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Abstract
Purpose—To evaluate the relationship between liver tumor motion and diaphragm motion.

Methods and Materials—Fourteen patients with hepatocellular carcinoma (10 of 14) or liver
metastases (4 of 14) undergoing radiation therapy were included in this study. All patients
underwent single-slice cine—-magnetic resonance imaging simulations across the center of the
tumor in 3 orthogonal planes. Tumor and diaphragm motion trajectories in the superior—inferior
(SI), anterior—posterior (AP), and medial-lateral (ML) directions were obtained using an in-house-
developed normalized cross-correlation—based tracking technique. Agreement between the tumor
and diaphragm motion was assessed by calculating phase difference percentage, intraclass
correlation coefficient, and Bland-Altman analysis (Diff). The distance between the tumor and
tracked diaphragm area was analyzed to understand its impact on the correlation between the 2
motions.

Results—Of all patients, the mean (xstandard deviation) phase difference percentage values
were 7.1% + 1.1%, 4.5% + 0.5%, and 17.5% + 4.5% in the SI, AP, and ML directions,
respectively. The mean intraclass correlation coefficient values were 0.98 + 0.02, 0.97 + 0.02, and
0.08 + 0.06 in the SI, AP, and ML directions, respectively. The mean Diff values were 2.8 + 1.4
mm, 2.4+ 1.1 mm, and 2.2 £ 0.5 mm in the SI, AP, and ML directions, respectively. Tumor and
diaphragm motions had high concordance when the distance between the tumor and tracked
diaphragm area was small.

Conclusions—This study showed that liver tumor motion had good correlation with diaphragm
motion in the SI and AP directions, indicating diaphragm motion in the SI and AP directions could
potentially be used as a reliable surrogate for liver tumor motion.
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Introduction

Respiration-induced organ motion poses a significant challenge to radiation therapy,
potentially leading to underdosing the target volume and overdosing the surrounding normal
tissues (1). Liver tumor motion is highly impacted by respiration, with the largest induced
motion usually observed in the superior—inferior (SI) direction, ranging from 5 to 50 mm (2—
4). Recently, many techniques have been implemented to address respiration-induced
treatment uncertainties, including adding a safety margin around the target, utilizing
voluntary or passive breath-hold, or applying on-board target tracking to enable gated
treatment (5-10). To apply these methods effectively, it is critical to accurately monitor
target motion trajectories during treatment simulation, setup, and delivery.

The diaphragm, a typical surrogate for liver motion, is often tracked given its visibility on x-
ray images (11). An early study using animal models with implanted markers at different
locations within the liver indicated that the motion magnitude of the liver varied with the
distance between the diaphragm and the measurement point (12). However, few studies are
available investigating the correlation between diaphragm motion and liver tumor motion.
The feasibility and fidelity of using diaphragm maotion as a surrogate for liver tumor motion
are unclear.

A number of previous studies have investigated the correlation between 2 organs or tissues
(ie, internal and external). Koch et al (13) measured the internal lung motion using the
identified lung vessels on magnetic resonance images (MRI) as anatomic landmarks and
evaluated the motion correlation between lung and the skin surface. Their results showed
that the best correlation was observed between the SI component of lung motion and an
abdominal skin surface marker. The strength of the correlation was affected by the locations
of the lung vessels and skin markers, as well as the subjects’ breathing patterns. Beddar et al
(14) investigated the correlation between the motion of an external marker and internal
fiducials implanted in the liver for 8 patients undergoing respiratory-based computed
tomography (CT). They concluded that the best motion correlation between external
respiration and internal fiducials was observed during expiration. Kirlivola et al (11)
measured 3-dimensional (3D) motion of liver tumors using T2-weighted cine-MRI and
compared with liver motion that was measured using fluoroscopy in 36 liver cancer patients.
Diaphragm excursion was used as the surrogate of liver tumor motion for fluoroscopy. Their
results confirmed the validity of using cine-MRI to track liver tumor motion in 3 orthogonal
directions. However, the liver tumor motion measured on cine-MRI did not correlate well
with the diaphragm motion measured on fluoroscopy (y = 0.25). The authors indicated that
diaphragm motion at these cine-MRI slices did not represent the full or maximal diaphragm
motion as assessed using fluoroscopy. Therefore, diaphragm motion was not measured on
cine-MRI. The limitation of this approach was that the liver tumor and diaphragm motion
trajectories were obtained at differing times, using 2 different imaging protocols. Potential
errors might have occurred due to different respiratory patterns between 2 separate
acquisitions. An additional limitation of using fluoroscopy to measure the diaphragm motion
was that the angle of the beam was not perpendicular to the dome of the diaphragm.
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With high soft-tissue contrast and an absence of radiation hazard, MRI is becoming widely
utilized in radiation therapy. In addition, fast MRI sequences such as cine-MRI can be used
to capture near real-time images of target motion. The successful implementation (15, 16) of
cine-MRI to track target motion opens up a new avenue to track diaphragm and liver tumor
motion together and address their correlation. In this study we attempt to demonstrate the
suitability of using diaphragm motion, which is easily visualized on MR, as a surrogate for
tracking liver tumor motion. Single-slice cine-MRI images in 3 orthogonal planes (Sl,
anterior—posterior [AP], and medial-lateral [ML]) were used to simultaneously measure
both liver tumor and diaphragm motion. An automatic method based on template matching
was used to track both diaphragm and liver tumor motion in the SI, AP, and ML directions.
Once liver tumor and diaphragm motion were extracted from the MRIs in 3 orthogonal
directions, the reliability of diaphragm as a surrogate was tested by comparing the following
parameters: phase difference percentage (PDP), intraclass correlation coefficient (ICC), and
Bland-Altman analysis (Diff). We also evaluated the correlation of the distance (D) between
the tumor and the tracked diaphragm area with respect to their motion.

Methods and Materials

Patient cohort and imaging study

Fourteen cancer patients (7 male, 7 female; mean age 61 years) with hepatocellular
carcinoma (10 of 14) or liver metastases (4 of 14) were enrolled in this study. Eight patients
received MR scans under an institutional review board—approved protocol with informed
consent, and 6 as part of clinical imaging. Institutional review board approval was obtained
to retrospectively collect patient images, and the requirement for informed consent was
waived. Table 1 summarizes the clinical characteristics of the patients.

All MR scans were acquired on a 1.5-Tesla (Signa; GE Healthcare, Milwaukee, WI) or a
3.0-Tesla (MAGNETOM Trio; Siemens Medical Systems, Erlangen Germany) MR system.
For each patient, single-slice cine-MRI images were acquired through the center of the liver
tumor in axial, coronal, and sagittal views using a fast steady-state acquisition protocol
labeled as FIESTA by GE (17, 18) and TrueFISP by Siemens (19, 20), with either a 6- or a
12-channel phased-array coil. The scanning time was set to approximately 15 to 30 seconds
for each imaging view. All patients were positioned head-first-supine in an immobilization
device during image acquisition. The MRI parameters were optimized to achieve fast
imaging speed and to maintain adequate spatial resolution with the following parameter
settings: temporal resolution: 6 frames per second; repetition time/echo time: 2.56 ms/0.83
ms; flip angle: 50°; bandwidth: 976.562 Hz per pixel; field of view: 360 mm x 240 mm;
slice thickness: 5 mm; slice dimension: 192 x 128; and in-plane slice resolution: 1.875 mm
x 1.875 mm.

Motion tracking technique based on normalized cross-correlation

Given that only the 2-dimensional (2D) in-plane motion can be tracked from single-slice
cine-MRI images, to track the motion trajectories of the diaphragm and liver tumor on the
acquired cine-MRI images, an in-house-developed tracking technique based on normalized
cross-correlation (NCC) was used (21). The NCC method maximizes the NCC coefficient
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through moving and matching a manually selected feature-based imaging template along
fixed background images. The boundaries of the diaphragm in the cine-MRI images of each
patient were easily distinguished in our study, and the reliability of detecting the diaphragm
was ensured. The imaging template was selected on the diaphragm (for diaphragm tracking)
or the liver tumor (for liver tumor tracking) from the first acquired cine-MRI image. The
imaging template of the diaphragm in coronal and sagittal views was placed on the dome of
the diaphragm for each patient (Fig. 1). The fixed background images were the later
sequentially acquired cine-MRI images. The coefficient R between the imaging template
(A1) and the corresponding area (Ay) on each fixed background image was calculated using
Eqg. 1, where var(Aq) and var(A) represent the variances of A; and Ay, and cov(Aq, Ay) is the
covariance of A; and Ay. The motion of the diaphragm or tumor, represented by the shifts of
Ay, was determined by the difference between the location of the best-matched A, (Eq. 2) on
each fixed background image and the nominal location of A; on the first acquired cine-MRI
image (Fig. 2). The motion trajectory of the diaphragm or the liver tumor was built by
concatenating the sequential shifts of A;.

cov(Ay, Az)
(var(Ay) var(Ag))1/2

R(Ay, Ag)= 1)

As=argmaz(R(A1,42)) (2

The double estimate of axis-specific motion was included in this study, because the acquired
data provided a double estimate of the motion characteristics along the SI, AP, and ML
directions. For example, the AP motion could be extracted from the sagittal and axial planes
with cross-plane motion in ML and SI directions, respectively. By comparing the ML
motion extracted from the coronal and axial planes and the SI motion extracted from the
sagittal and coronal planes, we found that the SI motion was much larger than the ML
motion. We therefore chose the AP motion information extracted from the sagittal plane
because the cross-plane (ie, ML) motion in the sagittal plane was of less concern. The
motion trajectory in the SI or ML direction was extracted from the sagittal or coronal plane
owing to concerns about errors caused by the cross-plane (ie, AP or SI) motion in either the
coronal or axial plane. The tracked motion trajectories from the coronal and sagittal views
were combined to measure the diaphragm and liver tumor motion in 3 dimensions. Although
our intention was to use the same template in each tracking process, the base template was
manually drawn and could be slightly different between different tracking processes. To
minimize tracking errors due to human variation in template selection, the tracking was
repeated 5 times. The use of repeated measurements to determine average tumor and
diaphragm motion trajectories could eliminate this human variation.

Comparison of 3D motion trajectories

For the tumor and diaphragm motion trajectories obtained above, the maximal and average
magnitudes, denoted by Trax, Didmax Taves and Diagye, Were determined for comparison.
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The average period (Tave p) of each diaphragm motion trajectory was calculated by
averaging lengths of all breathing cycles. Phase difference percentage was calculated as the
mean difference between the time indices corresponding to the diaphragm motion peaks
(Tpeak_p) and the time indices corresponding to the tumor motion peaks (Tpeak T)
normalized by the Taye p, indicating the phase difference between the 2 motions (Eq. 3).

POP=(To —Toe ) /Ton ®

ICC with 95% confidence intervals (Cls) were calculated to evaluate the trend of the tumor
and diaphragm motion trajectories, using the commercial software package SPSS (version
19.0; IBM, Chicago, IL). The ICC operates on data structured as groups, rather than data
structured as paired observations, prohibiting outliers in the data groups from influencing the
total correlation measured (22).

However, ICC values alone are not sufficient to conclude a good relationship between the
liver tumor and diaphragm motion, because they only indicate the level of similarity in the
trend change between the 2 motion trajectories, rather than providing a point-by-point
comparison. For example, liver tumor motion and diaphragm motion might be very different
even if they had a high ICC value. The Bland-Altman analysis was a complementary
measurement metric to better evaluate their relationship by comparing the differences of
magnitudes between the 2 motions. The difference of magnitudes (Diff) was calculated

between the 2 on a patient-by-patient basis. The mean difference ( Dsff) for all patients was
then calculated by averaging those Diff values, indicating a tendency of agreement. The
random bias was calculated as the standard deviation (SD) of the Diff values, indicating the
dispersion degree of those differences. Finally, the 95% CI was constructed according to Eq.
4:

95%CT=Diff +1.96 % SD (4

To investigate what factors might affect the correlation between the liver and diaphragm
motion, we also measured the distance between the tumor center and the tracked diaphragm
area center, denoted by D, and studied the relationship between correlation (defined as ICC
and Diff) and D in 3 orthogonal directions (SI, AP, and ML) in all patients. The parameter D
was measured as the distance from the tumor center to the tracked diaphragm area,
following an Sl line on either sagittal or coronal MR images (Fig. 1). Evaluation of
relationship was accomplished by plotting the ICC or Diff values relative to the
corresponding D values for all patients, and then fitting those points to a curve using a
quadratic polynomial formula. From the trend of the fitted curve, we were able to find the
relationship between correlation and D.
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Figure 3 shows the comparison of liver tumor and diaphragm motion in the SI, AP, and ML
directions for patient 1. Figure 4 shows the Bland-Altman plot illustrating the difference
between the 2 types of motion for all patients.

The mean T 5 vValues were 16.5 mm (range, 4.5-24.6 mm), 10.6 mm (range, 6.8-15.0 mm),
and 3.4 mm (range, 1.8-4.0 mm) in the SI, AP, and ML directions, respectively. In
comparison, the mean Diamygy Values were 16.6 mm (range, 4.0-25.1 mm), 10.2 mm (range,
7.4-15.2 mm), and 4.4 mm (range, 2.1-6.9 mm) in the SI, AP, and ML directions,
respectively. The mean Tgye values were 15.2 mm (range, 10.4-18.6 mm), 7.5 mm (range,
3.7-11.6 mm), and 0.6 mm (range, 0.6—1.3 mm) in the SI, AP, and ML directions,
respectively. In comparison, the mean Diage values were 15.7 mm (range, 10.8-19.0 mm),
7.7 mm (range, 3.8-15.8 mm), and 1.6 mm (range, 0.5-2.0 mm) in the SI, AP, and ML
directions, respectively. For both liver tumor and diaphragm motion, motions along the Sl
and AP directions were much larger than those along the ML direction.

Table 1 summarizes the results of all patients. On average, the motion trajectories between
tumor and diaphragm matched well in the SI and AP directions, and correlated poorly in the
ML direction: the mean (xSD) PDP values were 4.5% + 0.5%, 7.1% + 1.1%, and 17.5% +
4.5% in the SI, AP, and ML directions, respectively; the mean values of ICC were 0.98 +
0.02, 0.97 £ 0.02, and 0.08 + 0.06 in the SI, AP, and ML directions, respectively; and the
mean values of Diff were 2.8 + 1.4 mm, 2.4 £ 1.1 mm, and 2.2 + 0.5 mm in the SI, AP, and
ML directions, respectively.

Figure 5 shows the relationship between correlation and D in 3 orthogonal directions (Sl,
AP, and ML). The triangles and dots represent the ICC values and the Diff values relative to
the corresponding D values, respectively. The solid and dashed curves were determined by
fitting all the ICC values and the Diff values using a quadratic polynomial curve in each
direction. Observations show that the ICC values decreased with an increase of D values,
and the Diff values increased with an increase of D values, in 3 orthogonal directions. The
smaller the distance between the tumor and the tracked diaphragm area, the better their
correlation.

Discussion

Tumor motion management has been recognized as one of the most significant tasks in
treating dynamic tumors, especially for advanced treatment techniques such as proton
therapy and intersity modulated radiation therapy, in which precise tumor localization and
immobilization are required (23). Effective reduction of radiation margins can be achieved
through breath-hold or respiratory gating, both of which require consistent correlation
between the tumor location and surrogates of monitoring respiratory, such as skin surface
position, diaphragm, or others. In this study, we developed a MRI-based technique to assess
liver tumor motion and its relationship to diaphragm motion. Our primary goals were to
understand how the liver tumor moves during respiration in liver cancer patients, whether
diaphragm can be used as a reliable surrogate to predict such motion, and how the distance
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between the tumor and the tracked diaphragm affects their correlation. We not only
confirmed the observations regarding liver motion by Yin et al (12) but also systematically
analyzed the correlation between liver tumor and diaphragm motion in 3 orthogonal
directions (SI, AP, and ML).

Although this new approach is an improvement over fluoroscopy, a limitation of this study
lies in the suboptimal tumor-to-tissue contrast-to-noise ratio (CNR) of the FIESTA/
TrueFISP sequence with T2*/T1 weighting. Compared with T2-weighted MR images, the
T2*/T1 weighting provides inferior tumor-to-tissue CNR. In addition, during image
acquisition, artifacts often occur owing to the presence of resonance frequency offsets,
originating from suboptimal synthesizer frequency settings (23). Ghost artifacts may also
degrade image quality (24). The existence of these artifacts in critical areas, including tumor
and normal tissue, hampers accurate tumor and organ delineation, which in turn affects
motion tracking accuracy. In this study, imaging parameters of the FIESTA/TrueFISP
sequence were carefully adjusted to mitigate the previously mentioned artifacts as much as
possible. In addition, MR image distortion is a relevant concern. However, studies have
shown that the MR distortion is less than 1 mm within 15-cm radius (25). Because the
tracked tumors or diaphragm areas are usually at the center of the MR images, MR
distortion is expected to be minimal.

Another limitation of this study is that both liver tumor motion and diaphragm motion were
measured as a combination from two 2D views (coronal and sagittal) and not directly from a
3D volumetric image. For large and irregularly shaped tumors, respiration-induced rotations
and deformations may render the 2D-2D method inaccurate, given that a single slice may
not reflect the motion of the entire tumor volume and that the cross-plane tumor motion can
result in a different motion profile of a tumoral edge. The liver tumor motion in the SI
direction was not significantly different whether it was extracted from the coronal plane or
from the sagittal plane. However, it might be more sensible to extract the SI motion from the
sagittal plane because the through-plane motion (ie, ML) was uniformly small.

Potential errors may also occur in the motion trajectories owing to the limitation of the
tracking algorithm used. The tracking resolution in the algorithm corresponds to the slice
pixel resolution, which cannot detect motion displacement smaller than 1 slice pixel size.
Because the tumor motion in the ML direction is small in magnitude, potential errors may
occur in tracking results along this direction. Advanced tracking algorithms with better
interpolation models will be helpful in future studies. Nevertheless this is currently a lesser
concern, given that only diaphragm motion in the Sl direction is to serve as a breathing
surrogate.

A final limitation is that this pilot study included a limited number of patients. When using
the quadratic polynomial curves to fit the ICC or Diff values corresponding to different D
values between tumor and tracked diaphragm, a larger pool of patients is needed to better
define the trend of these 2 curves.

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2015 February 19.
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Conclusions

Our results showed good correlation between liver tumor motion and diaphragm motion in
the Sl and AP directions. This implies that diaphragm motion in the SI and AP directions
could be a potentially reliable surrogate for predicting liver tumor motion. Although
diaphragm motion was poorly correlated with liver tumor motion in the ML direction, the
small magnitude of liver tumor motion in that direction suggested that it might be clinically
irrelevant.
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Summary

This study aims to investigate the relationship between liver tumor motion and
diaphragm motion by comparing their motion trajectories obtained from cine—-magnetic
resonance imaging. This study showed that liver tumor motion had good correlation with
diaphragm motion in the superior—inferior and anterior—posterior directions. Tumor and
diaphragmatic motion had high concordance when the distance between the tumor and
tracked diaphragm area was small.
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Fig. 1.
Coronal (a) and sagittal (b) views of tumors (circles) from all patients and one sample

tracked diaphragm area (dashed squares). The measured distance between tumor and tracked
diaphragm area was indicated by the superior—inferior line with the arrows on both ends.
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Fig. 2.
The normalized cross-correlation method was used for motion tracking. Point (X, y) was

located at the center of the imaging template Aq, and point (X + i, y + j) was the
corresponding point in the fixed background image A,. Vector (i, j) reflected the shift of A;.
The search window was defined to confine the range of each tracking.
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Comparison of liver tumor and diaphragm motion trajectories determined by using the
tracking technique based on normalized cross-correlation in 3 orthogonal directions
(superior—inferior [SI], anterior—posterior [AP], and medial-lateral [ML]) for patient 1.
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Fig. 4.
Scatter plots showing the results of Bland-Altman analysis for liver tumor and diaphragm

motion trajectories in the superior—inferior (A), anterior—posterior (B), and medial-lateral
(C) directions for all patients. The circles represent the difference values of the magnitudes
(Traj_D - Traj_T) between diaphragm motion (Traj_D) and tumor motion (Traj_T). The
solid lines represent the top and bottom 95% confidence interval values.
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Fig. 5.

Tk?e relationship between correlation (defined as intraclass correlation coefficient [ICC] or
Diff) and distance (D) between liver tumor and tracked diaphragm area in the superior—
inferior (A), anterior—posterior (B), and medial-lateral (C) directions in all patients. The
triangles and dots represent the ICC values and the Diff values relative to corresponding D
values, respectively. The solid and dashed curves were determined by fitting the ICC values
and the Diff values using a quadratic polynomial formula in each direction.
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