC) and IVIM parameter true diffusion coefficient
(D) differ in doing so.

Methods: This prospective study included 21 patients
(8 HCAs and 13 FNHs) who underwent a specifically
designed MRI scanning protocol, including series for
analysis of IVIM (four b-values 0, 10, 150 and 800 s mm~2)
and DCE-MRI. On a dedicated workstation, identical
regions of interest were placed in parametric maps of
K" v, D and ADC in each lesion for quantification.

INTRODUCTION

Diffusion-weighted MRI (DW-MRI) has become a rou-
tinely implemented radiological tool for the assessment of
microscopic morphological features of tissues on a macro-
scopic level. More specifically, the diffusion pattern of
water molecules in vivo is dependent on the architectural
properties of the biological tissue, such as the tissue type or
whether the tissue is pathological. However, DW-MRI is
not only sensitive for true molecular diffusion but also for
other “incoherent motions”' The orientation of the cap-
illary network is nearly random, which is why blood flow
will mimic the random motion of water molecules and
contaminate the signal from the real molecular diffusion in
diffusion weighted (DW) images (“pseudodiffusion”).l’2
Interestingly, the pseudodiffusion coefficient is roughly
ten-fold higher than the diffusion coefficient.” This
explains why the signal of pseudodiffusion will only con-
tribute to DW-MRI images when low b-values are

Diagnostic accuracy was assessed using receiver operating
characteristics analysis. Time-intensity curves (TICs) were
classified in different types.

Results: HCAs had significantly lower values for Ktans
(mean 145 vs 2.68min~; p=0.029) and D (mean
1.02X107° vs 122x10 °mm?s™; p=0.033). Both
parameters showed good diagnostic accuracy of 76%.
TIC analysis could not differentiate between HCAs
and FNHs.

Conclusion: In this exploratory study, K*2"* and D were
able to differentiate HCAs from FNHs in most cases,
whereas V., ADC and TIC analysis were not.

Advances in knowledge: Histological differences be-
tween HCAs and FNHs can be quantified on MRI using
K'a"S and D.

applied.' In contrast to the apparent diffusion coefficient
(ADC), “true diffusion” (D) does not take the contami-
nation of the incoherent motions into account and is only
dependent on diffusion restriction measured with high
b-values.

The most commonly used application of dynamic contrast-
enhanced MRI (DCE-MRI) consists of intravascular in-
jection of a gadolinium-based contrast agent, after which
multiple (dynamic) T; weighted (T1w) images are ac-
quired. Within a voxel, or more commonly a region of
interest (ROI), the changes in relative intensity are moni-
tored over time. Plotting of this data allows for semi-
quantitative analysis in the form of a time—intensity curve
(TIC).>” When a tracer-kinetic model is used to represent
the different tissue compartments (intravascular space and
extravascular extracellular space), quantitative analysis of
the DCE-MRI data can be obtained to characterize the
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microcirculation of the tissue.®” The most essential quantitative
parameters are K"™ (transfer constant), which reflects the
transport of contrast across the vessel wall into the extravascular
extracellular space (“permeability”), and V, (the fraction of ex-
tracellular extravascular volume), reflecting the cellular density.

Differentiation between hepatocellular adenoma (HCA) and
focal nodular hyperplasia (FNH) is important and might in-
fluence outcome, therapeutic consequences and follow-up
strategies. Unlike FNH, HCA carries the risk of malignant
transformation and bleeding, especially in larger lesions and
with specific histological subtypes.'®'* Our purpose was to
examine if intravoxel incoherent motion (IVIM) and DCE-MRI
can be used as new and supplemental MRI techniques to dif-
ferentiate HCAs from FNHs and to examine if ADC and D differ
in doing so.

METHODS AND MATERIALS

Patients

In this prospective study, 38 consecutive patients with focal liver
lesions underwent liver gadolinium-enhanced MRI (Gd-BOPTA;

Table 1. Behaviour of the lesions in follow-up studies

Jerjir et al

MultiHance®, Bracco, Italy) with a specifically designed scanning
protocol between November 2013 and February 2015, after which
they were assigned to a separate database in our picture archiving
and communication system (PACS—IMPAX; Agfa, Mortsel,
Belgium). The review board of our institution (AZ St.-Jan Brugge-
Oostende AV). Only patients with a lesion of at least 2 cm were
included. Only one lesion per patient was analysed. 17 patients were
excluded from the study [focal liver lesion different than HCA or
FNH (n = 10); lesion <2 cm (n = 4); no focal lesion found (n = 2);
and incomplete scanning protocol (n=1)]. 21 patients were in-
cluded in the study, 8 with HCA (all 8 females) and 13 with FNH
(11 females and 2 males). Differentiation between FNH and HCA
was based on different criteria: pathological verification (n=1),
typical morphological properties [arterially hyperenhancing,
showing no washout in the venous phase, the absence of cirrhosis,
typical central scar, lesion heterogeneity and the presence of
fat/signal decrease on out-of-phase imaging (n = 20)] and behav-
iour of the lesions in follow-up [clear decrease in dimension after
stop of oral contraceptive medication (n=6), increase in di-
mension at follow-up (n=1)]. A detailed list of the behaviour of
the lesions in follow-up studies is shown in Table 1. The most

Lesion Behaviour of the lesion Time since study MRI

HCAs

Lesion 1 Decrease in volume 11 months

Lesion 2 Decrease in volume 12 and 24 months

Lesion 3 No follow-up at our institution /

Lesion 4 Decrease in volume 14 months

Lesion 5 Decrease in volume 12 months

Lesion 6 Decrease in volume 4 and 16 months

Lesion 7 Decrease in volume 4, 9 and 21 months

Lesion 8 Increase in volume; follow-up at a different institution” 12 months
FNHs

Lesion 1 Stable 12 and 24 months

Lesion 2 Stable 28 months

Lesion 3 Stable 24 months

Lesion 4 Stable 22 months

Lesion 5 No follow-up at our institution /

Lesion 6 Stable 6, 12 and 18 months

Lesion 7 Stable 14 and 19 months

Lesion 8 No follow-up at our institution /

Lesion 9 No follow-up at our institution /

Lesion 10 No follow-up at our institution /

Lesion 11 Stable 9 months

Lesion 12 Stable 22 and 37 months

Lesion 13 No follow-up at our institution /

FNH, focal nodular hyperplasia; HCA, hepatocellular adenoma.

“The authors contacted the different institution to analyse and compare the MRI images.
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important differential diagnosis is hepatocellular carcinoma (HCC).
None of the included lesions showed signs of HCC (such as
washout in the venous phase nor cirrhotic liver background).
Moreover, in contrast to HCA, HCC is not to be expected to show
a volume decrease in follow-up studies, as six out of eight HCAs did
after only stopping intake of oral contraceptive medication.

Imaging technique

All patients underwent an MRI examination with a 3-T super-
conductive MR system (Philips Ingenia 3T release 4, Best,
Netherlands) and a 32-channel body phased-array coil. The MRI
protocol consisted of axial breath-hold (BH) dual fast field echo,
axial respiratory-triggered single shot (SS) spin-echo echo planar
imaging (SE-EPI) with single low b-value (10smm™?), axial
respiratory-triggered SS SE-EPI using four b-values (0, 10, 150
and 800smm ™ °), followed by an axial BH Tlw gradient echo
(DCE-MRI) sequence.

We limited the SS SE-EPI (DW) sequence to four b-values, as
more b-values would mean an increase in scanning time, making
it impractical for clinical use. Parameters consisted of: matrix:
350 X 325 mm; measured voxel size: 2.3 X 2.7 X 5 mm; parallel
imaging (AP): 2.4; repetition time: 1200 ms; echo time: 78 ms;
echo planar imaging factor: 49; fat suppression using selective
partial inversion recovery; number of signal averages: 2.

The DCE-MRI sequence was performed using a BH Tlw gra-
dient echo sequence with keyhole imaging and profile sharing
after injection of 0.1 mlkg ' body weight gadobenate dime-
glumine followed by a 20-ml saline injection at 3mls™'. Im-
aging was started when initial contrast enhancement of the right
ventricle occurred during fluoroscopic imaging. A total of 1995
images (15 sets of whole liver imaging sets comprising 133
images each) were acquired per patient, with the following
schedule:

(1) 5 sets of images during the first BH of 13.8s; a break of 7 s to
allow for breathing and without image acquisition

(2) 4 sets of images during the second BH of 12.6s; a break of 7 s

(3) 3 sets of images during the third BH of 11.4s; a break of 7 s

(4) 2 sets of images during the fourth BH of 10.2 s; a break of 7 s

(5) 1 set of images during the fifth (last) BH of 9s.

Some additional parameters of the Tlw DCE-MRI sequence
consisted of: matrix: 395 X 295mm; measured voxel size:
1.4 X 1.7 X 3 mm; parallel imaging (anteroposterior AP): 2 and
(feet-head FH): 1.8; turbo field echo factor: 56; flip angle: 10°%
fat suppression using spectral attenuated inversion recovery.

Image analysis—dynamic contrast-enhanced MRI
and intravoxel incoherent motion

New software (OleaSphereTM; Olea Medical SA, La Ciotat,
France) was used. With this software, a dedicated workflow was
designed, which made it possible to analyse the DCE-MRI and
IVIM data sequentially by following the same steps in every
patient. One of the authors (NJ) with 4 years of experience in
abdominal imaging performed the analysis. The data of all the
patients were analysed after all the MRI examinations were
performed. The patients’ MRI examinations were loaded from

the PACS into the dedicated workstation with the Olea software.
After selecting a specific patient and activating the workflow, the
first step was to select the type of function to describe the DW-
MRI data, i.e. biexponential function in case of IVIM. Rigid
registration was selected. In the next step, we optimized the
DCE-MRI parameters using the Tlw images after gadolinium
injection to consistently place the region of the arterial input
function in the descending aorta, approximately 5cm above the
origin of the celiac trunk to reduce turbulence artefacts.

The software allowed us to select the extended Tofts model as
the tracer-kinetic model. Automatic motion correction for
breathing is a feature of the software. Following those steps, we
automatically obtained parametric maps of the entire liver of
K™ and V, (the two forming “permeability maps”) and D, as
well as T, images of the entire liver for anatomical correlation
(Figure 1). Other MRI sequences could be used as well but were
not selected to ensure a clear overview. A ROI delineated in one
of the parametric maps was automatically copied in the other
parametric maps, which yielded detailed quantification of K™,
V. and D as well as a TIC. Values for D* (“pseudodiffusion”) and
f (“perfusion fraction”) were not analysed since these could not
be confidently measured by the software when using only four
b-values and because of the great interobserver variation and low
reproducibility even when using more b-values.'*™”

When a mismatch was noticed between the position of the ROI
on the diffusion and permeability parametric maps, the ROI was
manually adjusted to match the lesion. ROIs were drawn pe-
ripherally in the lesion so that they would enclose as much of the
lesion as possible, with a 2-mm safety margin to the outer
border of the lesion. Ultimately, screen shots and the quantita-
tive data were saved to the PACS and hard drive, respectively,
and the TICs were categorized.

For analysis of the ADC, a separate workflow was chosen after
selecting the patient. Just as in the first step of the previous
workflow, the type of function to describe the DW-MRI data was
chosen, i.e. the monoexponential function. In the next and final
step, this resulted in an ADC map. The ROI from the previous
workflow was manually copied in the ADC map, resulting in
quantification of the ADC.

Statistical analysis

Firstly, independent sample t-tests were used to determine
whether the mean scores of the variables under study (K™, V.,
D and ADC) for HCAs differed significantly from the mean
scores for FNHs.

Secondly, logistic regression analyses were conducted to identify
scores that discriminate between HCAs (coded “1”) and FNHs
(coded “07). Sensitivity and specificity were calculated for re-
ceiver operating characteristic (ROC) curves. We tested the
statistical significance of the difference between the areas under
the ROC (AUROC) curves for our variables under study. Op-
timal cut-points were explored through the criterion value
corresponding with the Youden'® index J. J is the maximum
vertical distance between the ROC curve and the diagonal line,
which gives equal weight to sensitivity and specificity. The ROC
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Figure 1. Example of the layout in Olea (Olea Medical SA, La Ciotat, France) in the last step (“analysis”) of the dedicated workflow in
a patient with focal nodular hyperplasia (FNH). The layout is divided into six smaller screens (a-f). 7> weighted images in the right
upper corner are used for anatomical correlation and show the lesion within the right liver lobe (b). The parametric maps of
apparent diffusion coefficient and “true diffusion” D reflect the degree of diffusion restriction, ranging from dark areas of restricted
diffusion to white areas of nearly free diffusion (c, d). Colour parametric maps of K" and V. can be adjusted so that they easily
display the lesion (e, f). After drawing a ROI (on a different slice, not shown) in the lesion in one of the parametric maps,
a time-intensity curve appears in the left upper corner (a). This FNH showed to have a Type 1 curve.

A,
6 5 W 5 N 3 N B 0E N KOG N S0

curve and classification table were further examined as, from
a clinical perspective, we prioritized a high sensitivity of the
variables for detecting HCAs in order to ensure proper follow-
up of or the right treatment for these lesions. As such, our
clinical interpretation of the optimal cut-point did not neces-
sarily correspond to the Youden index J-associated criterion. The
data analysis for this article was generated using SAS software
v. 9.4 (SAS Institute Inc., Cary, NC) for Windows®.

Thirdly, based on the cut-points, the variables under study were
dichotomized, and the sensitivity and specificity were again
assessed in a model that combined these possible predictors.

RESULTS

Evaluation of the time-intensity curves

According to the literature,'” TICs can be classified into two
types. Type 1 has a steep enhancement followed by a quick decay
and then a slowly decaying plateau (Figure 2a). Type 2 curves
have a steep enhancement followed by a slowly decaying plateau
(Figure 2b). 6 out of 8 HCAs (75%) and 10 out of 13 FNHs
(77%) had a Type 1 curve. One HCA (13%) and one FNH (8%)
were characterized by a Type 2 curve. One HCA (13%) and two
FNHs (15%) could not be categorized into a Type 1 or Type 2
curve, with all three lesions being located in the left liver lobe.

Evaluation of the quantitative data

Table 2 shows that HCAs had lower values for all parameters
than FNHs. Statistically significant differences between
K" (mean 1.45 vs 2.68min_'; p=10.029) and D (mean

1.02X 1077 v5 1.22 X 10 >mm?®s™'; p = 0.033) were found.
There were no statistically significant differences for V, (mean
0.35 vs 0.43; p=0.189) or ADC (mean 1.41 X 1073 s
1.57 X 10 °mm*s™'; p = 0.214).

Sensitivity and specificity

The ability of K**** and D to differentiate HCAs from FNHs was
further explored by generating ROC curves. With an AUROC of
0.76 [95% confidence interval (CI): 0.53-0.92; p = 0.023] and
0.79 (95% CI: 0.56-0.93; p = 0.008), respectively, both K**"* and
D demonstrated the ability to differentiate both lesion types. No
statistically significant difference between the AUROCs of K™*"
and D was found (p = 0.872). This indicates that both param-
eters perform equally well in differentiating HCAs from FNHs.
For D, the optimal cut-point was <1.05 X 10> mm?s™ ' with
a sensitivity of 75% (6/8; 95% CI: 35-97) and a specificity of
77% (10/13; 95% CI: 46-95). For K™, the optimal cut-point
was =1.40min~ ' with a sensitivity of 75% (6/8; 95% CI: 35-97)
and specificity of 77% (10/13; 95% CI: 46-95). Accuracy (the
percentage of correct diagnoses in the entire sample) equalled
76% for both cut-points. The combined cut-points for K™
and D are associated with a sensitivity of 50%, a specificity of
100% and an accuracy of 52%.

DISCUSSION

Our study showed that IVIM parameter D and DCE-MRI pa-
rameter K™ were both able to differentiate HCAs from FNHs,
meaning that they could detect the histological differences be-
tween the two types of lesions. For both parameters, the values
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Figure 2. Time-intensity curves. Time (in seconds) on the x-axis and relative signal intensity (Sl; in arbitrary units) on the y-axis. (a)
Type 1curve in a patient with focal nodular hyperplasia (FNH). Most FNHs and hepatocellular adenomas (HCAs) show a Type 1 curve
with steep enhancement followed by a quick decay and then a slowly decaying plateau. (b) Type 2 curve in a patient with HCA. This
curve follows a steep enhancement followed by a slowly decaying plateau. A Type 2 curve could be observed in one patient with
HCA and one patient with FNH.
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Table 2. Results of the transfer constant—K'@"S (min™"), the fraction of extracellular extravascular volume—V,, true diffusion
coefficient—D (X103 mms™ ") and apparent diffusion coefficient—ADC (X10~3 mms 2) for focal nodular hyperplasias (FNHs)

(n =13) and hepatocellular adenomas (HCAs) (n=8)

parameter lesion Mean Standard deviation Standard error of the mean p-value

ENH 2.68 (0.64-5.50) 1.36 0.38

Ktrrlns 0.029
HCA 1.45 (0.86-2.99) 0.73 0.26
FNH 0.43 (0.24-0.63) 0.13 0.04

Ve 0.189
HCA 0.35 (0.15-0.47) 0.11 0.04
FNH 1.22 (0.85-1.68) 0.22 0.06

D 0.033
HCA 1.02 (0.93-1.25) 0.12 0.04
ENH 1.57 (1.03-2.16) 0.28 0.08

ADC 0.214
HCA 1.41 (0.93-1.81) 0.28 0.10

were significantly lower in HCAs than in FNHs. The perfor-
mance of D and K™ to differentiate the two lesion types was
identical: for D, a value of =1.05 X 10 > mm?s ™! indicated that
the lesion was an HCA with a sensitivity of 75% and a specificity
of 77%; a K™ of =1.40 min~ ' was indicative for an HCA with
the same sensitivity and specificity, ie. 75% and 77%, re-
spectively. The ADC and IVIM parameter V, were not able to
differentiate between HCAs and FNHs.

TICs can be classified according to their enhancement pattern
(Figure 2) into Type 1 and Type 2 curves. In our study, TIC
characterization was not useful in differentiating the two lesion
types. FNHs and HCAs both typically had a Type 1 curve, but
one lesion in each group was characterized by a Type 2 curve.
Furthermore, the TIC of one HCA and two FNHs did not show
a pattern typical for a Type 1 or Type 2 curve and remained
unclassified. These three unclassifiable lesions were located in
the left liver lobe, suggestive of cardiac motion artefacts.

Morphological MRI features of both FNH and HCA have ex-
tensively been described in the literature.'®'! Extracellular and,
more recently, hepatocyte-specific gadolinium-based contrast
agents have proved their value in differentiating focal liver
lesions.'®** Grieser et al'® showed that for differentiating HCAs
from FNHs, the use of gadoxetic acid uptake in the hepatobiliary
phase was superior to other morphological and dynamic vas-
cular criteria. DW-MRI has also been used to differentiate the
two lesion types. In a study with 54 FNHs and 36 HCAs, Agnello
et al** found a significant difference between both lesions using
ADC. However, it remained unclear what the influence of the
perfusion-related incoherent motions was on the overall ADC
values because no IVIM analysis was performed.

Our study now suggests that there is indeed a difference in true
tissue diffusion between FNHs and HCAs, based on funda-
mental histological differences between these two types of
lesions.'®!" Few other studies analysed D and/or ADC values of
multiple benign and malignant liver lesions but could not find
a significant difference between FNHs and HCAs.”>* In our
study, we did find a significant difference for D but not for ADC.
Discrepancies in reports of D and ADC in their ability to

characterize liver lesions are well known. In some studies, D was
found to be superior to ADC in differentiating malignant from
benign liver lesions,?”*® whereas other studies showed the
opposite.””** These differences could be explained by different
technical parameters, including the low number of included
lesions in some studies and—when differentiating between
malignant and benign lesions—by different types of included
lesions.

For the “exact” calculation of IVIM parameters, it is best to use
multiple low b-values as there is exponential (non-linear)
signal decay in the low b-value range. In clinical practice, the
use of multiple (e.g. 10) b-values is impractical because of long
scanning times, which also potentially induces patient move-
ments. For clinical purposes, in this study only four b-values
were used. It has been proved that 4 b-values instead of 11 or
even 16 b-values can be applied without affecting the precision
of the IVIM parameters and test-retest reproducibility while
reducing 75% or even more of the scanning time. Two opti-
mized b-value distributions with only four b-values have re-
cently been proposed. Dyvorne et al'? suggested 0, 15, 150 and
800smm 2 as an optimal set, whereas Leporq et al’’ proposed
0, 10, 80 and 800smm 2. In our study, we did not analyse
IVIM parameters D* and f because of the known intermediate-
to-poor parameter reproducibility.">™"> Future technical
advances such as new hardware might overcome these
limitations.

In one study with 52 FNHs, DCE-MRI with TIC analysis showed
a Type 1 curve (fast enhancement and fast decay after reaching
a peak) in all lesions.'”” Our study now suggests that not all
FNHs show a fast decay but that it is possible for an FNH to
reach a short plateau after the fast enhancement. To our
knowledge, TIC analysis has not been performed up until the
hepatobiliary phase. Grazioli et al’> showed that with Gd-
BOPTA, 100% of HCAs were hypointense in the hepatobiliary
phase on Tlw sequences, whereas 96.9% of the FNHs were
hyper- or isointense. An expected course of the TIC after the
decay would be a plateau for the FNHs and a continued decrease
until the initial level for HCAs, which is the opposite of what
happens in the arterial and portal venous phases.
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To our knowledge, only one study has tried to differentiate
FNHs from HCAs using DCE-MRI. The authors used a quanti-
tative method, in which a significantly higher contrast ratio of
FNHs was found than HCAs in the hepatobiliary phase after 15
and 25min.”® However, the long scanning time makes it less
practical for clinical use. Our semi-quantitative analysis of the
TICs reflecting the first pass of the contrast agent can be per-
formed much faster (DCE-MRI scan time of 85s after injection
of contrast agent) but did not show a difference between both
lesion types in our study.

Conversely, no study has previously examined the permeability
parameters when differentiating FNHs from HCAs. Our study
shows that there is a difference in K™ between both lesions,
with a higher permeability in FNHs, i.e. a higher amount of
gadolinium molecules reaching the extravascular compartment
through the endothelium in FNHs compared with HCAs.

HCAs and FNHs are vastly different lesions. HCA is a het-
erogeneous group of neoplasms consisting of inflammatory
adenomas (with intense polymorphous inflammatory infil-
trates on histopathology), hepatocyte nuclear factor 1a-muted
adenomas (leading to hepatocellular proliferation and in-
tracellular fat deposition) and B-catenin-mutated adenomas
(which have a high nuclear cytoplasmic ratio).'” On the other
hand, both classic and non-classic FNHs are regenerative
lesions. The classic type represents 80% of these lesions and
consists of nodular hyperplastic liver tissue nodules sur-
rounded by radiating fibrous septa originating from a central

scar.!" These histological differences might explain the higher
diffusion restriction and thus lower D values in HCAs. The
higher K™ values in FNHs might be explained by a higher
arterial inflow (when compared with HCAs) as the fibrous
septa within FNHs contain the portal triad of an artery, vein
and bile duct. As a consequence, the higher arterial influx is
likely to represent a higher leakiness.

There are several limitations to our study. A first limitation is the
small patient population, therefore further studies with larger
study populations are needed to confirm our findings. Secondly,
because only one person was involved in the demarcation of the
ROIs, we could not determine the intra- or interobserver
agreement or reproducibility. Thirdly, in our study, rigid regis-
tration of the liver was used. Three lesions located in the left
liver lobe showed an indefinable TIC, which suggests the strong
influence of heart motions on these lesions. We think that reg-
istration of the lesions instead of the liver might provide better
reduction of motion artefacts. Furthermore, we included only
patients with HCA and FNH, which can overestimate sensitivity,
specificity and diagnostic confidence. Finally, it is clear that the
use of both IVIM and DCE-MRI lack standardization of imaging
acquisition and analysis techniques. This might partially explain
the wide variations in their values in literature.

In summary, this prospective preliminary study showed that
IVIM parameter D and DCE-MRI parameter K™ were useful
in differentiating FNHs from HCAs in most cases, whereas
ADC, V, and TIC analyses were not.
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