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Purpose: To improve the accuracy of computed tomography (CT) number mapping inside the lung
in deformable image registration with large differences in lung volume for applications in vertical CT
imaging and adaptive radiotherapy.
Methods: The deep inspiration breath hold (DIBH) CT image and the end of exhalation (EE) phase
image in four-dimensional CT of 14 thoracic cancer patients were used in this study. Lung volumes
were manually delineated. A Demons-based deformable registration was first applied to register the
EE CT to the DIBH CT for each patient, and the resulting deformation vector field deformed the EE
CT image to the DIBH CT space. Given that the mass of the lung remains the same during respira-
tion, we created a mass-preserving model to correlate lung density variations with volumetric
changes, which were characterized by the Jacobian derived from the deformation field. The Jacobian
determinant was used to correct the lung CT numbers transferred from the EE CT image. The abso-
lute intensity differences created by subtracting the deformed EE CT from the DIBH CT with and
without density correction were compared.
Results: The ratio of DIBH CT to EE CT lung volumes was 1.6 on average. The deformable registra-
tion registered the lung shape well, but the appearance of voxel intensities inside the lung was differ-
ent, demonstrating the need for density correction. Without density correction, the mean and
standard deviation of the absolute intensity difference between the deformed EE CT and the DIBH
CT inside the lung were 54.5 � 45.5 for all cases. After density correction, these numbers decreased
to 18.1 � 34.9, demonstrating greater accuracy. The cumulative histogram of the intensity difference
also showed that density correction improved CT number mapping greatly.
Conclusion: Density correction improves CT number mapping inside the lung in deformable image
registration for difficult cases with large lung volume differences. © 2019 American Association of
Physicists in Medicine [https://doi.org/10.1002/mp.13502]
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1. INTRODUCTION

The use of a vertical (seated) position to deliver radiation
therapy to thoracic cancer patients has shown advantages in
reducing the amount of irradiated lung and reducing tumor
motion, as lung volume has been reported to increase and
lung motion has been reported to decrease in the seated posi-
tion compared with lying down.1–4 Vertical treatment may
benefit certain patient groups, such as patients with compro-
mised lung function for whom the vertical position is more
comfortable,5 patients who are unable to lie down, and
patients who have to sit up halfway through their irradiation
owing to rapid accumulation of saliva.

Vertical treatment requires taking computed tomography
(CT) images in the vertical position for treatment planning.

Although several vertical CT systems exist,5–8 they are spe-
cialized and are not available in most clinical settings. One
existing solution is to use the on-board imager of a common
medical linear accelerator to take vertical cone-beam CT
(CBCT) images, which can be implemented by programming
the Varian TrueBeam linear accelerator in developer mode
and rotating the patient couch.9 However, the vertical CBCT
images generated in this way cannot produce reliable CT
numbers. Previous studies showed that deformable image
registration can be used to map the CT numbers from a simu-
lation CT to a CBCT to correct the CT numbers for head and
neck and prostate sites,10,11 which suggests that deformable
registration can be used to transfer the CT numbers of an
image in a supine position to correct the CT numbers in the
vertical CBCT. However, this process is extremely
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challenging for the thoracic site because of the large changes
in patient geometry and lung volume between the supine and
vertical scanning positions. Direct mapping of the CT num-
bers from a supine image to a vertical image may not produce
accurate CT numbers because of lung density changes.

In this study, we propose a novel density correction
technique as a post-processing step for deformable image
registration to achieve accurate CT number mapping at the
thoracic site in the presence of large deformation of the
lung. This approach was developed on the basis of physics
principles in CT imaging. Vertical treatment may result in
treatment plans similar to those for deep inspiration breath
hold (DIBH) treatment; therefore, the vertical CT image
with correct CT numbers was simulated by a DIBH CT
image.4 To represent the large lung deformation between
the vertical and supine scanning positions, the supine CT
image was simulated by the end of exhalation (EE) phase
image in a four-dimensional CT (4DCT) scan. The CT
numbers of the EE image were deformably mapped to the
DIBH image, and the density correction technique was
applied to correct the CT number mapping inside the lung
(Fig. 1). We then validated our proposed density correction
approach by comparing the corrected and uncorrected
results.

2. MATERIALS AND METHODS

2.A. Patient data

We retrospectively identified and included 14 patients with
lung cancer who had both a DIBH scan and a 4DCT scan on
the same day and were treated with stereotactic body radio-
therapy during November 2007 through July 2009 at The
University of Texas MD Anderson Cancer Center. The treat-
ment plan had been created used the DIBH CT, and the total
lung contours had been manually drawn on the DIBH CT in
the Pinnacle treatment planning system (Philips Medical Sys-
tems, Fitchburg, WI). When contouring the lung, tumor and
high-density vessels were excluded. Both the DIBH CT and

the EE CT had a resolution of 1 mm 9 1 mm 9 2.5 mm.
This study was approved by the institutional review board of
MDAnderson Cancer Center.

2.B. Deformable image registration

We performed the EE-to-DIBH deformable registration
using an intensity-based dual-force Demons algorithm as pre-
viously described by Wang et al.12 The EE and DIBH Images
were separated into small block and histogram equalization
was performed on each block before registration and a mul-
tiresolution scheme was used to accelerate the registration.
The parameters for the deformable registration are specified
in Table I. The deformation vector field generated from the
deformable registration was used to map the CT numbers of
the EE CT to the spatial domain of the DIBH CT, generating
a deformed EE CT.

2.C. Mass-preserving model

Our density correction technique is based on the assump-
tion that the mass of the air flowing into the lung is negligible
compared with the average mass of the human lungs13–15;
therefore, the mass of the lungs remains approximately the
same between the EE and DIBH states. Mathematically, let
f~ðx; y; zÞ denote the mapping function at coordinate (x, y, z)
from the DIBH CT to the EE CT, and let the deformation vec-
tor obtained from the aforementioned deformable registration
be uðx; y; zÞ; vðx; y; zÞ;wðx; y; zÞ½ �. The deformable mapping
function can be characterized as

f~ðx; y; zÞ ¼
xþ uðx; y; zÞ
yþ vðx; y; zÞ
zþ wðx; y; zÞ

8<
: : (1)

Let qDIBH(x, y, z) denote the lung density at (x, y, z) on the
DIBH CT, and let qEE(x, y, z) denote the lung density at (x, y,
z) on the EE CT. The mass-preserving model renders the
following equation:

FIG. 1. Overall framework of our proposed approach. Deformable image registration (DIR) was used to register end of exhalation (EE) CT to deep inspiration
breath hold (DIBH) CT. The resultant deformation vector field (DVF) was then used to map the CT numbers from the EE CT to the DIBH CT space, resulting in
deformed EE CT v1. At the same time, Jacobian was calculated from the DVF and used to correct the CT numbers inside the lung for the deformed EE CT v1,
resulting in deformed EE CTv2, which improved the accuracy of the CT numbers. [Color figure can be viewed at wileyonlinelibrary.com]
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Z

X

qDIBHðx; y; zÞdX ¼
Z

f~ðXÞ

qEE f~ðx; y; zÞ
� �

df~ðXÞ þMair;

(2)

where Ω denotes the entire lung volume on the DIBH CT and
f~ðXÞ approximates the lung volume of the EE CT, assuming
that the deformable registration correctly maps the lung vol-
ume boundary from the DIBH CT to the EE CT. Mair denotes
the mass of the air inhaled at DIBH, also known as the tidal
volume. The value of Mair at DIBH isnormally about 1–3 g.16

Compared with the average mass of the human lungs
(~700 g),17,18 the mass of the inhaled air is negligible. There-
fore, Mair can be left out of Eq. (2). Furthermore, by the
introduction of the Jacobian of the deformation vector field,
J f~ðXÞ
� �

, Eq. (2) is converted toZ

X

qDIBHðx; y; zÞdX �
Z

X

qEE f~ðx; y; zÞ
� �

� det Jðf~ðx; y; zÞÞ
� �

dX; (3)

where det Jðf~ðx; y; zÞÞ
� �

denotes the Jacobian determinant at
location (x, y, z),

det J f~ðx; y; zÞ
� �� �

¼
1þ @u

@x
@u
@y

@u
@z

@v
@x 1þ @v

@y
@v
@z

@w
@x

@w
@y 1þ @w

@z

�������

�������
: (4)

Over an infinitesimal volume, we can obtain the following
equation from Eq. (3):

qEE f~ðx; y; zÞ
� �

� qDIBHðx; y; zÞ
det Jðf~ðx; y; zÞÞ

� � : (5)

2.D. Density correction

The determinant of Jacobian, det Jðf~ðx; y; zÞÞ
� �

, indicates
the volume change from DIBH CT to EE CT at a voxel level.
A value equal to 1 indicates no volume change at a voxel
location x; y; zð Þ, while a value less than 1 indicates volume
shrinkage and a value >1 indicates volume expansion at that
voxel. From the physics of CT imaging, we know that the CT
number is proportional to the tissue density.19 Therefore,
Eq. (5) can be rewritten as

HUEE ¼ f~ðx; y; zÞ
� �

� HUDIBHðx; y; zÞ
det Jðf~ðx; y; zÞÞ

� � (6)

where HU denotes the Hounsfield units, or CT number. The
deformable registration maps coordinate x; y; zð Þ on the

DIBH CT to the location x0; y0; z0ð Þ ¼ f~ðx; y; zÞ on the EE CT
and transfers the CT number on the DIBH CT at
(x, y, z) to the (x0, y0, z0) on EE CT. Equation (6) indicates that
the mapped CT number needs a proper correction using

the Jacobian determinant, det Jðf~ðx; y; zÞÞ
� �

. When the

volume change is small, with det Jðf~ðx; y; zÞÞ
� �

� 1, this

density correction can be neglected. However, if the volume
change is large, the correction becomes very important in
accurately mapping the CT numbers. The density correction

TABLE I. Parameter settings for the deformable image registration.

Parameter Value

Number of bins for histogram equalization 256

Block size for histogram equalization 20

Multiresolution levels 6

Maximum number of iterations 200

Upper bound of step size 1.25

Gaussian variance for regularization 1.5

TABLE II. Lung volumes in both lung states for all patients. The lung volume in the deep inspiration breath hold state (VDIBH) is much greater than that in the end
of exhalation state (VEE).

Patient No. VDIBH (cc) VEE (cc) Absolute difference |VDIBH � VEE| (cc) Volume ratio VDIBH/VEE

1 6021.8 3643.8 2378.0 1.65

2 6351.3 3459.7 2891.6 1.84

3 7391.8 3734.5 3657.3 1.98

4 5508.5 3397.3 2111.2 1.62

5 4460.3 2807.9 1652.4 1.59

6 5287.1 3109.8 2177.3 1.70

7 6246.5 4214.8 2031.7 1.48

8 7311.1 6055.4 1255.7 1.21

9 3428.8 2637.0 791.8 1.30

10 6814.6 4959.1 1855.5 1.37

11 4877.4 3222.3 1655.1 1.51

12 4066.6 2591.9 1474.7 1.57

13 4802.7 2518.3 2284.4 1.91

14 5514.1 3091.7 2422.4 1.78

Mean � standard deviation 5577.3 � 1189.8 3531.7 � 986.5 2045.7 � 707.6 1.61 � 0.22
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approach was applied to all 14 patients after deformable
registration mapping of the CT numbers from EE CT to the
DIBH CT. For validation, we compared the differences in CT
numbers between the deformed EE CT and the DIBH CT
voxel by voxel before and after density correction. The
absolute intensity difference was plotted as a histogram to
show the distribution of values with and without density
correction.

3. RESULTS

The lung contours on the DIBH CT were deformably
mapped to the EE CT using the deformable registration. The

deformed lung contours on the EE CT were visually checked
for all 14 patients to ensure correct contour mapping and then
imported into the Pinnacle treatment planning system for vol-
ume measurement. The lung volumes on both DIBH CT and
EE CT for all 14 patients are shown in Table II. For all
patients, the mean absolute volume difference between DIBH
CT and EE CT was 2046 cc, and the mean volume ratio of
DIBH CT to EE CTwas 1.6, representing a large lung volume
difference between DIBH and EE states. For one representa-
tive patient, a Jacobian map inside the lung (Fig. 2) shows
large volume changes at a voxel level calculated from the
deformation vector field, demonstrating the need for density
correction to correctly map the CT numbers from one lung
state to the other using deformable registration.

The mean CT numbers inside the lungs for both DIBH CT
and EE CT and the absolute difference between the CTs are
shown in Table III. Because the DIBH CT was taken with
more air inside the lung, the DIBH CT had much lower CT
numbers than the EE CT did. After deformable image regis-
tration, the CT number differences between the deformed EE
CT and the DIBH CT showed that the density correction
greatly improved the accuracy of the CT numbers: the mean
CT number difference for all 14 patients decreased from
54.5 � 45.5 (before density correction) to 18.1 � 34.9 (after
density correction). Figure 3 illustrates the deformed EE CT
image before and after density correction compared with the
DIBH CT image in one patient. The histogram of absolute
intensity differences at the voxel level before and after density
correction for the same patient shows that the density correc-
tion significantly reduced the CT number differences between
the deformed EE CT and DIBH CT (Fig. 4). Although the
accuracy of CT number is improved, we do noticed that the
image after density correction may not appear naturally, indi-
cating a voxel-level operation in density correction.

TABLE III. Mean Hounsfield units (HU) inside the lung for the deep inspiration breath hold (DIBH) state, or HUDIBH, and for the end of exhalation (EE) state, or
HUEE, and the absolute difference between them, followed by the HU difference (mean � standard deviation) of deformable image registration both before and
after density correction.

Patient no. HUDIBH HUEE HUDIBH � HUEEj j HU difference before density correction HU difference after density correction

1 �817 �702.5 114.5 58.9 � 48.3 17.7 � 34.7

2 �827.3 �671.1 156.2 63.7 � 48.1 16.2 � 34.1

3 �804 �627.1 176.9 67.9 � 42.2 12 � 28.6

4 �834.7 �765.6 69.1 49.3 � 52.1 22.6 � 40.8

5 �831.5 �735.4 96.1 60.7 � 42.6 21 � 37.2

6 �835.5 �711.8 123.7 65.0 � 56.8 24.1 � 42.6

7 �791.7 �702.4 89.3 51.4 � 44.8 16.4 � 32.5

8 �840 �796.4 43.6 33.8 � 39.6 20.8 � 37.2

9 �825.4 �780.4 45 39.4 � 40.3 19.6 � 34.5

10 �708.4 �611.4 97 50.5 � 41.6 15.7 � 31.7

11 �818.6 �726.5 92.1 50.0 � 54.7 23.4 � 42.5

12 �716 �588.5 127.5 46.3 � 34.6 9.8 � 23.2

13 �875.3 �773.8 101.5 66.6 � 45.5 18.4 � 36.1

14 �850.7 �741.2 109.5 59.7 � 45.8 15.9 � 33.5

Mean �812.6 �709.6 103 54.5 � 45.5 18.1 � 34.9

FIG. 2. Illustration of the Jacobian map inside the lung for one representative
patient (Patient 3 from Table I) in coronal view. The deformation vectors are
from the deep inspiration breath hold CT to the end of exhalation CT. All the
Jacobian values < 1, indicating a volume shrinkage. Jacobian values for the
tumor and the high-density vessels are excluded from this illustration. [Color
figure can be viewed at wileyonlinelibrary.com]
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4. DISCUSSION

We have developed a novel density correction technique as
a post-processing step for deformable image registration and
have validated its efficacy in achieving accurate CT number
mapping at the thoracic site in the presence of large lung

deformation. Our approach is different from previous
approaches using a mass-preserving model in deformable
registration14,15 in that we focused on the correction of CT
numbers for subsequent applications of the deformed images.
The major application of our approach is to correct the CT
numbers for CBCT images by using the information from
planning CT. In practice, our approach could be easily imple-
mented in vertical treatment (if necessary) or adaptive radio-
therapy.

Treating patients in a seated position, though it is not pop-
ular, could benefit certain patient groups.4,5 Physicians at our
institution expressed interest in the use of a seated treatment
position for patients who are not able to tolerate normal,
supine treatment positioning. Besides the aforementioned
comfort and dosimetric advantages, vertical treatment has
allowed for the development of a treatment paradigm cen-
tered on a fixed treatment beam and a rotating seated
patient.20 Researchers have investigated the potential advan-
tages and feasibility of this fixed-beam cancer radiotherapy.
This treatment approach can be used to develop a low-cost
linear accelerator system that benefits low- and middle-
income countries.20–22

The feasibility of using CBCT for dose calculation to gen-
erate an adaptive plan has been investigated over the past
decade.23–25 For CBCT to be used for dose calculation, the
CT numbers must be accurate. One approach to generate
accurate CT numbers is using deformable registration (a nec-
essary step in adaptive radiotherapy) to map the CT number
in planning CT to the CBCT voxel by voxel. This method has
proven effective.26–28 However, for lung cancer patients, our

FIG. 3. Illustration of the difference in computed tomography (CT) number mapping before and after density correction for one patient (patient no. 3 in Table II).
(a) Deep inspiration breath hold (DIBH) CT; (b) deformed end of exhalation (EE) CT before density correction; (c) deformed EE CT after density correction; (d)
EE CT before deformation; (e) the difference inside the lung between (a) and (c); (f) the zoom-in of the rectangular regions in (a), (b), and (c). The CT numbers
inside the lung on the deformed EE CT after density correction (c) are much closer to those of the DIBH CT (a) than are those of the deformed EE CTwithout
density correction (b). [Color figure can be viewed at wileyonlinelibrary.com]

FIG. 4. Cumulative histogram of absolute intensity differences between the
deep inspiration breath hold (DIBH) computed tomography (CT) and
deformed end of exhalation (EE) CT inside the lung for the patient shown in
Fig. 3. The error after density correction (red line) is significantly reduced
compared with the error before density correction (blue line). [Color figure
can be viewed at wileyonlinelibrary.com]
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approach showed that deformable mapping of the CT num-
bers alone is not enough. This finding agrees with those of
Marchant et al.27, who found that deformable registration to
correct the CT numbers for CBCT resulted in larger dose cal-
culation error for lung images than for pelvis and head and
neck images. Our density correction technique to produce
accurate CT numbers for CBCT could improve the accuracy
of this dose calculation.

The major limitation of the proposed approach is that
the density correction could only be applied to the area
with volume change due to air, where the air mass can be
neglected. Essentially, this technique can only be applied
to lung CT images, and the lung volume should be delin-
eated before the approach can be applied. Existing auto-
segmentation tools29 could be used for lung auto-delinea-
tion, but the tumor and high-density vessels should be
properly excluded from the lung region because they
should not be corrected for density. The deep learning
approaches29 are promising in achieving this goal, but a
visual check of the lung contours are recommended before
proceeding to density correction. When checking the lung
contours, we suggest following the RTOG 1106 contouring
guideline.30 Also, the effectiveness of this approach is lim-
ited by the accuracy of deformable image registration. Not
only the deformable registration determines the spatial
mapping from one image to the other but also the density
correction relies on the deformation vector field generated
by deformable registration. We chose the dual-force
Demons registration algorithm because we have fully vali-
dated this algorithm for 4DCT registration. In our previous
report,31 the algorithm achieved a mean registration accu-
racy of 1.29 mm on ten 4DCT datasets from deformable
image registration (DIR)-Lab (http://dir-lab.com). The
result is similar to or better than those reported by other
researchers at the DIR-Lab web site. However, due to the
difference in CT numbers, the similarity measure using
sum of squared differences in the Demons registration
algorithm may not be optimal. Other registration algo-
rithms using cross-correlation or mutual information met-
rics can be considered as alternatives.32,33 Last, although
we know that improved CT number accuracy will improve
dose calculation in treatment plans, how much of the CT
number error will carry over to the dose calculation is still
unknown. Treatment planning using the density correction
technique will be the subject of our future study.

5. CONCLUSIONS

We propose a density correction approach as a post-pro-
cessing step for deformable image registration to improve the
CT number mapping inside the lung for difficult cases that
have large lung volume differences. We validated the
approach in thoracic patients by showing an improvement in
CT number accuracy after density correction. This density
correction technique has the potential to vertical treatment
and adaptive radiotherapy.
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