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Purpose: Our purpose was to assess the suitability of airway-implanted internal fiducial markers and an external surrogate of
respiratory motion for motion management during radiation therapy of lung tumors.

Methods and Materials: We analyzed 4-dimensional computed tomography scans acquired during radiation therapy simulation for
28 patients with lung tumors who had anchored fiducial markers bronchoscopically implanted inside small airways in or near the
tumor in a prospective trial. We used a linear mixed model to build population-based correlative models of tumor and surrogate
motion. The first 24 of the 28 patients were used to build correlative models, and 4 of the 28 consecutive patients were excluded and
used as an internal validation cohort. Of the 24 patients from the model building cohort, all were used for the models based on the
internal fiducial. The external surrogate was completely visualized in 11 patients from the model building cohort, so only those were
used for the models based on the external surrogate. Furthermore, we determined the predicted residual error sum of squares for our
correlative models, which may serve as benchmarks for future research.
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Results: The motion of the internal fiducials was significantly associated with the tumor motion in the anterior-posterior (P < .0001)
and superior-inferior (SI) directions (P < .0001). We also observed a strong correlation of the external surrogate anterior-posterior
motion to the tumor dominant SI motion (P < .0001). In the validation cohort, the internal fiducial SI motion was the only reliable

predictor of lung tumor motion.

Conclusions: The internal fiducials appear to be more reliable predictors of lung tumor motion than the external surrogate. The
suitability of such airway-implanted internal fiducial markers for advanced motion management techniques should be further
investigated. Although the external surrogate seems to be less reliable, its wide availability and noninvasive application support its
clinical utility, albeit the greater uncertainty will need to be compensated for.

© 2021 The Author(s). Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Precise delivery of high effective doses of therapeutic
radiation with optimal avoidance of nearby normal
organs at risk is the hallmark of modern radiation therapy
(RT). Image guidance and respiratory-motion manage-
ment are crucial for delivering conformal doses to moving
targets because these techniques optimize the accuracy of
target localization and may enable normal tissue sparing,'

In passive motion management methods, the planning
target volumes are often defined by encompassing the
entire range of tumor motion observed on 4-dimensional
computed tomography (4D-CT), the so-called “internal
target volume” approach,” or by using a midventilation
approach.” Passive motion management methods often
result in large target volumes, thus increasing normal tis-
sue exposure to irradiation. In contrast, active motion
management techniques, including breath-hold, gating,
and tracking may allow for more accurate target localiza-
tion and thus facilitate dose escalation and sparing of
adjacent healthy tissues. In breath-hold techniques, a
reproducible state of maximum breath-hold in inspiration
(deep-inspiration breath-hold [DIBH]) or expiration
(deep-expiration breath-hold) is used to immobilize the
target.” In respiratory gating, the breathing cycle is moni-
tored, and the beam turned on only during a predefined
interval.” Real-time tumor tracking during RT holds great
potential in increasing confidence in precisely targeting
the true tumor position and may hypothetically eliminate
the need for tumor-margins to account for motion. The
motion management techniques can be accomplished by
different signals of respiratory motion: (1) imaging of the
tumor itself via, for example, fluoroscopy; (2) imaging of
radiopaque internal fiducial markers implanted in or near
the tumor; (3) inference of the tumor position from exter-
nal surrogates of respiratory motion; and (4) nonradio-
graphic tracking of an active or passive signaling device
implanted in or near the tumor.’

Recently, a world-wide survey assessed the clinical
practice of respiratory motion management, including
gating in free-breathing or breath-hold and tracking, in
200 radiation oncology departments.” External surrogates
were the most commonly used signal for motion

management (61%). However, there might be substantial
error between external surrogates and internal tumor
motion.”” Internal fiducial markers are thought to be
more reliable for respiratory motion management. These
may take the form of radiopaque fiducials that can be
placed either percutaneously or using an intravascular
coil method. Percutaneous placement of fiducial markers
is an invasive procedure and may lead to complications
such as pneumothorax'’ and hemorrhage.'' Alternatively,
fiducial markers may be deployed endobronchially using
navigational bronchoscopy.'”"” An anchored internal
fiducial that functions as an electromagnetic transponder
has been developed and approved by the U.S. Food and
Drug Administration for motion management in thoracic
malignancies'”; the anchored design prevents them from
migrating within the airways.'”'® After the bronchoscopic
implant of 3 such internal fiducials inside the small air-
ways in or near the tumor, they can be tracked during RT
using an electromagnetic array placed above the patient
and used to predict the target position.'”

The accuracy of predicting the target position based on
external or internal surrogates is a key issue of motion
management techniques.” Quantifying the correlation of
respiratory motion of surrogates and tumors and deter-
mining random and systematic errors may increase confi-
dence in the delivered dose and facilitate their use for
active motion management techniques, such as breath-
hold, gating or tumor tracking, and the deployment of
limited tumor margins to address respiratory motion.

In this in silico study, using 4D-CT data from a pro-
spective trial, we tested the hypothesis that motion of
bronchoscopically airway-implanted internal fiducial
markers and/or a commonly used external surrogate for
monitoring respiratory motion are well correlated with
lung tumor respiratory motion during free-breathing. We
then built population-based correlative models for pre-
dicting tumor displacement based on the displacement of
the studied surrogates to assess the suitability of internal
fiducials and the external surrogate for subsequent use at
treatment to determine the tumor position of the day in
the presence of interfraction variability.

A strong population-based correlation of surrogates
with tumor position during free-breathing would increase
confidence in the internal fiducials and warrant further
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investigation of their application for advanced motion
management techniques such as tumor tracking or gating.
An ongoing prospective trial (NCT No. NCT02434809;
www.clinicaltrials.gov) is currently investigating gating
based on such airway-implanted fiducials, which function
as electromagnetic transponders, to reduce target position
uncertainty in radiation treatment of lung cancer, while
another ongoing trial (NCT No. NCT02111681; www.clin
icaltrials.gov) is studying DIBH based on the same inter-
nal fiducials.

Methods and Materials

Patients

The cohort in this study consists of 28 patients with
lung tumors in an institutional review board—approved
prospective protocol (NCT No. NCT02111681; www.clini
caltrials.gov) who were treated with RT during DIBH that
was monitored and gated by a system to track implanted
electromagnetic transponders. As part of the protocol, the
patients underwent a 4D-CT at simulation in uncoached
free breathing, using a commercially available system for
motion management that uses an external surrogate. This
system tracks an infrared reflective gating block on the
patient’s anterior abdominal surface, slightly inferior to the
xyphoid, as an external surrogate of respiratory motion.

From the cohort of 28 patients, the first 24 treated in
the study protocol were used to build correlative models
predicting tumor displacement, while the consecutive 4
patients were used as an internal validation cohort to test
the predictive power of our models (Fig. 1). All the meas-
urements in this study were based on the 4D-CT scans.
Because the external surrogate was completely imaged in
the CT scans of only 11 of the 24 patients used to build

the correlative models, the sample sizes of the different
correlative models differ. The models for tumor and inter-
nal fiducial motion are based on 24 patients, whereas the
models for tumor and external surrogate motion are
based on 11 patients.

Technique and data acquisition

Three anchored transponders were bronchoscopically
implanted by a pulmonologist, ideally in a triangular pattern
in or near the tumor. After a minimum of 4 days post-tran-
sponder implantation, patients underwent CT simulation for
RT planning, which included a free-breathing 4D-CT scan.
Because the tracking system is not compatible with CT scan-
ner geometry, breathing monitoring at simulation used the
motion management system with the external surrogate that
was described previously. Our present study is based on the
analysis of the free-breathing 4D-CT scan. A gold-nickel-cop-
per coil inside the transponders allows their radiographic
visualization, and therefore for this study, we considered the
transponders (hereafter referred to as “fiducials”) as passive,
radiopaque fiducials (Fig. 2).

The 4D-CT was acquired with a slice thickness of
2.5 mm, with 512 x 512 voxels. The 4D-CT data set was
reconstructed into separate 3D-CT scans at each of 10 dis-
tinct respiratory phases (0%-90%) providing 10 volumetric
data sets for each patient that sampled the complete respi-
ratory cycle. We used end-exhalation, designated as 50%,
as our reference phase. End-inhalation was designated as
0%. The images were imported into the treatment planning
system, where all contouring was performed.

The gross tumor volume (GTV), the internal fiducials,
and the external surrogate, when completely imaged, were
contoured on each 4D-CT phase. GTV delineation was
supervised by a radiation oncologist. The coordinate

Total number of patients
available for analysis

n=28

|

Patients used to build
correlative models

n=24

Patients used as
validation cohort
n=4

\——ﬁ

Patients used to build
correlative models of
internal fiducial

Patients used to build
correlative models of

external surrogate
n=24 n=11

Fig. 1 Study diagram indicating the distribution of patients in the correlative model building cohort and the internal vali-

dation cohort.
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Fig.2 Representative images of lung tumor and bronchoscopically implanted fiducials. (A) Digitally reconstructed radio-
graph with the tumor (cyan dashed) and the planning target volume (orange) surrounded by 3 fiducials (green dashed).
(B) Computed tomography scan (sagittal plane) showing the tumor (cyan) and the planning target volume (orange) with

2 fiducials (green) on the same plane.

system used to describe our data is X = left-right (LR),
Y = anterior-posterior (AP), and Z = superior-inferior
(SI). The centroid coordinates of each structure were
determined using a commercially available treatment
planning system.

Quantification of motion

The motion of the centroid of the GTV (hereafter
“GTV”), the centroid of the triangle formed by the 3
internal fiducials (hereafter “internal fiducial”), and the
centroid of the external surrogate (hereafter “external sur-
rogate”) were quantified on the 4D-CT scans by the dif-
ference between its coordinates in a selected phase and
the coordinates in phase 50% in the LR, AP, and SI direc-
tion. We define excursion of a structure as the absolute
value of the maximum displacement between the struc-
ture’s position at end-exhalation and end-inhalation
(phase 0%) as observed on the 4D-CT scans.

Statistical analysis of tumor-surrogate
correlation and correlative model
development

The correlation of the internal fiducial or external sur-
rogate motion, in relation to the GTV’s motion, was
examined using a linear mixed model. It models the linear
relationship between the dependent variable (GTV
motion) and independent variables (external surrogate or
internal fiducials). The displacements relative to the posi-
tion at end-exhalation for the AP and SI directions were
modeled respectively.

The rationale behind using a linear mixed model is
that all patients are assumed to share a common intercept
and slope, called the “fixed effect,” while each patient is

also assumed to have a certain degree of variation from
such fixed effects, that is, individual random effects of
intercept and slope. Under such assumptions, the linear
mixed models can be represented as'®

GTVij:bO,'-l-bli*PREDij-l-eij,i:1,...,N;j:1,...,9.

In this linear mixed model, j and i denote the j-th
4D-CT phase of the i-th patient for the GTV (GTVj)
and the predictor (PREDj;, ie, centroid of the external
surrogate or of the internal fiducials) movements,
respectively, in the Y- or Z-dimensions. Both the ran-
dom intercept by; and the random slope b;; are patient-
specific. The random error €;; is for the j-th phase of the
4D-CT of the i-th patient. Furthermore, we assume the
usual normal distributions for by; ~ N(B,, 612)0), by~ N(
ﬂl,ail), and that by; and by; are jointly normal with
covariance op , and €;~N(0,0%). In addition, we
assume b;’s are independent across i and €j; ’s are indepen-
dent for all i and j. Such assumptions are typically used in
the theory of linear mixed model. To implement the linear
mixed models, we used R 3.1.1 with packages nime, Ime4,
and Immfit (http://www.r-project.org/). The restricted maxi-
mum likelihood approach was applied to generate statistical
significance level, with a P value <.05 considered as statisti-
cally significant. To preliminarily assess the performance of
the model, we also provided the predicted residual sum of
squares (PRESS), which were calculated using the R package
Immfit statistical software.'®

We applied the correlative models to predict the
tumor motion in the 4 patients who were excluded ini-
tially to serve as a validation cohort. As the position of
both tumor and surrogates was known in these
patients, the surrogate displacement could be used to
calculate the point predictions and 95% prediction
intervals of the GTV displacement. The actually mea-
sured GTV displacement could then be compared with
the computed predictions. If the prediction works well,
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Table1 Maximum motion of structures in 3 directions
Mean =+ SD, cm (range)
Structure Left-right (X) Anterior-posterior (Y) Superior-inferior (Z)
GTV (n = 24) 0.23 & 0.15 (0.03-0.68) 0.32 & 0.31 (0.03-1.54) 0.79 % 0.58 (0.06-1.95)

Fiducial centroid (n = 24)
RPM block (n =11)

0.20 & 0.20 (0.03-0.95)

0.35 4 0.29 (0.08-1.51)
0.51 & 0.28 (0.10-1.02)

0.78 & .57 (0.1-2.0)

this analysis.

Abbreviations: GTV = gross tumor volume; RPM = real-time position management; SD = standard deviation.
The RPM block excursions were only measured in the anterior-posterior direction. Patients from the validation cohort (n = 4) were not included in

the calculated 95% prediction interval should cover at
least 95% of the actual values.

Results

Tumor volumes and range of tumor motion

The patient characteristics are summarized in Table
El. The GTV motion was largest in the SI direction, with
a mean excursion of 0.79 cm (Table 1). In the AP and LR
directions, the mean excursions were 0.32 cm and
0.23 cm, respectively. The GTV excursions in the different
directions are displayed in Figure 3. A more detailed sum-
mary of GTV and excursion of the individual patients can
be found in Table E2. For the internal fiducials, the
motion amplitude during the breathing cycle was similar
to the tumors, with a mean excursion and range of
0.78 cm in the SI direction, 0.35 cm in the AP direction,
and 0.20 cm in the LR direction. We only assessed the
external surrogate motion on the 4D-CT scans in the AP
direction as the associated motion management system
would only capture motion in this dimension. The mean
AP excursion of the external surrogate was 0.51 cm.

Correlation of tumor motion with internal
fiducials and external surrogate

To investigate the correlation of the displacement
between the GTV and the external surrogate or the inter-
nal fiducials, we used the linear mixed model. Figure 4
displays the graphs of the linear mixed models for the cor-
relation of the GTV and the external surrogates or the
internal fiducials, respectively, in the AP and SI dimen-
sions. Each circle represents an individual patient’s GTV
displacement versus the displacement of the internal fidu-
cials or the external surrogate, respectively.

The P values in Table E3 indicate whether the fixed
slopes in the different correlative models are significantly
different from zero, that is, whether the predictors are

significantly associated with the GTV motion. The motion
of the internal fiducials was significantly associated with
the GTV motion in both AP and SI directions (P <
.0001). Interestingly, the AP motion of the external surro-
gate was only associated with the SI motion of the GTV
(P < .0001), the direction in which the respiratory target
motion was largest, not with the AP motion of the GTV
(P = .62).

The PRESS is a commonly used criterion to evaluate
the performance of predictors. Smaller values of PRESS in
general indicate a better prediction of GTV motion by the
surrogate marker under structured modeling assump-
tions. The PRESS values of the different correlative mod-
els can be found in Table E3. Because the sets of
predictors are not nested, ie, one model is not a submodel
of another, and the sample sizes are different, as not all
patients had the gating block completely imaged, one
should not make inferences for directly comparing PRESS
and drawing conclusions on a predictor’s superiority
using such values. Such PRESS values, however, may serve
as benchmarks for future research and comparisons.

Correlative model of lung tumor motion

The linear mixed model was used to assess the correla-
tion of GTV with the external surrogate and the internal
fiducials, respectively. The linear mixed model accounts
for (1) variability among patients by incorporating ran-
dom intercept and slope and (2) variability within the
same patient by specifying a random error term in the
model.

Owing to the complexity of the computation of the
prediction intervals, we supplied plots to facilitate the
usage of our results (Fig. 4). The full set of the parameters
used to calculate the point prediction of the GTV and the
estimated standard error can be found in Table E3. In the
Supplementary Material we also illustrate how to predict
the GTV position based on the position of the fiducials
and the set of parameters from Table E4 using the for-
mula for the linear mixed model described by Laird and
Ware'” or by using the plots in Figure 4.
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Fig. 3 Excursion (cm) of lung tumor GTV (black) and fiducial centroid (gray) between end-exhalation and end-inhala-
tion for the 24 patients included in the correlative models, (A) in X (left-right) direction, (B) in Y (anterior-posterior)
direction, and (C) in Z (superior-inferior) direction. Abbreviations: AP = anterior-posterior; FID = fiducial centroid;

GTV = gross tumor volume; LR = left-right; SI = superior-inferior.

We applied the correlative models to predict the
tumor motion in the 4 patients who were excluded ini-
tially to serve as a validation cohort. If the correlative
models reliably predict the GTV position from the dis-
placement of the external surrogates and the internal
fiducials, respectively, the calculated 95% prediction
interval should cover at least 95% of the actual values.
This held true for the correlative model of GTV SI and
internal fiducial SI displacement (GTV Z vs FID Z),
where 96% of the predicted GTV displacements fell
within the 95% prediction interval (data not shown).
The correlative model of GTV AP and internal fiducial
AP displacement (GTV Y vs FID Y) correctly predicted
78% of the GTV displacements. The models of GTV
AP and external surrogate AP displacement (GTV Y vs
BLOCK Y) and GTV SI and external surrogate AP dis-
placement (GTV Z vs BLOCK Y) correctly predicted
76% and 62%, respectively.

Discussion

In this study, we have invoked the statistical tool of
linear mixed models for a population-based correlation
of airway-implanted internal fiducials, external surro-
gates, and lung tumor respiratory motion. This is
because individual patients may present different slopes
and intercepts within the linear model, as confirmed by
the parameter estimates (see Table E3 for the estimates
of random elements) and individual scatter plots (figure
not shown). Incorporating such random elements takes
into account patient heterogeneity and generates more
realistic predicted values of motion. Alternatively, our
method can be seen as regarding each patient as a clus-
ter and then considering within-cluster correlations.
The population-based correlative models we built
should not be used to predict the tumor position in any
individual patient or influence individual internal target
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volume margins. For such purposes, patient individual
data likely predict the motion range and errors more
accurately. Population-based correlative modeling stud-
ies of internal markers and external surrogates, respec-
tively, with lung tumor motion might rather serve as
benchmarks to compare the reliability of different
respiratory surrogates for complex active motion man-
agement techniques, such as breath-hold, gating, or
tracking during RT. Future work should focus on vali-
dating the predictive models of respiratory tumor

motion in larger independent patient cohorts. We have
therefore provided indices of predictive power, PRESS,
to allow for further comparisons of our predictive mod-
els and techniques.

External respiratory surrogates are still the most com-
monly used signals for motion management during RT.”
Respiratory motion management based on external
markers only has been shown to be potentially misleading
due to the possible discrepancy between external markers
and true internal target motion.>” Although Chi et al*’
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demonstrated a strong correlation between abdominal
motion and the SI tumor motion during the respiratory
cycle, supporting the utilization of external surrogates for
gated RT when the marker block used in widely available
systems is placed adequately and consistently near the
abdominal region to reduce errors, the external surrogate
should be used with caution. However, for lung lesions
with large respiratory motion amplitudes of 7 mm and
more, significant day-to-day motion variability makes the
pretreatment 4D-CT unreliable.”’ Predicting the tumor
position based on an external surrogate will therefore
likely be inaccurate. Consequently, active management
strategies for real-time tumor tracking, using frequent
radiographic imaging with positional adjustment or elec-
tromagnetic transponders, should be applied during
RT.””** Although we observed a strong association
between the external surrogate AP motion and the tumor
SI motion in our study, our correlative models failed to
reliably predict tumor motion based on external surrogate
displacement in the validation cohort. The lung tumor
and fiducial motion patterns observed in our study are in
line with previously published studies. Sarudis et al* also
showed that lung tumor motion is generally larger in the
SI direction. Besides that, the authors found that motion
amplitude in the SI direction increases for tumors located
in the middle and lower parts of the lungs. To address
this in our cohort, we compared the excursion of lower
and upper lobe tumors using nonpaired Mann-Whitney
tests for nonparametric data. However, no significant dif-
ferences in the excursion for lower and upper lobe tumors
were observed (AP direction, P = .7; SI direction, P = .8),
while the mean excursion of lower lobe lesions was larger
in all dimensions. Schmitt et al'” found comparable intra-
fraction motion of bronchoscopically implanted internal
surrogates in patients with lower and upper lobe tumors.
The population-based approach used in our study sup-
ports the notion that an external surrogate alone cannot
be confidently used to predict a lung tumor’s motion.
However, their wide availability and noninvasive applica-
tion still support their clinical utility, although the greater
uncertainty will need to be compensated for with larger
tumor margins, resulting in higher radiation exposure to
organs at risk.

In our study, the internal airway-implanted markers
appear to be more reliable predictors of lung tumor motion
during free-beathing than the external surrogates. The suit-
ability of airway-implanted internal fiducials for complex
motion management techniques, including breath-hold, gat-
ing, and tracking, should thus be further investigated in
large prospective trials. A recent study by Steiner et al*®
found that 4D-CT under-predicts lung tumor motion dur-
ing RT compared with the real-time imaging of the internal
fiducials that were also applied in our study, using their
function as electromagnetic beacons. Therefore, future stud-
ies should also focus on building correlative models based
on fiducial motion as detected by the real-time imaging

system. An ongoing prospective trial (NCT No.
NCT02434809; www.clinicaltrials.gov) is currently investi-
gating gating based on airway-implanted electromagnetic
markers to reduce target position uncertainty in radiation
treatment of lung cancer, while another ongoing trial (NCT
No. NCTO02111681; www.clinicaltrials.gov) is studying
DIBH based on the same airway-implanted markers. Those
studies should also validate the population-based correlative
models to estimate the predictive power of different surro-
gates of respiratory motion. Additionally, although there are
numerous applications of radiographic tracking of passive
fiducials on a commercial robotic RT system,” current
methods of monitoring passive fiducials on conventional
gantry-based linear accelerators are limited.”* For the fidu-
cials in this study, active electromagnetic tracking by using
their functionality as resonant circuits might allow for more
consistent and reliable detection of their position at treat-
ment and thus improve upon the simulation-based predic-
tion of the target motion to assure accurate beam delivery.
The ability to detect variations of the tumor motion ampli-
tude and shifts/drifts from the baseline position in real-time
during a treatment session could enable couch adjustments
to move the tumor back into position. Ideally, such couch
adjustments would be computer controlled.”

A number of limitations should be taken into account
when interpreting the results of our study. The manual
delineation of fiducials and external surrogate on 4D-CT
scans might have introduced an element of uncertainty
and potential error to our measurements. We do, how-
ever, consider the effect of the delineation of external sur-
rogate and internal fiducials as minor, given their known
and easily distinguishable shape on CT scans. Because our
study was conducted on a single 4D-CT scan for each
patient (ie, over a period of 1-2 minutes), variabilities of
the motion amplitude and shifts/drifts of the baseline
respiratory motion that would occur between fractions
and within the delivery time of a single treatment have
not been accounted for. Additionally, breathing variability
during a common fraction of RT is likely greater than
during the respiratory cycle captured on a single 4D-CT
at simulation. Thus, the motion data from simulation that
was used for correlative modeling might be less represen-
tative of actual respiratory motion during RT. As our vali-
dation cohort consisted of only 4 patients, the effect of
outliers is large, which might explain why tumor SI
motion was only reliably predicted based on the model
using fiducial SI displacement.

Conclusion

The external surrogates seem to be a less reliable pre-
dictor of lung tumor motion during free-breathing than
the internal fiducials. However, wide availability and non-
invasive application of external surrogates still support
their clinical utility, although the greater uncertainty will
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need to be compensated for with larger tumor margins,
resulting in higher radiation exposure to organs at risk. It
is important to note that intra- and interfraction changes
of the internal-external relation, which have not been
taken into account in our study, may further limit the reli-
ability of the external surrogates, unless combined with
additional imaging. For those less-expected changes, real-
time monitoring of internal markers would likely provide
an additional advantage over the external surrogates.

Supplementary materials

Supplementary material associated with this article can

be found in the online version at doi:10.1016/j.adro.
2021.100885.
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