informa

healthcare

Acta Oncologica, 20115 50: 897-907

ORIGINAL ARTICLE

Clinical validation of a 4D-CT based method for lung ventilation
measurement in phantoms and patients
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Abstract

Background. Lung cancer patients referred to radiotherapy (RT) often present with regional lung function deficits, and it is
therefore of interest to image their lung function prior to treatment. In this study a method was developed that uses a
deformable image registration (DIR) between the peak-inhale and peak-exhale phases of a thoracic four-dimensional com-
puted tomography (4D-CT) scan to extract ventilation information. The method calculates the displacement vector fields
(DVFs) resulting from the DIR using the Jacobian map approach in order to extract information regarding regional lung
volume change. Material and methods. The DVFs resulting from DIRs were analysed to compute the Jacobian determinant
of vectors in the field, thus obtaining a map of the vector gradients of the entire registered CT image, i.e. voxel-wise local
volume change. Geometric and quantitative validation was achieved using images of both phantoms and patients. In the
phantom studies, translations and deformations of known size and direction were introduced to validate both the DIR algo-
rithm and the method as a whole. Furthermore, five patients underwent 4D-CT for planning of stereotactic body RT (SBRT).
The patients were immobilised in a stereotactic body frame (SBF) and for each patient, two thoracic 4D-CT scans were
acquired, one scan with respiration restricted by an abdominal compression plate and the other under free breathing. Results.
In the phantom studies deformation errors were found to be of the order of the expected precision of 3 mm, corresponding
to the image slice distance, in lateral and vertical directions. For the longitudinal direction a more pronounced discrepancy
was observed, with the algorithm predicting displacement lengths of less than half of the physically introduced deformation.
Qualitatively the method performed as expected. In the patient study an inverse consistency test showed deviations of up to
5.8 mm, i.e. almost twice the image slice separation. Jacobian maps of the patient images indicated well-ventilated areas as
anatomically expected. Conclusion. The established method provides a means of using a (commercially available) DIR algo-
rithm to obtain a quantitative measure of local lung volume change. With further phantom and patient validation studies,
quantitative maps of specific ventilation should be possible to produce and use in a clinical setting.

Lung cancer patients referred to radiotherapy (RT)
often present with reduced lung function due to
regional lung function deficits, such as reduced ven-
tilation and diffusion capabilities [1-3]. Earlier stud-
ies have shown that incorporating functional lung
imaging into inverse RT planning might be useful in
reducing normal lung morbidity [4—11], hence allow-
ing iso-toxic RT dose escalation to assumed curative
levels [12—15]. The spatial pattern of lung function
can be measured using, for example ventilation/
perfusion (V/Q) single photon emission computed
tomography (CT) combined with x-ray CT (SPECT-
CT) [16]. The accessibility of SPECT-CT, however,
is often limited and its spatial resolution is poor due

to blurring during long acquisition times and low
directionality of the signal [9,17]. Sufficiently detailed
and easily accessible lung functional maps would be
a valuable asset to guide RT planning for all tumour
sites involving irradiation of normal lung tissue.
Taking into account the functional heterogeneity
of the lungs could potentially allow reducing damage
to normal tissue, possibly even more so for volumetric-
modulated arc therapy (VMAT) [7-10,18,19].
Methods to obtain lung functional maps from
two thoracic CT image sets acquired in phases far
apart in the breathing cycle, such as the peak-inhale
(PI) and peak-exhale (PE) phases of a four-dimensional
CT (4D-CT) scan, have been proposed by several
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groups [9,20-23]. A quantification of the regional
lung volume change between the source (image to be
deformed) and target image (image acting as target
for the deformation) can be calculated using the so-
called Jacobian map, i.e. the determinant of the Jaco-
bian matrix of the displacement vector field (DVF)
resulting from a deformable image registration (DIR)
between the two CT scans [21-24]. The determinant
is denoted by Der(§) which is unitless. In the Jaco-
bian map corresponding to a DIR, a value of Dez(§)
above one indicates expansion, whereas numbers
below one indicate contraction [23]. As 4D-CT
scans are becoming a standard component of RT
planning protocols for lung cancer, use of these scans
to also obtain lung functional information is an
appealing possibility. Besides, the introduction of on-
line cone-beam CT scanning including the related
4D approaches opens further possibilities for on-line/
frequent lung function imaging.

The technique of using 4D-CT images and a
DIR algorithm to produce ventilation maps for use
in intensity modulated radiotherapy (IMRT) or
VMAT lung planning protocols has already been
proposed by other groups [9,19]. The fundamental
component of this method is the specific deforma-
tion algorithm used in the process [25]. Before intro-
ducing this technique into a clinical protocol setting
it is therefore imperative to first validate the algo-
rithm with respect to qualitative and quantitative
predictions of tissue deformations and displace-
ments. The aim of this study was therefore to validate
an available DIR algorithm with regard to its appli-
cability in identifying regional volume changes in
lungs both qualitatively and quantitatively, and to
establish and validate a method for automatic quan-
titative assessment of local lung tissue expansion in
clinical patients using the DVFs produced by the
DIR algorithm, based on the Jacobian maps of the
DVFs. This was realised in part by phantom studies
introducing simple translations and deformations of
known size and direction, and in part by a study of
five patients with non-small cell lung cancer INSCLC)
eligible for stereotactic body RT (SBRT), undergo-
ing two thoracic 4D-CT scans with and without
restricted breathing. The DVFs of DIRs obtained
from phantom image sets were used for validation of
the method, which in turn was evaluated using the
patient data.

Material and methods
Deformable image registration and analysis

Deformable image registrations were performed
using an algorithm available in the SmartAdapt
application integrated with our Eclipse treatment

planning system (TPS) (Eclipse v. 10.0; Varian
Medical Systems, Palo Alto, CA, USA). This DIR
algorithm is a demons [26,27] type algorithm, which
uses intensity information or radiodensity (in
Hounsfield Units (HU)) to simulate local intensity
differences between the two images as diffusion pro-
cesses by iterative optimisation of displacements due
to these local forces or ‘demons’, morphing a voxel
in the source image to its spatial alignment in the
target image. The specific demons algorithm in our
TPS was improved in efficiency and accuracy by
adding a symmetric external interaction force func-
tion and by varying the resolution of the images dur-
ing optimisation [28,29]. The algorithm required an
initial rigid registration to reduce the impact of large
deformations between the two images [28]. This was
performed manually or based on DICOM origin for
phantom studies and automatically based on the
DICOM origin for patients. The SmartAdapt algo-
rithm was in this study applied for patient and lung
phantom image sets with a “Thorax” anatomical pre-
set provided by the vendor. No segmentation proce-
dures or volume of interest (VOI) outlining were
required.

Image sets from a deformed object (a phantom)
and patients were used for validation of the DIR
algorithm with respect to suitability for DIR in lung,
as well as in the further development of the method,
as detailed in the following sections.

Analysis of the DVFs produced by the algorithm
was carried out either by visual inspection of the DVFs
in Eclipse SmartAdapt v.10.0 or from data processed
through a MATLAB (MathWorks, Natick, MA, USA)
routine written to interpret and perform operations on
the DICOM format DVFs resulting from a DIR in
the TPS. From the three-dimensional (3D) DVF ten-
sors we calculated the Jacobian determinant of the
displacement field, using the MATT.AB programming
environment with the Computational Environment
for Radiotherapy Research (CERR) [30].

Validation of the MATLAB routine and the
method as a whole was performed by visually inspect-
ing data in the DVF files using various plots: DVF
vectors were represented using two-dimensional
(2D) arrow plots; the length of these vectors were
displayed using CT images in select imaging planes
overlaid with 2D colour coded contour maps in all
three coronal imaging planes created by processing
DVF data through the MATLAB routine. Relative
quantitative and qualitative assessment of lung ven-
tilation was performed by analysing the Jacobian
maps with respect to a threshold value in figures rep-
resenting the Jacobian map as 2D colour gradient
plots overlaying CT images in the corresponding
imaging plane. These observations also served to
validate the method as a whole.



Phantom study for DIR algorithm validation

A 3D-CT scan (Philips Healthcare Brilliance Big
Bore, Best, The Netherlands) with a slice thickness
of 3 mm, image size 512 X 512 pixels and 800 mAs
per slice was acquired of a static lung phantom
(IMRT Thorax Phantom, CIRS Tissue Simulation &
Phantom Technology, Norfolk, VA, USA) consisting
of water equivalent material with two blocks of lung
tissue equivalent material and a block of bone equiv-
alent material embedded to simulate thorax with
lungs and spine, free of inhomogeneities. As a first
validation test of the DIR algorithm, this scan was
registered to an identical copy and a DIR between
these two scans was inspected qualitatively by look-
ing at vector length plots in all CT slices. If the DIR
algorithm performs correctly, it should result in
zero-length displacement vectors in all pixels.

To further test the basic ability of the DIR
algorithm to correctly predict a known deformation,
one-dimensional translations of known sizes and
directions were introduced offline in the manual
rigid registrations between the two copies of the lung
phantom scan, evaluating the resulting DVFs with
respect to size and direction of the displacements
predicted by the DIR algorithm.

In the third phantom test a 3D-CT scan (Philips
Healthcare Brilliance Big Bore) of slice thickness
3 mm, image size 512 X 512 pixels and 200 mAs per
slice was obtained of a phantom consisting of slabs
of water equivalent plastic material (Solid Water
Gammex 457, Gammex, Middleton, WI, USA), each
with an extent of 20 cm X 20 cm. The slabs were
stacked to a total height of 20 cm and positioned on
the CT couch to represent a block of water equivalent
material of dimensions (dlat,dlong,dvert) = (20,20,20)
cm. To simulate a large deformation of known size
and direction a similar slab of water equivalent mate-
rial of dimensions 20 cm X 20 cm X 2 cm was added
to the stack first in the lateral direction, yielding a
phantom block of (22,20,20) cm of water equivalent
material, then in the longitudinal direction creating
a block of dimensions (20,22,20) cm, and finally in
the vertical direction creating a block of dimensions
(20,20,22) cm, obtaining similar 3D-CT scans of all
situations. DIRs between the laterally, longitudinally
and vertically extended phantom blocks and the
basic block of (20,20,20) cm were computed and
analysed with respect to length and direction of the
resulting displacement vectors both in the TPS and
through the MATLAB program.

To test the MATLAB implementation’s interpre-
tation of image metrics, i.e. axis orientations, displace-
ment vector lengths and directions in all image planes,
plots representing the displacement vector lengths
and the displacement vector sizes and directions
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were produced for both expanding-direction DIRs
and contracting-direction DIRs (using the conven-
tion of ImageA—ImageB indicating the deformation
of ImageA, the source image, to ImageB, the target
image) and analysed by visual inspection.

4D-CT imaging and patient study for
DIR algorithm validation

Five patients diagnosed with NSCLC with tumours
no larger than 5 cm in diameter and without medi-
astinal involvement, thus all being eligible for SBRT,
were immobilised in a stereotactic body frame (SBF)
(Elekta Stereotactic Body Frame®, Stockholm, Swe-
den). Each patient underwent two thoracic 4D-CT
scans (Philips Healthcare Brilliance Big Bore) where
the Varian Real-time Position Management (RPM)
system (Varian Medical Systems) was used for acqui-
sition of an external respiratory signal, and prior to
scanning patients were instructed in shallow breath-
ing, both orally and in print. Pitch values in the
CT scan were typically between 0.065-0.105 with a
rotation time of 0.5 s. Slice thickness was 3 mm,
image size 512 X 512 pixels and we used 800 mAs
per slice for normal size patients and 1000 mAs for
obese patients. During the first scan an abdominal
compression plate was applied to restrict the patients’
breathing motion, whereas they were permitted to
breathe freely during the second scan, changing
nothing else in the imaging parameters than remov-
ing the compression plate. The 4D-CT image sets
were automatically sorted into ten respiratory phases
and analysed offline using Eclipse External Beam
Planning v.8.6.0 with 4D-capabilities (Varian Medical
Systems).

By visual inspection of the 4D-CT image sets in
static and cine-mode the phases corresponding to PI
and PE were determined based on diaphragm posi-
tion, taking into account also severe artefacts in the
PI and PE phases. The selected PE phase of a scan
was deformably registered to the PI phase (i.e. PE
acted as source image and PI as target image, denoted
PE—PI), producing a DVF corresponding to maxi-
mum volume change during expansion of the lungs.

To test the inverse consistency of the DIR algo-
rithm a deformable registration of PI-PE was pro-
duced and compared quantitatively to that of PE—>PI
by comparing displacement vector lengths of one
deformation pixel-wise to those of the other. Maxi-
mum difference in displacement vector lengths was
found using the MATLAB program. Differences
were also qualitatively assessed via a colour coded
contour plot of a difference map between the dis-
placement vector lengths and a colour-gradient plot
of a difference map between the Jacobian maps for
selected image planes. This was performed for all
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patients and all 4D-CT scans with and without
abdominal compression.

As a further validation of the robustness of the
specific DIR algorithm with respect to small and
large volume changes the DVFs of registrations of
4D-phases 10—0, 20—10, 30—20, 40—30 and
50—40 (numbers referring to percent completed of
the breathing cycle) in a scan were compared quali-
tatively, using arrow plots, to a registration of phase
50—0 (PE—PI), corresponding to stepwise expan-
sion and maximum expansion, respectively. The same
was done for the contracting part of the breathing
cycle, comparing stepwise contraction to the PI-PE
registration.

Finally the Jacobian maps of scans for all patients
both with and without abdominal compression were
compared in selected imaging planes to investigate
the relative difference in the location and magnitude
of lung ventilation. PE—PI DIRs were used to pro-
duce ventilation maps showing maximum local lung
volume change. Ventilation maps produced in the
frontal imaging plane were analysed using a thresh-
old value of Der(§) >1 to locate the most widely
expanding regions within the lungs.

Results
Phantom validation

In the first phantom test, registering two identical
lung phantom scans with no translations intro-
duced, the algorithm correctly predicted no dis-
placement in all pixels inside the phantom. Outside
the phantom, however, the algorithm introduced
some registration artefacts in air, predicting dis-
placements of up to 1.7 mm, the largest of which
were seen in the longitudinal direction. These arte-
facts, displayed and measured using the tools avail-
able in the TPS and verified using the MATLAB
program, were only observed in a small area at and
near one extreme end of the CT scan. Explicit
values are tabulated in Table 1.

In the second phantom test, deliberately errone-
ous rigid registrations between the lung phantom
scans introduced 1 cm translations in the lateral, lon-
gitudinal or vertical directions. For these situations
the algorithm predicted off-translational axis displace-
ments of the order of 0-1.9 mm inside the phantom
and 0-2.5 mm in air. In the direction of translation
the algorithm was most accurate in its prediction of
the lateral and vertical translations (i.e. in the CT imag-
ing plane), indicating displacements of 6.0-10.6 mm
and 7.6-10.1 mm, respectively, inside the phantom,
and 0—4.5 mm and 0—4.6 mm, respectively, in air. In
contrast, the DIR for the longitudinally translated
image (i.e. in the CT imaging direction) predicted a
displacement of only 3.6—7.7 mm in the longitudinal
direction and displacements of up to 0.7 mm in the
off-translational directions within the phantom, and
0—4.6 mm in the longitudinal direction and up to
1.9 mm in the off-translational directions in air. The
maximum and minimum values of displacements in
all directions for all translations regarding the lung
phantom DIRs as estimated using the tools available
in the TPS are tabulated in Table I. Also tabulated
are the absolute global maximal displacement values
as extracted using MATLAB. In general the quanti-
tative predictions of displacement along the transla-
tion direction were largest and — for the lateral and
vertical translation directions — most accurate close
to material boundaries, whereas they would differ the
most from the introduced 1 cm translations far from
these edges within the phantom or in air.

Results from the water equivalent phantom
tests are tabulated in Table II for DIRs computed
with the base phantom CT image acting as source
and the enlarged block acting as target image
(base—enlarged), corresponding to an expansion,
and inversely (enlarged—base), corresponding to a
contraction. In the laterally and vertically enlarged
phantom DIRs the translational direction displace-
ments amounted approximately to the expected
20 mm inside the phantom whereas the longitudi-
nally enlarged phantom DIR showed displacements

Table I. Maximum and minimum displacements in the lung phantom study: For no translation between scan copies and for offline
introduced translations of 1 cm in lateral, longitudinal and vertical directions, respectively. Displacement distances in phantom and in air
are estimated using the tools available in the TPS and global maximum displacement values are extracted directly from the data using
MATLAB. In air all minimum displacements were 0 mm and hence are not tabulated.

Lung phantom DIR

Displacement distance in phantom,

Displacement distance in Global max displacement

[min;max] [mm)] air, [mm] [mm)]
Translation direction Lat Long Vert Lat Long Vert Lat Long Vert
None [0;0] [0;0] [0;0] 0 1.2 0.5 1.2 1.7 0.8
1 cm lat [6.05;10.6] [0;0.1] [051.9] 4.5 1.3 2.5 11.4 1.8 2.7
1 cm long [0;0.4] [3.6;7.7] [0;0.7] 0.6 3.0 0.8 0.9 9.7 1.0
1 cm vert [051.5] [0;0.1] [7.6510.1] 1.9 1.2 4.6 2.1 1.8 10.7
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Table II. Maximum displacements in the water equivalent phantom study: The base phantom CT image acting as source (base—enlarged)
corresponds to an expansion, whereas the base phantom image acting as target (enlarged—base) corresponds to a contraction. Displacement
distances in phantom and in air are estimated using the tools available in the TPS and global maximum displacement values are extracted
directly from the data using MATLAB. Minimum displacements were 0 mm in all cases and hence are not tabulated.

Water equivalent phantom DIR

Max displacement in

Max displacement in air, Global max displacement

phantom, [mm)] [mm] [mm]

Deformation direction of base phantom Lat Long Vert Lat Long Vert Lat Long Vert
Expansion DIR Lat. def. (22,20,20) cm  20.1 1.8 1.6 0.4 4.0 4.8 20.8 3.8 4.0
base—enlarged Long. def. (20,22,20) cm 0.3 6.4 0.4 0.5 7.5 0.8 4.3 7.6 0.8
Vert. def. (20,20,22) cm 2.4 0.3 20.2 6.5 3.7 0.4 5.6 3.7 20.1

Contraction DIR Lat. def. (22,20,20) cm  20.6 0.2 0.2 0.2 1.3 3.2 20.7 2.0 3.4
enlarged—base Long. def (20,22,20) cm 0.4 9.5 0.4 2.7 1.5 2.3 2.9 9.5 2.9
Vert. def. (20,20,22) cm 0.3 0.3 19.8 3.9 1.6 0.5 4.0 1.7 20.2

in the translational direction of up to only 6.4 mm
for the expanding-direction DIR and 9.5 mm for the
contracting-direction DIR.

Processing the DIR data from the water equiva-
lent phantoms through the MATLAB program we
were able to verify the MATLAB interpretation of
image metrics by visual inspection of figures repre-
senting vectors (2D arrow-plot) or vector lengths
(2D contour-plot) in all three coronal imaging planes
and for DIRs corresponding to both expansion
and contraction of material as defined above. This
process is illustrated in Figure 1.

Patient studies

In four of five patients PI and PE were found at 0%
and 50% time elapsed of the respiration cycle (nam-
ing these phases phase0 and phase50, or PI and PE)
respectively, when observing diaphragm motion. For
the last patient the diaphragm assumed its most cra-
nial position in phase60. However as this particular
phase60 had more artefacts than the corresponding
phase50 which showed a diaphragm position of
almost maximal cranial position, the latter was cho-
sen as PE. In all patients thus phase0 and phase50
were selected as PI and PE, respectively, and these
phases were used to produce maximum volume
change DVFs.

The consistency test of the DIR algorithm, com-
paring registrations PE—PI with registrations PI->PE
was performed for both scans of all patients. An
example of a difference map between vector lengths
and Jacobian maps of two such registrations is shown
in Figure 2 and maximum deviations are tabulated
in Table III. In general, some differences were found
between the PE—PI and PI->PE DIRs of the order
of 3.4-5.8 mm.

The stepwise expansion and contraction test was
performed for one scan for each patient, using two
CT image sets with abdominal compression and

three images without. An example of the displace-
ment vector arrow-plots used for visual inspection of
this issue is shown in Figure 3. We found the DIR
algorithm to predict maximum and stepwise volume
change consistently in all cases.

Ventilation maps were produced for all patients
for the images both with and without abdominal
compression, in select frontal imaging planes. Venti-
lation maps are shown in Figure 4. The range of
Det (%) is similar for all patients, showing values cor-
responding to expansion of between 0 and 2.35. For
all patients the DIR algorithm reproduced the
approximate areas of high ventilation in scans with
abdominal compression in scans without abdominal
compression, further validating the algorithm and
the method as a whole. Patient 2 and Patient 5 had
volumes of the lung where a better ventilation was
seen when allowing the patient to breathe freely as
compared to when restricting abdominal breathing
motion. For Patient 1 and Patient 4 we observed the
opposite, with the areas of high ventilation being
most pronounced when breathing was restricted. In
Patient 3 hardly any difference could be seen, neither
in this imaging plane nor in other frontal planes.

Discussion

In this study, a method for using 4D-CT images and
a Jacobian map to obtain a measure of ventilation in
patients has been investigated. The method provides
a means of essential validation of a commercially
available DIR algorithm for this purpose, using phan-
tom and patient images, and applying tools already
available at many RT institutions.

Demons-type algorithms such as the one used by
our TPS, are not necessarily the fastest and most
robust algorithms in use for deformable registration
in all clinical cases, but they are, however, widely
available and serves as a standard for comparison
due to their simplicity [31]. This class of algorithm
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Figure 1. Illustration of the process of validating the MATLAB program’s interpretation of image metrics, comparing DIRs between CT
scans of phantom blocks of water equivalent material extending a base block of 20 cm X 20 cm X 20 c¢m in lateral, longitudinal and vertical
directions by 2 cm. Here the deformation vector lengths are displayed in colour contour-plots overlying the corresponding CT images in
transversal, frontal and sagittal image planes as required to verify axis orientation. In figures showing the transversal imaging plane the
horizontal axis shows lateral pixel value and the vertical axis shows vertical pixel value (note that the TPS rescales the 512 X 512 pixels
CT images to 256 X 256 pixels when performing the DIR). In figures showing the frontal or sagittal imaging planes the horizontal axis
shows lateral and vertical pixel values respectively, whereas the vertical axis shows CT slice number, corresponding to the longitudinal
direction. Displacement vector directions are shown as an insert under all figures, verifying correct MATLAB representation of DVFs
(shown here for expansion, i.e. base—enlarged phantom image).
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Figure 2. Comparison of PE—PI vs. PI>PE registrations in the 4D-CT image for Patient 1 with abdominal compression in the same CT
slice. First row shows the vector size colour coded contour map for the DVF of the PE-PI registration (expanding direction), the PI-PE
registration (contracting direction) and a difference maps showing the discrepancies between predicted lengths, all in millimetres. Second
row shows the corresponding Jacobian maps and a difference map between these, calculated as the absolute value of Jacobians of the
expanding direction DVF minus one, minus the absolute value of Jacobians of the contracting direction DVF minus one. (Note that the
TPS rescales the 512 X 512 pixels CT images to 256 X 256 pixels when performing the DIR.)

is generally thought to work well in lung [25,32].
Opverall the algorithm seemed to perform fairly well,
but it has some trouble keeping deformation errors
low in areas of air and far from material boundaries
in the CT images. For the water equivalent phantom
registration discrepancies were particularly large
along the CT imaging direction, but displacement
errors are also observed in the CT imaging plane
directions. This is as expected although the maximum
deviations are larger than the CT imaging slice sep-
aration of 3 mm [9,25]. Improvement in the accuracy
of the DIR can be achieved at the cost of additional

Table III. Maximum difference in vector lengths in the patient
scans: PE—PI DIR vector lengths are compared to PI-PE DIR
vector lengths using MATLAB. With/without refers to the patient
scan with or without use of abdominal compression.

Patient PE—PI vs. PI-PE DIR

Maximum
vector length

Patient Scan difference [mm)]
1 With 3.4
Without 5.0
2 With 4.2
Without 3.7
3 With 5.0
Without 4.2
4 With 5.7
Without 5.8
5 With 3.4
Without 4.4

preparation by segmenting the lung regions prior to
registration. This also bears the disadvantage of
introducing displacement errors at the interfaces
between lungs and other tissue [32].

The water equivalent phantom study enabled a
straight-forward validation of the MATLAB routine’s
geometric implementation of the DVFs. It also revealed
a possible serious discrepancy between actual and pre-
dicted deformation when introducing a deformation in
the CT imaging direction. Here the predicted defor-
mation showed displacements of no more than half of
the true displacement. The error was somewhat mir-
rored in the virtual displacement deformation of the
lung phantom, although here the predicted deforma-
tion showed displacements about two thirds of that
expected. This error, however, may also likely pertain
to the fact that the DIRs are produced between phan-
toms consisting of different volumes of equal-density
material, thereby invalidating the assumption behind
the diffusion-driven demons algorithm that mass is
preserved [26]. The other quantitative errors observed
may well originate from the phantom blocks consisting
of homogeneous material, giving the algorithm no
landmarks to confirm its predictions. Then, if the slight
air gap between the base water equivalent phantom
block and the longitudinally extended phantom block
happens to fall between two imaging slices, this direc-
tion of expansion of the base phantom differs signifi-
cantly from the laterally and longitudinally extended
phantoms and this would explain why larger errors
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Contract

Figure 3. Vectors in the DVFs resulting from DIRs between PI and PE phases and the stepwise expansion and contraction

corresponding to the PE—PI registration and the PI-PE registration respectively in a thoracic 4D-CT scan of a patient in SBF

fixation without abdominal compression. Numbers indicate the phase of the breathing cycle as percent completed. The first number
indicates the source image and the second number indicates the target image. The selected section of the DVF corresponds to a
zoomed-in area around the particular patient’s tumour in the transversal plane at a fixed longitudinal position. Horizontal axis
shows lateral pixel value, vertical axis shows vertical pixel value. Note that the 512 X 512 pixels CT images are scaled to 256 X 256

pixels by the TPS when performing the DIR. The vector sizes and directions of the smaller-step deformations verify that stepwise

expansion corresponds to the predicted total expansion of the PE—PI registration and similarly for the contraction of the PI-PE

registration.
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Figure 4. Ventilation maps for all patients both with and without abdominal compression in a frontal imaging plane showing the patients’
tumours. Horizontal axis shows lateral pixel value (the TPS converts the 512 X 512 pixels CT images to 256 X 256 pixels when performing
a DIR), vertical axis shows CT slice number. Note that the colour scales, showing the value of the Jacobian determinant (Dez(¥), unitless),
are synchronised for each patient, while it changes the upper limit between patients. The lower limit is set at Dez(f) = 1 corresponding to
no local volume change. The brightest areas of the ventilation maps thus have the highest ventilation.

were seen for the longitudinal deformation. The size of algorithm needs landmarks or other inhomogeneities
the introduced deformation may also be an issue, as in order to correctly perform large deformations [24].
800 cm? additional material must be considered a very A phantom displaying true deformation, preferably

large deformation. It is well-known that the demons similar to the sliding deformation observed in lungs
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[32,33], is required to validate the DIR algorithm
quantitatively in an experimental setup approach [34],
and a thorough quantitative validation is required prior
to implementing the method in clinical practice. Other
groups have suggested using computational modelling
of anatomic deformation for quantitative validation of
DIR algorithms [35], validation methods based on
landmark point determination [36], or post-registra-
tion similarity measure evaluation with subsequent
synthetic transformations and contour-based metrics
[37]. Using the patient data, the algorithm qualitatively
passes simple tests of robustness and reproducibility,
and performs fairly well, though not perfectly on the
consistency test. Also in favour of this method is the
relatively straight-forward conversion of DVF data into
ventilation maps, which in turn are easily manipulated
to show several aspects of regional lung volume change
due to the matrix nature of the MATLAB program-
ming environment. To justify the use of the method to
produce overview qualitative ventilation maps and
quantitanive specific ventilation maps from 4D-CT
images, however, it is necessary to perform further tests
as suggested above.

Further analysis of the patient data may also con-
tribute to a clinical validation: The stepwise expansion
and contraction test can be improved by implementing
tracking of the individual voxels between the stepwise
registration DVFs. The distance between final voxel
position in the stepwise process compared to the direct
deformation would then, of course, ideally be zero. If
there is a difference in final voxel position this strategy
provides a quantitative measure of the DIR algorithm
robustness. The method, however, does not yet support
such a quantitative validation as further work is required
to implement voxel tracking.

As 4D-CT surpasses the geometric accuracy of
SPECT-CT it is desirable to use these images to obtain
ventilation maps. In choosing 4D-CT over SPECT-CT
one should, however, bear in mind that although reso-
lution is improved for the ventilation map, there does
not at the moment exist a method for using CT images
alone to obtain lung perfusion data. To achieve a com-
plete representation of the patient’s lung functional
status, perfusion, being a surrogate of ventilation,
should also be imaged. Even so, the ventilation maps
presumably show the most well-functioning areas of
lung tissue [9]. Assuming that the ventilation and per-
fusion deficits that many lung cancer patients present
with are a permanent state of the patient’s lung, i.e.
that the extent and distribution of the defective and
the well-functioning lung regions will not change due
to irradiation of lung tissue, dose limitations similar to
healthy lung tissue (typically using dose constraints
relating to e.g. V,, the total volume of lung receiving
more than 20 Gy) need not be applied to the damaged
lung tissue. The ventilation information may then be

used to guide lung RT treatment planning to spare
only functional lung [4,5,9], and leading to new plan-
ning constraints possibly enabling dose escalation
attempts. Validation studies of the 4D-CT and Jaco-
bian map method have showed good correlation
between the ventilation image estimates of tidal vol-
ume and tidal volumes measured directly from the CT
images [21,22], as well as with xenon-enhanced CT
measures of specific ventilation [23] and SPECT lung
functional imaging [19]. With further validation of the
DIR algorithm and further tests on clinical 4D-CT
images, preferably alongside co-registration with V/Q
SPECT-CT images or gated SPECT-CT images in
order to obtain an absolute quantitative validation of
the Jacobian map representations, the method should
be usable to quickly obtain an overview of a patient’s
ventilation status and the distribution of highly venti-
lated areas within the lung.
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