Reproducibility of registration-based measures of lung tissue expansion

I. INTRODUCTION

The primary function of the respiratory system is gas
exchange. Gas exchange depends on the complex mechani-
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Purpose: Lung function depends on lung expansion and contraction during the respiratory cycle.
Respiratory-gated CT imaging and 3D image registration can be used to locally estimate lung tissue
expansion and contraction (regional lung volume change) by computing the determinant of the
Jacobian matrix of the image registration deformation field. In this study, the authors examine the
reproducibility of Jacobian-based measures of lung tissue expansion in two repeat 4DCT acquisi-
tions of mechanically ventilated sheep and free-breathing humans.

Methods: 4DCT image data from three white sheep and nine human subjects were used for this
analysis. In each case, two 4DCT studies were acquired for each subject within a short time inter-
val. The animal subjects were anesthetized and mechanically ventilated, while the humans were
awake and spontaneously breathing based on respiratory pacing audio cues. From each 4DCT
data set, an image pair consisting of a volume reconstructed near end inspiration and a volume
reconstructed near end exhalation was selected. The end inspiration and end exhalation images
were registered using a tissue volume preserving deformable registration algorithm and the
Jacobian of the registration deformation field was used to measure regional lung expansion. The
Jacobian map from the baseline data set was compared to the Jacobian map from the followup data
by measuring the voxel-by-voxel Jacobian ratio.

Results: In the animal subjects, the mean Jacobian ratio (baseline scan Jacobian divided by
followup scan Jacobian, voxel-by-voxel) was 0.9984 = (0.021 (mean * standard deviation, aver-
aged over the entire lung region). The mean Jacobian ratio was 1.0224 = 0.058 in the human sub-
jects. The reproducibility of the Jacobian values was found to be strongly dependent on the
reproducibility of the subject’s respiratory effort and breathing pattern.

Conclusions: Lung expansion, a surrogate for lung function, can be assessed using two or more
respiratory-gated CT image acquisitions. The results show that good reproducibility can be
obtained in anesthetized, mechanically ventilated animals, but variations in respiratory effort and
breathing patterns reduce reproducibility in spontaneously-breathing humans. The global linear nor-
malization can globally compensate for breathing effort differences, but a homogeneous scaling
does not account for differences in regional lung expansion rates. Additional work is needed to
develop compensation procedures or normalization schemes that can account for local variations
in lung expansion during respiration. © 2012 American Association of Physicists in Medicine.
[DOI: 10.1118/1.3685589]
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mouth, and airways, and the gas diffusion properties of the
alveoli. Since many diseases and injury conditions can affect
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these physical parameters, and thus, lung functions, it is
useful to be able to reliably measure indices of lung function
at the global and regional levels.

Global lung function can be assessed using spirometry.
Spirometric indices such as forced expiratory volume in one
second (FEV1) and forced vital capacity (FVC) are common
indices of global respiratory system function. Regional pul-
monary function is more difficult to measure. Invasive meth-
ods, such as percutaneously or surgically implanted
parenchyma markers or inhaled fluorescent microspheres,
are effective but not suited for translation to humans.'™
Noninvasive methods include medical imaging approaches.
Positron emission tomography (PET) and single photon
emission computed tomography (SPECT) can provide a
direct assessment of lung function,*” but their application is
limited by low spatial resolution. Hyperpolarized noble gas
MR imaging (such as '>’Xe and *He) has been developed for
functional imaging of pulmonary ventilation.*'? Hyperpo-
larized MRI can provide enough temporal resolution to
observe the dynamics of gas flow through the lung. How-
ever, the method is only partially quantitative and depicts
very little anatomic detail. Xenon-enhanced CT is another
imaging modality that can directly assess pulmonary ventila-
tion by observing wash-in and wash-out rate of serial CT
images."*™'> The need for very high temporal resolution to
measure the wash-in/wash-out time constants limits the over-
all axial coverage to about 12 to 15 cm for this modality.

Respiratory-gated CT imaging and 3D image registra-
tion can be used to locally estimate lung tissue expansion
and contraction (regional lung volume change) to obtain a
ventilation map for the lung.'®'” Reinhardt er al.'® com-
pared registration-based estimation of regional lung func-
tion using the Jacobian to xenon-CT estimates of specific
ventilation and reported average r2 ~ 0.73. Castillo et al.'”
used image registration to compute both Jacobian-based
and intensity-based of local lung function and compared
these measures to SPECT functional measures. Their
results demonstrate the equivalence of the analytic and geo-
metric Jacobian for quantifying volume change and show
both methods correlate well with global measurements and
clinical SPECT. Recently, Yaremko et al.'® proposed a
method incorporating image registration with 4DCT images
to identify regions of highly functional lung for avoidance
in intensity modulated radiation therapy (IMRT) planning
in nonsmall-cell lung cancer. Ding et al.”” quantitatively
measured the regional changes in lung tissue function fol-
lowing a course of radiation therapy by using 4DCT and
image registration techniques. Yamamoto er al.?® also
quantified the dosimetric impact of 4DCT and registration-
derived ventilation maps on functional treatment planning
to avoid highly functioning lung regions during radiation
therapy. Vinogradskiy er al.*' used ventilation maps calcu-
lated from weekly 4DCT data to study ventilation change
throughout the radiation therapy.

Along with the increased interest in registration-based
estimates of lung function come questions about reproduci-
bility and robustness of the overall approach. Nyeng et al.**
imaged five patients repeatedly with thoracic 4DCT scans,
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one scan with respiration restricted by an abdominal com-
pression plate and the other under free breathing, but the
reproducibility of the ventilation measurement was not
investigated. Before registration-based techniques can be
trusted to provide clinically meaningful measures of lung
function or to track RT-induced changes in lung function
over time, it is necessary to establish the uncertainty associ-
ated with such measurements.

A number of factors influence registration-based estimates
of lung function. Assuming that two volumes are registered to
obtain a Jacobian map of lung volume change, these individ-
ual volumes may be acquired with the subject apneic or may
be selected from a 4DCT series. In the former case, the spe-
cific lung volumes at which the inspiratory and expiratory
scans are acquired will directly affect the magnitude of the Ja-
cobian values calculated from the image registration. In the
latter case, the tidal volume and reproducibility of the tidal
breathing during acquisition may influence the Jacobian calcu-
lation and overall consistency as data from several breaths are
assembled into a single 4DCT volume. Choice of registration
algorithm, associated image preprocessing, and regularization
strategy will impact the registration accuracy and smoothness
of the deformation field.”*** These factors will affect both the
fidelity and noisiness of the resulting Jacobian maps.

If we consider the reproducibility of registration-based
measures of lung function, subject-related factors become
important. Even with prescan training and sophisticated pac-
ing strategies, consistent and reproducible respiratory pat-
terns may be difficult to maintain, as the subject must
control breathing rate, tidal volume, and the interplay
between thoracic vs abdominal breathing. In the case of
static image acquisitions [e.g., near TLC (total lung
capacity) and FRC (functional residual capacity)], the ability
of the subject to reach the same volumes each time will
directly influence the registration-based Jacobians, and thus,
the estimates of local lung function.'” While the image proc-
essing and image registration factors also exist when consid-
ering reproducibility across two or more studies, it seems
likely that subject variability is the major factor that deter-
mines overall measurement reproducibility. However,
because it is difficult to separate the effects of subject vari-
ability, image acquisition differences, algorithm factors, and
other uncertainties, in this paper, we look at the combined
effect of all of these factors as a starting point to establish
the reproducibility of lung tissue expansion measurements in
repeated 4DCT acquisitions of the same subject.

Two different groups are studied in this paper: (1) sponta-
neously breathing human subjects; and (2) anesthetized and
mechanically ventilated sheep. In both cases, two sets of
image data are gathered for each group by scanning twice
using 4DCT with a short time interval in-between acquisi-
tions. From each 4DCT data set, one volume near end expira-
tion and one volume near end inspiration are reconstructed.
These volumes are registered using a B-spline deformable
registration technique (described in Sec. II C 2) and the Jaco-
bian of the registration deformation field is calculated. The
Jacobians computed using the two separate 4DCT acquisition
are compared to assess reproducibility.
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FiG. 1. Block diagram shows the processing dataflow for the entire process. Scan one EE and scan two EE are volumes at end expiration and scan one EI and
scan two EI are volumes at end inspiration. The Jacobians JACr; and JACr, are calculated from the registration displacement fields. The ratio image
JACRraTi0, computed in the scan one EE coordinate system, is used to assess Jacobian reproducibility.

II. MATERIAL AND METHODS
IlLA. Method overview

Figure 1 shows a block diagram of the entire process.
Two 4DCT scans (denoted as scan one and scan two) are
acquired for each subject with a short time interval between
acquisitions. This so-called “coffee break” acquisition is
intended to capture two separate images of the lung depict-
ing the same anatomy and physiological condition. For
each 4DCT scan, two volumes are selected and recon-
structed: an image near full inspiration (denoted as end in-
spiration (EI)) and an image near end exhalation (denoted
as EE). Three-dimensional B-spline deformable image
registration is used to deform the EI image to the EE
image, producing a registration deformation field. The Jaco-
bian of this deformation field is computed and used to char-
acterize the local lung tissue volume change. This process
is performed for both the scans one and two data, producing
registration transformations T1 and T2 and Jacobian images
JACTl and JACTz.

Figure 1 and Table I describe the three registration
transformations used in this study. The coordinate system
of scan one EE is used as the reference coordinate system
for all comparisons. Transformation TO is used to convert
the Jacobian maps into a common coordinate system for
comparison. The ratio map JACgrario is the voxel-by-
voxel ratio of the scan one Jacobian and scan two Jaco-
bian. JACgraTi0 is computed in the scan one EE coordinate

system. The ratio map JACramio is analyzed to assess
reproducibility.

II.B. Image data sets
Il.B.1. Animal subjects

Appropriate animal ethics approval was obtained for these
protocols from the University of lowa Animal Care and Use
Committee and the study adhered to NIH guidelines for ani-
mal experimentation. Data from three adult male sheep
(denoted as S-1, S-2, and S-3), with weights 44.0, 37.8, and
40.4 kg, were collected. The sheep were anesthetized using
intravenous pentobarbital and pancuronium to ensure
adequate sedation and to prevent spontaneous breathing. Ani-
mals were positive pressure ventilated during experiments
using a custom built dual Harvard apparatus piston ventilator
designed for computer control. Respiratory rate for animals
ranged from 15 to 18 breaths per minute. Two 4DCT images
were acquired for each animal with a short (less than 10 min)
time interval in between scans. The animals were not moved
between scans. Images were acquired in the prone position
using the dynamic imaging protocol with a pitch of 0.1, slice
collimation of 0.6 mm, rotation time of 0.5 s, slice thickness
of 0.75 mm, slice increment of 0.5 mm, 120 kV, and 400
mAs. The airway pressure signal was simultaneously recorded
with the x-ray projections, and the images were reconstructed
retrospectively using the B30f kernel to produce a full inspira-
tion image (EI) and EE image.

TaBLE I. Summary of the image registrations performed to calculate lung function. Names of images and transformations refer to those given in Fig. 1.

Transformation name Image transformed

Transformation is used to

TO scan two EE — scan one EE
T1 scan one EI — scan one EE
T2 scan two EI — scan two EE

Transform the scan two Jacobian into the scan one
EE coordinate system for comparison, producing JACt, o TO
Calculate scan one lung expansion map JACr
Calculate scan two lung expansion map JACr;
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Il.B.2. Human subjects

All data from human subjects was gathered under a proto-
col approved by the University of Iowa Institutional Review
Board. The human data consist of 4DCT data from nine
human subjects about to undergo radiation therapy for lung
cancer. While 12 human subjects (denoted H-1 to H-12) en-
rolled in the study, two subjects withdrew prior to data acqui-
sition and one subject experienced heavy coughing during the
4DCT scan making his images unusable. The remaining nine
subjects included five males and four females, with ages rang-
ing from 31 to 78 years, with an average age of 57 = 17
(mean * standard deviation).

Prior to imaging, each subject was trained using a bio-
feedback system (RESP@RATE, Intercure Ltd., Lod Israel)
to provide guidance for maintaining a constant breathing
rate. Musical cues were used to pace respiration during
imaging, using a technique developed at our institution
which was previously shown to have high success.*’

Two 4DCT scans are acquired for each subject, with a
short time between scans. The subject left the scanner table
between scans. Patients were scanned in supine position using
a 40-slice CT scanner (Siemens Biograph, Hoffman Estate,
IL) operating in helical mode. Imaging parameters were
120 kV, 2.0 mm slice thickness, 0.5 mm slice increment, 1.2
mm collimator, B30F medium smooth kernel reconstruction
filter. Acquisition occurred with a pitch of 0.1 and either a
tube rotation speed of 500 ms per rotation (requiring each re-
spiratory cycle do not exceed 5 s) or 1000 ms per rotation (for
respiratory cycles do not exceed 10 s). The amplitude of the
respiratory motion was monitored using a strain gauge belt
with a pressure sensor (Anzai, Tokyo, Japan).

II.C. Data processing
Il.C.1. Preprocessing

After image acquisition and reconstruction, all images
were examined for evidence of severe breathing artifacts or
other acquisition problems. Such artifacts may disrupt the
image registration process and lead to poor registration results
and erroneous lung expansion measurements. Although recon-
struction artifacts are common in 4DCT (Ref. 26) and are a
source of variability in our analysis, with the exception of sub-
ject H-12, the images in this study were examined and found
to contain minimal spatial reconstruction artifacts.”’ The
reconstruction artifacts may have been reduced by the audio-
coaching for patient respiration and by the ability of helical
mode image acquisition to allow manual selection of projec-
tion data to be used for image reconstruction at each phase.
Subject H-12 had moderate motion artifacts, but it was
decided to not eliminate this case from analysis.

Prior to image registration, the images of the animal sub-
jects were resampled to size 288 x 288 x 352 with voxel size
1 mm x 1 mm X 1 mm. Images of the human subjects were
resampled to the same voxel size but with image size 304 x
304 x 320 voxels. The Pulmonary Workstation 2.0 software
(VIDA Diagnostics, Inc., lowa City, IA) was used to identify
the lung regions in the CT images. The lung segmentations
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were manually inspected and modified if necessary. The
binary mask obtained from the segmented lung was used to
limit the spatial domain of image registration and subsequent
lung function analysis. For each case, the lung volume was
calculated by counting the number of voxels in the lung
region and multiplying by the voxel volume. Tables II and III
list the lung volumes measured for the subjects in this study.

I.C.2. Image registration

For each subject, the EI image was registered to the EE
image using tissue volume preserving nonrigid registration algo-
rithm previously developed by our group.?® The algorithm uses
a cubic B-spline transformation model and multiresolution opti-
mization procedure to minimize the sum of squared tissue vol-
ume difference (SSTVD) (Ref. 29) subject to a Laplacian
regularization constraint, as described in the following equation:

CrotaL = Csstvp + pCLap, (1

where Csstyp is the SSTVD cost, Cpap is the Laplacian reg-
ularization constraint, and p is a weighting parameter. The
registration algorithm produces a dense voxel-by-voxel dis-
placement field transforming the EI image to the EE image.

The SSTVD term in the cost function, first introduced by
Yin et al.,*® provides a lung-specific intensity similarity cri-
terion that can compensate for the expected change in CT in-
tensity as air is inspired or expired during the respiratory
process. For a given lung voxel at location x, assumed to be
composed of only air and tissue, the tissue volume V(x) at
voxel coordinate x can be estimated as

HU(X) — HUair

V = )
(X) U(X) HUlissue - HUair

@)

where v(x) is the total volume of voxel x and HUy;, and
HUjissue are the CT values of air and tissue. Following,29 we
use HU,;, = —1000 HU and HUj;se = 55 HU. In this case,
the SSTVD metric can be written as

Csstvp :J [Va(x) — Vi(h(x))]*dx
Q

B L(x) + 1000
[0
I (h(x)) + 10007 *

—on(h(x) TR 3)

TaBLE II. Summary of lung volumes for scans 1 and 2 in EE and EI images
for three animal subjects. The “Tidal Vol.” column shows the volume differ-
ence from EE to EI. All volumes are in liters.

Subject Scan EE(L) EI(L) Tidal Vol.(L)
S-1 1 2.79 3.14 0.38
2 2.87 3.24 0.37
S-2 1 2.50 2.88 0.38
2 2.62 3.01 0.39
S-3 1 2.80 3.34 0.54
2 2.93 3.49 0.56
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where /; and I, represent the CT image data from the EI and
EE images being registered, Q0 denotes the union of the left
and right lung regions, and h(x) = (i (x), h(x), h3(x))"
represents the transformation being estimated.

The Laplacian regularization term enforces a smooth-
ness constraint on the registration displacement fields
u(x) = h(x) — x, where x = (x;,x2,x3)" . The regularization
term is defined as in Ref. 30

Crap = Lz || V2u(x)|[*dx, %)

where V = [%,%,%} and V’=V.-V= %4—%4—% .
By adjusting the p parameter in Eq. (1), one can balance regis-
tration intensity matching performance against deformation
field smoothness. In this study, p = 0.25 was found to provide
the best tradeoff between registration field smoothness and

registration accuracy.

Il.C.3. Assessment of image registration accuracy

Anatomic landmarks were used to assess registration ac-
curacy in the T1 and T2 transformations (matching the EI
image to the EE image in scans 1 and 2) and the TO transfor-
mation (matching EE scan two to EE in scan one). A semiau-
tomatic landmarking system was employed for landmark
selection and establishing correspondence between images.”!
Approximately 100-140 vascular bifurcation points were
manually identified within the lungs for each human data set.
The landmarks were approximately uniformly distributed
within the left and right lungs. Landmark correspondence
was established by visualizing both the EE and EI images
simultaneously. Each landmark pair that was manually anno-
tated by the observer was added to a thin-plate-spline to
warp the image and predict the location for the next
unmatched landmark pair. The thin-plate spline processing
greatly increased the efficiency of the landmark annotation.
To assess registration accuracy, the landmark positions pre-
dicted by the registration algorithm are compared to the
actual landmark positions defined by the human expert.

1l.C.4. Jacobian calculation and reproducibility
measurement

Regional tissue expansion can be estimated from the de-
terminant of the Jacobian matrix (or simply, Jacobian) of the
registration deformation field.'® If we assume that lung
expansion (contraction) is due solely to the flow in (out) of
air during respiration, the Jacobian can serve as a surrogate
for regional lung function.*” For a vector-valued registration
deformation field (h;(x),ha(x),h3(x)) at voxel location x,
the Jacobian J(h(x)) is given by

Ohi(x) Oha(x) Ohs(x)
8)(1 6)(1 8)61

- ) S0 BBL
Ohi(x) O(x) Ohs(x)

8)63 ox 3 8)63
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In a Lagrangian reference frame, if the Jacobian is greater
than one, there is local tissue expansion; if the Jacobian is
less than one, there is local tissue contraction. A Jacobian
value equal to one indicates there is no expansion or con-
traction at that location. Finite differences were used to
numerically compute Jacobian. For visualization, the Jaco-
bian map is color-coded and overlaid onto the original CT
data.

The Jacobian maps from scan one and scan two are com-
pared to establish the level of reproducibility. The ratio of
the Jacobian maps from scan one, JACr;, and scan two,
JACr,, was computed voxel-by-voxel to produce a new map
JACraTio. If the two acquisitions and subsequent image
processing produced exactly the same lung expansion esti-
mates, JACramio would be equal to one everywhere. The
mean and standard deviation of JACratio Were calculated
for all subjects.

Il.C.5. Compensating for variations in respiratory
effort

Respiratory effort differences, which may occur even
with training and respiratory time cues during imaging, can
cause scan-to-scan variation in tidal volume and the associ-
ated pulmonary function measurements. One possible
approach to account for these variations is to apply a cor-
rection to the calculated Jacobian map. Since the average
Jacobian should reflect the global volume change in the
lung, the Jacobian ratio for scans one and two should be
approximately equal to the ratio of the EE and EI volume
ratios for the two scans. Thus, these volume ratios can be
used as a global linear normalization factor to adjust for
lung volume differences between scans one and two. We
apply this normalization strategy for all human scans in this
study.

lll. RESULTS
lll.A. Registration accuracy

Figure 2 shows the cumulative histograms of the land-
mark distances preregistration and postregistration for the
TO, T1, and T2 transformations. The preregistration histo-
grams show the landmark distances after rigid registration
was applied to align the data sets prior to the nonlinear B-
spline registration. The postregistration histograms show the
landmark distributions after the B-spline registration is
applied. Target registration error (TRE) values after registra-
tions T1 and T2 are summarized in Table III.

lll.B. Pulmonary function measurements in animal
model

Figure 3 shows transverse and coronal views of the origi-
nal CT image, the Jacobian map calculated from scan one
and from scan two, and the Jacobian ratio image for animal
S-1. As illustrated in Fig. 1, the Jacobian image from scan
two (JACry) is transformed through the TO transformation to
convert it into the coordinate system of scan one, producing
JACr, o TO. The TO transformation allows the two Jacobian
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FiG. 2. Cumulative histograms of the landmark distances pre- and post-B-spline registration for the TO, T1, and T2 transformations.

images to be directly compared and allows us to compute the and two Jacobian data for the three animal subjects. These
voxel-by-voxel ratio image JACgrari0. The results for ani- plots are displayed with a color overlay that shows the joint
mals S-2 and S-3 are similar. cumulative distribution of the JACt; and JACr, data. Mar-

Figure 4 shows in the top row 2D kernel density esti- ginal histograms of the JACt; and JACy, data are plotted
mates™> for the voxel-by-voxel comparison of the scans one along the top and right sides of the figures. A linear

TaBLE III. Summary of lung volumes for scans 1 and 2 in EE and EI images for nine human subjects. The “Tidal Vol.” column shows the volume difference
from EE to EI. All volumes are in liters. The “Interscan Interval” column gives the approximate time between the scan one and scan two acquisition. The
“Before Reg. Median Lmk. Dist.” column gives the median distance of landmark points in EE and EI before registration, which gives an indication of the
amount of motion within the lung during inhalation. The “TRE” column gives the mean * standard deviation of the target registration error.

Subject Scan EE (L) EI (L) Tidal Vol. (L) Before Reg. Median Lmk. Dist. (mm) TRE u = ¢ (mm) Interscan interval

H-1 1 1.24 1.72 0.48 9.30 0.85 =0.41 54 min
2 1.26 1.94 0.68 13.0 1.21 =0.64

H-2 1 5.24 5.86 0.62 7.10 0.80 =0.50 61 min
2 5.34 591 0.57 5.80 1.20 =0.80

H-4 1 2.90 3.39 0.49 10.9 1.32 = 1.40 20h
2 2.83 3.41 0.58 12.9 1.68 = 1.65

H-7 1 5.26 5.72 0.46 3.70 0.72 £0.38 33 min
2 5.69 6.37 0.68 4.10 0.97 £0.43

H-8 1 3.02 3.79 0.77 8.30 1.05 = 0.66 7 days
2 3.12 4.35 1.23 8.70 1.41 =0.97

H-9 1 3.65 4.50 0.85 7.20 1.74 = 1.14 35 min
2 3.81 433 0.52 4.70 2.07 =091

H-10 1 2.09 2.63 0.54 6.60 1.22 £0.78 64 min
2 2.14 2.61 0.47 6.60 1.73 = 1.24

H-11 1 3.51 4.09 0.58 4.60 2.08 = 1.46 33 min
2 3.54 4.22 0.67 4.60 2.00 =1.28

H-12 1 3.95 5.11 1.16 13.2 338 £ 1.16 29 min
2 391 5.14 1.23 13.1 3.65 193

Medical Physics, Vol. 39, No. 3, March 2012
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FiG. 3. Transverse (top) and coronal (bottom) views of (left to right) the original CT, JACt;, JACt; o T0, and JACgaTi0 for animal subject S-1. Note the color
scales for JACt; and JACr; o TO are 0.9 to 1.3, and for JACraTio the scale is 0.9 to 1.1.
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FiG. 5. Transverse (top) and coronal (bottom) views of (left to right) the original CT, JACt;, JACt; o TO, and JACgaTi0 for human subject H-2. Note the color
scales for JACt; and JACr; o TO are 0.9 to 1.3, and for JACgraTio the scale is 0.8 to 1.2.

regression analysis was performed to find the best fit linear
model to represent the relationship between the scan one and
scan two Jacobian data. Pearson’s correlation coefficient was
computed for the linear model, with an average correlation
value of 0.88 in the three subjects. The bottom row of Fig. 4
are modified Bland—Altman plots for the three animals. A
Bland—Altman plot is a difference plot for analyzing the
agreement between two different assays. The conventional
Bland—Altman plot shows the difference of two measure-
ments versus the mean of two measurements. Since the Jaco-
bian represents the ratio of expansion or contraction in local
lung volume, we modified the Bland—Altman plot to show
the ratio of JACr; and JACt; o TO versus the geometric
mean of JACt; and JACr,; o TO. The modified Bland—
Altman plot is overlaid with colors to show a 2D kernel den-

sity estimate. Histograms of the JACgra1io data are plotted
along the right side of the figures. The solid line is the refer-
ence line where JACraTi0 €quals to one, representing perfect
agreement in the two measurements. The dashed line is the
average of JACratio. The closeness of the dashed line and
solid line is one measure of the consistency of our measure-
ment in lung expansion in two scans.

lll.C. Pulmonary function measurements in human
subjects

Figures 5 and 6 show the transverse and coronal views of
the original CT image, the Jacobian map calculated from scan
one and from scan two, and the Jacobian ratio image for
human subjects H-2 and H-8. As with the animal subjects, the
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FiG. 6. Transverse (top) and coronal (bottom) views of (left to right) the original CT, JACt;, JACt; o TO, and JACgaTi0 for human subject H-8. Note the color
scales for JACt; and JACr; o TO are 0.9 to 1.5, and for JACgraTio the scale is 0.9 to 1.3.
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scan two Jacobian image has been transformed into the coordi-
nate system of scan one using the TO transformation. Subjects
H-2 and H-8 were selected to illustrate cases with good and
poor reproducibilities when comparing the scan one to scan
two results. Figure 7 shows the 2D kernel density estimate for
the voxel-by-voxel comparison of the scan one and scan two
and the modified Bland—Altman plot for subject H-2. Figure
7(b) shows the mean voxel-by-voxel Jacobian ratio is approxi-
mately 0.9922, which is very close to the ideal value of unity.

lll.D. Compensation for scan-to-scan variation in
respiratory effort

Figure 8 shows the relationship between the mean Jaco-
bian ratio and the ratio of EI to EE volumes for scan two to
the ratio of those volumes in scan one (the lung volumes are
given in Tables II and III). If the EI to EE ratio changes in
scan two from that in scan one, the change indicates an
increased or decreased level of effort. Consequently, the Ja-
cobian ratio between scan two and scan one should depict
this effort difference as a corresponding increase or decrease
in lung expansion. The figure shows that the mean Jacobian
ratio is strongly correlated with the EE and EI volume ratios
in scans one and two.

From Table III, a global lung expansion factor can be
computed by taking the ratio of the end inspiration to end ex-
piration volumes for each of scans one and two. Then, a nor-
malization scale factor for the Jacobian of the second scan
can be determined by taking the ratio of the lung expansion
factor for scan one to the lung expansion factor for scan two.
Taking subject H-8 as an example, the global expansion fac-
tors are 1.25 and 1.39 for scans one and two, producing a
JACrt; o TO multiplicative normalization factor of 0.9. This
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approach for global linear normalization is applied to all
human subjects and results are summarized in Table IV.

H-8 is an example of a subject that has significant breath-
ing effort differences between the two 4DCT scans. Figure 9
shows the Jacobian scatter plot and modified Bland—Altman
plot of patient H-8 before and after the Jacobian in scan two
is scaled by a constant global normalization factor. This
global linear normalization brings the center of mass of the
scatter plot closer to unity, indicating more reproducible
measurements. Figure 10 shows the results before and after
normalization for subject H-4. In this case, the global linear

©
= e
28 8
T — -
o
c
o= o
g <1 <
8 - -
o
©
N 0
S 4 ©
o o
o o
S 4 S
o o
0 (o}
&1 @ mean = 0.9922
std =0.0359

095 100 1.05 110 115 120 125 130
Geometric Mean of Two Jacobians

(b) Modified Bland-Altman
plot for H-2

JacRatio

FiG. 7. (a). Smoothed color density scatter plot and marginal histograms of JACr; and JACt; o TO for H-2. Histograms and summary statistics for the JACt;
and JACr, data are given along the top and right sides of each plot. Colorscale is same as in Fig. 4. (b) Modified Bland—Altman plot for H-2. The horizontal

axis shows /JACr; x JACr, o TO and the vertical axis shows JACraTio-
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TaBLE IV. Means, standard deviations, and CV of the Jacobian ratio images, correlation coefficients and regression line slopes of Jacobian images JACt; and
JACr, for three animal subjects and nine human subjects. Columns four, five, and nine show the normalized results for the human subjects. After normaliza-
tion, the mean and standard deviation of the Jacobian ratio images are scaled accordingly, while the CV stays the same.

JacRatio Norm. JacRatio Regression line slope
Corr.

Subject Mean Std Mean Std. (6\% Coef. Bef. Norm. Aft. Norm.
S-1 0.996 0.0139 — — 0.0140 0.922 0.944 —
S-2 1.000 0.0226 — — 0.0226 0.843 0.789 —
S-3 1.000 0.0264 — — 0.0264 0.887 0.980 —
H-1 1.099 0.0565 0.990 0.0509 0.0514 0.937 1.289 1.161
H-2 0.992 0.0359 1.001 0.0362 0.0362 0.811 0.894 0.902
H-4 1.025 0.0681 0.993 0.0659 0.0664 0.860 1.143 1.106
H-7 1.009 0.0515 0.980 0.0500 0.0511 0.570 0.528 0.513
H-8 1.100 0.0757 0.993 0.0683 0.0688 0.894 1.430 1.291
H-9 0.951 0.0527 1.032 0.0572 0.0554 0.772 0.522 0.566
H-10 0.983 0.0635 1.009 0.0652 0.0646 0.820 0.774 0.795
H-11 1.020 0.0666 1.000 0.0653 0.0653 0.755 0.824 0.808
H-12 1.022 0.0747 1.006 0.0735 0.0731 0.850 0.769 0.757

normalization produces a mean JACgratio that is closer to
one and a regression line slope that is closer to one; however,
the normalization shifts the mode of the Jacobian ratio distri-
bution (red region in density plot) away from unity.

llLLE. Assessing reproducibility via the Jacobian ratio
images

If the subject, image acquisition, and image analysis were
perfectly reproducible, the Jacobian values computed from
scan one and scan two would match exactly and the Jacobian
ratio images would be equal to one everywhere. Figure 11
shows box plots of the Jacobian ratio values for the three ani-
mal subjects and nine human subjects before and after the
global linear normalization. Table IV summarizes and com-
pares the statistical parameters before and after normaliza-
tion, including the mean, standard deviation (Std),
coefficient of variation (CV) of JACgraTi0, the correlation
coefficient between JACt and JACr, o TO, and the slope of
regression line.

IV. DISCUSSION

The results in Fig. 2 show that the B-spline registration is
effective at aligning the user-defined landmarks, with 90%
of the landmark distances below 5 mm after registration
for eight of the nine human cases. The remaining case, case
H-12, was especially difficult for the manual analyst in that
it was difficult to precisely locate landmarks and to deter-
mine the exact correspondences. Thus, it is likely that some
of the residual landmark positioning error after registration
for case H-12 (and perhaps others) is due in part to motion
artifacts and in part by human error during landmarking.
Based on the data in Fig. 2 and Table III, the mean landmark
positioning error is on the order of a few millimeters, which
is similar in performance to earlier work.'®*-%3% It is inter-
esting to note that the given landmark results for case H-12
and the comparisons in Fig. 2, H-12 is not the subject with
the worst reproducibility, i.e., for case H-12, the large resid-
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ual landmark positioning error does not lead to poor reprodu-
cibility in the Jacobian maps. This apparent contradiction
lends further support to the hypothesis that case H-12 has
unreliable manually defined landmarks.

The pre-T1 graphs in Fig. 2, the lung volumes in Tables II
and III, and the median landmark distances before registration
in Table IIT give some insight into the reproducibility of the
subjects in terms of respiratory patterns and level of inspira-
tion. The pre-T1 graphs in Fig. 2 show the amount of land-
mark motion within the lung during inhalation, which varied
greatly between human subjects. Table III shows considerable
variation in the differences of tidal volumes and median land-
mark displacements for scans one and two, with no clear rela-
tionship between these two measurements.

Figures 3 and 4 show a good reproducibility of the calcu-
lated Jacobian maps in the animal model. The Jacobian
histograms are very similar in scans one and two and the
linear regression of the voxel-by-voxel comparison between
JACr; and JACr; has a slope close to unity. The modified
Bland—Altman plot shows that the average Jacobian ratio is
approximately equal to one for all three cases. This is not
surprising given that the animals were anesthetized and
mechanically ventilated during these studies and were not
moved between image acquisitions. As shown in Table II,
the EE and EI lung volumes, and thus the tidal volumes,
were very reproducible in the animal experiments. From sev-
eral different perspectives, the reproducibility results in these
animal studies probably represent the very best reproducibil-
ity measurement that we can expect across repeat studies of
this type in humans.

Figures 5 and 6 show examples of data from human sub-
jects with good and poor reproducibilities. Table IIT shows that
subject H-2 is a case where the lung volumes and tidal vol-
umes were very consistent between scans one and two, while
the data for case H-8 shows a considerable change in the EI
volume, and thus a change in the overall tidal volume. Interest-
ingly, case H-8 was one in which scan two was acquired 1
week after scan one, but prior to radiation therapy. It is
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possible that there were physiological changes during the time
between scans, or perhaps the subject simply forgot some of
the respiratory training and breathed differently during the sec-
ond acquisition. If the latter explanation is true, this may have
important implications for respiratory monitoring equipment
and patient training procedures. Also, note that the increase of
Jacobian is not uniformly distributed within the lung but
reveals highly organized regions of increased ventilation.
Figures 7, 10, and 9 shows the scan one vs scan two
comparison of the Jacobian data for subjects H-2, H-4, and
H-8. Comparing the JACr; and JACy, histograms and the
linear regression line slopes, case H-2 has the best reprodu-
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cibility. From the Jacobian histograms of H-4, it is interest-
ing to note that subject H-4 has a bimodal Jacobian
distribution. The statistical parameters in Table IV might
be interpreted with the help of Table III, which shows the
EE, EI, and tidal volumes for the scans one and two acquisi-
tions. Some of the cases with linear regressions slopes very
different from unity, such as cases H-1, H-7, H-8, and H-9,
are all cases where there was a big (200 cc or more) change
in tidal volume between scan one and scan two. This
increase (or decrease) in tidal volume would lead to an
increased (or decreased) amount of lung expansion, thus
directly affecting the Jacobian values. Therefore, in these
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FiG. 9. Smoothed color density scatter plot and marginal histograms of JACyt; and JACrt, o TO for H-8 before (a) and after (b) global linear normalization.
Modified Bland—Altman plots for H-8 before (c) and after (d) global linear normalization.
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Fic. 10. Smoothed color density scatter plot and marginal histograms of JACt; and JACr, o TO for H-4 before (a) and after (b) global linear normalization.
Modified Bland—Altman plots for H-4 before (c) and after (d) global linear normalization.

cases the subjects’ breathing patterns were not reproduci-
ble, which in turn caused the lung expansion maps to be not
reproducible.

Static breath-hold imaging in place of 4DCT would
reduce imaging artifacts induced by variability in breathing
patterns but has some important disadvantages. The most
significant disadvantage is the inability of a free-breathing
subject to reproducibly reach and hold full inspiration (TLC)
in repeat studies, which will undermine the reproducibility
of any lung expansion measures derived from breath-hold
acquisition.® In addition, imaging data acquired with the
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subject apneic does not elucidate the relationship between
tumor position and respiratory phase during tidal breathing,
which is needed for gated treatment delivery.

The difficulty of precise breath control in clinical 4DCT
creates a need for a compensation or normalization scheme
that can be used to account for breathing effort variation in
different studies. Since the mean Jacobian is strongly corre-
lated with the lung volume ratios (see Fig. 8), an obvious
and straightforward normalization method is to apply a mul-
tiplicative factor to one of the two lung expansion maps. The
multiplicative factor can be computed from the EI and EE
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FiG. 11. Box plots for Jacobian ratio images JACgartio for three animal sub-
jects and nine human subjects, before and after global linear normalization
on human subjects. Box plot lower extreme is first quartile, box plot upper
extreme is third quartile. Median is shown with solid horizontal line.
Whiskers show the minimum (maximum) values or extend 1.5 times the first
to third quartile range beyond the lower (upper) extreme of the box, which-
ever is smaller (larger). Outliers are marked with red plus signs. Number of
data points has been downsampled by a factor of 1000 for visualization.

lung volumes ratios in scans one and two. Since this
approach scales the entire expansion map by single constant,
this normalization is a global linear normalization. Figure 11
shows that the mean JACgrario is closer to unity after such a
normalization. Comparing the scatter plot and modified
Bland—Altman plot for H-8 before and after normalization
(Fig. 9), the slope of the regression line is closer to one and
the average JACraTio is closer to one, showing the effective-
ness of the effort normalization. However, the effectiveness
of global linear normalization for subject H-4 is less clear.
Though the regression line and the average of JACraTio are
closer to one after normalization (see Fig. 10), the mode of
the JACraTio distribution is biased away from the desired
value of one. From the data given in Table IV, six of nine
subjects have regression line slopes closer to one after global
linear normalization. Note that after normalization the mean
and standard deviation of JACgratio are also scaled by the
normalization factor, while the CV and correlation coeffi-
cient are unchanged.

Ideally, a lung volume normalization scheme should
account for the fact that the rates of lung expansion and con-
traction are not uniform apex to base and ventral to dorsal.
Because of this, it seems unlikely that a single global nor-
malization constant is the optimal approach to locally com-
pensate for differences in inspiration level between scans.

The box plot data in Fig. 11 summarize the distribution of
the JACraTio data for three animal subjects and nine human
subjects. It is clear from the figure that there is less
JACgraTio Vvariation in the mechanically ventilated animal
subjects than in the spontaneously breathing human subjects.
There are outliers in the JACgraTio distribution in both the
animal and human subjects; some of this might be attribut-
able to the fact that small registration errors in the TO trans-
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formation used to match the JACt; and JACr, data may
incorrectly align a voxel experiencing high expansion (say,
normal tissue) with a voxel of low or near zero expansion
(such as a blood vessel or airway wall). The resulting Jaco-
bian ratio could be very high, producing an outlier. By
reversing the high expansion and low expansion voxels and
following a similar reasoning, very low ratio values could
also be produced. One solution to this might be to use differ-
ent methods to compare the Jacobian maps, such as an ap-
proximate method that matches Jacobian values within a
neighborhood of voxels.

Several statistical parameters of the JACraTio distribu-
tions are given in Table IV for all subjects. These parame-
ters may be useful for estimating confidence intervals and
performing statistical tests to detect changes in lung expan-
sion between two scans, as might be expected during a lon-
gitudinal study tracking a disease process or an
intervention such as radiation therapy. By combining the
information in Table IV with image analysis techniques
that can identify clusters of voxels that exhibit similar
changes in Jacobian value, it may be possible to use the
Jacobian map to quantitatively monitor lung function on a
very regional level.

V. SUMMARY

Local measures of lung function are difficult to obtain with
sufficient spatial and temporal resolution. Lung expansion, a
surrogate for lung function, can be assessed using two or
more respiratory-gated CT image acquisitions. In this study,
we have examined the reproducibility of such measures using
two 4D image acquisitions taken with a short time interval
between acquisitions. The results show that a good reproduci-
bility can be obtained in anesthetized, mechanically ventilated
animals, but variations in respiratory effort and breathing pat-
terns reduce reproducibility in spontaneously breathing
humans. Global linear normalization can globally compensate
breathing effort differences, but homogeneous scaling does
not account for differences in regional lung expansion rates.
Additional work is needed to develop effective compensation
procedures or regional normalization schemes that can
account for human variation during respiration.
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