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Objective: To compare six different scenarios for correct-
ing for breathing motion in abdominal dual-energy CT
(DECT) perfusion measurements.

Methods: Rigid [RRcomm(80kVp)] and non-rigid
[NRcomm(80 kVp)] registration of commercially available
CT perfusion software, custom non-rigid registration
[NRcustom(80 kVp], demons algorithm) and a control
group [CG(80kVp)] without motion correction were
evaluated using 80kVp images. Additionally, NRcustom
was applied to dual-energy (DE)-blended [NRcustom(DE)]
and virtual non-contrast [NRcustom(VNC)] images, yield-
ing six evaluated scenarios. After motion correction,
perfusion maps were calculated using a combined max-
imum slope/Patlak model. For qualitative evaluation,
three blinded radiologists independently rated motion
correction quality and resulting perfusion maps on a four-
point scale (4 = best, 1= worst). For quantitative evalua-
tion, relative changes in metric values, R? and residuals of
perfusion model fits were calculated.

Results: For motion-corrected images, mean ratings
differed significantly [NRcustom(80kVp) and NRcys-
tom(DE): 3-3; NRComm(so kVD), 3-1; NRCustom(VNC), 2-9;

CT perfusion measurements allow for the assessment of
blood flow in the human body by injecting the patient with
an iodinated contrast agent (CA) and tracking the changes
in CT values in an organ, tissue or region of interest (ROI)
over time. Mathematical perfusion models relate the
measured time—enhancement curves to the physiological
parameters governing blood flow, such as flow rate or local
blood volume. This information can be used for assess-
ment of diseases that influence local blood flow, for

RRcomm(80kVp), 2.7, CG(80kVp), 2.7; all p<0.05],
except when comparing NRcustom(80kVp) with NRcys-
tom(DE) and RRcomm(80kVp) with CG(80kVp). NRcys-
tom(80kVpP) and NRcustom(DE) achieved the highest
reduction in metric values [NRcystom(80kVp), 48.5%;
NRcustom(DE), 45.6%; NRcomm(80kVp), 29.2%; NRcys-
tom(VNC), 22.8%; RRcomm(80kVp), 0.6%; CG(80kVp),
0%]. Regarding perfusion maps, NRcustom(80kVp) and
NRcustom(DE) were rated highest [NRcustom(80 kVp), 3.1;
NRCustom(DE), 3-0; NRComm(8o kVp), 2-8; NRCustom(VNC),
2.6; CG(BOkVp), 2.5; RRcomm(80kVp), 2.4] and had
significantly higher R? and lower residuals. Correlation
between qualitative and quantitative evaluation was low
to moderate.

Conclusion: Non-rigid motion correction improves spatial
alignment of the target region and fit of CT perfusion
models. Using DE-blended and DE-VNC images for
deformable registration offers no significant
improvement.

Advances in knowledge: Non-rigid algorithms improve
the quality of abdominal CT perfusion measurements but
do not benefit from DECT post processing.

example, stroke or tumours.' ™ As a result, CT perfusion is
of particular interest for the detection of isodense tumours
that show a low contrast to the surrounding tissue in the
arterial and venous enhancement phase of conventional CT
images, e.g. pancreatic tumours.*

While breathing motion of a patient during image acqui-
sition has little influence on stroke assessment in the brain,
CT perfusion acquisitions of the lung or abdominal organs
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are usually performed during breath-hold or with breathing
instructions (shallow breathing) to reduce the severity of
breathing motion, depending on the type of perfusion model.’
Abdominal perfusion protocols can take up to 2 min, which is
much longer than the breath-hold duration to be expected from
patients.” Therefore, abdominal organs will always be affected by
breathing-induced motion during dynamic CT acquisition,
diminishing the quality of the perfusion measurements.’

Motion correction can be performed by registering the CT images
to a common reference image, eliminating changes in position
induced by breathing motion (Figure 1). In order to achieve this, an
optimization problem is solved to obtain a spatial transformation
between the images by minimizing a measure for the differences in
alignment. These spatial transformations are mainly classified as
either rigid transformations (e.g translation, rotation) or non-rigid
transformations (e.g. deformation fields, free-form deformations).®

The use of a motion correction algorithm can be regarded as stan-
dard in current pancreatic perfusion studies.>” While many studies
have been performed to evaluate the performance of different reg-
istration algorithms for specific problems, the effect of different
registration algorithms for correction of breathing motion in ab-
dominal CT perfusion measurements has not yet been researched in
detail (Figure 1).® Previous studies suggest that the use of non-rigid
registration algorithms can improve the spatial alignment of lung
and liver tumours during CT perfusion studies.”'’

The performance of motion-correction algorithms might be
improved by the use of dual-energy CT (DECT) image data.

S Skornitzke et a/

DECT uses two acquisitions at different energy levels (e.g. 80 and
140kVp) to generate additional information from the differ-
ences in absorption behaviour.' This allows for the calculation
of virtual non-contrast (VNC) images that subtract the en-
hancement caused by the CA, ideally resulting in constant CT
values within the ROI over the course of the whole perfusion
measurement.'” Furthermore, linearly blended dual-energy
(DE) images with a 120-kVp-equivalent weighting factor of 0.5
can provide a higher contrast-to-noise ratio than can the 80-kVp
images commonly used in CT perfusion measurements and might
reduce the influence of image noise on motion correction."’

The purpose of this study was the assessment of the effectiveness
of different algorithms for the correction of breathing motion in
abdominal CT perfusion measurements in a clinical setting.
Previous studies relying on a qualitative evaluation already
reported a benefit in using non-rigid algorithms for the cor-
rection of breathing motion in liver tumours.” While quantita-
tive methods, such as percentage overlap or distance of the
centre of mass, have been suggested for the evaluation of motion-
correction algorithms, these methods are limited by their need for
segmentation of the motion-corrected images.'’

In addition to the qualitative evaluation by experienced radi-
ologists, this study provides a quantitative evaluation based on
the optimization process of the motion correction and the fit
of the perfusion models. Furthermore, the value of additional
DECT post processing for the use in conjunction with de-
formable motion-correction algorithms was assessed. To our
knowledge, this is the first study to provide a qualitative and

Figure 1. (a) Example of the effect of breathing motion and motion correction on the spatial alignment of the region of interest (ROI)
in abdominal organs, e.g. a recurrent pancreatic tumour. Note the increasing iodine enhancement within the ROl already visible at
t=4.5s. (b) Effect of breathing motion and motion correction on the calculation of perfusion maps.

Reference image (t=0s)

No motion correction

No motion correction (t=4.5s)

Rigid motion correction

Deformable motion-correction (t=4.5s)
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quantitative evaluation of the effectiveness of different algo-
rithms for the correction of breathing motion for CT perfu-
sion measurements in recurring pancreatic tumours and the
first study to include DECT image data for the purpose of
motion correction.

METHODS AND MATERIALS

Patient collective

The study was approved by the local ethics committee and
conducted in accordance with the ethical standards of the World
Medical Association (Declaration of Helsinki). All patients gave
written informed consent for study participation.

A total of 12 patients with suspected recurrent pancreatic car-
cinoma were included. The exclusion criteria for the CT per-
fusion  acquisition were the following: manifested
hyperthyreosis, decreased kidney function, inability to re-
produce the breathing technique, known hypersensitivity to
iodine CA and denial of consent.

Image acquisition

Image data sets were acquired with a dual-source DECT scanner
(Somatom® Definition Flash; Siemens Healthcare, Forchheim,
Germany). For tumour localization, a contrast-enhanced three-
phase abdominal CT acquisition was performed (Table 1). After
a washout period of 15 min, a CA bolus of 80 ml was applied at
a flow rate of 5mls™!, followed by a saline solution (NaCl)
chaser bolus of 40 ml. The dynamic acquisition was initiated
with a delay of 4 s after the start of the injection and consisted of
34 acquisitions over the course of 51 s at tube voltages of 80 and
140kVp with tin filtration (Table 1). Using the appropriate
conversion factor for abdominal CT examinations
(0.015mSvmGy ' cm ™), calculated average effective dose of
the examinations was 16.8 mSv, subdivided in 7.8 mSv for the
perfusion sequence and 9.1 mSv for the three-phase protocol.'*

Motion correction

Three different motion correction algorithms, two from com-
mercially available CT perfusion software (see below) and one
developed in-house, were used to register the data sets of each
patient to one reference image selected by an experienced ra-
diologist. The algorithm developed in-house was implemented
using the Insight Segmentation and Registration Toolkit (ITK)
library and the ROOT library (CERN, Meyrin, Switzerland).'>'®
All algorithms used 80-kVp images for registration within

Table 1. CT acquisition parameters

a polygonal ROI set by an experienced radiologist. Additionally,

the algorithm developed in-house was also applied to linearly

blended DE images and VNC images, yielding a total of six
evaluated scenarios, including the control group. Registration
was limited to a rectangular image section fully containing the

ROI to reduce computation times and to reduce the influence of

other tissues and organs on the registration:

(1) Commercial ~ rigid motion  correction  algorithm
[RRcomm(80kVp); BodyPCT, Siemens Healthcare]. The
BodyPCT software uses a two-step three-dimensional trans-
lation: the first step performs a correction in the axial plane,
while the second step performs a correction along the
craniocaudal axis. The displacement is limited to no more
than 1 cm on each axis, and a mask is used to perform the
registration solely on the basis of voxels with a CT value of
below —19HU. As technical limitations of the software
prevent export of motion-corrected image data, the
algorithm was recreated in our in-house-developed software
according to the specifications given by the manufacturer. A
visual comparison showed that the spatial alignment of
images registered with the in-house reimplementation is
comparable with that of images registered using the
manufacturer workstation.

(2) Commercial non-rigid motion correction algorithm
[NRcomm(80kVp); syngo®.via Body Perfusion, Siemens
Healthcare]. The syngo.via Body Perfusion motion correc-
tion uses a smoothed deformation field. The motion
correction was performed on the syngo.via workstation
without definition of a ROI, as the deformation field is
applied to the whole image volume. The motion-corrected
data sets were exported for evaluation.

(3) Deformable motion correction algorithm [NRcystom(80kVp)].
A non-rigid registration using a smoothed deformation
field was developed based on the ITK implementation of
the Demons deformable algorithm.'” The ITK software
library implements a voxel-based version of the Demons
deformable algorithm to calculate a deformation field
based on the differences in image intensities, using a finite
difference solver. By default, a histogram normalization
filter is used prior to registration to reduce the differences
in image intensities. As an addition to the ITK
implementation, the deformable registration was con-
strained to a neighbourhood of the ROI and combined
with a translation transformation for the initialization of
the deformation field to reduce the computation time of

Effective .
Tube . Reconstructed Rotation
tube-current Collimation . . Delay . Number of
Phase voltage . slice thickness time/cycle e
(kVp) time product (mm) (mm) (s) time (s) acquisitions
P (mAs)
Native 120 200 2X 64X 0.6 3.0/1.5 4 0.5 Helical
Arterial 120 200 2 X 64X0.6 3.0/1.5 15 0.5 Helical
Venous 120 200 2 X 64 X 0.6 3.0/1.5 40 0.5 Helical
Perfusion Sn140/80 50/270 32X0.6 3 X 5.0 4 0.5/1.5 34 dynamic
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the algorithm. Additionally, a stopping criterion was
implemented to stop the registration if the magnitude of the
change of the average direction of the deformation field falls
below a predefined threshold (see below).

(4) Deformable motion correction algorithm using DE-blended
images [NRcysiom(DE)].  Linearly blended 120kVp-
equivalent DE images using a weighting factor of 0.5 were
reconstructed on the CT scanner and registered using the
deformable motion correction algorithm described above
(see Point 3).

(5) Deformable motion correction algorithm using VNC images
[NRcustom(VNC)]. VNC images were calculated with
software developed in-house and registered with the de-
formable motion-correction algorithm described above (see
Point 3). For soft tissue and water, the necessary reference
values for calculation of VNC images were taken from
commercially available DE post-processing software (syngo.
via Liver VNC; Siemens Healthcare) and from our own
measurements for the iodine enhancement. An example for
comparing mean CT values within the ROI for the VNC
images to those of 80-kVp images over the course of the
dynamic acquisition is given in Figure 2.

(6) Control group [CG(80kVp)]. The original data set without
any motion correction was used as a control group.

Where available, all algorithms used the default parameters
provided by their respective vendors. The in-house registration
software uses a mean squares metric and a regular step gradient
descent optimizer as implemented in the ITK library with the
exception of the reimplementation of the commercial rigid al-
gorithm, where an optimizer supporting boundary conditions
(limited memory Broyden Fletcher Goldfarb Shannon minimi-
zation with simple bounds) was used to enforce a movement no
greater than 1cm on each axis.'® The stopping criterion for the
deformable registration was set to a change in the average di-
rection of the displacement field during an iteration of <10~ ' m,
with an additional fixed maximum of no more than 10,000
iterations, which was determined experimentally to provide an
adequate compromise between computation times and motion
correction quality.

Figure 2. Comparison of mean CT values within a region of
interest (ROI) over the course of the dynamic acquisition for
the 80 kVp and virtual non-contrast (VNC) images. Note that,
as expected, the mean CT value within the ROl does not
change for the VNC images despite contrast agent injection.
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Interpolation

While the segmentation was performed on the reconstructed
data sets with a slice thickness of 5 mm, the motion correction
was performed using 28 images with a slice thickness of 0.6 mm
to take full advantage of the maximum resolution in z direction.
As an exception, the reimplementation of the commercial rigid
algorithm uses a slice thickness of 5mm because of technical
limitations imposed by the workstation.

After motion correction, slices with a thickness of 5mm were
linearly interpolated at the original positions from the motion-
corrected data sets. Slices containing values from outside the
acquisition volume inside the ROI were excluded from
interpolation.

Calculation of perfusion maps

Colour-coded perfusion maps of the ROI were calculated from
the motion-corrected image data using in-house developed
software. All perfusion maps were calculated from 80-kVp
images. Where the registration used linearly DE-blended or
VNC images, the transformation obtained from the registration
was applied to the 80-kVp images. The custom perfusion soft-
ware implements a combined maximum slope and Patlak model
for calculating colour-coded parameter maps for blood flow,
permeability and blood volume, respectively.'**’

Motion correction and perfusion map

quality evaluation

For qualitative evaluation, three blinded, experienced radiol-
ogists independently rated the quality of motion correction and
resulting perfusion maps. A four-point scale (4 = best,
1 = worst) was agreed upon by the radiologists to properly re-
flect the impact of patient breathing motion on the image data.
The scores were based on the area of the ROI unaffected by
motion (unaffected area >90%; <90%; <75%; <50%). The
parameter maps for the three perfusion parameters were each
rated separately.

The rating was performed using the rating software developed
in-house, providing anonymization and randomization. For the
motion-corrected images, the rating software displays the ref-
erence image and the image that is to be rated side-by-side with
an overlay of manual segmentation (Figure 3). For the perfusion
maps, the rating software displays the perfusion maps side-by-
side with the abdominal CT data sets used for tumour locali-
zation (native, arterial and venous phase; Table 1).

For the quantitative evaluation, the relative differences in the
values of the mean squares metric before and after motion
correction were evaluated, and the R? values and residuals of
both the fit of the maximum slope and Patlak model were cal-
culated for each voxel of the ROL

For comparison of the qualitative and quantitative evaluation,
the ratings of the motion-corrected images were first averaged
between the three raters and the correlation between the abso-
lute value of the mean squares metric after motion correction
and the average rating of the image were calculated. Further-
more, the ratings of the respective perfusion maps were averaged
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Figure 3. Screenshots of the rating software developed in-house: (a) rating software for the motion-corrected images, displaying
the image to rate (right) side-by-side with the reference image (left). (b) Rating software for the colour-coded perfusion maps,
displaying the perfusion maps (right) side-by-side with the reference image and abdominal CT acquisitions (left image; and
selection on the right). The rating software provides randomization and anonymization, and allows for manual windowing as well as

the selection of predefined windows.
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between the three raters, and the correlation between the average
rating and the average R? value and the residuals of the re-
spective perfusion maps was calculated.

Statistics

A general linear model (GLM) was used to test for intergroup
differences between the different algorithms. The GLM was
applied to the ratings of the motion-corrected images and per-
fusion maps as well as the R? values and residuals of the max-
imum slope and Patlak model. The GLM modelled the three
effects algorithm, patient and algorithm X patient, where patient
and algorithm X patient are random effects [i.e. a linear model
where the response variable (e.g. the rating) depends on the
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motion correction algorithm, the patient and all possible com-
binations of algorithms and patients].

The use of a GLM reduces the influence of the differences be-
tween patients, that is, the interindividual differences, as the
severity of the breathing motion during the acquisition is in-
dividual. This correction is of even greater importance for the
voxel-based evaluation of R2 values and residuals of the fit of the
maximum slope and Patlak models, as the size of ROI differs
between patients as well.

Because of the large number of tests necessary for the pair-wise
comparisons (comparison of 6 scenarios results in 15 tests), the
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Holm-Bonferroni correction for multiple testing was used with
a p-value of 0.05.

The partial Spearman correlation was used for measuring the
correlation of the qualitative and quantitative evaluation, while
correcting for the influence of the differences between patients.

RESULTS

The execution times of the commercial rigid and non-rigid algo-
rithms were in the order of about 1 min (on the syngo.via server),
while the registration with the deformable algorithms took be-
tween 20min and 4h (on an Intel® i7-X990 3.47-GHz central
processing unit; Intel Corporation, Santa Clara, CA), depending
on the severity of the breathing motion and the size of the ROL

The GLM reported a significant effect (p < 0.0001) for the three
effects algorithm, patient and algorithm X patient in all cases,
indicating that these effects were correctly included in the model.

Motion-corrected images

On average, the images registered with deformable registration using
80-kVp or DE-blended images received the highest scores, followed
by commercial non-rigid registration. The deformable registration
using VNC images received worse scores than did the commercial
non-rigid registration. The commercial rigid registration was on par
with the control group (Figure 4a and Table 2). An example for the
effect of the deformable motion correction can be seen in Figure 1a.

The ratings of the motion-corrected images showed statistically
significant intergroup differences, with the exception of com-
paring deformable registration using 80-kVp and DE-blended
images and comparing the commercial rigid registration to the
control group (Table 3 part a).

The relative reduction in metric values owing to registration was
the highest for deformable registration using 80-kVp or DE-
blended images, followed by the commercial non-rigid regis-
tration and the deformable registration using VNC images. The
commercial rigid registration achieved on average only a small
relative reduction of the metric values (Figure 5e and Table 2).

Perfusion maps

On average, the perfusion maps created after deformable 80-kVp
or DE-blended registration received the highest scores, followed
by the commercial non-rigid registration. The deformable reg-
istration using VNC images received worse scores than did the
commercial non-rigid registration. The commercial rigid regis-
tration was on par with the control group (Figure 4b and
Table 2). An example for the perfusion maps calculated with
different motion correction algorithms can be seen in Figure 1b.

The ratings of the colour-coded perfusion maps showed statistically
significant intergroup differences, as both the deformable registra-
tion using 80-kVp and DE-blended images differ significantly from
the rigid registration as well as the deformable registration using
VNC images and the control group (Table 3 part b).

On average, deformable registration using 80-kVp or DE-
blended images achieved the best model fits, indicated by the

S Skornitzke et a/

Figure 4. Descriptive statistics of (a) ratings of the motion-
corrected images and (b) ratings of the perfusion maps
(4 = best, 1= worst). Note that the lower quartile of the ratings
of perfusion maps corrected with the commercial rigid
registration is at 1.5, as the sum of rated perfusion maps is an
even number. DE, dual energy; VNC, virtual non-contrast.

a) Ratings: motion-corrected images

4 — — —

~ Ratings

Commercial
rigid
Commercial |
non-rigid '
Deformable |
80 kVp |
Deformable |
DE-blended |
Deformable
VNC
Control

b) Ratings: perfusion maps
4 Po—

~ Ratings

Commercial
rigid
Commercial
non-rigid
Deformable |
80 kVp |
Deformable |
DE-blended |
Deformable
VNC
Control

lowest residuals (Figure 5a,b) and the highest R2 values
(Figure 5c,d), followed by the commercial non-rigid registra-
tion. The average R? values and residuals of the commercial rigid
registration did not improve in comparison with the control
group (Table 2).

The intergroup differences in R? values and residuals were sta-
tistically significant for all comparisons for both the maximum
slope and the Patlak model with few exceptions, as noted in
Table 3 parts ¢ and d.

Correlation between qualitative and

quantitative evaluation

The correlation between the absolute values of the mean squares
metric after motion correction and the average ratings of the
motion-corrected images was moderate (—0.44). The correlation
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between the average R? values and residuals, and the average

= S R RN 2|8 rating of the perfusion maps calculated with the maximum slope
=} =} = = =} =} .
:-5 -—'g U TR U Ho| 4 model was moderate (0.52/—0.31). The correlation between the
&"3 A~ |« i g g =& average R? values and residuals, and the average perfusion maps
calculated with the Patlak model was moderate to low (perme-
ability, 0.29/—0.25; blood volume, 0.18/—0.20). Note that the
g . || 2 || 2 n | n negative signs are a result of the ascending order of the ratings and
= = I el I Bl B i the descending order of the metric values and residuals.
] —_ n —_ o ) —_
R B o e T I B @ | @
= Sl e |=e| ° c |° DISCUSSION
The aim of this study was to provide a qualitative and quanti-
tative evaluation of the effectiveness of different motion cor-
2 rection algorithms, as well as the use of DECT post processing,
o = N w | o for the correction of breathing motion when calculating CT
S Lo~ = S — o o o~ . . .
S gl = || = | = perfusion in abdominal organs.
S SR H| ] +Ho|H
7] \O (=l — (=3 N =N}
] E ~ | n N N — =3 .. .. .
&~ '5 S L I B o The qualitative and quantitative evaluations show a clear benefit
g in using non-rigid registration algorithms, such as the com-
mercial non-rigid algorithm or the self-developed deformable
algorithm, for the correction of breathing motion when calcu-
v lating CT perfusion in abdominal organs. Compared with the
) rigid motion-correction algorithm, there is a clear advantage in
8<% |2 5 |5 8 g |8 . .. . . . Lo .
2 & =l 2 12| g R = using non-rigid motion correction algorithms, which is in
SO I A I I B S I agreement with the findings of Chandler et al”'® for lung and
& g S| Z |2 2 = | S liver tumours. Using the deformable registration presented here
g leads to an improvement in the spatial alignment of the ROI, as
well as a better fit of the perfusion models and better quality of
- the resulting perfusion maps.
0
E 2 g wlal o || = o | o Compared with a state-of-the-art commercial non-rigid regis-
or — (=} (=} (=] (=} (=} . . .
g é é = IR IR BRIl TR tration, the self-developed deformable algorithm yields better
o & é& Elxl =2z 2 S |& results, at the cost of higher computation times. While a com-
= putation time of up to several hours is a severe limitation un-
= acceptable in clinical routine, it seems an acceptable limitation in
2 view of clinical research, under the condition that the results are
° not needed immediately. When running the self-developed de-
o . &= 2l g g g N formable algorithm for motion correction overnight, results are
72} H 4 . . . < . .. . .
2282 |¢ 8 |Q S 5 |8 available for further clinical evaluation the morning after CT
P B I B B A acquisition and initial segmentation of the reference image, if the
=} Y3 E|2 X X X X X . .
S |~ g 2l 9 |2 2 ® |° workflow is adapted accordingly. Furthermore, none of the
(] . .« . . o e . .
o = A I o common strategies for the optimization and minimization of
2 computation time such as the use of graphics processing unit
s computing or multilevel registration was employed in this arti-
5 - cle. These methods can be expected to provide considerable
= ] improvements in computation time by at least a factor of 10,
FR é wlol o |wl o | permitting a reduction of execution times to the level of several
g %Q § go ﬂ jj jj i ; ; minutes, that is, to a maximum of about 2—-30 min per patient in
5 | S & (| = | o = o | cases of our study collective.?!
el Moo= | «© [} L) N N
5| % . : .
i £ The use of DE image post-processing techniques does not
o provide any additional improvement of the registration. While
3 the use of DE-blended images, which can be regarded as
s 3z - equivalent to a dose-equivalent single-energy 120-kVp image,
% 9 o =4 g % for deformable registration achieved results on par with the use
§ *qé £ = -E 38 of 80-kVp images, the VNC images achieved significantly worse
< < v | v Y £ . . . . .
< % § |S|os|2|B 2= § results."” This might be attributed to the higher noise level of the
. 15 L By — . o e, . . . .
o 5 @ g : 2| 8 g 5| E 5|2 VNC images, limiting the quality of motion correction, which
e S|s g E) E) E E) b é could be alleviated by using image filters.”> Furthermore, the
e ITK implementation of the Demons deformable registration

7 of 11 birpublications.org/bjr Br J Radiol;88:20140683


http://birpublications.org/bjr

BJR

S Skornitzke et a/

Table 3. Statistically significant intergroup differences of (a) ratings of the motion-corrected images, (b) ratings of the perfusion

maps, (c) R? values and residuals of the maximum slope model and (d) R? values and residuals of the Patlak model

Evaluated
scenario

Commercial

rigid

Commercial
non-rigid

Deformable

Deformable
DE-blended

Deformable
VNC

Control

a) Ratings: motion-corrected images

Commercial
rigid

Commercial
non-rigid

Deformable

Deformable
DE-blended

Deformable
VNC

Control

b) Ratings: perfusion maps

Commercial
rigid

Commercial
non-rigid

Deformable

Deformable
DE-blended

Deformable
VNC

Control

¢) R? values and residuals: maximum slope model

Commercial
rigid

’/

Commercial
non-rigid

Res.

Deformable

Deformable
DE-blended

Deformable
VNC

Control

d) R2 values and residuals: Patlak model

Commercial
rigid

Commercial
non-rigid

Deformable

Deformable
DE-blended

Deformable
VNC

Control

v, significant; X, not significant; DE, dual-energy; Res., only significant for residuals; VNC, virtual non-contrast.

Note that the lower half of the tables is omitted because of the inherent symmetry of the statistical tests.
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Figure 5. Descriptive statistics of the quantitative evaluation: (a) residuals of the maximum slope model, (b) residuals of the Patlak
model, (c) R? values of the maximum slope model, (d) R? values of the Patlak model, (e) relative reduction in metric values. Patient-
wise averaging was performed to reduce the effect of different-sized regions of interest. Note the different units of the residuals, as
the residual of the maximum slope model is calculated from CT values, while the residual of the Patlak model is calculated from the
Patlak graph. The y-axes have been scaled differently in order to allow for visualization of subtle differences. DE, dual-energy; VNC,

virtual non-contrast.
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1250
2 2
- ©
< 1000 EE
S ]
3 g
2 750 T
- oo
3 g 2
[
£ 500 5
£ g !
§ 250 &
B
©
a
0 0
T ®T 082 4T 00U S £ =3 25 23 28 2
2% T% =z =& =z 8 ck o 8z B3 BT =
s I gg g3 £ & g g: ER Es E S
E ES 5% 53 5 S E £2 & g3 8 °
E E< 5 §1 % s § & 88 &
] S a ao a © ©
c) R?%: maximum slope model d) R?: Patlak model
0.4 1
T 0.8 -
% 02 %
© ©
& &
& i @06
o o
g o g
? ?
] € 04
U U
& &
a -0.2 a
0.2
0.4 ve o 'S 0 ’ ! v e o o' -
58 ®T o 23T e s F2 w2 & 25 9 s
- - > Q — — > (7]
e¥ B® 8= ¥ 28 = c® T® 8T B 28 =
£ g EX E= E S £ £s E£E& E£2 E 3
EERo§T g2 ¢ EoEER g7 g2 ¢
8 8 (=] oo [=] 8 8 [=] [al=] (=]
e) Mean squares metric
14
c
o
B
Q
3 -
S 0.5
[
>
B
K
[7])
L o B -
[T
oo
o
g
© -0.5
i
c
Q
B
©
[-% o
al o . . . = :
=% ®WT® oo o o S
g2 %@ 32 3¢ 3% &
g S EQ E§ E s
€ Eg = 0 S35 = o
EofE o7 o3 s
S S a aa a

algorithm already includes a histogram normalization filter,
which reduces the problem of intensity differences between
images of different acquisition times.

While the descriptive statistics show a clear benefit in using the
commercial non-rigid registration in comparison with the

deformable registration using VNC images or the control group,
the differences in the ratings of the perfusion maps are not
statistically significant. This discrepancy indicates that the pa-
tient collective of 12 patients is too small to achieve the statistical
power necessary for this comparison. However, the evaluation
was limited by the high number of readings needed for the
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assessment of the motion-corrected images, as each radiologist
had to rate the spatial alignment of nearly 2500 images.
Therefore, future studies might use quantitative measures for the
evaluation of spatial alignment of motion-corrected images such
as the metric values obtained during the optimization process,
the percentage overlap or distance of centre of mass."”

The moderate correlation between the qualitative and quantitative
evaluation indicates that information available to the software
during motion correction and calculation of the perfusion maps
might provide a sufficient assessment of quality. Furthermore,
descriptive statistics obtained from the quantitative evaluation are
in agreement with the ratings performed by experienced radiol-
ogists. However, the correlation was noticeably lower for the
perfusion maps calculated with the Patlak model. The most
probable reason for this discrepancy is the higher distance of the
outliers in comparison with the quartiles for both average R? and
residuals observed with the Patlak model for all motion correction
algorithms, as these distances are not adequately represented by
a rating on a four-point scale. Furthermore, the low correlation
might indicate that the parameters provided by the Patlak model,
permeability and blood volume are harder to interpret than blood
flow. A more sophisticated evaluation with a larger patient col-
lective could provide additional insights into this issue.

As a technical limitation of the CT scanner, the acquisition of
DECT perfusion measurements is limited to a collimation of
32 X 0.6 mm (Table 1). This is much smaller than the full size
of the scanned organs and tissues, and comparable abdominal
perfusion studies employ a larger z-coverage.” As the impact of
the breathing motion can be expected to be much more
prominent when using a small z-coverage, the motion correction
might be of less importance when using whole organ coverage.
Furthermore, the motion correction was performed without any
manual intervention to exclude data points affected by partic-
ularly heavy breathing motion, as would be usual in a clinical
setting.” However, while these limitations can be expected to
affect the quality of the resulting perfusion maps, the effect
should be equal for all of the evaluated algorithms, and inter-
patient effects were accounted for by using a GLM.

Another limitation of our work is the fact that the commercial
rigid motion correction algorithm had to be recreated in the
software suite developed in-house, as technical limitations of the

S Skornitzke et a/

manufacturer software prevent the export of motion-corrected
image data. While the specifications of the vendor on func-
tionality of the algorithm are extensive, and the visual com-
parison showed comparable results, this could heavily influence
the evaluation. However, the results on the performance of the
rigid algorithm are consistent with earlier studies performed on
the manufacturer workstation.”’

Additionally, only a small number of different motion correction
algorithms were evaluated in this study, while a great number of
possible algorithms have been proposed in the literature and
more extensive evaluations have been performed for different
applications.®® Therefore, this evaluation should not be regar-
ded as the only possible solution to the problem of motion
correction for abdominal CT perfusion. Further evaluation
seems necessary to fully explore the effects of different types of
motion correction algorithms and their possible combination
with image post-processing and acquisition techniques for the
correction of breathing motion in abdominal organs for CT
perfusion measurements.

While the qualitative and quantitative evaluation of the perfor-
mance of different motion correction algorithms are in agree-
ment, the evaluation is nonetheless limited, as no ground truth
is available for perfusion measurements. As an improvement,
future studies could evaluate the diagnostic value of the perfu-
sion maps for the detection of tumours and other diseases, as
often performed in studies for the evaluation of CT perfusion
measurements.*’

CONCLUSIONS

CT perfusion is a valuable tool for the detection of tumours, but
breathing-induced motion of the abdominal organs can di-
minish the quality of the calculated perfusion maps. The use of
the deformable motion correction algorithms presented here
leads to significant improvements of spatial alignment of the
image data as well as the quality of the resulting perfusion maps,
whereas the use of DE post-processed images does not yield
a significant benefit for the motion correction.
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