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Abstract

This article reviews the recent advancements and future potentials of optical surface imaging
(OSI) in clinical applications as a four-dimensional (4D) imaging modality for surface-guided
radiotherapy (SGRT), including OSI systems, clinical SGRT applications, and OSI-based clinical
research.

The OSI is a non-ionizing radiation imaging modality, offering real-time 3D surface imaging with
a large field of view (FOV), suitable for in-room interactive patient setup, and real-time motion
monitoring at any couch rotations during radiotherapy. So far, most clinical SGRT applications
have focused on treating superficial breast cancer or deep-seated brain cancer in rigid anatomy;,
because the skin surface can serve as tumor surrogates in these two clinical scenarios, and the
procedures for breast treatments in free-breathing (FB) or at deep-inspiration breath-hold (DIBH)
and cranial stereotactic radiosurgery (SRS) and radiotherapy (SRT) are well developed. When
using the skin surface as a body-position surrogate, SGRT promises to replace the traditional
tattoo/laser-based setup. However, this requires new SGRT procedures for all anatomical sites and
new workflows from treatment simulation to delivery. SGRT studies in other anatomical sites have
shown slightly higher accuracy and better performance than tattoo/laser-based setup. In addition,
radiographical image-guided radiotherapy (IGRT) is still necessary, especially for stereotactic
body radiotherapy (SBRT). To go beyond the external body surface and infer an internal tumor
motion, recent studies have shown the clinical potential 65 of OSI-based spirometry to measure
dynamic tidal volume as a tumor motion surrogate and Cherenkov surface imaging to guide and
assess treatment delivery. As OSI provides complete datasets of body position, deformation, and
motion, it offers an opportunity to replace fiducial-based optical tracking systems. After all, SGRT
has great potential for further clinical applications.

In this review, the OSI technology, applications, and potentials are discussed since its first
introduction to radiotherapy in 2005, including technical characterization, different commercial
systems, and major clinical applications, including conventional SGRT on top of tattoo/laser-based
alignment and new SGRT attempting to replace tattoo/laser-based setup. The clinical research for
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OSl-based tumor tracking is reviewed, including OSI-based spirometry and OSI-guided tumor
tracking models. After all, the ongoing clinical research has created more SGRT opportunities for
clinical applications beyond the current scope.

Keywords

Optical surface imaging; Surface-guided radiation therapy; Patient setup; Patient motion
management

. Introduction

Three-dimensional (3D) optical surface imaging (OSI) has been developed and applied in
medical and clinical fields for many years (Winder, et al. 2005; O’Connell, et al. 2015;
Hoisak and Pawlicki 2018; Padilla, et al. 2019; Li, et al. 2020), and it has been increasingly
used in the radiotherapy clinic as surface-guided radiotherapy (SGRT) to facilitate patient
setup and motion monitoring for breast cancer treatment, including deep-inspiration breath-
hold (DIBH) for heart sparing of left-sided breast patients, and for stereotactic radiosurgery
(SRS) of brain tumors, such as cancer metastases to the brain. Recently, a new paradigm of
tattoo-less SGRT patient setup in radiotherapy is emerging to replace the traditional tattoo/
laser-based patient setup tactics and workflow (Jimenez, et al. 2019; Rigley, et al. 2020),
and the trend is extending beyond the brain and breast to other anatomic sites to eliminate
the need of skin tattoos as OSI systems have become increasingly available in radiotherapy
clinics.

In radiation therapy, it is most important to reproduce the tumor position before and

during treatment to match the simulation position, on which the radiation treatment plan

is created. In treatment simulation, computed tomography (CT) is often used to provide a
patient’s three-dimensional (3D) anatomy, which may be combined with positron emission
tomography (PET) and/or magnetic resonance imaging (MRI) via image registration for
better tumor visualization and delineation, and the radiation beams are optimized to

give a full prescribed dose to the tumor while maximally sparing nearby organs at risk
(OARsS) (Li, et al. 2021b). At the beginning of treatment delivery, the patient must be
positioned the same as that at the simulation using image guidance, such as cone-beam CT
(CBCT), orthogonal radiographic image pair, or fluoroscopic imaging as x-ray image-guided
radiotherapy (IGRT), using 2D/3D/4D MRI for MRI-guided radiotherapy (MRgRT), or
using 3D/4D OSI for SGRT. By aligning the setup images to the planning CT, MR, or

any derived images, the patient’s tumor position at treatment simulation can be reproduced
for radiotherapy delivery as planned. Although OSI only provides the external surface
images, it contains ample patient anatomic information to achieve a surface match with the
external contour of the simulation CT image. However, as a patient’s surface image does
not necessarily infer the internal tumor position, the SGRT setup may still require IGRT

to verify and adjust the setup by aligning the internal tumor or tumor surrogate, especially
for hypo-fraction stereotactic body radiotherapy (SBRT). Ideally, if the external-internal
relationship is known, SGRT alone can be used to infer the tumor position at patient setup
with a proper safety margin, such as a superficial lesion (breast cancer) or lesion in rigid
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anatomy (brain cancer). In other words, the region of interest (ROI) within the OSI’s field
of view (FOV) as the patient positioning surrogate can also become a tumor positioning
surrogate when the external-internal relationship is known. As OSI offers non-ionization
imaging with sub-millimeter (mm) detectability, real-time performance, availability at all
couch angles, and the largest FOV among all clinical imaging modalities, its advantages
have been explored in recent years, promising for further clinical applications (Bert, et al.
2005; Cervino, et al. 2009; Li, et al. 2011a; Li, et al. 2016b; Wiersma, et al. 2016; Zhang, et
al. 2021).

During treatment, OSI can provide real-time guidance to monitor a patient’s head motion in
SRS treatment or breathing motion in breast DIBH treatment, so SGRT treatment accuracy
can be ensured to target the tumor while sparing the OARs. An optical system utilizing a
few light-emitting markers or passive light-reflectors, which can be considered a simplified
version of OSI, has been applied with a statistical predictive model in the Cyberknife
Synergy system (Accuray Inc., Sunnyvale, CA) to treat lung or liver cancer, which moves
with patient’s respiration, in conjunction of periodic x-ray imaging verification (Meeks,

et al. 2005; Lyatskaya, et al. 2008). Although the marker-based optical system provides
simplicity, OSI should be a better alternative for patient motion monitoring and motion
management, because not only does it eliminate the foreign markers by using the native
body surface as the motion surrogate, but also it provides a dense point array that covers
the moving ROI with a much higher spatial resolution (Willoughby, et al. 2012; Hoisak and
Pawlicki 2018), although the temporal resolution limited by the speed of 3D reconstruction
needs improvement (Li, et al. 2015b; Li, et al. 2016b). To infer internal tumor motion, a
predictive tumor motion model based on physical, biomechanical, statistical, or machine
learning methods and fed by the real-time OSI data could be applied to predict the position
of an internal tumor during treatment (Hughes, et al. 2009; Fassi, et al. 2015; Li, et al.
2015b; Zhao, et al. 2016; Kim, et al. 2021; Wikstrom, et al. 2021).

As the OSlI-based clinical SGRT applications are substantially increasing in recent years,
about one review paper per year has been published since 2018, covering various aspects
of the clinical applications (Hoisak and Pawlicki 2018; Padilla, et al. 2019; Batista, et al.
2020; Freislederer, et al. 2020), including the American Associates of Medical Physicist
(AAPM) task group 302 report (Al-Hallag, et al. 2022). These reviews provided great
coverages on practical OSl-based clinical applications of commercial OSI systems, features,
and functionalities, and recommended clinical quality assurance (QA). However, other OSI
aspects may not be covered adequately, including a comprehensive discussion on all OSI
technologies, the transition from conventional SGRT to tattoo-less SGRT, and OSl-related
fundamental research with the potential for new areas of clinical applications. Therefore,
another review of all aspects of OSI-based SGRT should still be beneficial to the field.

In this review, we will first discuss various types of commercial OSI technologies and their
characterization with pros and cons, followed by conventional SGRT clinical applications,
which are proceeded with conventional tattoo/laser-based setup. Then, it discusses the
emerging efforts to replace the tattoo/laser-based patient setups with OSl-based SGRT
setup, which removes the need for tattoo/laser alignment, leading to a paradigm-changing
approach in radiotherapy, as shown in Fig. 1. As all advents of SGRT are based on clinical
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research, similar to the IGRT and MRgRT developments and their clinical applications,
recent OSl-based studies are reviewed and discussed, which allows us to peek at what may
occur in the future clinic. Finally, we will wrap up this review article with a summary and
outlook.

The technology of Optical Surface Imaging (OSI)

A 3D surface image of a subject can be reconstructed based on the stereoscopic mechanism,
similar to how human vision recognizes 3D objects. The same mechanism is used in marker-
based detection, as a special case of the OSI, where only a few points (emitting or reflecting
markers) on the patient’s body surface as surrogates are measured. However, OSI is a better
alternative, a marker-less tool for patient setup and motion monitoring in the radiotherapy
clinic. This review article focuses on the structured-light OSI technique, its clinical research,
and its clinical applications.

To help the 2 cameras to identify the same point in their views, the so-called structured light
method is used to project a speckle light with a texture pattern on a patient body surface.
Many points in the texture can be detected and uniquely identified by the 2 cameras in

a camera pod with slightly different viewing angles. A triangle is formed among the two
cameras and a point of interest and used to calculate the point location for the reconstruction
of 3D surface images. Because of the high framerate of video cameras, the structured

light method has the capacity of capturing real-time surface images (Wiersma, et al. 2016).
Alternatively, a laser scanning and detecting system can also be applied to reconstruct 3D
surface images from the triangle of the laser pointer, detector, and light spot on the surface.
Compared with the structured light approach, however, the laser scanning method requires
time to scan through the FOV, rather than an instant capture, therefore it is no longer used
in the latest commercial system. Alternatively, fringe projection profilometry has also been
developed for SGRT (Price, et al. 2012), using a pre-designed fringe pattern to decode the
distorted pattern on the measurement object using Fourier transform filtering. Another OSI
reconstruction method is the so-called time of flight (TOF) using a radiofrequency (RF)
modulated light source (e.g., 30MHZz) and detector to emit and detect the phase difference
between the emitted and reflected lights, respectively, so the locations of a spot array can be
calculated. This TOF camera is relatively inexpensive but has limited spatial resolution and
detection accuracy (<5mm) (Wentz, et al. 2012).

So far, 3 major commercial OSI systems used in radiotherapy employ the structured light
approach to achieve both high spatial and high temporal resolutions, including the AlignRT
system (VisionRT, Ltd, London, UK), Catalyst* system (C-RAD AB, Uppsala, Sweden),
and IDENTIFY system (Varian Medical Systems, Inc., Palo Alto, CA), as shown in Fig.

2. Other types of OSI techniques are also jointly used, such as the TOF imaging to detect
the accessory in IDENTIFY system (Varian) and infrared (IR) imaging in the ExacTrac
Dynamic system (BrainLab AG, Munich, Germany).

Stereoscopic imaging with discrete fiducial markers

The determination of a marker’s position in space via a stereoscopic view is through
forming a triangle between the marker (or the spot of interest) and the two cameras.
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The marker can be either an active light-emitting diode (LED) or a passive reflector, and
charge-coupled device (CCD) cameras are often used to capture the image of markers.
Through the law of sine in trigonometry, the distances from both cameras to the marker
point can be calculated because the distance between the two cameras and the two angles
between the two cameras and the marker are known (Waghorn 2020). In practice, these
system parameters are obtained through calibration using a set of markers with known
physical locations. Therefore, the physical location of the marker can be calculated in the
room coordinate system. When three or more fiducial markers are used, the position and
orientation of the point array can be determined. As the markers are placed directly or
indirectly on a patient’s body surface, they serve as a surrogate of the patient’s position
with both translational and rotational motions in real-time as the CCD video camera system
provides a high frame rate (30 Hz or higher). Commercial marker-tracking optical systems
include the Polaris Vega (Northern Digital Inc., Bakersfield, CA), which has 0.045 mm
accuracy for a moving object at 40 cm/s (Fattori, et al. 2021). The real-time positioning
management (RPM, Varian) system or respiratory gating for scanners (RGSC, Varian) is
another example, which contains a small light-weighted box that has 2—4 light reflectors
to place on the patient’s chest or upper abdomen as a patient motion surrogate (Wiersma,
et al. 2016; Shi, et al. 2017). The advantage of the marker-based system is its simplicity
and real-time performance for motion monitoring. The major drawbacks of marker-based
techniques are the uncertainties on the spot selection, reproducibility of marker placement,
rigidity of a marker array, and potential motion difference between the marker and patient
(Riboldi, et al. 2006).

Il.b. Stereoscopic imaging with a scanning laser light

Under the stereoscopic approach, a system with a scanning laser and CCD camera has also
been used in the earlier version of the Catalyst HD system (C-RAD). At any given time,

the laser produces a spot (or a line) on a patient’s body surface and the camera image it,
forming the key triangle to determine the physical location of the spot (or points on the
curved laser line). After scanning through the whole body, the 3D body surface image can be
reconstructed. In this approach, the laser spots on the curved laser line along a patient’s body
replace fiducial markers, providing a uniquely identifiable point array. This system has been
applied for patient setup after traditional setup and compared with CBCT, and the OSI setup
has slightly higher accuracy and performance than the laser positioning setup (Brahme, et al.
2008; Carl, et al. 2018; Meyer, et al. 2020; Swinnen, et al. 2020). As this is a marker-less
approach, it eliminates the uncertainty of marker placement. The laser scanner can also
project setup parameters onto the patient body, helping therapists in the setup. However,

this method requires a fast rate of laser scanning to cover the FOV, limiting the frame rate.
Therefore, the new Catalyst HD+ system start to use the structured light method, which
captures the entire surface image instantly independent of the size of the FOV.

Stereoscopic imaging with a structured light

When a point array of a patient’s body surface is uniquely identifiable, the positions

of the points can be determined based on the same method as discussed above. In the
structured light approach, the unique point array is created by a red/blue light with a texture
pattern projected from a speckle projector, and 2 slightly different images are captured
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by the stereoscopic cameras in the pod. When the position of each point in the texture

is determined, a 3D surface image is thus reconstructed. The structured light approach

is also called active OSI, useful for feature-less flat surfaces, such as the skin, to create
surface textures (Hoisak, et al. 2020), while utilizing native object features, such as edges
and textures (Catherwood, et al. 2011), is a passive approach, such as the native Kinect
(Microsoft), an inexpensive solution (Padilla, et al. 2015; Silverstein and Snyder 2017).
The major commercial OSI are all active systems that have 3 ceiling-mounted camera
pods in a radiotherapy room: one is in the front of the couch and two are on the lateral
sides, as shown in Fig. 2. Using the isocenter as the reference, the 3 partial surface images
reconstructed from data taken by 3 ceiling-mounted camera pods can be sutured up into
one more complete surface image of a patient. To use an OSI system in the clinic, it

must be calibrated and commissioned based on the potential uses in a local clinic after the
acceptance test by an engineer from the OSI vendor (Willoughby, et al. 2012; Zhang, et al.
2021).

ll.d. Calibration of a structured-light OSI system

The OSI system must be calibrated with known surface geometry. For example, the AlignRT
system is calibrated using a flat white plate with a 32x32 (=1024) block dot array centered
with a crosshair, which is aligned with the isocenter of the megavoltage (MV) linear
accelerator (Li 2020; Zhang, et al. 2021). The flat calibration plate provides a 2D array of
circular black dots with known geometric positions relative to the center of the plate, which
is aligned to the Linac isocenter, so the plate calibration allows 3D surface reconstruction
and determines the isocenter. The third dimension (vertical) has also been introduced via

an additional raised-plate calibration (10cm above the vertical isocenter) or the advanced
camera optimization (ACQO) modeling with built-in 3D information (provided at installation
and updated in annual maintenance services). Clinically, the 3D calibration reduces the
so-called couch-angle-dependency error (Paxton, et al. 2017; Li 2020; Zhang, et al. 2021),
and consequently reduces the false positives of patient head motion at a large couch rotation
during brain SRS/SRT treatments (Li, et al. 2020). A monthly calibration is recommended
by the vendor and daily QA is required before clinical use. It is worthwhile to note that the
AlignRT daily QA is to check the integrity of the 3 ceiling-mounted camera pods, rather
than to confirm system calibration accuracy.

For clinical SRS applications, it is recommended to further verify the isocenter accuracy
using a cube phantom (15x15x15 cm3), which contains 5 internal ball-bearing fiducials
for MV imaging so the AlignRT isocenter can be aligned to the MV isocenter. The
misalignment of the optical and MV isocenters can be corrected further reducing the
couch-angle-dependency error. Note that the Linac couch walk (couch rotates away from
the isocenter) is present within 0.5mm and is not corrected. As the active structured-light
approach can capture the images with speckle patterns at high spatial and temporal
resolutions, all 3 major commercial OSI systems (Fig. 2) utilize this active OSI approach.
However, as the reconstruction of 3D surface images requires high computing power, the
frame rate may be limited, especially for a large FOV at high spatial resolution.
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An example of commercial OSI systems: AlignRT by VisionRT

In radiotherapy clinics, an SGRT setup is achieved by capturing an on-site treatment surface
image and aligning it to the external body contour of the planning CT image as the reference
OSI image. This has not been changed although AlignRT has gone through multiple major
upgrades since 2005 (Bert, et al. 2005; Waghorn 2020). The latest system (version 6.3)

is built based on a client-server architecture (Zhang, et al. 2021). All patient data are

saved in a network SQL database server and updated/retrieved by local client systems
through a mid-tier application server so that it is now in compliance with the US patient
privacy regulation. In our institution, the AlignRT server system supports 24 AlignRT
clients, including 20 online systems for patient treatment and 4 offline workstations for
patient preparation. The system offers both static and dynamic image captures and performs
automatic surface registration to the ROI defined on the DICOM (Digital Communication
in Medicine) reference image. In the dynamic mode, Real-Time Delta (RTD), the framerate
can be as high as 8-16 Hz for patient motion monitoring during breast DIBH and brain SRS
treatments.

The local computer workstation that controls the OSI system usually has two sets of user
interface devices (a monitor, keyboard, and mouse): one set is inside the room and the other
is in the treatment console area. A hand-held remote-control device may also be available
to allow therapists to capture images anywhere inside the room and a respiratory coaching
monitor to allow a patient to control their breath-hold, facilitating in-room SGRT patient
setup and outroom SGRT motion monitoring during treatment.

In addition to basic 3D/4D OSI functionalities, it is worthwhile to mention 3 new features:
(1) Postural Video, which outlines major body structures from the reference image in the
camera views to facilitate SGRT patient setup, (2) 3D Photo, which maps a high-resolution
photo picture of a patient to the 3D surface to show details, and (3) Deformation, which
displays 2 matched surface images in color-coded visualization of local surface differences
between the reference and verification images. The Postural Video provides the RTD from
three camera views in the entire FOV beyond the ROI, so the body outline can be used to
guide the alignment of the arm and chin in real-time during breast patient setup to minimize
breast tissue deformation and reproduce the positions of the breast and local lymph nodes
(Li, et al. 2021a). The Deformation has a 2mm color variation scale by default to show
where and how much the 2 surfaces are differed within the ROI, allowing therapists to

see where deformation occurs and monitor the change of superficial lesions during multi-
fraction radiotherapy treatments.

Fringe projection profilometry for 3D surface imaging

The fringe projection profilometry is an OSI system, in which a projector illuminates objects
with a pre-designed pattern, such as a single, monochromic, and continuous sinusoidal
fringe pattern, and a camera captures the pattern that is distorted by the object’s surface
(Price, et al. 2012). The fringe analysis utilizes Fourier transform to analyze the spatial

phase difference embedded in the distorted fringe pattern of the image between the object
position level from a flat reference level to convert the phase signal to 3D geometry (Feng, et
al. 2021). The system calibration is critical to reliably and accurately reconstructing the 3D
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surface image. The spatial accuracy is within <2mm (90%) with real-time performance. So
far, no vender has made this technology commercialized, limiting its clinical applications.
The fringe projection can also be used as structured light to gain a surface texture for 3D
surface reconstruction.

Il.g. Stereoscopic imaging using the time-of-flight (TOF) mechanism

Another physical mechanism to measure a spot position on a 3D surface is the so-called
TOF technique (Placht, et al. 2012; Wentz, et al. 2012). In this approach, the emitting light
intensity is modulated with a high RF frequency, such as 30MHz, and the reflecting light
from a surface reaches the detector with a relative phase difference. Based on the phase shift
and light speed, the distance of light traveling can be calculated and therefore the location
of the spot. Once an array of such spots is detected, the 3D surface image (such as 176x144
pixels) of the surface is then reconstructed. The TOF camera system is fast, small, and
inexpensive, and therefore used heavily in computer vision where high spatial resolution is
not required. In radiotherapy, the TOF camera is used as the 4t camera in the IDENTIFY
system (Varian) to check the bar codes of treatment accessories and their physical locations.
However, the TOF camera cannot be used for patient SGRT due to the following two major
limitations: (1) the spatial resolution is limited to 2-5mm, and (2) the distance between

the light source and the surface should cause a shift less than half of the period of the RF
modulated light, usually less than 5 meters.

II.h. Superficial imaging using IR thermal signals from patients

Different from visible light, IR light has a certain penetration ability, especially at far IR
frequency, therefore IR emission/reflection at or slightly below the skin can be detected.

In radiotherapy clinics, an IR imager has been used in detecting reflecting markers for
decades, such as the RPM system (Varian). But IR imaging of patients’ anatomy is a recent
development and application in radiotherapy clinics to provide a thermal image of the
patient’s body or map the superficial blood vessels under the skin of a patient’s palm. In the
Varian’s IDENTIFY system, a palm reader applies IR light to read a patient’s vein image
under the skin with high resolution to quick check the patient’s identity (ID) throughout
radiotherapy simulation and treatment.

In the ExacTack Dynamic system (BrainLab), the single-camera pod contains a third IR
camera, providing thermal images of a patient’s body, which are co-registered with the

3D OSI images. So, by combining the optical surface image, IR thermal image, and x-ray
images, ExacTrac Dynamic aligns and checks patient position with sufficient accuracy for
radiotherapy treatment. An IR light (850nm) has been used as a nonvisible structured light
for head motion tracking with 0.24mm and 0.1° accuracy (Olesen, et al. 2012). Using IR
time-multiplexed structured light and triangulation, another OSI system aiming to image

a patient’s forehead for cranial SRS was reported (Wagner, et al. 2014). It is intended to
compensate for the thickness of the soft tissue to align to the rigid skull structure for higher
accuracy of skull registration. The special structured light was based on IR laser scanning
to establish spatial correspondence even with partial viewing to triangulate the laser source,
spot array, and imaging camera. This study suggests an opportunity to avoid soft-tissue
deformation in SGRT applications.

Phys Med Biol. Author manuscript; available in PMC 2024 March 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 9

Superficial imaging using Cherenkov radiation from treatment

Cherenkov emission is a blue light, produced by high-energy charge-carrying particles that
travel through transparent dielectric media, such as water or air, faster than that of light in
that media. When treating superficial lesions, such as breast cancer, Cherenkov emission
from the radiation can pass through superficial tissue and Cherenkov imaging has been
developed to visualize the radiated field and estimate radiation dose (Glaser, et al. 2012;
Andreozzi, et al. 2015). As the Linac high-intensity radiation beam is pulsed with 5us
duration with a 5ms gap, gated-acquisition of the Cherenkov signal is applied, allowing the
detection in the presence of ambient room light during treatment. An optical fiber sensor is
used to detect radiation pulses to control the shutter of the CCD camera to synchronize the
Cherenkov imaging. Under clinical conditions, this imaging technique has been studied to
visualize the radiation field with the patient’s surface anatomy (Jarvis, et al. 2014), estimate
radiation dose (Bruza, et al. 2017), and study radiation biology (Glaser, et al. 2015).

Recently, the Cherenkov imaging system has been tested in clinical trials for both real-
time patient motion monitoring during treatment and retrospective treatment assessment,
including breast cancer and sarcoma, such as total skin electron radiation (Jarvis, et al.
2021). The real-time Cherenkov imaging application has helped to detect 6 minor events out
of 64 treatments and allows online correction according to the plans. Cherenkov imaging
can also be used to allow measuring accumulative radiation dose and retrospective analysis.
As Cherenkov imaging utilizes superficial signal, it can only be applied in superficial
treatment sites. Although we only briefly discussed this superficial imaging method, it has
the potential for clinical applications as it detects and visualizes the radiation field and

dose directly, including a hybrid approach with the 3D/4D OSI techniques. As Cherenkov
imaging will be integrated with the AlignRT system, called DoseRT (VisionRT), becoming
commercially available, and the clinical applications are expected to be substantially
increased.

Conventional OSl-based SGRT Applications in Radiotherapy

The first two OSI studies for radiotherapy applications were reported in 2005 by two clinical
research groups. One from the Massachusetts General Hospital (MGH) studied breast
phantom to evaluate the early version of the AlignRT system in a clinical setting (Bert,

et al. 2005). The spatial accuracy, temporal frame rate, and system stability were evaluated.
The other group from Johns Hopkins University conducted another breast phantom study
using a different OSI system (Djajaputra and Li 2005). After these feasibility studies,
clinical investigations followed, and the OSI-guided radiotherapy procedures have been
named surface-guided radiotherapy, or SGRT (Li, et al. 2012). To guide a patient’s setup,
an ROl is always drawn at the treatment site for patient alignment to the DICOM reference
surface that is obtained from the external body contour of the simulation CT image, while
the large FOV would be useful to align associated anatomy that affects the treatment site,
such as the arm and chin in breast treatment, as shown in Fig. 3B.
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lll.a. SGRT for breast patient setup and treatment

Breast SGRT setup in free-breathing (FB).—In 2006, the MGH group conducted the
first clinical study using an OSI system to assist patient setup for accelerated partial breast
irradiation (APBI) (Bert, et al. 2006). The patient’s body contour from simulation CT in
DICOM format was used as the setup reference image. The accuracy of the OSI setup was
assessed in 9 patients using the room laser and portal imaging data as references. In addition,
the study also assessed the variations of the ipsilateral arm at the patient daily setups,

which led to the development and implementation of so-called 2-step breast setup procedure
(aligning the arm and chin first and then the breast) at the Memorial Sloan Kettering Cancer
Center (MSKCC) since 2012 (Ho, et al. 2013; Ho, et al. 2019). Also in 2006, an Italian
group reported their clinical investigation of 9 breast patients and compared the OSI setup
with that using 10 optical fiducials (Spadea, et al. 2006). Due to tissue deformation, the

OSI accuracy may vary with o = £3mm uncertainty on average for breast patients. Later
studies also illustrated the uncertainty and variation in SGRT APBI patient setup (Gierga, et
al. 2008; Riboldi, et al. 2009; Zhao, et al. 2019).

The OSI has been applied for setting up locally advanced breast patients with verifications
using laser, portal film, orthogonal 2D kilovoltage (2DkV) radiograph, and CBCT (Ho,

et al. 2013; Kuo, et al. 2019). As the targets include both the breast and local lymph
nodes, IMRT or VMAT techniques have been used clinically (Ho, et al. 2019). A 2-step
breast setup procedure has been established at MSKCC by first aligning a patient’s arm
and chin and then aligning the breast ROI (Fig. 3B) so that the anatomy of the breast can
be better reproduced with minimal deformation and surrounding lymph nodes can be set
up accurately without large displacement from the simulation (Li, et al. 2021a), as shown
in Fig. 4. Only can OSI be applied to guide the 2-step in-room breast setup as it has a
large FOV and real-time performance without radiation, useful for both APBI and VMAT
breast setup and treatments. For APBI patient setup, 2DkV matching on surgical clips is
still the clinical standard of care (Zhao, et al. 2019), and for VMAT breast setup, 2DkV
verification may still be needed (Cravo Sa, et al. 2018; Hattel, et al. 2019), especially for
large patients who may experience large daily variation due to breast deformation. The
long-term pulmonary outcome of locally advanced breast IMRT treatments has shown a
remarkably low rate of grade 3 toxicity in 113 treated patients, despite large planning
tumor volume (PTV), including the breast/chest wall and regional nodes, such as internal
mammary node (Ho, et al. 2019), as shown in Fig. 4.

SGRT for breast DIBH treatment.—The DIBH technique was first studied and applied
for treating lung cancer as it significantly increases lung volume so more lung tissue can

be spared (Mah, et al. 2000; Mageras and Yorke 2004). As heart toxicity became known
from breast cancer radiotherapy (Adams, et al. 2003; Theodoulou and Seidman 2003), the
DIBH technique has been applied to treat left-sided breast cancer. The DIBH monitoring
technique was based on the RPM technique initially and has been changed to OSI-based
techniques gradually (Cervino, et al. 2009; Tang, et al. 2014; Tanguturi, et al. 2015). Several
comparison studies were reported to validate the SGRT DIBH setups using either orthogonal
2DkV radiographic imaging or CBCT, suggesting the possibility of using the OSI alone
without tattoos (Jimenez, et al. 2019; Rigley, et al. 2020). However, it should be cautious to
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use SGRT to replace IGRT radiographic setup (Kuo, et al. 2019; Laaksomaa, et al. 2019).
Conceptually, the body surface can serve as the patient positioning surrogate, but SGRT may
not be used for final setup except when it can also serve as the tumor surrogate, such as
superficial lesion of breast cancer.

For DIBH treatments, both DIBH and free-breathing (FB) CT images are often acquired so
that there will be ample time for an initial 2-step breast setup in FB to align the arm and chin
first (Li, et al. 2021a), which is important reproduce the simulation position and minimize
the deformation of the breast and regional lymph nodes for targeting (Fig. 4), as even a small
shift in the node positions from FB to DIBH could lead to delivered dose differences (Pazos,
et al. 2019). In addition, the depth of breath-hold can be quantified between FB and DIBH
body contours as DICOM references, particularly in the vertical direction, which is the
surrogate of the separation between the heart and chest wall. After the FB setup, patients are
audibly coached or visually guided to reproduce the DIBH position, which can be modified
based on internal bony alignment, if 2DkV is prescribed. Therefore, both breast and lymph
node positions are better reproduced and thus dosimetrically covered (Ho, et al. 2019; Li, et
al. 2021a).

When a bolus is prescribed for breast DIBH treatment, a new OSI reference image must

be acquired after the bolus is placed on a patient for treatment motion monitoring. Often

a sticky bolus is used, which has a sticky inner surface attached to the patient’s skin and

a white-cloth-covered external surface for OSI image capture. When no bolus is used, we
highly recommend still taking a new reference image, not only for the uniformity of clinical
workflow but also for the simplicity of clinical operation, as the new reference resets the
residual setup errors to null and only motion shifts from FB to DIBH are monitored. When
the motion management interface (MMI) is enabled with a Linac system, the radiation beam
can be held automatically if the motion goes out of +3mm tolerance (Li, et al. 2021a).
Occasionally, a patient could move her body away from the initial setup position and
appropriate action should be taken, including redoing the FB/DIBH setup.

IIl.Lb. SGRT for intracranial SRS and SRT

In a traditional brain SRS treatment, a patient’s head was immobilized on the treatment
couch by drilling 4 surgical screws into the skull to hold a metal ring on the head as the
localization and fixation system. Initial efforts to replace this invasive SRS procedure were
to use a regular head immobilization device but set up with CBCT and monitor the patient’s
head motion in real-time by placing 5 LED markers on the head (Kai, et al. 1998) or 4-6
reflective markers on a mouth-bite frame to determine head’s motion in six degrees of
freedom (DOF) (Kamath, et al. 2005). The marker-based optical system is subject to marker
placement variations, marker mobility relative to the patient’s head, and/or the requirement
of the patient’s compliance to bite on the mouthpiece with uniform strength throughout the
treatment.

To overcome these shortcomings, OSI was introduced to monitor patients’ motion directly
as the superior alternative. A volunteer study was conducted by the University of California
at San Diego (UCSD) using only a customized headrest for head immobilization while
monitoring head motion using AlignRT in this marker-less and mask-less approach
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(Cervino, et al. 2010). However, as there is no restriction in the anterior and inferior
directions, subjects can move out of tolerance, especially when they fall asleep (Cervino,

et al. 2012). Li et al from the MSKCC reported their first clinical SGRT SRS procedure
using the PingPoint immobilization device (Aktina Medical, Congers, NY), which contains
a customized headrest and a mouthpiece, restricting head motion in all six directions (Li, et
al. 2011a). They monitored 11 frame-based SRS treatments and 13 frameless SRS and SRT
treatment fractions using OSI motion monitoring and found similar distributions of head
motion between the 2 patient groups. Later on, they developed an open-face mask (Li, et
al. 2013) that is used in the Freedom system (CDR Systems, Alberta, Canada) with both
customized headrest and open-face mask for SRS treatments (Li, et al. 2015a). The opening
facial area is used as the ROI for initial SGRT setup and motion monitoring during SRS
treatment, as shown in Fig. 3A. As the SGRT setup is quick and sufficiently accurate that
only a single CBCT acquisition may be needed, which often shows shifts within 2mm from
the SGRT setup (Lee, et al. 2021). Based on this observation, the SGRT SRS procedure has
been applied to treat brain SRT patients in our institution with an accelerated workflow and
a reduced safety margin from 3mm to 2mm (Li, et al. 2020).

In order to apply an SGRT cranial SRS procedure in a clinic, the OSI system requires to be
specially calibrated and commissioned to meet the overall <1.0mm accuracy requirement for
SRS treatment and routine QA processes to ensure the accuracy and reliability of an OSI
system (Peng, et al. 2011; Zhou, et al. 2021). SRS requires a much tighter QA tolerance than
any other SBRT and conventional treatments. As discussed in section 1l.d, if an AlignRT
system is to be used for SRS treatment, it is recommended to calibrate it using not only the
calibration plate but also the calibration cube to verify the AlignRT isocenter congruence
with the Megavoltage (MV) treatment beam. Moreover, as non-coplanar beams or arcs

are always used in SRS treatments, the so-called couch-angle-dependency error must be
measured and minimized to within 1.0mm, so that the systematic uncertainty of an OSI can
be built into the clinical action threshold (Zhang, et al. 2021). It is worthwhile to emphasize
that the ceiling-mounted 3-camera-pod OSI system can be used at any couch angle, unlike
the gantry-mounted imaging system, such as the onboard imager (OBI, Varian), which is
restricted to use only at couch zero position due to the concern of gantry-couch collision.
This OSI feature meets the SRS needs perfectly, as non-coplanar beams or arcs are always
used in SRS treatments. However, the couch-angle-dependency error should be quantified
and minimized in the OSI system commissioning process, if the OSl is to be used for
frameless SGRT SRS (Zhang, et al. 2021). Note that the couch walk error, usually within
0.5mm (Jursinic, et al. 2022), is also a cause for the couch-angle dependency error. When
an OSI system is used for specific clinical applications, such as SRS or proton therapy
(Fattori, et al. 2020), all involved OSI clinical features should be tested and covered by the
commissioning procedure.

SGRT for proton or particle radiotherapy

For proton or particle radiotherapy, beam penetration depth from the skin surface is

critical for dose delivery in addition to the isocenter correctness, so SGRT setup has been
investigated, for instance, to measure the nozzle-skin air gap and SSD using a home-growth
OSI method for a proton system (Mevion Medical Systems Inc., Littleton, MA), so an
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accurate target depth can be confirmed based on OSI and CBCT at treatment (Wang, et al.
2019). For historical reasons, SGRT applications for proton therapy are lagging from photon
therapy, similar to IGRT applications.

An early study from the MGH on 15 postmastectomy chest wall patients compared SGRT
setup with IGRT setup using radiograph and found OSI guidance reduced the setup
uncertainty to 1.5mm, half of the radiograph-only setup error (~3mm), and also reduced the
setup time by 550 about half (Batin, et al. 2016). Therefore, when there is not much tissue
deformation involved, OSI provides a more accurate and efficient patient setup without
extra radiation to the patients. Another study of 28 breast patients found that IGRT can

be substituted by SGRT for postmastectomy chest wall patients, while large variations of
SGRT were observed for patients with native breasts or large implants (Batin, et al. 2018).
For respiratory-gated proton therapy, an optical marker-based system is still used (Fattori,
et al. 2020), as OSl-based techniques are still in development phases to infer internal

tumor motion (Glide-Hurst, et al. 2011), and more studies will be discussed in the Clinical
Research section. In proton therapy, as the beam-tumor conformality is higher it requires
highly accurate tumor localization using IGRT and low system latency if motion monitoring
is needed. Due to the different configurations between the proton gantry and photon gantry,
the locations of ceiling-mounted lateral camera pods are moved toward the frontal position
with oblique angles away from the proton gantry.

lll.d. SGRT in bore-configured Linac systems

There are several bore-configured Linac systems, including the Halcyon/Ethos systems
(9=100cm, Varian), TomoTherapy system (¢=85cm, Accuray Inc., Sunnyvale, CA), and
MR-integrated Linac, such as the UNITY system (¢=70cm, Elekta, Stockholm, Sweden)
and the MRIDIAN system (¢=50cm, ViewRay Inc., Oakwood Village, Ohio). Only Halcyon/
Ethos systems with a sufficiently large bore size can be equipped with one of the two
commercial OSI systems for SGRT. One system is the AlignRT inBore system (v7.0), which
has three conventional ceiling-mounted external camera pods, as usual, to align patients

at the virtual isocenter outside the bore and two in-bore camera pods in a ring structure
frame attached to the internal surface of the bore (Nguyen, et al. 2020). This inBore OSI
system is placed outside of beam fields so it does not interfere with dose delivery, and it

is thin enough in the lower part of the ring, so it does not interfere with the anti-collision
safety guard. It has an overall 0.5mm accuracy concerning the virtual-to-true 1SO transfer,
vibration due to gantry rotation, and couch sagging due to patients’ weight. However, this
system requires re-calibration when the Linac needs open-cover services, and the camera
ring mount needs to be taken off. As the Linac cover (OSI mounting base) is supported by

a spring system, it may cause a 0.5mm uncertainty for the inBore system higher than the
conventional ceiling-mounted system. However, as the Linac does not allow couch rotation,
so no SRS treatments can be performed and 0.5mm uncertainty is acceptable.

Varian’s IDENTIFY provides an external SGRT solution, in which there are two ceiling-
mounted frontal camera pods with +20° from the central line and a third ceiling-mounted
camera pod at the back. This SGRT system provides the frontal, some lateral, and back

views so should provide sufficient body surface for surface alignment. As the system also

Phys Med Biol. Author manuscript; available in PMC 2024 March 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Li

ll.e.

Page 14

contains a fourth TOF camera for accessory checks, it may provide a different clinical
workflow from the AlignRT solution. A non-commercial in-bore single-camera motion
monitoring system using a Kinect camera with structured light was reported with a 4Hz
frame rate (Delombaerde, et al. 2019) and applied in motion monitoring of patient’s chest
motion to measure baseline drifts during treatments (Delombaerde, et al. 2021). A couch-
mounted camera system may also be used for patient motion monitoring during treatment.

Other clinical applications using OSI

In addition to the common OSI applications for SGRT patient setup and motion monitoring
in the two major anatomic sites, OSI has been applied in other aspects of radiotherapy,
including patient identity checking, treatment accessory checking, and patient-gantry
collision checking before or during treatments (Hoisak and Pawlicki 2018; Al-Hallag, et
al. 2021).

For patient identification, the AlignRT system has added another FDA-approved component,
called SafeRT (VisionRT), using a facial identification algorithm based on machine learning,
similar to the latest biometric authentication systems built into some mobile devices. Using
wall-mount cameras, a patient’s photo can be taken before simulation and treatment, so

that the patient’s ID can be confirmed through facial recognition, in addition to traditional
manual checks (Silverstein and Snyder 2017). The IDENTIFY system uses an IR palm
reader without physical contact for automatic patient ID identification via matching of the
patient-specific blood vessel network. With the automatic patient ID check, patient treatment
safety is therefore enhanced in busy radiotherapy clinics.

The OSI system has also been used to perform an automatic check of treatment accessories,
including patient immaobilization devices, such as a headrest, facial or body mask, body
mold, breast board, and leg rest, and radiation modification devices, such as bolus,
compensator, or electron cutout. The IDENTIFY system uses a fourth TOF camera above
the couch (Fig. 2) to check the bar-code ID and location of these accessories on the
treatment couch. The AlignRT and Catalyst systems also contain a module to allow
accessory checks before the patient setup in the clinic. These patient-safety features add
value to enhance treatment accuracy.

Additionally, the OSI systems are capable of checking the potential collision between

the gantry and the patient during treatment, as the geometry of the patient and radiation
gantry is known at the setup (Padilla, et al. 2015). It is worthwhile to mention that the
Cherenkov surface imaging technique is going to be commercialized by VisionRT as a new
product named DoseRT in the future. So, clinical applications of Cherenkov imaging are
expected to be increased substantially, including real-time monitoring radiation field relative
to treated patient anatomy in real-time. Overall, because of the non-ionizing feature and
real-time performance with a large FOV, the OSI technology offers many surface-guided
functionalities to help and facilitate clinical operations and workflow (Brahme, et al. 2008;
Sharma, et al. 2011; Hoisak and Pawlicki 2018; Padilla, et al. 2019; Freislederer, et al.
2020).
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IV. Toward Tattoo-less SGRT Setup and Monitoring Paradigm

It has been a new trend to apply OSI for patient setup at most anatomical disease sites,

as a better alternative to the tattoo/laser-based setup strategy. The difference between
conventional SGRT (discussed above) and tattoo-less SGRT can be illustrated in Fig. 1.

The conventional SGRT adds OSI-guided alignment on top of the laser-based patient setup,
which appears the case in the majority of the clinical studies discussed in section 11 and
many studies in this section as well. Therefore, the conventional SGRT has duplicated the
efforts in patient setup by using both approaches. The tattoo-less SGRT, on the other hand,
is a true independent initial step in patient setup, which has been utilized in some clinics,
but not many true tattoo-less SGRT publications without tattoo/laser pre-setup can be found.
From patients’ viewpoint, tattoos are not desirable for various reasons (Jimenez, et al. 2019),
including the permanent emational reminder of what they have experienced while seeking a
cure for the deadly disease. Therefore, eliminating the use of tattoos in patient radiotherapy
setup will improve patient care.

Technically, completely replacing tattoos with OSI to establish tattoo-less SGRT requires
two major pre-conditions: (1) the SGRT setup can be applied to most treatment sites, if not
all, and (2) the setup accuracy and performance should be at least equivalent or better than
that of tattoo/laser setup. An extra benefit of the tattoo-less SGRT procedure is to provide
motion monitoring during treatment. Clinically, the ROI creation for various anatomical
sites should be carefully evaluated as a good body position surrogate, which may need
modifications at setup by therapists to cope with patient-specific tissue deformation. The
establishment and implementation of tattoo-less SGRT will impact the clinic significantly,
as the tattoo technique has been used since the beginning of radiotherapy, even in the IGRT
era, and clinical staff has to be re-trained to adopt this paradigm-changing technology. The
clinical workflow and procedure are subject to change from treatment simulation to delivery.

Like any other imaging modalities that have been applied in the radiotherapy clinic, clinical
studies have been and should always be performed before clinical implementation. So far,
the two major established SGRT applications in breast (superficial lesion in deformable
anatomy) and brain (deep-seated lesion in rigid anatomy) treatments have followed the
research-to-clinic path. Although a lot of clinical work is required to implement tattoo-less
SGRT procedures, studies have demonstrated that SGRT setup accuracy and performance
are sufficient to replace tattoo/laser-based setups (Rigley, et al. 2020; Lee, et al. 2021). So
far, the tattoo-less SGRT approach has been used for breast patients (Jimenez, et al. 2019;
Rigley, et al. 2020). For other disease sites, however, limited clinical studies may have
resulted in a lack of widespread clinical applications. Site-specific issues and complexities
are very different, including head and neck, thorax, abdomen, pelvis, and extremity. In
general, the more deformable the site is the larger uncertainties for the SGRT setup, and
the more uncertain the external-internal relationship, the higher demand to use IGRT for the
final setup, targeting an internal tumor. As SGRT studies have covered different anatomical
sites, it is necessary to publish these results to share within the radiotherapy community to
pursue tattoo-less SGRT applications.
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SGRT setup for head-and-neck (HN) patients

In HN treatments, an early report from Duke University was to simulate OSI patient setup
accuracy of 11 patients using 77 weekly CBCT external contours. As the CBCT dataset
contains both external and internal anatomy, the study found that the further away a lesion
from the skull the higher uncertainties were expected using an OSI-guided setup compared
with radiographic imaging (Gopan and Wu 2012). This observation was confirmed by an
OSI study of 60 HN patients that were sorted into 3 groups: the nasopharynx, oral cavity,
and oropharynx under clinical conditions (Wei, et al. 2020). They found that SGRT setups
were significantly better than conventional setups using skin markers, and the nasopharynx
group has the least SGRT setup errors. For superficial neck lesions, a study compared
optical scanning images from a hand-held scanner with MRI images and showed a strong
correlation, illustrating the ability of tumor volume assessment based on surface imaging
(Kim, et al. 2021).

For HN patient setup, an open-face mask was studied to help immobilize HN patients who
suffer from mild claustrophobia to go through radiotherapy treatment (Li, et al. 2013).
Recently, another prospective study reported a direct evaluation of AlignRT setup accuracy
based on 269 patients in 415 SRS treatments (Lee, et al. 2021). An AlignRT verification
image was captured after CBCT setup shifts at the treatment position so AlignRT shifts
represent their differences, which show the mean vector errors of 1.0£2.5mm and —-0.1+1.4°
and the 95% confidence interval within 5mm and 3°. A few outliers were found for very
posterior lesions and explained based on mild correlations between the longitudinal shift and
pitch rotation and between the lateral shift and roll rotation, owing to surface registration
uncertainty (or ambiguity) of the OSI that has a bias on the anterior surface ROI. Also,

the initial SGRT patient setup before CBCT is fast with an average time of 0.8+0.3 mins.
Therefore, an SGRT setup has better performance and higher accuracy than a traditional
setup using room lasers, and is, therefore, suitable for conventional radiotherapy of whole or
partial brain and nasopharynx cancer treatments.

In the neck region, it is still a clinical challenge to set up cervical spine (c-spine) curvature
reproducibly, as it involves online patient adjustment and no effective radiographic imaging
is available for setup guidance. The investigators at MSKCC have reported a novel approach
to accurately setting up c-spine curvature by introducing two ROIs in SGRT and a movable
head support allowing longitudinal shifts up to 3cm in a 10-volunteer experiment (Li, et al.
2016a). In this study, an ROI on the shoulder was first aligned, followed by a second ROI

on the facial area of the open-face mask by adjusting the longitudinal position of the head
within 3cm. The SGRT results were verified using lateral photography pictures to show both
anterior and posterior neck outline curvatures. In contrast, as the single facial ROI does not
cover the neck, so it is not a surrogate for the neck position and may only be applied to

the sites near the skull (Wei, et al. 2020; Lee, et al. 2021) while the setup uncertainties are
expected to be increased as the treatment site is further away from the skull (Gopan and Wu
2012).
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IV.b. SGRT setup for thoracic patients

For the thoracic site, the most clinically relevant disease site is breast cancer, which was

in fact the first site for SGRT setup. Schoffel et al conducted one of the earliest studies

to assess the accuracy of the AlignRT system with 2 camera pods on an anthropomorphic
body phantom and 4 healthy volunteers (Schoffel, et al. 2007). The accuracy was found

to be 0.40+0.26mm in phantom and 1.02+0.51mm in volunteers, in reference to skin marker-
based alignment. Gierga et al from MGH and Alderliesten et al from the Netherlands Cancer
Institute (NKI) reported their clinical experience of SGRT setup for left-sided breast cancer
patients (Gierga, et al. 2012; Alderliesten, et al. 2013b). As breast DIBH treatments require
patients’ participation, the DIBH reproducibility (Cervino, et al. 2009) and heart position
variations (Alderliesten, et al. 2013a) are important factors in SGRT DIBH treatments. Even
though only partial DIBH may be achieved by some patients in the clinic due to their
inability to persistently perform DIBH as simulated, the heart dose can still be reduced
substantially compared with FB setup and treatment (Wiant, et al. 2015).

In addition to the traditional whole breast treatment, accelerated partial breast irradiation,

or APBI, is often used to treat early-stage breast cancer. The first clinical application was
reported on a 9-patient APBI study using AlignRT from MGH (Bert, et al. 2006). The
accuracy, or the distance of reference-to-verification surfaces, was reported to be 1.6+2.4mm
on average in comparison with the portal film. It is worthwhile to mention that gated OSI
was used in the APBI study to achieve a mean target registration error of 3.2mm from the
first fraction reference (Gierga, et al. 2008). However, in terms of 6DOF shifts, Zhao et al
from the University of Utah found 9 out of 12 APBI patients had = 5mm maximum shifts,
although 11 out of 12 had mean shifts of < 5mm, compared with IGRT setup using a CT

on rail system (Zhao, et al. 2019). Jimenez et al from MGH have recently demonstrated that
SGRT setup can provide slightly better accuracy, precision, and performance than tattoo/
laser-based patient setup, and therefore, they concluded that SGRT can be used in the clinic
to replace the tattoo/laser-based patient setup (Jimenez, et al. 2019). In APBI treatments, the
margin required for tumor bed targeting is often 1.5-2.0 cm and fiducial-based radiographic
imaging is still the standard of care in the clinic (Yang, et al. 2013), although the SGRT
setup uncertainty may be tolerable.

From the CNS and HN to the thorax and abdomen, a recent study of 894 patient plans

with 16,835 treatment fractions found that the uncertainty ranges increase from 2-3mm to
9-11mm for 90% of the cases (Haraldsson, et al. 2020). The Sentinel OSI system (C-RAD)
was used and compared with MVVCT from TomoTherapy (Accuray Inc.). The ranges of
residual errors in the SGRT setup are significantly lower than the tattoo/marker-based setup
for all 4 anatomical sites, as shown in Fig. 5. The close-to-zero mean residual error with

a lower standard deviation of SGRT setup suggests that SGRT is capable of replacing tattoo/
laser-based patient setup. As this study referenced the internal tumor, however, the large
SGRT setup variation indicates that the external-internal relationship is uncertain and IGRT
is still needed for thoracic and abdominal setup. This study is consistent with an earlier
study of 110 patients with 1902 treatments (Carl, et al. 2018) and another study of 284
SBRT patients with and without surface guidance (Leong and Padilla 2019).
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SGRT setup for abdominal, pelvis, and extremity patients

With the DIBH technique developed initially to treat lung cancer and the recent success

in SGRT DIBH for breast cancer, it is logical to apply the SGRT DIBH technique to treat
lung and abdominal cancer. Recently, a study has reported the SGRT DIBH technique for
hypo-fractional stereotactic body radiotherapy (SBRT) of 3 lung and 7 liver cancer patients
as an effective tool for motion management (Naumann, et al. 2020). A major advantage of
changing treatment from FB to DIBH is the PTV reduction from 145cc to 110cc. After the
SGRT DIBH setup, the IGRT DIBH setup using CBCT yields significantly higher mean
shifts in the liver (9mm) than in the lung (5mm). To monitor the abdominal motion, it is
recommended to exclude the rib cage from the ROI (Fig. 3C) as the lower rib cage moves
with the upper one, namely the thorax (Hughes, et al. 2009; Li, et al. 2015b; Li, et al.
2016b; Song, et al. 2022). The area of the abdominal surface with or without the support
or restriction from the rib cage moves differently (further discussion in the clinical research
section).

In the pelvis, only a few site-specific SGRT studies have been published, in contrast to other
anatomic sites. As early as 2009, the SGRT setup for 16 prostate patients was studied to
assess setup reproducibility (Krengli, et al. 2009) by comparing OSI alignment with the
setup using the electronic portal imaging device (EPID). Using EPID references, another
SGRT investigation of 19 prostate patients showed that ~45% of SGRT setups had beyond
5mm differences in vertical and longitudinal directions (Bartoncini, et al. 2012). A recent
study compared the performance of SGRT setup with the conventional 3-point setup and
found slightly better setup accuracy and speed (Mannerberg, et al. 2021). These studies are
consistent with the results shown in Fig. 5. Therefore, SGRT seems ready to work alone for
patient setup, while IGRT with radiographic imaging is still necessary as the body surface
cannot serve as a tumor surrogate in this case.

For the extremity, SGRT has its advantage to help patient setup. Earlier on, optical
reflection markers were tested for intrafractional motion after CBCT patient setup on 17
patients (Dickie, et al. 2010). An SGRT study of 16 patients over 236 treatments found

an intrafractional motion of 2.1+1.3mm and interfactional correction of ~3—-4mm in any
direction (Gierga, et al. 2014). As the extremity lesions may be superficial, similar to some
HN cases, the growth or shrinkage of the lesions after simulation or during treatment may
affect the surface matching for SGRT setup, but OSI can help to detect the superficial
changes.

After all, tissue deformation may appear to be a major obstacle for SGRT setup, although the
tool to assess surface deformation is available, such as a color-coded deformation viewing
tool in the AlignRT system. Clinically, how to handle tissue deformation in SGRT is still

one of the most challenging questions, and the solution to address this challenge is through
conducting site-specific SGRT studies to develop, implement and, support clinical SGRT.

V. Clinical Research and Future Applications

The two most important questions among many clinical challenges in OSI applications in
radiotherapy clinics are (1) how to handle body deformation and (2) how to infer internal
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organ location and motion from the external body surface motion, as the solutions to these
questions will lead to new clinical SGRT applications. Three early studies on two OSlI-based
respiratory surrogates (Hughes, et al. 2009) and the feasibility of OSI-based spirometry (Li,
et al. 2009a; Li, et al. 2009b) were reported, demonstrating more potential OSI applications
in the clinic.

V.a. OSl-based spirometry to measure respiratory tidal volume

To infer thoracic or abdominal tumor motion based on OSI data, volumetric approaches
were reported to create ventilation surrogates. In 2009, two consecutive studies reported
volumetric calculation of patients’ respiratory tidal volumes and external-internal motion
modeling based on 4DCT of the entire torso, suggesting that OSI could be used to
measure respiratory tidal volume (Li, et al. 2009a; Li, et al. 2009b). Respiratory tidal
volume has been studied as a good surrogate of tumor motion in lung and liver cancer
(Keall, et al. 2006). In the same year, an independent study reported a volumetric and a
fiducial-like ventilation surrogate based on OSI image data (Hughes, et al. 2009). They
calculated volume differences under two body surfaces at different respiratory phases to
infer respiratory motion. These studies initiated a new path to apply the moving and
deforming OSI surface data for clinical applications, triggered the development of OSI-
based spirometry (Li, et al. 2015b; Li, et al. 2016b) and predictive model using OSI data as
input (Yuan, et al. 2016).

When the entire human torso is studied as a closed system, meaning that no materials

go in and out of the system, it allows the basic physical laws to work, such as the mass
conservation law and ideal gas law. With such a closed system, it was hypothesized that the
amount of air that a patient breathes in and out is the cause for, and therefore should be equal
to, the volume change of the torso, namely a measure of tidal volume if the reference surface
is at the full exhalation. Based on 4DCT data, this hypothesis was tested to be valid (Li, et
al. 2009a; Li, et al. 2009b). When using the AlignRT system with 3 ceiling-mounted camera
pods, only anterior and lateral torso surface motions can be viewed when a patient lies in

the supine position. Although the posterior body surface is not seen, it has little motion as

it is supported by the couch. Therefore, the OSI data are sufficient to calculate torso volume
change, as shown in Fig. 6. The validation of the OSI-based spirometry was performed on
11 healthy volunteers (six female volunteers wearing form-fitting leotards) in reference to
concurrent measurement using a conventional spirometer (Li, et al. 2015b; Li, et al. 2016b).
The results showed that the difference between the two spirometry measurements is —2.2%
+4.9% and the correlation coefficient is 0.98+0.01 over multiple cycles of respiration in FB
(78£28 cycles per volunteer on average).

The OSl-based spirometry also works for different breathing patterns, including FB, belly
breathing (using the diaphragm), and chest breathing (using the intercoastal muscles), as
shown in Fig. 7, suggesting the versatility and robustness of this OSI-based technique.
The feasibility study was based on the real-time raw imaging data, which were used to
reconstruct 3D surfaces retrospectively for volume calculation.

The findings from this study were consistent with an earlier report (Cala, et al. 1996), in
which 86 reflecting markers (42 anterior, 34 posterior, and 10 lateral) were used to capture
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torso surface motion at 100Hz and measure the tidal volumes of two standing subjects. The
detected optical point positions were linked as a triangulated mesh to create the torso surface
and then calculate the tidal volumes that highly correlate with spirometry measurement.
Comparing the fiducial study and the OSI-based spirometry suggests that lowering spatial
resolution OSI with a smaller dataset is an option to achieve real-time computation and
assuming negligible posterior motion in the supine position is valid. As a volumetric motion
surrogate tends to outperform a point-based surrogate to infer respiratory-induced tumor
motion (Hoisak, et al. 2006; Werner, et al. 2010), the OSl-based spirometry offers an
advantage over the marker-based motion tracking system due to its high accuracy and
simplicity without marker placement.

To apply the OSl-based spirometry in radiotherapy clinics, the OSI system must be
improved to provide real-time reconstructed 3D surface data at a higher frame rate, so

that the tidal volume can be calculated and tumor motion can be predicted in real-time to
guide clinical operations. To ensure that a patient can be seen regardless of the positions

of the radiation gantry and imaging arms, it was suggested to modify the OSl as a
4-camera-pod system by splitting the frontal camera pod into two with £20° from the couch
zero position, so that the machine isocenter can always be in the camera views without

the camera-view blocking problem (Li, et al. 2016b). In fact, this configuration has been
adopted as part of the IDENTIFY configuration for the Halcyon or Ethos Linacs. Note that
when intrafractional on-board kV imaging or MV/KV is prescribed, 860 the views of the
lateral two camera pods are blocked at most gantry rotation angles, making SGRT motion
monitoring impossible to perform. Then, a fiducial-based motion management device, such
as the RPM, is needed. However, the suggestion of the 4-camera-pod OSI system should
work as the two frontal camera pods can see the patient around the isocenter, similar to the
IDENTIFY/Halcyon system. So, it is critical to have vendors’ participation and support to
improve the OSI-based techniques for potential SGRT applications.

V.b. Predicting internal organ motion based on OSI

As the OSI can provide the most comprehensive external torso motion information, ideally
it should offer the best opportunity to establish an external-internal motion relationship,
compared with marker-based point array or local surface surrogates. In other words, if

an external-internal tumor motion predictive model can be developed for clinical use with
sufficient accuracy and reliability, OSI should offer the best chance to achieve this objective.
Based on the 4DCT and AlignRT studies (Li, et al. 2009a; Li, et al. 2009b; Li, et al.

2015b; Li, et al. 2016b), a physics-based respiratory motion perturbation (RMP) model

was proposed and studied using 2 sets of 4ADCT images at simulation and treatment in 10
lung patients (Yuan, et al. 2016). This RMP model predicts tumor motion variation from a
baseline obtained from one 4DCT by quantifying the breathing condition variations using
the other 4DCT, such as the variations in tidal volumes and their distributions between the
thorax and abdomen, and applying an improved expandable piston model to predict lung
motion (Li, et al. 2009b). The final motion prediction, which is the sum of the predicted
motion variations and the motion baseline, improved the tumor positioning accuracy by
~40% from an average of 2.0+2.8mm (difference between 2 4DCTSs) to 1.2+1.8mm, similar
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to an established 5D model (Low, et al. 2005). As discussed above, the respiratory tidal
volume and its distribution between the thorax and abdomen are both measurable using OSI.

For proton therapy, tumor motion prediction may also need to cover the lung tissue

density and the location of nearby OARs to calculate the water equivalent length along

the beam path. Fassi et al developed a surrogate-driven deformable motion model for

organ motion tracking in particle radiotherapy (Fassi, et al. 2015). To achieve a volumetric
motion model, 2 sets of 4ADCT were used to deform from one to another using deformable
image registration (DIR) and adapt to any inter-fractional baseline variations. A respiratory
surrogate signal was extracted from the external surface to obtain both amplitude and phase
factors to account for intra-fractional motion variations. Seven lung cancer patients were
recruited for this study and the overall geometrical and water-equivalent-length accuracy
was within 2mm. Zhang et al. also reported a volumetric motion model using DIR with the
principal component analysis (PCA) (Zhang, et al. 2007), which allows real-time motion
prediction using a single radiographic image (Li, et al. 2011b) and may be applied for
prediction using the OSI signal to feed the DIR-PCA model. Ernst et al. studied 304
respiratory motion traces with an average duration of 71 minutes and extracted 21 features
(12 from the time domain and 9 from the frequency domain) (Ernst, et al. 2011). Using three
regression-based algorithms with major 6 features out of 21, the authors demonstrated that
high motion prediction reliability can be identified through classification before treatment.
So, for patients with high reliability of motion prediction, they can be selected to be
beneficial from motion-compensated radiotherapy treatment, such as respiratory gating or
tumor tracking.

A better motion ground truth with both internal and external data would be time-resolved
4DMRI, which has been recently developed using super-resolution image reconstruction to
provide continuous external and internal organ motions over multiple breathing cycles (Li, et
al. 2017; Li, et al. 2018; Nie, et al. 2020). Such datasets can be used as the ground truth to
develop, improve, and validate motion prediction models. In addition to physical approaches
(Low, et al. 2005; Yuan, et al. 2016), statistical and machine learning approaches were
applied to establish the external-internal motion relationship (Hughes, et al. 2009; Li, et al.
2015c; Milewski, et al. 2019). As more patients’ TR-4DMRI image data become available, a
deep learning approach can also be applied.

A just-in-time prediction for about 500ms ahead of anticipated motion has been studied
using a temporal convolutional neural network to overcome the system latency in motion
tracking for Cyberknife Synchrony (Accuray Inc.) (Chang, et al. 2021). It is worthwhile

to mention that the Cyberknife motion model is based on fiducial markers, which simplify
external motion and reduce the computation time. A study has shown that the optical

motion monitoring system is superior to the electromagnetic tracking system for its
robustness and accuracy (Fattori, et al. 2017). An OSI-based motion prediction requires

a more sophisticated approach to handle more comprehensive motion data, and therefore,
potentially it could provide a better clinical solution in light of the booming of deep learning
technology.
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After all, by applying the OSI-based spirometry technique to feed and update an external-
internal motion predictive model, it is promising to establish an accurate and reliable clinical
system for patient motion monitoring with periodic x-ray verification during treatment using
a conventional Linac, given the limited patient access to an MR-integrated Linac.

Improvements and promises of OSI for future clinical applications

The major issues that need to address for any OSI system include the real-time performance
to reconstruct 3D surface images with a large FOV and the elimination of gantry blocking
during IMRT/VMAT treatment delivery. Real-time performance is required for motion
management, including image capturing, 3D surface reconstruction, and post-imaging
computation for tumor motion prediction. Currently, only a fiducial-based optical system
can provide real-time motion tracking. With the parallel computing technology using GPU
(graphic processing unit), it is feasible but needs efforts from the OSI vendors. For the
3-camera-pod OSI configuration in a treatment room, some part of the patient body surface
(>50% ROI) may be blocked by the MV gantry, EPID panel, or kV arms, especially when
the IMR (intrafraction motion review) imaging or MV/kV imaging is required during SBRT
treatments. Currently, the clinical solution is to use the RPM system instead of OSI, so that
it allows treatment with both optical marker and x-ray imaging for intrafractional motion
monitoring. As discussed above, a 4-camera-pod system can resolve this clinical issue by
splitting the central (frontal) camera pod into 2 frontal camera pods with +20° around the
original central position. Therefore, the patient body surface around the isocenter is always
visible throughout the treatment, useful for both current clinical procedures and future
development of an OSI-based motion tracking system.

It is worthwhile to mention that tattoo-less SGRT setup is different from IGRT setup, as

the OSI is simply replacing tattoos but not IGRT. Conceptually, as OSI can serve as a

body position surrogate it can replace the tattoo; however, if OSI can also serve as a tumor
surrogate, SGRT may be used alone with an appropriate margin for setups, such as SGRT
setup for conventional treatment of brain and nasopharynx cancer (Lee, et al. 2021). When
implementing a tattoo-less SGRT procedure in a clinic, it simply replaces the tattoos but not
IGRT. Any IGRT requirement used currently should still be applied. For SBRT treatments,
IGRT should always be applied to provide an accurate target position. Only when the
external-internal relationship is known, then SGRT may be applied alone for conventional
treatments.

Looking forward, three of the most challenging questions in clinical SGRT, although

have been tackled, remain to be addressed: (1) automating ROI selection and creation for
different anatomical sites, (2) handling tissue deformation within ROI, and (3) inferring
internal tumor position and motion. The selection of a reliable ROI is important for

any anatomical site and affects setup accuracy, and therefore, needs to be carefully
studied and then implemented in routine clinical practice with automation. To establish
the tattoo-less SGRT procedures for all anatomical sites, tremendous efforts for clinical
research and implementation are required to study, validate, and optimize reliable ROIs
and new clinical procedures and workflows without permanent skin marks from treatment
simulation to delivery. More clinical tools are needed to represent, visualize, and quantify
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tissue deformation to facilitate clinical operations with more suitable, intellectual guidance.
Applying IR laser scanning to retrieve bony surfaces under a thin layer of soft tissue may
be a feasible approach to avoid deformation uncertainty in tracking patient motion. So far,
no OSl-based motion tracking system is available in the clinic, although OSI offers the
most complete external motion information and thus the best opportunity to fill the clinical
need and improve the current practice. Combining the advents in medical imaging, such

as time-resolved 4ADMRI and deep learning strategy to train and validate more accurate
and robust tumor motion prediction models, more OSI-based techniques can be further
developed and applied for SGRT to guide motion-compensated radiotherapy in the future.

As the need for rapid daily planning and plan adaptation has increased, these treatments can
be also accelerated using OSI guidance, especially the tattoo-less SGRT for most anatomic
sites. In MR-integrated Linac systems, if an OSI system is available in the room, it should
be useful to achieve body alignment and minimize external body deformation in real-time
outside of the bore, and then place the anterior coil on the bridge frame and send the patient
into the bore for MR imaging, setup, and daily adaptive planning. Because the patient has
optimally aligned with minimal external deformation, the isocenter shift can be minimized
and the complexity of daily planning adaptation is likely to be reduced.

Conclusion Remarks

This article has reviewed the latest commercial OSI systems, clinical SGRT applications,
and clinical OSI research for SGRT patient setup and motion monitoring in radiotherapy
treatment. Clinically, SGRT has the potential to replace tattoo/laser-based patient setup and
this trend has started, addressing patients’ concerns and facilitating clinical workflow with
improved setup accuracy and performance. As OSI is a hon-ionizing radiation imaging
technology, it can be applied for in-room real-time patient setup and patient motion
monitoring throughout the entire treatment. Unlike other clinical imaging modalities,

OSI provides the largest field of view for patient setup, allowing for the alignment of
associated body parts to minimize the deformation at the treatment site. As the tattoo/laser-
based patient setup procedure has been established since the beginning of radiotherapy,

its replacement using OSI for SGRT patient setup will introduce a significant change

in clinical practice. When implementing SGRT setup procedures for new anatomic sites,
additional clinical investigations, as well as technical guidance from AAPM (Al-Hallag, et
al. 2022), are helpful to address site-specific issues. SGRT setup, however, may still need
IGRT for targeting internal tumors, especially for hypo-fractional SBRT. Only when the
external-internal positioning relationship is known, such as superficial lesions or lesions in
rigid anatomy, SGRT can be used alone to set up patients for conventional radiotherapy
treatment with an appropriate margin. For respiratory-induced tumor motion, the OSI-based
spirometry offers the most comprehensive external motion dataset, including dynamic tidal
volume and its distribution to feed an external-internal motion model to infer tumor position
in real-time with periodic radiographic verifications. With further clinical investigations, we
believe more OSl-based technologies and SGRT procedures are on the horizon for future
applications.
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Figure 1.

Ilustration of the differences among tattoo/laser-based, conventional SGRT, and tattoo-less
SGRT procedures for patient setup, in which either radiographic or MR-guided IGRT should
be prescribed for all hypo-fractional stereotactic body radiotherapy (SBRT) but may not be
necessary for conventional 3D radiotherapy treatments. The clinical workflow is from the
top (SGRT) to the bottom (IGRT). In the conventional SGRT procedure, the laser/mark is
still used for initial patient alignment, whereas the tattoo-less SGRT is the first alignment for

patient setup.
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Figure 2.
Three major commercial OSI systems are used for SGRT applications in radiotherapy

clinics. (A) AlignRT Advanced system, (B) Catalyst+ HD system, and (C) IDENTIFY
system. The top row shows the cameras (and projector) in the pod and the bottom row
shows the 3-pod OSI systems installed in the treatment room. Note that Varian’s IDENTIFY
system has a 4™ TOF camera pod above the couch. (Images are taken from vendors’
websites with permission, courtesy of these vendors, copyright (2022), and all rights
reserved)
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Figure 3.
Three examples of regions of interest (ROIs) for SGRT setup and motion monitoring to treat

(A) brain, (B) breast, and (C) abdominal cancer. The reference surface is presented in mesh
(pink) from the simulation CT and the ROI is shown as a solid surface (white). Note that the
breast CT covers part of the arm and chin to allow their alignment before the breast setup.

Phys Med Biol. Author manuscript; available in PMC 2024 March 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Li

Page 35

Figure 4.
Three examples of radiographic images (pink) fusion with simulation CT (green body

contour) of a locally advanced breast implant in 3 fractions of volumetric-modulated arc
therapy (VMAT) treatments to a large planning tumor volume (PTV: red). The green arrows
point to an ideal arm setup (A), medial arm setup (B), and lateral arm setup (C), despite the
breast ROI being well aligned in all cases (simulation body position: green). The 2 different
arm positions (B and C) will lead to displacements of the local lymph nodes away from their
simulation positions, including the axillary nodes: level I (blue), 11 (yellow), and Il (light
blue), super clavicle node (grey), and internal mammary node (badge). The 2DkV image has
a limited FOV, so the inferior breast image is not shown. (Image from Li, et al. 2021a with
permission)
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Figure5.
Demonstration of residual setup uncertainties and error ranges in three translational

directions between tattoo/laser-based and OSI-based patient setups, using MVCT
(Megavoltage CT) as the reference (Haraldsson, et al. 2020). The differences are significant
(p<0.005) for all 4 anatomical sites. Although the mean errors are small, the error ranges are
large. (images are 745 taken from Haraldsson, et al. 2020 with permission)
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Figure®6.
Illustration of AlignRT torso surface images of a male (A and C) and a female subject

(B and D) acquired using the AlignRT system. The volume of interest is defined between
the 2 vertical lines (green), tilted horizontal line (purple), and anterior surface (A and B).
Using the full-exhalation torso surface image as the reference, the torso volume changes are
calculated for OSlI-based spirometry. The 3D surface views are shown in (C and D) with

3 cutting planes: the tiled horizontal plane, and the 2 vertical planes along the edge of the
rib cage to separate the thoracic and abdominal motions. The images are taken from the
references (LI, et al. 2015b; Li, et al. 2016b) with permission.
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Figure7.
Illustration of 3 different breathing patterns: (A) free-breathing, (B) belly breathing, and

(C) chest breathing, and the consistency between OSlI-based and conventional spirometry
measurements in 11 volunteers with 78+28 breathing cycles per subject on average in FB
(D), and about half of breathing cycles in belly breathing (E) and chest breathing (F). The
linear fit and correlation coefficient are shown. Images are taken from (Li, et al. 2016b) with
permission.
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