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Abstract

Background: Respiratory motion presents a challenge in radiotherapy of tho-
racic and upper abdominal tumors. Techniques to account for respiratory motion
include tracking. Using magnetic resonance imaging (MRI) guided radiotherapy
systems, tumors can be tracked continuously. Using conventional linear accel-
erators, tracking of lung tumors is possible by determining tumor motion on
kilo voltage (kV) imaging. But tracking of abdominal tumors with kV imaging
is hampered by limited contrast. Therefore, surrogates for the tumor are used.
One of the possible surrogates is the diaphragm. However, there is no universal
method for establishing the error when using a surrogate and there are particu-
lar challenges in establishing such errors during free breathing (FB). Prolonged
breath-holding might address these challenges.

Purpose: The aim of this study was to quantify the error when using the
right hemidiaphragm top (RHT) as surrogate for abdominal organ motion
during prolonged breath-holds (PBH) for possible application in radiation
treatments.

Methods: Fifteen healthy volunteers were trained to perform PBHs in two sub-
sequent MRI sessions (PBH-MRI1 and PBH-MRI2). From each MRI acquisition,
we selected seven images (dynamics) to determine organ displacement dur-
ing PBH by using deformable image registration (DIR). On the first dynamic,
the RHT, right and left hemidiaphragm, liver, spleen and right and left kid-
ney were segmented. We used the deformation vector fields (DVF), generated
by DIR, to determine the displacement of each organ between two dynam-
ics in inferior-superior (IS), anterior-posterior (AP), left-right (LR) direction and
we calculated the 3D vector magnitude (|d|). The displacements of the RHT,
both hemidiaphragms and the abdominal organs were compared using a lin-
ear fit to determine the correlation (R? of the fit) and the displacement ratio
(DR, slope of the fit) between displacements of the RHT and each organ. We

List of Abbreviations: 4DCT, 4-dimensional computed tomography; AP, anterior-posterior; BTFE, balanced turbo field echo; CO,, carbon dioxide; DIBH, (short)
deep-inspiration breath-hold; DIR, deformable image registration; DR, displacement ratio; DVF, deformation vector field; FB, free breathing; FOV, field-of-view; ICE,
inverse consistency error; IER, inverted element ratio; IQR, inter-quartile range; IS, inferior-superior; J, jacobian determinant; kV, kilo voltage; LR, left-right; MRI,
magnetic resonance imaging; O,, Oxygen; PBH, prolonged breath-hold; RHT, right hemidiaphragm top; ROI, region-of-interest.
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ACCURATE MOTION ESTIMATION USING DIAPHRAGM

quantified the median difference between the DRs of PBH-MRI1 and PBH-
MRI2 for each organ. Additionally, we estimated organ displacement in the
second PBH by applying the DR from the first PBH to the displacement of the
RHT measured during the second PBH. We compared the estimated organ
displacement to the measured organ displacement during the second PBH.
The difference between the two values was defined as the estimation error
of using the RHT as a surrogate and assuming a constant DR over MRI
sessions.

Results: The linear relationships were confirmed by the high R? values of the
linear fit between the displacements of the RHT and the abdominal organs (R?
> 0.96) in the IS and AP direction and |d|, and high to moderate correlations in
the LR direction (0.93 > R? > 0.64). The median DR difference between PBH-
MRI1 and PBH-MRI2 varied between 0.13 and 0.31 for all organs. The median
estimation error of the RHT as a surrogate varied between 0.4 and 0.8 mm/min
for all organs.

Conclusion: The RHT could serve as an accurate surrogate for abdominal
organ motion during radiation treatments, for example, in tracking, provided the
error of the RHT as motion surrogate is taken into account in the margins.
Trial registration: The study was registered in the Netherlands Trial Register

(NL7603).

KEYWORDS

1 | INTRODUCTION

Respiratory motion presents a challenge in the treat-
ment of thoracic and upper abdominal tumors and
results in larger treatment volumes, thus increasing
the risk of radiation-associated toxicities. Techniques
to account for respiratory motion include tracking.’
Magnetic resonance imaging (MRI)-guided radiother-
apy systems provide tracking of tumors through direct
imaging of the tumor/target? Using conventional lin-
ear accelerators, tracking of lung tumors is possible
directly by determining tumor motion on kilo voltage
(kV) imaging.® But tracking of abdominal tumors with
kV imaging is hampered by limited contrast. Therefore,
surrogates for the tumor such as implanted fiducials,*
external devices,” or internal structures® are used. One
of the possible internal structures is the diaphragm.’—°

The value of the diaphragm as a universal surrogate
for abdominal organs is difficult to establish during free
breathing (FB),/~° for several reasons. First, analyzing
motion of entire organs in three dimensions, requires 4-
dimensional computed tomography (4DCT), that is, 3D
images at, for instance, ten phases of respiration. This
is prone to artefacts due to irregular breathing.'®"" Sec-
ondly, there are substantial phase differences between
diaphragm motion and motion of abdominal organs
during FB.'213

Breath-holding might address these issues. During
all breath-holds, the diaphragm and all internal organs
drift passively in predominantly the cranial direction,'
due to the difference in gas exchange of oxygen (O,)
and carbon dioxide (CO,) between the lungs and the

breathing control, motion surrogate, MRI

bloodstream.'® The diaphragm as surrogate during
short (typically <60 s)'® deep-inspiration breath-holds
(DIBH) has been studied for pancreas tumors, with cor-
relation of >0.8 reported for 41% of DIBHs."* The
typically short duration of a DIBH limits the ability
to accurately quantify the value of the diaphragm as
surrogate.'*

Using prolonged breath-holds (PBH) with durations
of >5 min to study the diaphragm as surrogate for
abdominal organ motion avoids the disadvantages of FB
and the short duration of DIBH. First, the organ motion
velocity is low'” and phase differences should be negli-
gible. Secondly, more accurate analysis is possible due
to the longer duration of a PBH, during which abdom-
inal organ displacements are larger.!” Thirdly, the low
motion velocity allows for large field-of-view (FOV) 3-
dimensional MRI with minimal motion artefacts, enabling
detailed analyses on motion of organs within a large
FOV.For these analyses, deformation vector fields (DVF)
generated by deformable image registration (DIR) have
shown great potential in previous studies analyzing
motion patterns.'82"

The aim of this study was to quantify the error when
using the right hemidiaphragm top (RHT) as surrogate
for abdominal organ motion during PBH for possible
application during radiation treatments. We compared
the displacements of abdominal organs with the grad-
ual drift of the RHT using a linear fit. We introduced
the novel term of displacement ratios (DR) between the
organs of interest and the RHT to quantify this relation,
and quantified the difference between DRs of repeated
PBHs.
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2 | METHODS

21 | Volunteer cohort

The study was approved by the medical ethics com-
mittee of the Amsterdam University Medical Center
(NL64693.018.18). Eighteen healthy volunteers enrolled
in this study, after giving written informed consent. None
of them had previous experience with prolonged breath-
holding. Fifteen volunteers (V1-V15; 8M/7F) with median
age of 22 (range 21-62) years completed all sessions.
Two volunteers dropped out during practice sessions
due to communication issues and one for health reasons
unrelated to the study interventions.

22 |
safety

Training, volunteer preparation and

Prolonged breath-holding, for example, breath-holding
for longer than 1 min,'® is a promising technique
to control respiratory motion. This however is not
widely applied in radiotherapy. This technique is fea-
sible by non-invasive mechanical (hyper)ventilation on
conscious subjects. To do this safely and comfortably,
subjects are trained. Training procedures have been
described previously by van Kesteren et al.'” All vol-
unteers were trained in two sessions to be ventilated
through a facemask connected to a Hamilton MR1
mechanical ventilator (Hamilton Medical AG, Bonaduz,
Switzerland). This enabled mechanical hyperventilation
with 60% O, to reduce the end-tidal partial pressure of
CO, to 20 mmHg inducing a state of hypocapnia, after
which volunteers performed a PBH from end-inspiration
for as long as they could ?? PBH durations vary between
volunteers and were at median 7 min (range 2.0-11.5
min; Table S1 in supplementary material). The PBH was
terminated by the investigator if any of the safety limits
was breached.'” During a PBH, the RHT drifts pas-
sively in predominantly cranial direction by at median
3 mm/min.'”” MR images were acquired during two
PBHs (PBH-MRI1 and PBH-MRI2), with at least 1 week
between them. All equipment used was MRI-safe at
3T

2.3 | MRI acquisition

During each PBH, 3D cine-MRIs were acquired on a 3T
MRI (Ingenia, Philips Healthcare) using a fast balanced
turbo field echo (BTFE) sequence with a FOV including
the lung tops and both kidneys (Table 1). A 3D MR image
was acquired every 14 s (i.e., a dynamic) resulting, in, for
example, 21 dynamics over the course of a 5 min PBH.
This acquisition time per dynamic should be sufficient to

MEDICAL PHYSICS——

TABLE 1 Overview of MRI scanning parameters.
Parameter Value

MRI strategy 3D cine-MRI
Sequence BTFE
Resolution (mm?) 16x16x16

Field of view (mm?) 450 x 400 x 240-280

Echo time (ms) 1.26
Repetition time (ms) 2.5

Flip angle (°) 20
Dynamic time (s) 11.4-14.5
Slice orientation Coronal

Water-fat shift (pixels) 0.389
Abbreviation: BTFE, balanced turbo field echo.

accurately quantify organ motion during PBH given the
median 3 mm/min drift of the RHT."”

We then determined organ displacements by: (1)
generation of DVFs using DIR on a selection of
dynamics, (2) segmentation of regions-of-interest (ROI),
and (3) calculation of ROI displacements using the
DVFs.

2.4 | Image registration

For image registration, seven dynamics were selected
(the first, dynamics at 25%, 50%, and 75% of the PBH
duration, and the last three). A groupwise approach of a
DIR algorithm was implemented via Elastix v.5.0 (Image
Sciences Institute, University Medical Centre Utrecht,
The Netherlands)?® with all seven dynamics input as a
4D volume (i.e., a time-series of 3D MRI volumes). From
this 4D volume, a virtual reference image was created
as a mean of the seven dynamics. The groupwise reg-
istration consisted of forward registrations, that is, from
each of the dynamics towards the virtual reference, and
inverse registrations from the virtual reference to each
of the dynamics (Figure 1).2* The DIR algorithm used a
2"d order B-spline transformation model and optimized
a variance over last dimension metric in the forward reg-
istrations, and a displacement magnitude penalty metric
in the inverse registration (configuration files in supple-
mentary material). This groupwise approach yields a set
of DVFs between each volume and a virtual reference
volume. From these DVFs, registrations between each
dynamic with respect to the first dynamic were calcu-
lated. This was done by summation of the DVF of the
forward registration of Dyn, to Dyng and the DVF of the
inverse registration of the respective dynamics to Dyng
(Equation 1).

DVF (Dyn; — Dyny) = DVF (Dyn; — Dyng)
+ DVF~' (Dyny — Dyng) (1)
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Dyn,

FIGURE 1

Dyn,

Dyng Dyng Dyn,

==P- DV/F (Forward registration)

DVF (Inverse registration)

Groupwise deformable image registration. The black arrows indicate the forward registrations from the seven dynamics (Dynq —

Dyny7) to the virtual reference (Dyng). The gray arrows indicate the inverse registrations from the virtual reference to the seven dynamics.
Deformation vector fields (DVFs) from the first dynamic to any subsequent dynamic were calculated by summing the DVFs from a forward

registration and an inverse registration following Equation (1).

2.5 | Quality assurance

The precision of the calculated displacements depends
on the accuracy of the registration. Therefore, the reg-
istration quality was assessed using two quality metrics:
the inverse consistency error (ICE)2° and the inverted
element ratio (IER).2 The ICE provides a measure of
the consistency of registrations of two dynamics and
was defined as the remaining displacement after vec-
tor composition of both the forward and inverse DVFs
of a registration. The IER employs the spatial Jacobian
determinant J, providing a measure of the deforma-
tion that a voxel is subjected to. J is defined as the
quotient of the deformed and undeformed volume, and
the outcome depicts the type of deformation that has
occurred, that is, local expansion (J > 1), local com-
pression (J < 1) or no change (J = 1) whereas J < 0
indicates tissue loss. The latter indicates "foldings" in the
transformation matrix, meaning that part of the voxel dis-
appeared. As this is physically not plausible, any inverted
elements in J would indicate registration failure. The IER
is then defined as the quotient of the number of inverted
elements and the total number of elements (Equation 2).

# of inverted elements
IER = Total # of elements 2)

ICE values of <1 mm?’ and IER of <0.27%2® were
considered as acceptable values for DVF quality.

2.6 | Diaphragm and abdominal organ
segmentation

Four trained observers segmented the liver, the spleen,
the right and left kidney, right and left hemidiaphragm

FIGURE 2

Diaphragm and abdominal organ segmentations.
Segmentations of the diaphragm and abdominal organs visualized in
a single sagittal slice for the left (L) and right (R) side. L: the left
kidney (green), the spleen (orange) and the left hemidiaphragm
(purple). R: the right kidney (pink), the liver (yellow), the right
hemidiaphragm (blue) and the right hemidiaphragm top (red).

and RHT upon the first dynamic of each PBH (Figure 2).
The liver, spleen and right and left kidneys were seg-
mented using departmental delineation guidelines, and
discussed to reach consensus. The hepatic veins and
the left portal vein were included in the liver delin-
eation whereas the inferior vena cava was excluded.
The spleen was delineated excluding the splenic hilum.
The kidney delineations included the pyelum but not the
hilum. Furthermore, the superior 1 cm of the liver (i.e.,
the liver dome) was segmented to be used as a sur-
rogate for the right hemidiaphragm. Any area located
caudally from the heart or left lung was excluded from
this segmentation. The RHT was defined as a region
with a 1.5 cm radius centered on the most cranial point
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of the right hemidiaphragm and was extracted from
the right hemidiaphragm segmentation. The left hemidi-
aphragm was segmented by delineating a 1 cm volume
below the left lung-abdomen interface as surrogate for
the left hemidiaphragm (Figure 2). All procedures were
performed in Velocity Al software v.4.1. (Varian Medi-
cal Systems Inc.). The segmentations were exported in
Radiotherapy Structure DICOM format and converted
into NIFTI format using 3D Slicer software v.4.10.2
r282572° for subsequent motion analysis.

2.7 | Displacement quantification

Each voxel within a DVF contains the 3D displace-
ment between two dynamics from which the inferior-
superior (IS), anterior-posterior (AP), and left-right (LR)
components were extracted and the 3D displacement
magnitude (|d|) calculated. To determine organ displace-
ment, the vectors encompassed by a specific organ
were selected. Subsequently, the voxel count per dis-
placement value was computed and visualized in a
histogram for each organ, showing the displacement
distribution. Displacement values centered on a sin-
gle sharp peak indicated relatively rigid displacement,
whereas a broader distribution or multiple peaks were
indicative of a more heterogeneous movement pat-
tern within the organ such as rotation and deformation.
From the distributions we determined the median value
as representative value of organ displacement as this
value best represented motion of the entire organ. We
chose the inter-quartile range (IQR) as a measure of
displacement uncertainty.

2.8 | Analyses

Displacements in all directions of all organs over
time were calculated separately for PBH-MRI1 and
PBH-MRI2 per volunteer and were plotted against the
displacement of the RHT for PBH-MRI1 and PBH-MRI2.
These data points were linearly fitted, and the correla-
tion coefficient R? was calculated. Since this linear fit
was fixed at (0,0), R? values are limited from 0 at weak
to 1 at strong correlation. The slope of the linear fit,
that is, the DR, was calculated to quantify the relation
between the displacements of the RHT and the abdom-
inal organs. The DR is defined such that a value between
0 and 1 implies that the RHT has a larger displacement
than the abdominal organ, and a value larger than 1
implies that the abdominal organ has a larger displace-
ment than the RHT. Figure 3 shows an example how the
R? and DR were calculated for the displacement magni-
tude |d| of the RHT versus the right kidney. To establish
the reproducibility of the DR between PBH-MRI1 and
PBH-MRI2 for individual volunteers, the absolute differ-
ence and signed difference between the DRs have been

MEDICAL PHYSICS——

PBH-MRI2

18
= 15 PBH-MRI1 ’#‘
g N
'g < H e
=z @ Pid
— € 09 . Le HE
¥ s -,
= % 6 .-"E,//E' \
o o e
3 ,/{

0 5 10
Right hemidiaphragm top
displacement (mm)

15 20 25 30 35

FIGURE 3 Correlation plot between the displacement of the
right hemidiaphragm top and right kidney. An example of the linear fit
of the displacement magnitude |d| of the right hemidiaphragm top
versus displacements of the right kidney for PBH-MRI1 (gray) and
PBH-MRI2 (black) of one volunteer. From the linear fit, R? and the
displacement ratio (DR; slope of the fit) were extracted for further
analysis. R? values in this example are 0.99 (PBH-MRI1) and 0.97
(PBH-MRI2); displacement ratios (slope of the linear regression
lines) are 0.57 (PBH-MRI1) and 0.43 (PBH-MRI2). The DR difference
is 0.14.

calculated. The error of the RHT as a motion surro-
gate for each organ was calculated using Equation (3)
as the difference between estimated displacement (first
term) and actual displacement (second term) during
PBH-MRIZ2.

error = (DRpgH_mri1 X displacementryrppH-mri2)

—displacementorgan peH-MRI2 (3)

The Shapiro Wilk’s test combined with Q-Q plots indi-
cated that the data was not normally distributed. We,
therefore, used Wilcoxon’s signed rank test to deter-
mine significance of differences. A two-tailed p-value
of <0.05 was considered statistically significant. All sta-
tistical analyses were performed using SPSS (SPSS
Statistics Version 26, IBM, Armonk NY).

3 | RESULTS

Thirty MRI datasets acquired from 15 volunteers per-
forming PBHs were eligible for analysis. Two datasets
could not be analyzed due to an error in creating the 4D
volume required as input for the DIR algorithm. In the
remaining 28 datasets, the RHT, both hemidiaphragms,
the liver and spleen were included for analysis. In one
dataset, the left kidney had to be excluded due to par-
tially being outside the FOV, leaving n = 27 left kidneys
to be analyzed. The right kidney was excluded in four
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FIGURE 4 Typical displacement distributions of the displacement magnitude |d| for all investigated organs. Distributions of rigid-like
displacement are characterized by a single sharp peak, whereas a distribution of deformable, less rigid displacement is characterized by a
broad distribution with (possibly) multiple peaks. Displacement distributions were classified as rigid-like for the right hemidiaphragm top, right
kidney and left kidney or less rigid displacement for the right hemidiaphragm, left hemidiaphragm, liver and spleen.

datasets due to partially being outside the FOV (n = 2)
and due to a coincidental finding unrelated to the study
interventions (n = 2), resulting in n = 24 right kidneys for
analysis. No DVFs were excluded because all ICE val-
ues were <1 mm (median 0.006 mm, IQR 0.015 mm)
and all IER values were <0.27% (median 0.00%, IQR
0.02%).

3.1 | Distributions of displacement
magnitude

Typical examples of distributions of displacement
magnitude |d| for the organs under investigation are
shown in Figure 4. These reflect the displacement of
each organ from the first to the last dynamic, selected
from various PBHs. Rigid displacement of an organ
would lead to a high voxel count around a single value,
resulting in a displacement distribution with a single,
sharp peak. Less-rigid, deformable displacement of
an organ would lead to high voxel counts at different
displacement values, resulting in a broad distribution
and (possibly) multiple peaks. Rigid displacement dis-
tributions were found for the RHT and both kidneys
whereas deformable, less rigid displacement distribu-
tions were found for both hemidiaphragms, the liver
and -to a lesser extent- the spleen. To best summarize

organ displacement, we extracted the median value as
representative value and IQR as uncertainty measure.

3.2 | Diaphragm and organ
displacement during PBH

Figure 5 is an example of the typical displacements
of all organs over the course of a PBH in all direc-
tions and |d|, with a linear fit for each organ. This
linear drift is observed for all organs in all PBHs.
The IS displacement is the dominant component in
|d| for the RHT, both hemidiaphragms and the liver.
AP and IS displacements are equally dominant for the
spleen and the AP displacement is dominant for both
kidneys. Moreover, right sided-organs typically move
to the left whereas left-sided organs move to the
right.

3.3 | Correlation between displacements
of abdominal organs and the RHT

Since the RHT, both hemidiaphragms and all abdom-
inal organs displace with a linear drift, we expect
a high correlation between the RHT and abdominal
organs. We analyzed R? values of the linear fit between
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FIGURE 5 Linear drift over time of all organs during a single PBH. Typical examples of displacements of the right hemidiaphragm top, left
and right hemidiaphragm and the abdominal organs under investigation over time during a prolonged breath-hold of one subject in three
directions: (a) inferior superior direction, (b) anterior-posterior direction (c) left-right direction (d) and the displacement magnitude |d|. Positive
values indicate (a) superior, (b) posterior and (c) left direction of displacement. Note that y-axis scales differ. All organs/structures show a linear
drift over time in each direction.

TABLE 2 :Correlation between the displacements of the right hemidiaphragm top and both hemidiaphragms and abdominal organs.
Correlation (R?) between IS AP LR |d|
RHT and Median (Q3-Q1) Median (Q3-Q1) Median (Q3-Q1) Median (Q3-Q1)

Right hemidiaphragm
Liver

Right kidney

Left hemidiaphragm
Spleen

Left kidney

1.00 (1.00-0.99)
0.98 (1.00-0.97)
0.99 (0.99-0.95)
0.99 (1.00-0.97)
0.99 (1.00-0.96)
0.98 (0.99-0.96)

1.00 (1.00-0.98)
0.98 (0.99-0.95)
0.97 (0.99-0.89)
0.99 (1.00-0.97)
0.97 (0.99-0.90)
0.97 (0.99-0.80)

0.93 (0.98-0.52)
0.89 (0.97-0.53)
0.64 (0.95-0.41)
0.77 (0.91-0.19)
0.78 (0.94-0.09)
0.80 (0.93-0.59)

1.00 (1.00-0.99)
0.99 (1.00-0.98)
0.99 (1.00-0.97)
0.99 (1.00-0.99)
0.99 (1.00-0.98)
0.99 (1.00-0.97)

Note: R? values were derived from the linear fit between the displacements of the right hemidiaphragm top and both hemidiaphragms and abdominal organs. High
correlations (R? >0.97) were found for all directions except left-right (0.64-0.93).

Abbreviations: |d|, 3D vector magnitude; AR, anterior-posterior; IS, inferior-superior; LR, left-right; RHT, right hemidiaphragm top.

displacements of the RHT and both hemidiaphragms
and abdominal organs over all PBHs in the three car-
dinal directions and for the displacement magnitude
|d|. Median R? values over all volunteers were at least
0.97 for all directions except for LR (minimum 0.64)
(Table 2). Lower values of R? for the LR component
of the displacement are expected due to the smaller
displacement in LR direction, approaching the voxel res-
olution of the scan. For each organ individually, the
variation in R? was least where displacement was great-
est (i.e., their IQRs increased from |[d| < IS < AP < LR).
For the AP direction the IQR was least when nearest to
the diaphragm, but this was not the case for the other
directions.

If there would be no difference in DRs between PBH-
MRI1 and PBH-MRI2, using the RHT as a surrogate
for abdominal organ motion would be highly accurate.
However, there was always a measurable, though small,
difference (Figure 6). The smallest difference (0.13)
was between the RHT and the right hemidiaphragm
that is, every millimeter displacement of the RHT, would
result in a median error of 0.13 mm when estimating
the displacement of the right hemidiaphragm. For the
right side, the more caudal the organ, the greater the
difference (0.17 for the liver, 0.21 for the right kidney).
This trend was not apparent on the left side (0.31 for
the left hemidiaphragm, 0.17 for the spleen, and 0.29
for the left kidney). Signed differences were randomly
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FIGURE 6 Box-plots showing displacement ratio differences between PBH-MRI1 and PBH-MRIZ2. (a) Absolute values of displacement ratio
differences and (b) signed displacement ratio differences for the different organs. Absolute differences show large differences between
prolonged breath-holds. Signed differences show that these differences are distributed around zero. Boxes: median value and lower and higher
quartiles, whiskers: lowest and highest data point within 1.5 times the inter-quartile range.
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FIGURE 7 Low errorin estimating abdominal organ motion

using the right hemidiaphragm top. Error in mm/min of the right
hemidiaphragm top estimating displacement of each organ. The
median error of the right hemidiaphragm top as a surrogate for all
organs varied between 0.4 and 0.8 mm/min. Boxes: median value and
lower and higher quartiles, whiskers: lowest and highest data point
within 1.5 times the inter-quartile range; "x" denotes the mean value.

distributed around zero and not significantly different
from zero (Wilcoxon’s sign rank test, p > 0.05). All DRs
for all organs and each individual PBH can be found in
the supplementary materials (Figures S1-S6).

The median error of the RHT as a surrogate for each

organ varied between 0.4 and 0.8 mm/min (Figure 7).

No obvious trend in error magnitude with IS or LR organ
location was observed.

4 | DISCUSSION

The diaphragm and upper abdominal organs move
as a result of breathing. Residual motion exists even

during PBHs in the form of a gradual drift.'” In this
study, we quantified the error when using the RHT as
surrogate for abdominal organ motion during PBH for
possible application in radiation treatments. We demon-
strated a novel method using DIR to calculate organ
displacements over a large FOV, and found high R?
values (i.e., strong correlations) between displacements
of the RHT and both hemidiaphragms and abdomi-
nal organs in IS and AP directions and for the vector
magnitude |d|. We also showed that abdominal organ
motion can be accurately estimated when using the
RHT top as surrogate during PBH, since the error is in
the order of 1-3 millimeters for each centimeter of RHT
displacement and below 1 mm per minute of breath-
holding.

The correlation between the displacement of
diaphragm and abdominal organs has been quantified
previously by several techniques, mostly by assessing
displacements of landmarks or tumors, which resulted
in a local measure of displacement.”~ Siva et al. corre-
lated probability density function of diaphragm motion
with cranio-caudal motion of the kidney apex’. Yang
et al. applied a normal-cross-correlation algorithm to
quantify correlation between diaphragm motion and
liver tumor motion on 2D MR images® Feng et al.
quantified the correlation between motion of superior
and inferior pancreas tumor borders and the diaphragm
also on 2D MR images.” We chose a more global
strategy applying DIR to quantify organ displacements,
which has the advantage that the calculated displace-
ment distributions provide a more general picture of
the motion including translations and deformations
determined from the calculated DVFs. ICE and IER
values of respectively <1 mm and <0.27% showed that
the registration quality was high. Therefore, we could
accurately quantify organ translations and deformations
across the entire FOV.
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We have chosen to summarize displacement dis-
tributions of rigid and less rigid organ displacement
in a single representative value. However, this sin-
gle value may not always be representative for the
entire organ or structure. The liver, for example, has
several lobes which to some extent can displace
independently;>°-32 and diaphragm displacement is lim-
ited at the medio-ventral side, and larger at the latero-
dorsal side.2® Separating structures or organs into differ-
ent segments might provide a better description of the
displacement of each segment as we demonstrate for
differences in displacement distributions of the right
hemidiaphragm and RHT. Using heat maps or deforma-
tion models3* might be helpful to accurately define dif-
ferent segments of an organ with different displacement
magnitudes.

We selected the RHT as surrogate since it is a clearly
distinguishable landmark on the diaphragm. Neverthe-
less,the RHT is not the part of the diaphragm that drives
the motion during a PBH nor has it the largest displace-
ment. Several segments of the diaphragm have different
displacement magnitudes and therefore influence dis-
placements of abdominal organs, depending on their
location. The kidneys may displace more than the RHT,
due to their retroperitoneal position. We observed that in
the DR, which is >1 in numerous cases for both kidneys.
This is much less the case for the liver, only in 3 out of
27 PBHs.

The strong correlations between displacements of
the RHT and both hemidiaphragms and abdominal
organs are similar to the results of Yang et al® Using
a normalized cross correlation tracking technique, they
found strong correlations between motion of the RHT
and liver tumors during FB in IS and AP directions
(r = 0.97 and r = 0.98, respectively). The moderate
to strong correlations (median R? of 0.64—0.93) in LR
direction that we found are greater than what Yang
et al. reported (r = 0.08)%. We also found greater cor-
relations between the displacement of the ipsilateral
hemidiaphragm and both kidneys in IS direction than
reported by Siva et al. (r = 0.52 and r = -0.18 for the
right and left kidney, respectively).” Our R? values are
also greater than previously reported in literature for
other abdominal organs. Feng et al. compared motion of
superior and inferior pancreas tumor borders with that
of the right hemidiaphragm on 4DCT images during FB
and reported weak correlations between the motion of
the right hemidiaphragm and that of pancreatic tumors
(-0.18 < r < 0.43)? Lens et al. found high correlations
(r > 0.8) between motion of the RHT and pancreatic
tumor fiducials during DIBH on 30 s CBCT movies in
41% of DIBHSs in IS direction and 22% of DIBHs in AP
direction.'

Lens et al. used a pooled approach to measure
the slopes of the correlation plots for diaphragm dis-
placement versus displacement of fiducial markers in
the pancreas during DIBH. They concluded that the
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diaphragm was not a reliable surrogate for pancreatic
tumor motion during DIBH'* and recommended an
individual approach. Following this recommendation,
we determined the DR, the slope of the linear fit, for
each PBH separately, and showed that the RHT can be
used to accurately estimate abdominal organ motion.
Our results also show that variation in DR differences
increased with more caudal organ location. This is in
agreement with results of Huijskens et al., who found
in paediatric cancer patients that position variation
of the ipsilateral diaphragm was more representative
for position variations of the liver and spleen than for
kidney position variations3® Additionally, we observed
differences in DR within volunteers, that is, between
PBHs of individual volunteers. It has been previously
reported that respiratory patterns may change during
radiation therapy>® however the drift of the RHT and all
organs is linear throughout the PBH with constant veloc-
ity. This drift is variable between subjects and between
PBHs, as the gas exchange in the lungs depends on the
metabolism of the person at that very moment. Since
we cannot control this, we estimated the displacement
errors of the various organs when using a measured
drift of the RHT during one PBH and apply this to
organ motion during subsequent PBHs. The difference
in DRs between these PBHs may be partially caused
by variations in initial diaphragm position of repeated
inspiration breath-holds, as we reported previously.'”
However, although the initial diaphragm position at the
start of repeated PBHs was equal in three volunteers,
the DRs during each of these PBHSs varied. These vari-
ations in DR may be caused by inter-fraction anatomical
variation, such as stomach filling, which could influence
displacements of nearby organs.’38

A strength of our study includes the typically longer
durations of PBHs (2—12 min),'” which enabled us to
accurately analyze the validity of the RHT as surrogate
for displacements of both hemidiaphragms and abdom-
inal organs, since larger displacements occur during
PBH compared to DIBH. It would be interesting to gen-
eralize our results to DIBH and/or FB, since these are
used in clinical practice. During DIBH, the error in esti-
mating abdominal organ motion using RHT is expected
to be in the order of sub-millimeters, since the median
estimation error during PBH is <1 mm/min (Figure 7),
whereas the DIBH duration is less than 60 s."® However,
it has been shown that an initial (and larger) settle-
ment of the diaphragm occurs during the first 10 s
of DIBH.2? Similarly, to DIBH in clinical practice, PBHs
with 5 min duration may be repeated up to 9 times,
by re-introducing hypocapnia within 3 min.*® The DR
difference, which provides an error based on the dis-
placement of the RHT rather than breath-hold duration,
could be used to take into account the initial settlement
of the diaphragm at the start of a DIBH. Generalizing
our results to FB, for example during tracking, is a bit
more challenging. During breath-holding, the diaphragm
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and abdominal organs drift passively due to the gas
exchange between the lungs and the bloodstream.!®
Contrarily, organ displacements during FB are caused
by the diaphragm actively driving respiratory motion.
Although the biomechanics are different and a phase
difference between diaphragm motion and abdominal
organ motion exists, we may assume that the DRs found
here during PBH might be roughly similar during FB. This
would allow the use of the DR to estimate the magnitude
of abdominal organ motion based on the motion of the
RHT, with a median error of 0.13-0.31 cm for every cm
of RHT displacement.

PBHs may solve several limitations in tracking as
mentioned in previous studies®*! Remmerts et al.
investigated markerless tracking of lung tumors using
kV imaging during FB and reported on the occurrence
of time intervals without successful tracking of the mov-
ing tumor due to image saturation, as a result of over
projection of the spine. When applying PBH instead
of FB, motion during such time intervals without track-
ing would be minimal due to the 3 mm/min drift of
the diaphragm. Consequently, the potential dosimet-
ric consequences of unsuccessful tracking would be
decreased. Similarly, Hindley et al. used kV imaging
to track the diaphragm and investigate the applicabil-
ity of using the diaphragm as surrogate for lung tumor
motion.*’ They found that when the spine occluded
the left diaphragm the algorithm would track the right
diaphragm, resulting in a time interval with erroneous
estimations of left lung tumor motion. The dosimetric
impact of these erroneous estimations might decrease
when tracking would be performed during PBH, since
motion during this time interval with unsuccessful track-
ing would be minimal. Other sources of error reported
by Remmerts et al. include a limited number of pre-
vious matches, where a small mismatch may result
in a large deviation in estimated 3D position.> During
PBH, displacements are slow and gradual, and mis-
matches are expected to occur less. Also, Hindley et al.
use a restricted search window based on the previous
diaphragm position, which in case of deep-inspiration
or coughing may produce less accurate estimates of
diaphragm position. Sudden deep inspirations do not
occur during PBH and in our study none of the PBHs
was prematurely stopped due to coughing, potentially
resulting in more accurate tracking of the diaphragm
during PBH.

The applicability of the RHT as surrogate for abdom-
inal organ motion in tracking depends on the ability
of the RHT to be tracked during radiation treatments.
Hindley et al. have shown that real-time tracking of the
right hemidiaphragm was feasible in six lung cancer
patients during FB using kV imaging on a conven-
tional linear accelerator. The diaphragm could be tracked
successfully and lung tumor displacement could be esti-
mated with localization errors of 1.6—-6.7 mm, 1.2—4.0
mm, and 0.5-3.1 mm in the IS, AP and LR direc-

tions, respectively*' Potentially, these localization errors
could be reduced when tracking would be performed
during PBH. Alternatively, when tracking would not be
feasible, diaphragm motion could be determined using
cone-beam CT at the start of a treatment fraction.
Subsequently, the intra-fractional organ motion can be
derived using the DR to design an optimal adaptive
plan.

5 | CONCLUSION

Displacements of abdominal organs highly correlate
with displacements of the RHT during PBH. The error
when using the RHT as surrogate for abdominal organ
motion are at median between 0.13 and 0.31 cm for
each centimeter of RHT displacement and between
0.4 and 0.8 mm per minute of breath-holding. There-
fore, the RHT can serve as a surrogate for abdominal
organ motion in radiotherapy, for example, during track-
ing, provided that the small estimation error is taken into
account in the margins.
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