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Abstract

Objectives To evaluate the efficiency of automatic respiratory
gating (ARG) in reducing respiratory motion-induced arte-
facts from dynamic contrast-enhanced ultrasound (DCEUS)
acquisitions and to assess the impact of ARG on DCEUS
quantification parameters in patients with liver malignancies.
Methods Twenty-five patients with liver metastasis were im-
aged with DCEUS. The lognormal indicator dilution model
was fitted on time-intensity curves extracted from hepatic le-
sions with and without the use of ARG and DCEUS quantifi-
cation parameters were extracted. The goodness of fit was
assessed using the coefficient of determination (R’, ). The
effect respiration had on the data was assessed using the res-
piration amplitude (R4) metric. Pearson's correlation coeffi-
cient () was used to assess the correlation between R,y and
RA with and without the use of ARG.

Results The RA parameter was strongly correlated with R,y
(r=-0.96, P=7.412x10"'®) and this correlation became weak-
er with ARG (r=-0.64, P=5.449x10"%). ARG significantly
influenced the values of the quantification parameters extract-
ed (P<0.05). The R4 was significantly decreased when ARG
was used (P=1.172x10"%).

Conclusions ARG has a significant impact on the quantifica-
tion parameters extracted and it has been shown to improve
the accuracy of liver lesion DCEUS.
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Key Points

* ARG has a significant impact on DCEUS quantification
parameters.

* ARG can improve the modelling of liver lesion
haemodynamics using DCEUS quantification.

* ARG significantly reduces the respiration amplitude of
DCEUS lesion time-intensity curves.
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Ultrasound imaging - Microbubbles

Introduction

Studies have shown that dynamic contrast-enhanced ultrasound
(DCEUS) can be used for early evaluation of response to anti-
angiogenic treatment of patients with liver and renal cancers
[1—4]. Indicator dilution theory can be used to model lesion
haemodynamics and extract blood flow parameters [5]. The
DCEUS quantification parameters relating to lesion perfusion
may provide for an early detection of patient response to treat-
ment [6, 7]. Various factors can affect the image intensity in
DCEUS loops such as signal saturation, acoustic shadowing,
nonlinear propagation of ultrasound, beam non-uniformity,
ultrasound probe motion and system settings [8—10].

Respiratory motion is a major limitation in the accurate
measurement of the time-intensity curve parameters, especial-
ly in liver imaging by introducing noise in the curves.
Typically, a region-of-interest (ROI) is drawn around the le-
sion and the average pixel intensity is measured as a function
of time forming the time-intensity curve of the lesion.
Respiration causes the lesion to move in and out of the ROI,
thus the image intensity within the ROI may also have com-
ponents arising from sampling of normal tissue and/or vessels
(Fig. 1) that shows as added noise in the data (Fig. 3a).
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Fig. 1 Demonstration of a lesion moving (a) inside and (b) outside a
region-of-interest (ROI) (indicated by the arrow) at two different time
points of the DCEUS acquisition. In (a) the mean intensity value within

Respiratory gating algorithms have been suggested in the
literature as a possible solution to limiting the effect of breath-
ing motion [11-14]. Here we evaluated an algorithm for au-
tomatic respiratory gating (ARG) in a clinical study for effi-
ciency in reducing the effect of respiratory motion from
DCEUS loops [15]. The impact ARG has on the various
DCEUS quantification parameters that relate to blood flow
is also assessed.

Materials and methods
Patients

Twenty five patients (11 females, 14 males) presenting with
colorectal liver metastases were imaged. The overall mean age
of the patients was 69 years (range, 47—77), with a male pop-
ulation mean age of 71 years (range, 59-77) and a female
population mean age of 67 years (range, 47—72). The patients
imaged received a bi-weekly dose of bevacizumab (Avastin;
Hoffmann-La Roche, Basel, Switzerland) along with a che-
motherapeutic regiment of oxaliplatin (Eloxatin; Sanofi-
Aventis, Paris, France) or irinotecan (Camptosar; Pfizer,
New York, NY, USA) combined with capecitabine
(XELODA; Hoffmann-La Roche, Basel, Switzerland).
DCEUS image loops were obtained from each patient for
further analysis.

Ethical approval for this study was provided from the in-
stitutional review board of our hospital. The nature of the
procedure was fully explained to all patients and informed
consent was obtained.

Clinical dynamic contrast-enhanced ultrasound (DCEUS)
acquisitions

The Philips iU22 scanner (Philips Medical Systems, Bothell,

WA, USA) along with the C5-1 curved array probe was uti-
lized for all imaging. System settings were: imaging frequency
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the ROI is representative of the lesion perfusion whereas in (b) the ROI
also includes part of the liver parenchyma, and thus the mean linear
intensity value extracted is not representative of lesion perfusion

of 1.7 MHz, power modulation pulsing scheme with a me-
chanical index (MI) of 0.06, and frame rate between 7 and
10 Hz, depending on the image depth. One-minute loops of
lesions were acquired in dual-contrast imaging acquisition
mode. A very low-level uniform noise in the image before
the arrival of the microbubbles was allowed to ensure that
the time-gain-compensation (TGC) was exactly at the thresh-
old of detection. The focus was set a little below the depth of
the lesion for a uniform pressure field. A 2.4-mL bolus of
microbubble contrast agent Sonovue (Bracco s.p.a., Milan,
Italy) was injected via a three-way valve. A constant imaging
plane was maintained by the clinician by monitoring the ‘tis-
sue’ side of the acquisition.

The lesions presented in this study varied in their size,
depth, initial vascularity and location. The diameter of the
lesions varied between 7.7 and 62.6 mm with a median diam-
eter of 16.8 mm whilst the median depth of the lesions was
5.1 cm with a minimum of 2.55 ¢cm and a maximum of
8.56 cm. Eleven lesions had a hypervascular perfusion pattern,
13 exhibited hypervascular perfusion with hypovascular cores
and one lesion displayed hypovascular perfusion with
hypervascular ring enhancement on its periphery. One-third
of the lesions presented were located in the right lobe of the
liver. In addition, seven patients had more than one lesion
present in their acquisitions. In these cases the largest lesion
was chosen for analysis except for one patient in which the
largest lesion was confounded by shadowing artefacts, and so
the second largest lesion was chosen.

The patients received no breathing instructions during the
DCEUS acquisitions. This was done in order to evaluate the
ARG algorithm under various magnitudes of in-plane and out-
of-plane respiratory motion induced naturally by the variabil-
ity in the breathing patterns of the patient population.

Image data analysis

The commercial quantification software QLAB version 8.1
(Philips Medical Systems) was used to analyse the image loops.
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A radiologist with over 20 years of experience used both the
arterial and late portal phases of the DCEUS loop to accurately
draw a ROI around the liver lesion. The specific frame on
which the ROI was drawn will be referred to as the “trigger”
frame. Time-intensity curves from linearized [16] image data
were extracted from QLAB without the use of ARG.

Subsequently, the tissue side loop of each acquisition was
imported into MATLAB (2012b, The MathWorks Inc.,
Natick, MA, USA) in order to implement the ARG algorithm
(Fig. 2). Analysis of the image data was performed by a
Biomedical Engineering PhD candidate supervised by a pro-
fessor of bioengineering with more than 20 years of experi-
ence in clinical ultrasound research. The frame subtraction
technique [17] was utilized to detect the location and intensity
of motion throughout the acquisition. Bright moving struc-
tures were identified on the trigger frame and the motion in-
tensity corresponding to the position of each structure was
recorded. In addition, the content of respiration for the motion
associated with each structure was quantified using frequency
domain analysis. The structure with the highest degree of re-
spiratory motion was used to construct a ROI on the tissue
loop and extract the time-intensity curve. The peaks of the
time-intensity curve correspond to the time instances at which
the bright moving structure is at the same position as on the
trigger frame. Frames that were below 40 % from the peak
intensity were rejected as being out of phase with the trigger
frame. The threshold value of 40 % was chosen as a good
default value preserving enough data points to perform a reli-
able fit of the lognormal model onto the lesion time-intensity
curve and reducing respiratory motion in the DCEUS acqui-
sitions. The intensity data on the lesion time-intensity curve
matching the rejected frames were removed. Thus after the
implementation of the ARG algorithm the lesion time-
intensity curve data were in phase with the trigger frame
(Fig. 3a). Details regarding the implementation of the ARG
algorithm can be found in the literature [15].
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The lognormal indicator dilution model [5] was fitted on to
time-intensity curves extracted from lesions with and without
the use of ARG. The most common DCEUS quantification
parameters [1, 3, 4, 6] are the area under the curve (AUC),
the peak intensity (PI), the rise time (RT) and the mean transit
time (MTT). The coefficient of determination of the fit of the
lognormal model to the data (R”,y) was also calculated. The
R,y was used in order to assess whether the ARG procedure
improves the quality of the lognormal model fit on to the time-
intensity curves, thus improving the reliability of the quantifi-
cation parameters extracted. The assumption that the quality of
the fit of the model to the data improves reliability of DCEUS
quantification was suggested in the literature [13, 14].

Another useful parameter that was extracted from the time-
intensity curves was the respiration amplitude (RA). R4 quan-
tifies how much respiration affects a time-intensity curve and
it was calculated using the frequency spectrum of the time-
intensity curves extracted with and without the use of ARG.
Any significant reduction in the R4 with the use of ARG
would demonstrate that there is a decrease on the effect of
respiration on the lesion time-intensity curve. The R4 was
calculated based on the fact that the perfusion pattern of the
liver lesion changes more slowly compared to components
from respiration that vary within a frequency range between
0.1 and 0.5 Hz [18]. The RA was calculated by calculating the
area under the frequency spectrum between 0.1 and 0.5 Hz
and dividing by the area between 0 to 0.1 Hz (Fig. 3b).

Statistical analysis

For each quantification parameter examined in this study, the
distribution before and after ARG was summarized in
boxplots indicating the median, first and third quartiles. An
outlier was considered as a value that was greater than the
third quartile plus 1.5 times the interquartile range (IQR; first
— third quartiles) or less than the first quartile minus 1.5 times
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Fig. 2 (a) Flowchart of the procedures used for the implementation of the automatic respiratory gating (ARG) algorithm. (b) Examples of moving
structures identified by the ARG algorithm on the trigger frame of the ‘tissue’ side of the dual contrast imaging acquisition (indicated by the arrows)
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Fig. 3 (a) Example of DCEUS time-intensity curve extracted from a

region-of-interest (ROI) encompassing a lesion with and without the

use of automatic respiratory gating (ARG). (b) Frequency spectrum of a

lesion’s time-intensity curve with and without the use of ARG. The slow
changing intensity signal originates from the perfusion of the lesion and it

the IQR. The boxplot bottom whisker was calculated as the
minimum value that was not an outlier and the top whisker as
the maximum value not considered an outlier.

In order to assess whether ARG has any effect on DCEUS
quantification, Wilcoxon signed rank tests were performed be-
tween quantification parameters extracted with and without
ARG for all the patients participating in the study (N=25).
Additionally the Wilcoxon signed rank tests were repeated on
quantification parameters extracted from lesion time-intensity
curves that had an R4 of less than 1.5 (N=12). This was done in
order to establish the impact of ARG in cases where there was
not too much respiration motion present. P-values calculated
from the Wilcoxon signed rank test that were less than 0.05
were considered to indicate a significant difference. Statistical
analyses were performed using MATLAB’s Statistical
Toolbox. The power of the Wilcoxon signed rank tests per-
formed was assessed using Monte Carlo simulation. The
Monte Carlo simulation was performed in MATLAB and a
description of the procedure can be found in the Appendix.

The reduction in the RA calculated from lesion time-
intensity curves extracted without and with the use of ARG
was assessed using a paired t-test. The t-test was chosen be-
cause the difference in the distribution of the R4 data with and
without ARG allows for the calculation of power analytically.
The significance level for the t-test was set at a p-value 0f 0.05.
The correlation between the quality-of-fit (R% ) and the R4
was assessed using Pearson’s 7.

Results

Relationship between quality of fit and respiration
amplitude

Pearson’s r between the effect of respiration (R4) and
the quality-of-fit (R?;5) when ARG was not used had a
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lies below 0.1 Hz. The respiratory component lies at 0.1-0.5 Hz. By
dividing the area under the curve between the respiration range of 0.1—
0.5 Hz over the lesion perfusion range of 0—0.1 Hz the respiration ampli-
tude (RA) was calculated

value of —0.96 (P=7.412x10""%). This strong linear cor-
relation between the RA and the quality of fit demon-
strated the decline of the accuracy in the modelling of
lesion perfusion as the magnitude of respiration in-
creases. When the ARG algorithm was used Pearson’s
r was calculated to be —0.64 (P=5.449x10"*). The
33 % decrease in the correlation between RA and R’y
shows the improvement that ARG can have in the
modelling of the haemodynamics of liver lesions using
DCEUS quantification across the whole range of RA.
Furthermore with the use of ARG the R’y (the quality
of fit of the lognormal model onto the lesion time-
intensity curves) was almost constant as R4 increased.
The slope of the linear regression line had a value of
—0.11 with the use of ARG compared to —0.31 without
ARG. More specifically without the use of ARG 17/25
patients exhibited an R?,y of less than 0.8; this number
decreased to 3/25 patients with the use of ARG (Fig. 4).
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Fig.4 R,y of DCEUS time-intensity curve data fit on lognormal model
vs. respiration amplitude with and without the use of automatic
respiratory gating (ARG). The linear regression lines of the displayed
data are also shown without (dotted) and with (solid) ARG
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Impact of ARG on quantification parameters

Boxplots of the distribution of DCEUS quantification
parameters with and without the use of ARG for the
group of all patients (N=25) are presented in Figure 5.
Significant differences between RT, AUC and PI with
and without the use of ARG were found (P<0.05). No
significant difference was found between using ARG and
not using it for the MTT (P=0.904). The power of the
Wilcoxon singed rank tests was assessed for each param-
eter and for a sample size of 25 it was calculated to be
0.75 for the RT (standard deviation 0.03), 0.07 for the
MTT (standard deviation 0.01), 0.95 for the AUC (stan-
dard deviation 0.01) and 0.87 for the PI (standard
deviation 0.02).

Distribution of the values of the quantification parameters
with and without the use of ARG was similar, with the IQR of
the boxplots overlapping extensively (Fig. 5). For patients
with RA<1.5 ARG did not have a significant impact on any
quantification parameter (P>0.077). This suggests that the use
of ARG in cases where there is not too much respiration mo-
tion does not affect the quantification data in any way.

Reduction of RA with the use of ARG

The RA calculated from lesion time-intensity curves extracted
without the use of ARG was compared to the RA calculated
with the use of ARG (Fig. 6). The R4 was reduced significant-
ly when ARG was used (P<0.05).
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Fig. 5 Boxplots of distributions of (a) rise time (RT), (b) mean transit
time (MTT), (c) area under the curve (AUC) and (d) peak intensity (PI)
quantification parameters with and without the use of automatic
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Fig. 6 Boxplots of the distribution of respiration amplitude (R4) with
and without the use of automatic respiratory gating (ARG). “outliers, *P<
0.05, Power>0.9

Discussion

From the results of the statistical analysis on the whole patient
population it has been demonstrated that ARG can have a
significant impact on the RT, AUC and PIL. No statistically
significant impact on MTT could be shown. In patients that
have an R4 of less than 1.5 ARG has no impact on any quan-
tification parameters. Grouls et al. [19] also investigated the
effect of respiratory gating on DCEUS quantification param-
eters using a semi-automatic gating implementation of the
manual technique introduced by Averkiou et al. [1]. Grouls
et al. [19] showed that gating can have a significant effect on
the AUC of bolus injection DCEUS and on the calculation of
the retention of targeted microbubbles for molecular ultra-
sound imaging.
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A strong correlation has been demonstrated between RN
and RA, with the increase in R4 explaining to a large extent the
decline in R?;y of non-ARG processed clinical DCEUS lesion
time-intensity curves. This demonstrates that respiration can
have a large impact on DCEUS quantification parameters.
ARG increases the quality of fit of the time-intensity curve data
on to the lognormal model examined in this study across the
range of RA values, and thus increases the accuracy of the
extracted quantification parameters.

The mean increase in R’;y across the patient population
expressed as a percentage is 37. In the literature 15 % and
11 % increases in the quality of fit were reported by Rognin
et al. [13] in the application of motion correction on the para-
metric imaging of DCEUS of the kidney and liver, respectively.
A mean increase between the quality of fit factor before and
after motion correction of 15 % was reported by Zhang et al.
[14] for the parametric imaging of ten liver DCEUS loops. The
above two studies [13, 14] involve the technique of parametric
imaging and report the quality of fit on a pixel-to-pixel basis.
The presence of noise on data sampled from single pixels or
groups of pixels is expected to be greater than those of the
present work. Thus any comparison of the results of the men-
tioned studies with the current study needs to take into account
the detrimental effect that the increased noise will have on the
quality of fit reported. Furthermore, these studies did not quan-
tify the presence of respiration in their data thus making any
comparisons with the current study even more complicated.

In addition to the increase in R°;y with the use of ARG, the
RA was also decreased significantly in time-intensity curves of
lesions. This reduction in the R4 with the use of ARG further
demonstrates the effectiveness of the ARG algorithm in remov-
ing respiratory motion from lesion time-intensity curves and
increasing the accuracy of DCEUS quantification. By increas-
ing the accuracy of in-vivo DCEUS quantification parameters
the clinician can perform a more accurate diagnosis, e.g. on the
response of the patient to treatment. Accurate tumour
microflow measurements may lead to a decision to be made
in regards to continuing with the current treatment or altering
the treatment, which can result in a better clinical outcome or a
reduction in expenditure on ineffective treatments.

Although this study evaluates the use of ARG on DCEUS
quantification, qualitative evaluation of image loops [20] may
also benefit from such a motion-correction technique. By ap-
plying ARG on image loops during review, the removal of
out-of-plane motion results in a more accurate depiction of
the area. For example, small lesion vessels stay in-plane and
show their feeding patterns.

Other post-processing procedures for treating respiratory
motion on DCEUS loops of liver lesions can be found in the
literature. One technique proposed by Averkiou et al. [1] is for
the clinician to manually reject frames in which the diaphragm
position deviates from a reference location. This technique
does not require any special precautions to be taken during
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the DCEUS acquisition but it is time consuming and operator
dependent. The present ARG algorithm works by detecting
bright structures moving with a frequency within the range
of respiration (0.1-0.5Hz). Often such a bright structure is
the diaphragm but others may be encountered also. In 17/25
cases analysed the diaphragm was automatically detected. In
the rest other bright image structures were detected (Fig. 2b).

Studies on methods for automatic respiratory motion correc-
tion have been published in the literature [11-14, 21]. A tech-
nique based on independent component analysis (ICA) was
introduced by Renault et al. [12] where the respiratory kinetics
curve could be manually extracted from the components de-
rived from the ICA. Frames of the loop that were part of the end
phases of the respiratory cycle could be isolated by using a
threshold on the respiratory kinetics curve. Furthermore,
Mule et al. [11] developed a fully automatic algorithm that
utilizes principal component analysis (PCA) to perform respi-
ratory gating and extract frames that belong to the end phases of
the respiratory cycle. Although the ICA and PCA algorithms
proposed can correct for both in-plane and out-of-plane respi-
ratory motion, they are limited in extracting only the end phases
of the respiratory cycle. It is possible that part of the lesion, or
even the whole lesion, could be absent on the imaging plane
during the end-respiratory phases.

Image registration has also been used in the literature to
correct for respiratory motion. Zhang et al. [14] used a 2D
image registration technique with frame selection in order to
remove both in-plane and out-of-plane motion but a compu-
tational time of 3 min per 100 frames could limit the use of the
algorithm in the clinic. Rognin et al. [13, 21] used a 2D rigid
registration technique with translation and rotation to register
frames with a reference frame; however, this technique lacked
a scheme for removing out-of-plane respiratory motion. Both
the image registration algorithms discussed required the user
to draw ROI(s) on frames to define the area on the image into
which the registration process would take place.

The ARG algorithm clinically evaluated in the present
study is fully automated requiring the user to only provide a
reference frame; it is fast since it can process 100 frames in
less than a second, it allows for the extraction of any breathing
cycle phase required by the operator, and it removes both in-
plane and out-of-plane respiratory motion [15, 22].

A limitation of the present work is the use of a fixed gating
threshold for all of the patients. The gating threshold regulates
what percentage of frames that are out of synchronization with
the trigger frame are allowed to be part of the ARG processed
loop. By setting the gating threshold too high a large number of
frames that are out of phase with the trigger are quantified lead-
ing to uncertainty in the results. If the gating threshold is low it
includes a very small number of frames to be quantified and
possibly too few to be able to perform a robust fit of the model.
Since the breathing patterns of patients can differ significantly,
the clinician performing the quantification analysis can easily
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adjust the threshold for each patient during quantification of the
loops. A 40 % threshold was used on all patients to standardize
the procedure as was previously reported in the literature [15].

Moreover it is possible to manually reject frames of the ARG
processed loop to further improve the quantification analysis.
This option was not used in this study in order to ensure repro-
ducibility and objectivity. Some quantification software offer the
ability to perform motion compensation based on image regis-
tration algorithms. Since this work focused on evaluating a spe-
cific ARG technique, no further motion compensation was per-
formed on the extracted data. In clinical practice, conventional
motion compensation algorithms may be applied to ARG proc-
essed loops and further improve the quantification accuracy.

In conclusion, the ARG algorithm examined had a strong
impact on clinical DCEUS quantification parameters.
Furthermore, the use of ARG resulted in an overall increase
in the quality of fit of the lognormal model and a significant
decrease in the respiration amplitude. This study demonstrates
the implications that respiration can have on liver DCEUS; the
same technique may also be applied to study the impact of
respiration on DCEUS when studying the perfusion of other
organs, but further validation studies are necessary.
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Appendix: Calculation of the power of the Wilcoxon
signed rank tests

Some assumptions must be made in order to calculate the
power of the Wilcoxon signed rank tests performed in this
study. The first assumption was that the parameters from be-
fore and after the application of ARG were part of the same
distribution. Two-sample Kolmogorov-Smirnov tests were
performed on the quantification parameters before and after
the application of ARG demonstrating that the parameters
were part of the same distribution (P>0.05). The Monte
Carlo simulation made use of this by concatenating the before
and after ARG parameters into one population from which the
mean and standard deviation were calculated.

Another assumption made in order to calculate the power
was that the concatenated distributions of the quantification
parameters along with the differences between the parameters
before and after the application of ARG were normal. This
was demonstrated using one-sample Kolmogorov-Smirnov
tests at a significance level of 0.05. This assumption was used

in the Monte Carlo simulation in order to simulate random
samples from normal distributions.

The Monte Carlo simulation for a particular pair of quan-
tification parameters extracted without ARG (A) and with
ARG (B) is described in the following steps:

Step 1  Calculate mean (UyoarG) and standard deviation
(0m0arG) Of the concatenated vector of A and B.
Calculate mean (lg;e) and standard deviation (o)
of the differences (A minus B).

Set the sample size equal to 25 (n=25).

Simulate quantification parameters extracted with-
out ARG by randomly sampling 25 data points (n=
25) from a normal distribution with a mean equal to
HMnoarG and a standard deviation equal to 0,0ARG-
Simulate differences between quantification param-
eters extracted with and without ARG by randomly
sampling (n=25) from a normal distribution with a
mean equal to pg;rand a standard deviation equal to

Step 2

Step 3
Step 4

Step 5

Odiff-

Simulate quantification parameters extracted with
ARG by subtracting the random sample of step 4
from that of step 5.

Perform a Wilcoxon signed rank test between the
simulated parameters extracted with and without the
use of ARG at a significance level of 0.05.
Increment counter variable (CV) by one if the test
returns a significant difference between the simulated
parameters extracted with and without the use of
ARG.

Repeat steps 4-8 200 times.

Calculate the power by dividing CV over 200.
Repeat steps 4-10 20 times to calculate the uncer-
tainty of the power calculation.

Step 6

Step 7

Step 8

Step 9
Step 10
Step 11
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