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Abstract: In this paper we propose a novel method for tracking the respiratory phase and 3D
tumor position in real time during treatment. The method uses planning four-dimensional (4D)
computed tomography (CT) obtained through the respiratory phase, and a kV projection taken
during treatment. First, digitally rendered radiographs (DRRs) are generated from the 4DCT, and the
structural similarity (SSIM) between the DRRs and the kV projection is computed to determine the
current respiratory phase and magnitude. The 3D position of the tumor corresponding to the phase
and magnitude is estimated using non-rigid registration by utilizing the tumor path segmented in
the 4DCT. This method is evaluated using data from six patients with lung cancer and dynamic
diaphragm phantom data. The method performs well irrespective of the gantry angle used, i.e.,
a respiration phase tracking accuracy of 97.2 ± 2.5%, and tumor tracking error in 3D of 0.9 ± 0.4 mm.
The phantom study reveals that the DRRs match the actual projections well. The time taken to track
the tumor is 400 ± 53 ms. This study demonstrated the feasibility of a technique used to track the
respiratory phase and 3D tumor position in real time using kV fluoroscopy acquired from arbitrary
angles around the freely breathing patient.
Keywords: lung tumor tracking; 4D computed tomography; diaphragm tracking; radiotherapy;
image-guided radiation therapy; image registration

1. Introduction
Tracking lung tumors accurately in real time in a three-dimensional (3D) space is particularly
important for image-guided radiation therapy for lung cancer patients. Unless accurate tumor tracking
is achieved, not only is it challenging to provide a sufficient dose escalation to the tumor, complications
arise by emitting excessive doses to healthy tissue surrounding the tumor [1–4]. The main cause of
uncertainties in tumor tracking is movement of the internal organs due to the patient’s respiration [5,6].
A number of techniques have been explored to reduce such tumor-tracking uncertainty.
External respiratory surrogates are actively being used to indirectly track the tumor location, which
include reflective landmarks placed on the abdominal surface of the patient [7–9], a strain gauge-based
pressure-sensing belt [10,11], and optical abdominal surface imaging [12–14]. These surrogates are
advantageous in that they are non-invasive and require no additional radiation dose to the patients.
However, these external signals may not accurately reflect the movement of the tumor within the
human body [15], and the signals may differ depending on how the external signal equipment is
installed, thereby degrading the repeatability of the signals [16]. On the other hand, a method for
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tracking a fiducial marker [17,18], or using an electromagnetic transponder [19,20] implanted in or
around the tumor, has been developed, which has excellent tracking accuracy owing to its direct
tumor tracking. However, patients may feel uncomfortable during such an invasive surgical procedure
for implant placement. Several fiducial-less methods also have been proposed and track tumor or
respiratory motion successfully; however, the techniques can be applied using a separate dedicated
tracking system (e.g., multiple X-ray cameras [21], Xsight lung tracking system [22], 4D ultrasound
imaging [23]).
For non-invasive and direct tumor tracking, studies using an on-board kV fluoroscopy system
have been reported [6,24–27]. When the tumors shown through the fluoroscopy have an adequately
high contrast, such methods can yield good results. However, because it is difficult to obtain
high-contrast tumors through fluoroscopic means, these methods have been tested on images acquired
from the anterior–posterior direction, where there is relatively little overlap with other organs.
These methods, which only work in a specific direction of rotation, are not suitable for rotational
cone-beam systems. In addition, because the tumor location is tracked by relying on 2D fluoroscopy,
there is no resolution information in the direction of the radiation direction, i.e., the depth direction,
making it impossible to trace the full 3D tumor location [6].
To track the complete six degrees-of-freedom (DOF) tumor movement, 2D/3D registration
using megavoltage (MV) fluoroscopy [5] or templates containing tumor movements according to
the respiratory phase [28] have been used. An MV fluoroscopy technique has a disadvantage in that
separate MV images have to be acquired and synchronized with kV images. In addition, this method
has been tested only at certain angles of the gantry, and it does not guarantee a good level of
performance with kV images obtained in the left–right direction where the tumor overlaps with
other organs. A template-based method should approximate the tumor location at the gantry angles
where the tumor is not visible owing to an overlap with other objects using the surrounding gantry
angle data where the tumor is visible, which results in a degraded performance at certain gantry angles.
To avoid excessive radiation uptake of healthy tissue, the radiotherapy system should accurately
irradiate the tumor to the treatment beam at various angles while rotating around the freely breathing
patient. In response to this need, in this study we propose a method for tracking the respiratory phase
and 3D tumor position in real time during treatment using a kV image mounted on the treatment
system. Using data on six lung tumor patients and a dynamic phantom, the performance of the
proposed method was evaluated at 360 degrees around the patient, including the gantry angles at
which the contrast of the diaphragm or tumor was low.
2. Materials and Methods
2.1. Pipelines for Respiratory Phase Identification
2.1.1. Pre-processing of Planning and Treatment Images
The proposed method utilizes respiration-correlated, four-dimensional (4D) computed
tomography (CT) images (i.e., planning 4DCT) at every 10% of the respiratory cycle obtained
for treatment planning in advance, as shown in Figure 1. Planning 4DCT consists of a set of
three-dimensional (3D) CT images, each of which corresponds to one of the respiratory phases.
The cubic volume of interest (VOI) covering the entire range of movement of the diaphragm on both
sides was defined in the planning 4DCT. Then, digitally rendered radiographs (DRR, i.e., a simulated
projection) were generated from planning 4DCT in the VOI for all respiratory phases at all gantry
angles of two-dimensional (2D) cone beam CT (i.e., treatment CBCT) projections in image-guided
radiotherapy (IGRT). Here, a CBCT projection is a single kV image acquired from a gantry-mounted
on-board an X-ray imaging system.
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where , is the intensity of a pixel (u, v) on the detector; i and N represent the respiratory phase
index and total number of respiratory phases, respectively; and , = ∑
, . Then, the SSIM
values between the normalized CBCT projection and all of the normalized DRRs were computed over
the SSIM ROI, and the DRRs with SSIM ranks of 1, 2, and 3 were identified. Figure 1b shows the
representative SSIM rank profiles over the respiratory phases. As shown in Figure 1(b1), the phase
between ranks 1 and 2 is usually the correct phase. However, when the difference in SSIM between
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Figure 2. Procedure used to compare the diaphragm area on a 2D digitally rendered radiographs (DRR)
Figure
2. Procedure used to compare the diaphragm area on a 2D digitally rendered radiographs
or fluoroscopy. (a) Comparison procedures for the hemidiaphragm area of the projection with 1st, 2nd,
(DRR) or fluoroscopy. (a) Comparison procedures for the hemidiaphragm area of the projection with
and 3rd rankings. (b) Example of a binarized, dynamic pixel map used during the procedure.
1st, 2nd, and 3rd rankings. (b) Example of a binarized, dynamic pixel map used during the procedure.

Various techniques have been employed to directly monitor the diaphragm elevation, which can
be used for respiratory gating [31,32]. For comparison purposes, the accuracy of the respiratory phase
identification was also analyzed using a diaphragm-elevation method. To minimize the respiratory
identification error owing to the locating error of the diaphragm using various techniques, the
position of the apex of the diaphragm was manually segmented on every projection image. First, at
the position of the gantry angle, the diaphragm apex position of all breathing cycles was determined.
When the vertex position of the current CBCT projection was between the vertex positions of two
successive respiratory phases, the current respiratory phase was determined to be between the two
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Various techniques have been employed to directly monitor the diaphragm elevation,
which can be used for respiratory gating [31,32]. For comparison purposes, the accuracy of the
respiratory phase identification was also analyzed using a diaphragm-elevation method. To minimize
the respiratory identification error owing to the locating error of the diaphragm using various
techniques, the position of the apex of the diaphragm was manually segmented on every projection
image. First, at the position of the gantry angle, the diaphragm apex position of all breathing cycles
was determined. When the vertex position of the current CBCT projection was between the vertex
positions of two successive respiratory phases, the current respiratory phase was determined to be
between the two respiratory phases.
2.2. Respiration-Correlated Tracking of Tumor Motion
After correctly identifying the respiratory phase, the tumors were localized in 3D based on their
positions in the corresponding 4DCT images in the adjacent respiratory phases (i.e., ranks n and
n + 1). To monitor the tumor motion in real-time during the treatment, the displacement vector field of
the tumor along different respiratory phases was estimated using a tumor-specific motion model
extracted from the planning 4DCT volumes. The tumors were manually segmented by an experienced
radiologist from the planning 4DCT, and the segmented contours were converted into 3D point clouds.
The points between the preceding and succeeding phases (i.e., ranks n and n+1) of the previously
found correct answer phase were paired to each other. For the pairing process, the points between
ranks n (pn ) and n + 1 (pn+1 ) were first registered using the iterative closest point algorithm [33], and a
nearest-neighbor search [34] was then conducted in the points of rank n + 1 corresponding to each
point of rank n. Lastly, the locations of the points of the correct answer phase (pproj ) were determined as:
p proj = C · Tpair · pn ,

(2)

where Tpair is the pairing transformation, and C is the scale factor for Tpair , whose default value is 0.5.
When the “comparing hemidiaphragm area” step has been conducted, the value of C is
A proj − An /| An+1 − An |.

(3)

2.3. Patient Data Preparation
In vivo respiratory-correlated planning 4DCTs of the entire chest of six lung cancer patients were
acquired at the department of radiotherapy. The 4DCTs were acquired using a Siemens Sensation Open
CT scanner (Siemens AG, Erlangen, Germany) at 120 kVp, 80 mA, and 361 ms. The source-to-detector
and source-to-patient distances were 1040 and 570 mm, respectively. The 4D volumetric images
were reconstructed for every 10% segment of the respiratory phase with an in-plane resolution of
0.97 × 0.97 mm2 and a slice thickness of 3 mm. The purpose of this study was to track tumors in
CBCT projections taken from all directions, which should not be taken in all directions to minimize
the radiation dose given to the patient. To simulate the CBCT projections in all directions around the
patient, DRRs (i.e., a pseudo projection) were computed for every 10% segment of the respiratory
phase with a normal respiration rate in adults at rest (12 breaths/min). Based on ray-casting through
the planning 4DCTs of the six patients, 360 CBCT projections were generated for an angular range of
the gantry of 360◦ [35]. Figure 3a shows the selection of the respiratory phase bins to identify
(boxed), and the respiratory phases to reference (underlined), from the planning 4DCT projections.
The respiratory phase bins to identify were assigned as a function of the gantry frame, as shown in
Figure 3b. The correct phase of the projection images for the missing phases (i.e., the phase bins to
identify) were detected using the existing respiratory phase data (i.e., the phases to reference).
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Figure 3. (a) Selection of respiratory phase bins to identify (boxed), and respiratory phases to reference
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as a CBCT projection. A Model 008A Dynamic Thorax Phantom (CIRS, Norfolk, VA, USA) with CIRS
motion control software was used to generate the diaphragm motion. A CBCT system equipped with
a digital flat-panel detector (41 × 41 cm2, 960 × 961 pixel resolution) was employed to scan the phantom
at a frame rate of 7.5 Hz using 80 kVp, 20 mA, and 20 ms.
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First, the phantom stopped at a position of 0 cm along the cranial–caudal (C–C) axis, and one
CBCT volume of the static phantom was then acquired, which represented one particular breathing
phase. Using the volume and system geometric information obtained, 2243 pseudo projections were
generated while the gantry was rotating 360◦ around the phantom. The same number of actual CBCT
projections were taken during the 360◦ rotation around the moving phantom. The diaphragm phantom
was set to translate at up to ±2 cm along the cranial–caudal axis, moving along a sinusoidal curve as
a function of the gantry frame with a respiratory cycle of 3 s (see Figure A1 in Appendix A). To test
how sensitively the motion of the diaphragm can be represented using our image similarity metric,
the image similarities between the acquired pseudo projection and actual CBCT projections were
computed as a function of the gantry frame. The image similarity measurements were made on a
rectangular ROI covering the diaphragm movements.
3. Results
3.1. Respiratory Phase Tracking Accuracy
Figure 3b shows the respiration phase assigned to each gantry frame (labeled “Answer”) and the
respiratory cycle found by applying the proposed method (labeled “Detected”). The accuracy was
calculated for each patient as a percentage of the total number of frames with a correctly identified
phase in a total of 120 frames. The method successfully identified the respiratory phase of six patients
with an accuracy of 97.2 ± 2.5%. The detailed accuracy of each patient’s respiratory measurement
is given in Table 1. The total phase deviation was up to 3 (patient 6) over the entire gantry frame,
and the phase deviation was at most 1 per gantry frame with a misidentification of the respiratory
phase. Compared to the proposed method, the accuracy of the respiratory phase measurement in the
elevation-based method was much lower (40.3 ± 17.0%), as shown in Table 1. The phase deviation
was an average of 21.3 (c.f., 1.3 in the proposed method), resulting in a relatively large phase deviation
per gantry frame with a misidentification of the respiratory phase. In addition, the accuracy of the
inhale/exhale identification was low (48.3%). Figure A2 in Appendix B shows examples of a difficult
situation in which the shape of the diaphragm is poorly identified. This method is able to accurately
measure the respiration, even in images where only one diaphragm is visible, or when multiple organs
including two diaphragms are overlapped.
Table 1. The respiratory phase identification performance of the proposed method compared with
the previous diaphragm elevation-based method in terms of the inhale/exhale identification, phase
deviation, and accuracy.
Diaphragm-Elevation Based Method

Patient 1
Patient 2
Patient 3
Patient 4
Patient 5
Patient 6
Total

Proposed Method

Inhale/Exhale
Identification * (%)

Phase
Deviation † (#)

Accuracy
(%)

Inhale/Exhale
Identification * (%)

Phase
Deviation † (#)

Accuracy
(%)

68.8
41.7
39.6
50
41.7
47.9
48.3

4
24
18
9
24
49
21.3

60.4
52.1
47.9
41.7
20.8
18.8
40.3 ± 17.0

100
100
100
100
100
95.8
99.3

1
2
0
0
2
3
1.3

97.9
95.8
100
100
95.8
93.8
97.2 ± 2.5

* Inhale/exhale identification: the accuracy in identifying whether the phase belongs to an inhalation or exhalation;
† Phase deviation: total deviation of the identified respiratory rate from the correct respiratory rate.

3.2. Tumor Tracking Accuracy
Figure 4 shows the trajectory of the tumor centroid in 3D along the left-right (L-R),
anterior-posterior (A-P), and cranial-caudal (C-C) directions over the different respiratory phases
for patients 1 through 4. Note that the scales of the Y-axis coordinates of the three directions are not
identical. Among the three directions, the tumor generally moved the greatest in the C–C direction.
The tumor coordinates tended to increase or decrease around IN 100% (# 11), the boundary between
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the inspiration and expiration. The specific values for the magnitude of the tumor movement for
each patient are shown in Table 2. In the case of patient 4 with a tumor close to the diaphragm,
the tumor movement was the largest, and the movement in the CC direction was 30.5 mm. Data on
two of the patients (patients 5 and 6) were excluded in the tumor motion analysis because their tumors
were located far from the diaphragm, that is, near the upper lung, and the magnitude of the tumor
motion was approximately one pixel in size as the motion of the diaphragm had little effect on the
gorithms 2018, 11,
x FOR PEER REVIEW
tumor motion.
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constructed tumor. As expected, the larger the amplitude of the tumor motion, the greater t
kelihood that tumor tracking errors in both metrics increase. However, for all four patients, t
mor was tracked with an accuracy of less than 1 mm, which is close to the in-plane resolution (0.
0.97 mm2) of the reconstructed 4DCT volumes.
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Table 2. Tumor motion during the entire respiratory cycle along the L–R, A–P, and C–C directions for
patients 1 through 4. The tumor motion is reported in terms of the maximum amplitude (max-min)
and standard deviation (SD) of the centroid of mass of the tumors. The patients (patients 5 and 6) with
little tumor motion (amplitude of < 1 mm) are not reported.
Amplitude (mm)

Patient 1
Patient 2
Patient 3
Patient 4

Tumor Tracking Error in
3D (mm)

SD (mm)

L–R *

A–P *

C–C *

L–R

A–P

C–C

Surface
Distance

Center of Mass
Distance

1.7
7.0
1.9
5.5

3.8
4.1
1.5
10.4

13.0
6.6
12.0
30.5

0.5
1.8
0.5
1.8

1.3
1.2
0.4
3.8

4.1
1.9
3.8
10.2

0.9 (± 0.4)
0.7 (± 0.3)
0.8 (± 0.4)
1.0 (± 0.5)

0.6 (± 0.5)
0.7 (± 0.4)
0.8 (± 0.2)
1.0 (± 0.4)

* L–R = left to right, A–P = anterior to posterior, C–C = cranial to caudal.

3.3. Phantom Evaluation
Figure A1a shows a representative CBCT projection and pseudo projection (i.e., DRR). The image
similarity (SSIM) was measured for each gantry frame between the pseudo projections of the static
phantom and the CBCT projections of the moving phantom, as shown in Figure A1b. The SSIM value
can have a value of between zero and 1, which means that the two images to compare are identical.
The SSIM value was very close to 1 (0.9589 ± 0.0233) when the CBCT projections reached a position of
0 cm (circled) along the cranial–caudal axis, that is, when they coincided with the respiratory phase on
the pseudo projections. In addition, when the diaphragm moved even slightly (dotted line), the SSIM
value changed sensitively (solid line).
4. Discussion
Radiation therapy plays an important role in the treatment of patients with lung tumors, and is
usually used alone or in combination with chemotherapy or surgery. The purpose of radiation therapy
is to deliver radiation to the tumor in the patient’s body. As technology develops further, it will be
possible to emit radiation more precisely into the tumor [5,6,37,38], but such accuracy remains very
difficult to achieve.
The method presented in this study has demonstrated the feasibility of tracking the respiratory
phase and 3D tumor position in real time during treatment using a kV image mounted on the
treatment system. The proposed method works well even under poor conditions in which the
shape of the diaphragm is not clear, and regardless of the irradiation angle, that is, the gantry
angle, the method shows a good level of performance, i.e., a respiration phase tracking accuracy of
(n = 6) = 97.2 ± 2.5%, and tumor tracking error in 3D of (n = 4) = 0.9 ± 0.4 mm. To the best of our
knowledge, previous imaging-based tumor tracking methods have been applied only at certain angles
(e.g., the anterior–posterior direction) where the tumor is relatively well visible [5,6,24–26]; however,
the proposed method tracked the tumor’s 3D location successfully at any angle of the gantry with
sub-millimeter accuracy using a gantry-mounted on-board X-ray imaging system. Other tracking
systems such as implanted fiducials [17,18] or electromagnetic beacons (i.e., Calypso system) [39,40]
can track the tumor’s 3D position at any gantry angle because they are not limited by the gantry’s
position at any given point in the treatment. However, the patient may become uncomfortable
with such an invasive procedure, which also poses a risk of complications clinically, such as the
occurrence of a pneumothorax [41–43]. A variety of potential advantages are expected to be achieved
when high-precision radiation therapy is eventually enabled using this method. In addition to
improving the success rate of radiation therapy, the quality of life of the patient can be improved by
reducing the risk of complications of radiation therapy. Radiation therapies, which are difficult to
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perform owing to the presence of important structures near the tumor, including the spinal cord, may
become applicable if accurate targeting is made possible.
The performance of an elevation-based method (40.3 ± 17.0%) is much lower than that of the
method proposed herein (97.2 ± 2.5%). Given the fact that the inhale/exhale identification accuracy
(48.3%) is close to the accuracy achieved through a diaphragm elevation-based method (40.3%),
most identification errors are due to a failure of inhale/exhale identification. The amplitude of
the breathing can be analyzed well based on high- and low-diaphragmatic information, but this
method alone fails to identify whether the current breathing is in an inspiratory or expiratory state.
As shown in Figure 4, the 3D trajectory of the tumor showed hysteresis, as evidenced through previous
studies [44,45], and thus inhale/exhale identification must be conducted to track the tumor in real time
while the patient is breathing.
The proposed method identifies the respiratory phase through two steps: (1) a structural-similarity
based ranking and (2) comparing the hemidiaphragm area. Some may feel that step (1) can be skipped.
However, step (1) is necessary to determine whether the current breath is in an inspiratory or expiratory
state, thereby determining the respiratory phase candidates to be applied during the second step.
Similar to the problems of the elevation-based method mentioned above, a low performance is
shown when step (1) is not applied. The elevation-based method has roughly a 50% accuracy when
distinguishing between inhale and exhale phase as it only has one image at its disposal, and mid-inhale
and mid-exhale phases can look very similar. Moreover, the proposed method performs robustly for
projections of every 10% segment of the respiratory cycle. Given that the SSIM is sensitive to slight
movements of the diaphragm phantom, as shown in Figure A1, treatment projections with respiratory
phases of finer than 10% should be identifiable.
Several major limitations of this study should be addressed. First, we did not consider changes
in the tumor position that occur from the heartbeat separately from those occurring from respiration.
However, when the tumor was located in the upper part of the lung, the movement of the tumor was
slight (patients 5 and 6), whereas a tumor close to the diaphragm showed a large movement (patients 1
through 4). Moreover, the movement of the tumor was mainly seen in the cranial–caudal direction
(Figure 4, [5,6,44,46]), which is the same as the motion pattern of the diaphragm. Based on these
observations, most movements of the tumor can be explained by the motion of the diaphragm alone.
Second, owing to the problem of the radiation dose administered to the patient, CBCT projections
cannot be obtained by moving around the patient in all directions, and thus pseudo projections were
created for every 10% segment of the respiratory phase instead. However, in the phantom study, the
SSIM between the actual CBCT projections and their corresponding pseudo projections was close to
1 (0.9589 ± 0.0233). Thus, it can be said that our pseudo projection is a good surrogate for an actual
projection. In addition, because a pseudo image has a lower contrast than an actual projection, the
diaphragm extraction on a pseudo projection is relatively difficult to detect. Because the proposed
method was evaluated under worse conditions than those found in an actual situation, the use of an
actual image is not expected to lead to a deterioration in the performance. Lastly, because kV imaging
is needed in addition to treatment beam, the patient is exposed to an extra radiation dose. Patients
with non-small-cell lung cancer are treated with a high dose of within 63 to 103 Gy during radiation
therapy [47], compared to which, the amount of radiation delivered by the additional kV images is
quite small. Thus, if a small increase in dose can reduce the therapeutic beam exposure to healthy
tissue around the tumor, it will be of benefit to the patient.
5. Conclusions
In this paper, we demonstrated the feasibility of a technique used to track the respiratory phase
and 3D tumor position in real time during treatment using kV fluoroscopy acquired from arbitrary
angles around the patient. The proposed method accurately works even on an image with poor
diaphragmatic vision, and the method shows a good level of performance regardless of the irradiation
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angle. Various potential benefits are expected to be achieved when high-precision radiation therapy is
eventually enabled using the proposed method.
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