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THE EMERGING ROLE OF LOCAL ABLATIVE 
THERAPY IN LATER STAGE DISEASE
There is a surprising dissonance in the contemporary 
approach to treating solid tumor cancers. In the setting of 
local and locally advanced solid tumors, evidence accumu-
lated over decades has shown that the best outcomes arise 
from a combination of aggressive local debulking of gross 
disease along with adjuvant systemic therapies to address 
any remaining micrometastatic burden. And yet, in the 
setting of metastatic disease of any degree, this combination 
of local debulking with systemic therapy has gone under-
investigated and, consequently, underutilized.

Instead, the general approach to patients with a site of 
distant metastasis has been to use drug therapy alone and to 
employ local therapies only as a palliative modality. None-
theless, the concept of debulking grossly visible disease in 
Stage 4 cancers – which we label complete metastatic abla-
tion (CMA) – has been of interest to oncologists since at 
least the 1990s when the Hellman-Weichselbaum meta-
static spectrum theory was postulated.1 This theory held 

that there may be a stage in cancer progression where the 
cancer has spread beyond the tissue of origin but is not yet 
extensively metastatic and that some cancers in this phase 
may be rendered curable with the same combination of 
aggressive local treatment and drug therapy used in earlier 
cancer stages.

Twenty-five years later, our understanding of cancer 
biology is unequivocally more complex, but this expanded 
knowledge has not precluded the metastatic spectrum 
theory. Quite the contrary, our modern understanding 
suggests several mechanisms by which local ablation of all 
visible sites of disease may create synergies with systemic 
agents and improve survival. Specifically, we identify 
four mechanisms by which CMA can enhance systemic 
strategies.

Firstly, CMA can reduce the total cancer burden in 
the patient’s body, resulting in fewer viable cancer cells 
requiring eradication by systemic therapy. This mathemat-
ical argument applies equally whether the systemic therapy 
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ABSTRACT

The emerging biological understanding of metastatic cancer and proof-of-concept clinical trials suggest that debulking 
all gross disease holds great promise for improving patient outcomes. However, ablation of multiple targets with 
conventional external beam radiotherapy systems is burdensome, which limits investigation and utilization of complete 
metastatic ablation in the majority of patients with advanced disease. To overcome this logistical hurdle, technical 
innovation is necessary. Biology-guided radiotherapy (BgRT) is a new external beam radiotherapy delivery modality 
combining positron emission tomography-computed tomography (PET-CT) with a 6 MV linear accelerator. The key 
innovation is continuous response of the linear accelerator to outgoing tumor PET emissions with beamlets of radi-
otherapy at subsecond latency. This allows the deposited dose to track tumors in real time. Multiple new hardware 
and algorithmic advances further facilitate this low-latency feedback process. By transforming tumors into their own 
fiducials after intravenous injection of a radiotracer, BgRT has the potential to enable complete metastatic ablation in 
a manner efficient for a single patient and scalable to entire populations with metastatic disease. Future trends may 
further enhance the utility of BgRT in the clinic as this technology dovetails with other innovations in radiotherapy, 
including novel dose painting and fractionation schemes, radiomics, and new radiotracers.
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is directly cytotoxic or acts through a secondary agent such as an 
activated T cell.2

Secondly, locally ablative therapies – especially when deployed 
early – may reduce or eliminate the pool of subclones from which 
therapeutic resistance can evolve. This is especially relevant 
for cancers with driver mutations. For instance, in metastatic 
EGFR+ non-small cell lung cancer (NSCLC) treated with small 
molecule inhibitors, the rate at which resistant cancer subclones 
eventually emerge approaches 100%.3,4

Thirdly, in the context of immunotherapeutic drugs like check-
point inhibitors, radiotherapy directed at multiple targets may 
have unique advantages. Ionizing radiation has been shown to 
induce pro-inflammatory signals via the cGAS-STING-IFN 
pathway,5–8 which has the potential to convert immune-sparse 
tumor microenvironments (“cold tumors”) into inflamed pheno-
types that are more amenable to T cell trafficking. At a whole-
patient level, CMA may improve the ratio of T cells to neoplastic 
cells and also release into circulation a diverse array of neoanti-
gens from clonally distinct metastatic sites.

Finally, a less appreciated means by which local therapies can 
improve hard oncologic end points such as overall survival is 
their potential to forestall causes of death and morbidity attrib-
utable to local tumor effects in a subset of patients. Eliminating 
gross tumors near a sensitive structure may keep patients 
alive and fit so that the benefits of systemic therapy can fully 
accrue. Postponing the pace of cancer lethality this way may 
enhance systemic therapies whose effects are not immediate, 
such as biologics, injected radionuclides, and immune system 
potentiators.

THE CLINICAL EVIDENCE FOR COMPLETE 
METASTATIC ABLATION
Even more compelling than these mechanisms are the posi-
tive reports from multiple proof-of-concept studies that have 
formally tested the intervention of complete debulking in 
randomized controlled trials. Given the limitations of currently 
available technology, these investigations have focused only on 
the beginning of the metastatic spectrum, termed “oligometa-
static disease.” This portion of the metastatic spectrum has been 
defined variably in clinical trials as 3 to 5 or fewer metastases, 
and more recently, an expert consensus definition of 5 or fewer 
metastatic lesions was put forward by radiation oncology profes-
sional societies.9

NSCLC has been the focus of many of the first Phase II proof-
of-concept investigations of oligometastatic disease. Gomez et al 
investigated the addition of complete ablation of gross disease 
after induction systemic therapy in a randomized controlled trial 
of 49 NSCLC patients with fewer than 3 sites of metastases who 
had stable or responding disease. The addition of local consol-
idative therapy (radiation or surgery) in the experimental arm 
resulted in a statistically significant improvement in progression-
free survival (PFS) (14.2 months vs 4.4 months, p = 0.022).10,11 
Longer follow-up also demonstrated an improvement in overall 
survival (OS) (41.2 months vs 17.0 months, p = 0.017). A similarly 

designed randomized controlled trial by Iyengar et al, also inves-
tigated the addition of local consolidative stereotactic radiation 
to systemic therapy in “limited” NSCLC, defined as the primary 
plus up to five metastatic sites. The authors again observed a near 
tripling of the median PFS (9.7 months vs 3.5 months, p = 0.01).12

More recently, the SINDAS randomized controlled trial for 
oligometastatic EGFR+ NSCLC was reported.13 In this study, 133 
patients were randomized to either TKI alone or SBRT to all sites 
of disease followed by TKI. The median PFS, the primary end 
point, was improved with complete debulking (20.2 months vs 
12.5 months, p < 0.001) as was OS (25.5 months vs 17.4 months, 
p < 0.001). Importantly, adverse events were similar between the 
two groups despite the addition of SBRT in the experimental 
arm.

Other notable prospective trials have looked at histologies 
beyond NSCLC. The SABR-COMET trial randomized patients 
with oligometastatic cancer arising from a basket of histolo-
gies to receive either standard-of-care systemic therapy and, if 
necessary, palliative radiotherapy or standard-of-care systemic 
therapy plus definitive metastasis-directed therapy to all sites of 
gross disease.14 Ultimately, 99 patients – including those with 
lung, prostate, breast, and colorectal tumors – with 1–5 meta-
static sites of disease were randomized. Improvements in both 
OS (41 months vs 28 months, p = 0.09) and PFS (12 months 
vs 6 months, p = 0.001) were initially reported. Longer-term 
follow-up reported a 5-year OS of 42.3% in the ablative arm 
vs 17.7% in the non-ablative arm (p = 0.006).15 Two studies in 
prostate cancer, ORIOLE and STOMP, investigated SBRT to all 
sites of disease in oligorecurrent (1 to 3 metastases), hormone-
sensitive disease.16,17 Interestingly, both studies investigated the 
intervention against observation to determine whether complete 
debulking had efficacy as a monotherapy. The primary end 
points, which were met in both studies, were based on clini-
cally meaningful events: biochemical-recurrence free survival 
at 6 months in ORIOLE and androgen-deprivation therapy free 
survival in STOMP.

Finally, adding complete debulking with radiotherapy to a back-
bone of immunotherapy has been of keen interest. As described 
previously, the mechanisms of synergy between radiotherapy 
and immunotherapy are numerous and have the potential to be 
enhanced by multitarget as opposed to single-target ablation. 
Because immunotherapy is a more recent entrant to systemic 
therapy standard-of-care, prospective evidence for combina-
tions with multi target radiotherapy are less mature. Notably, a 
single-arm study of patients with oligometastatic NSCLC (four 
or fewer lesions) who were treated with definitive local therapies 
to all sites followed by pembrolizumab found that patients had 
a median PFS of 19.1 months, compared to an expected histor-
ical control of 6.6 months (p = 0.005).18 Interestingly, PD-L1 
expression was not correlated with better outcomes, suggesting 
that local therapies may potentiate pembrolizumab even among 
patients without high PD-L1 expression. Another single-arm 
study investigated the safety and clinical activity of combining 
pembrolizumab and multisite radiotherapy in a basket of heavily 
pretreated patients with metastatic solid tumors.19 They found 
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that the combination was safe and observed a median OS 
of 9.6 months, which compared favorably with the expected 
survival outcomes for metastatic solid tumor patients refractory 
to multiple prior lines of systemic therapy.

MOVING FORWARD ALONG THE METASTATIC 
SPECTRUM
The biological evidence-base and the results of multiple prospec-
tive clinical trials suggest there is real potential to enhance 
outcomes in metastatic solid tumors by combining systemic 
therapy with aggressive debulking of gross disease. In patients 
with few metastatic sites and low burden of disease, the aggre-
gate evidence suggests that more durable remission and, in some 
cases, cure of disease is possible with this approach. However, 
this group represents a minority of patients with metastatic 
cancer. In fact, there is a heavy skew towards the lower end of 
the range (1–2 lesions) for allowed number of metastases among 
the enrolled subjects in the aforementioned trials. Therefore, a 
timely and intriguing question is whether we can translate the 
improvement in outcomes to patients on the higher end of the 
oligometastatic range and beyond in the polymetastatic range 
(i.e. 4 or more metastases).

In these patients, achieving a curative outcome may perhaps be 
less likely. At the same time, we may see extensions in DFS and 
OS that are on par with, or better than, those typically achieved 
with drug therapies. To effectively investigate the benefit of 
complete debulking in these patient populations, investigators 
need innovative approaches to overcome logistical limitations 
and efficiently ablate multiple sites of disease. This requirement 
remains a significant obstacle for current surgical and radiother-
apeutic platforms. In the rest of this review, we will describe the 
strong potential of biology-guided radiotherapy to fill this unmet 
need.

BIOLOGY-GUIDED RADIOTHERAPY
Anatomical vs biological imaging in radiotherapy
The history of employing imaging technologies in radiotherapy 
spans decades and is characterized by constant innovation.20–22 
Image guidance has evolved with radiographic methods that 
provide anatomic information, such as 2D planar radiography, 
cone-beam CT, megavoltage CT, and, most recently, MRI. The 
evolution of combining anatomical imaging with radiotherapy 
has enabled progressively more precise delivery of ionizing 
radiation to targets delineated at finer and finer resolution. This 
has resulted in significant gains for patients because these tech-
nologies improve treatment planning, patient positioning and 
sparing of normal tissues, which result in reduced toxicities. 
Furthermore, these improvements in imaging have allowed for 
increased dose per fraction, clearing the way for more effective 
local ablation.

Despite the advantages of CT and MRI, molecular processes that 
take place at the nanometer scale are not well suited for visual-
ization with anatomical imaging (Figure 1). As more attention 
is paid to categorizing tumors using phenotypic and genotypic 
features, there is renewed interest in incorporating imaging 
modalities that visualize biological and molecular aspects of the 
tissue targeted for treatment. Positron emission tomography 
(PET) is among the most powerful tools within this trend.

PET is designed to visualize inherent biological processes rather 
than solely anatomy, which has implications for leveraging the 
innate characteristics of a tumor to direct treatment. It can 
also be used to investigate functional and molecular changes 
in the tumor in response to therapy that can be detected before 
anatomic changes.24–30 Furthermore, PET imaging is inherently 
compatible with a wide spectrum of positron-emitting tracers 
that can probe different biological states with exquisite sensi-
tivity. The lack of an anatomic reference frame is a weakness of 
PET that has been addressed by combining PET with CT or MRI 
to enable precise correlations of molecular emissions with the 
surrounding anatomy.31 Although the concept of using biolog-
ical information to inform radiotherapy has been an active area 
of interest,32–35 it has not been incorporated as an online guid-
ance tool for radiotherapy procedures.

Biology-guided radiotherapy (BgRT), developed by RefleXion 
Medical (Hayward, CA), is the first fusion of PET/CT and radio-
therapy delivery in a single system. It is an upcoming extension 
of the X1 which received FDA clearance in March 2020 for 
CT-based image-guided (i.e. non-BgRT) IMRT, SBRT and SRS 
applications. Importantly, BgRT simultaneously represents both 
a continuation of, and a departure from, conventional image 
guidance. Although BgRT fuses advanced imaging with radio-
therapy, it does not fit within the typical paradigm of visualizing 
a fully formed image and then directing radiotherapy using that 
visualization. Rather, BgRT’s fundamental underpinning is that 
tumor PET emissions are detected and processed in real time so 
that the radiation dose is effectively tracked to lesion motion. 
Hence, this feedback loop between biological activity and the 
linear accelerator (LINAC) represents an evolution from classical 
image guidance. By enabling cross-talk between a tumor and 

Figure 1. Comparison of imaging modalities with respect to 
molecular sensitivity and spatial resolution (Adapted from 
Tichauer et al23). PET, Positron emission tomography; SPECT, 
single photon emission computed tomography.
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the LINAC, BgRT transforms tumors into their own “biological 
fiducials,” with the aim of simplifying the process of radiotherapy 
delivery to multiple sites of disease throughout the body in the 
same treatment session.

BgRT hardware overview
The X1 includes a 6 MV (flattening filter free) LINAC, a high-
speed binary multi leaf collimator (MLC) with 64 leaves each at 
6.25 mm width at isocenter to shape the beam, and dual 90° PET 
arcs for detecting biological signals. Leakage is minimized with 
a primary collimator as well as an MLC leaf size of 11 cm in the 
beam direction. The system also houses a 16-slice kilovoltage CT 
scanner for anatomical localization and a megavoltage detector 
for sensing of the portal radiation through the patient. These 
subsystems rotate together at 60 RPM on a ring-gantry platform 
with a 85 cm source-to-axis distance, delivering radiation from 
100 discrete firing positions around the patient (Figure 2). The 
X1 also has an effective 6 degree-of-freedom (DOF) couch (the 
sixth DOF provided by the rotation of the gantry) that dwells at 
and translates through 2.1 mm incremental “beam stations” both 
in and out of bore directions during treatment. Varying the dwell 
time at each beam station provides variable pitch for the quasihe-
lical nature of the delivery.

The high-speed rotation of the X1 system is required to form 
limited-time-sampled (LTS) PET images at a high frame rate; 
with PET detectors spanning symmetrically opposed 90° arcs, a 
60 RPM rotation rate translates to a full tomographic sampling 
every 500 ms (half-rotation). This fast rotation allows the 
system to capture and process an LTS data set before the tumor 
has significantly changed position due to physiologic move-
ments like respiration. The LTS PET images are derived from 

filtered-backprojection reconstruction. They are attenuation 
and randoms corrected, however they are not scatter corrected 
as all background outside of the pre-identified region of interest 
containing the “fiducial” is masked.

The other components of the X1 must also meet the demands for 
high speed and low latency. For example, fluences based on each 
LTS PET image are calculated in 100 ms windows and then deliv-
ered across 10 firing positions over a successive 100 ms window. 
To deliver fluence at this pace, the X1 has a high-speed binary 
MLC that transitions leaves at 100 Hz. Even with this unprece-
dented speed, a small degree of residual latency is unavoidable 
and is accounted for by adding a modest treatment margin to the 
tumor volume as described below.

BgRT workflow and algorithm
The BgRT workflow begins with a traditional simulation CT 
with the patient in the treatment position for contouring of the 
target(s) and organs-at-risk. An additional volume is contoured 
and denoted as a biology-tracking zone (BTZ) that is defined and 
registered relative to the simulation CT. The BTZ includes the 
anticipated full range of the target motion with an added margin 
accounting for residual BgRT-related uncertainties.36 The BTZ 
is not a prescription volume requiring uniform dose coverage. 
Rather, it acts as a bounding volume that eliminates interfer-
ence from PET signals originating elsewhere from the tumor in 
organs such as the heart.

BgRT simulation also includes a BgRT Imaging-Only Session, 
which is an additional input to the treatment planning process. 
This involves administering a radiotracer with the same dose that 
would be used for each fraction (anticipated tracer dose will be 
similar to that used for diagnostic procedures), and then posi-
tioning the patient on the X1 to collect PET and CT imaging 
data necessary for creating the treatment plan. The X1 planning 
system dose calculation is based on a collapsed cone convolution 
superposition algorithm.

In traditional treatment planning, the desired dose to the target 
and constraints to normal tissue are met by optimizing for and 
generating a set of machine-deliverable radiotherapy fluences 
delivered from many pre-determined angles around the patient. 
In contrast, BgRT requires reacting to stochastically received LTS 
PET images with partial fluences, which means that those partial 
fluences cannot be calculated in advance. As such, the treat-
ment planning process instead optimizes for fluence indirectly 
by calculating a transfer function, termed the firing matrix, that 
best translates a given PET image to the desired fluences. The 
BgRT Imaging-Only Session is therefore useful in approximating 
what the LTS PET images and thus partial fluences will be during 
treatment.

Although the firing matrix is calculated using a full PET image 
obtained through filtered-backprojection at the BgRT Imaging-
Only Session (to generate a complete fluence), it can also be 
applied to LTS PET images to generate partial fluences. This 
follows from the fact that the firing matrix is confined by the 
treatment planner to take the form of a linear, shift-invariant 

Figure 2. The RefleXion™ X1 Biology-guided radiotherapy 
machine.
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operator that can be applied to LTS PET images to derive a partial 
fluence. In turn, just as the sequential LTS PET images sum to 
a full PET image, the partial fluences will sum to the complete 
intended fluence. Figure 3 is a visual representation of this prin-
ciple of linear superposition.

Importantly, a tumor’s PET profile and, by extension, its constit-
uent LTS PET images can vary between radiotracer adminis-
trations that may occur over a 1–2 week span due to a variety 
of biological, physiological, and logistical factors. Therefore, 
BgRT treatment planning generates a continuum of possible 
radiotherapy dose distributions that reflect possible variations 
in tumor position and tumor contrast, visually represented 
in a bounded dose–volume histrogram (bDVH). Specifically, 
different initial positions of the tumor within the BTZ as well as 
variations of contrast up to 25% are modeled. This distinct feature 
of BgRT robustly accounts for and models the likelihood that the 
tumor’s behavior and appearance at each treatment fraction may 
change. During treatment planning, the physician approves the 
comprehensive set of dosimetric scenarios represented by the 
bDVH that can occur during BgRT delivery. Finally, as detailed 
in the next section, the delivery workflow incorporates a verifi-
cation step (PET pre-scan) prior to delivery that checks whether 
observed PET activity on the day of treatment falls within the 
continuum of modeled PET variations. Of note, preliminary 
evidence suggests that such variation is expected to be modest, 
at least in the case of FDG; the target PET signal does not appear 
to rise significantly due to inflammation or diminish due to 
cancer cell death during the time-frame of ablative radiotherapy 
delivery.37

Investigational studies of BgRT treatment plans have shown 
compelling dosimetry in comparison with conventional image-
guided RT plans. These have included studies of lung and breast 
cancer using FDG-based BgRT38,39 and prostate cancer with 
PSMA-based BgRT.40 Of interest, the unique features of the X1 
hardware – including kVCT localization, 60 RPM rotation and 
variable dwell couch translation – also enable robust treatment 
planning in non-BgRT modes such as IMRT, SBRT, and SRS.41–44

BgRT delivery
When treatment delivery is ready to begin, the patient is set up 
in the appropriate treatment position and aligned with on-board 
kVCT imaging. Next, a PET pre-scan is conducted to verify the 

fidelity of the biological signal as compared to that observed 
at planning. This check includes specific confirmation that the 
expected radiotherapy distribution, based upon the tumor’s 
current-day PET profile, lies within the variation range pre-
specified by the bDVH that was calculated and approved in the 
final treatment plan.

Once the PET pre-scan checks are completed, BgRT delivery 
can begin. During delivery, LTS PET images are continuously 
reconstructed at 10 frames/s. This involves filtering, normalizing, 
and masking each LTS frame every 100 ms so that an enhanced 
contrast image of the BTZ region can be generated. The pre-
calculated firing matrix from the treatment planning process is 
then applied to the processed image to arrive at a partial fluence 
for each of the subsequent 10 firing positions over the 100 ms 
window, segmented as beamlets of dose though corresponding 
binary MLC leaf openings (Figure  4). Every 1 second rotation 
therefore results in the processing of 10 LTS frames, and the 
delivery of partial fluences across 100 firing positions. Notably, 
the LINAC and PET detectors both operate continuously; even 
as the LINAC is firing, the PET subsystem actively gathers emis-
sion data for the next LTS.

Finally, in contrast to other systems, the couch does not continu-
ously translate but dwells at a series of positions denoted as beam 
stations that are 2.1 mm apart. In this fashion, multiple rotations 
of the LINAC can occur for each beam station to deliver the 
desired dose for that particular slice.

The vision for BgRT in the metastatic setting is to improve 
throughput and efficiency by allowing the clinician to treat 
multiple lesions without the usual bevy of intervening actions 
required between each target, which may include changes to 
patient position, immobilization devices, and employed motion 
management technologies. Therefore, the ambition of BgRT is 
to create a unified process for tracking and ablating all tumors 
that is anchored to a single radiotracer injection. These logis-
tical gains fortify the potential for investigating CMA in scalable 
fashion among both oligometastatic and polymetastatic patient 
populations. From a practical workflow perspective, as the X1 
device is capable of delivering CT-guided IMRT, SBRT and SRS 
treatments, in addition to BgRT, it is anticipated that a typical 
radiotherapy department will be able to maintain a high machine 
utilization and patient throughput.

Figure 3. Just as the LTS PET images, Xt, sum to the full PET image X, the derived partial fluences sum to the complete intended 
fluence. LTS, limited-time-sampled; PET, positron emmision tomography. BTZ, biology-tracking zone.
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FUTURE POSSIBILITIES WITH BGRT
Dose and fractionation in the era of 
immunotherapy
Today, most applications of radiotherapy serve a single goal: to 
fully ablate or sterilize a volume of tumor tissue. However, as 
described in the first section, the scientific community has turned 
its attention to the effects of radiotherapy on the tumor micro-
environment45 and its interactions with the immune system.46 
In this setting, it is unknown whether fully ablative versus sub 
ablative doses, or single-fraction vs hypofractionated radio-
therapy best maximizes the potential synergy between radio-
therapy and immunotherapy. As such, investigators are actively 
exploring innovative radiotherapy schedules in the setting of 
immunotherapy that are vastly different than standard ablative 
dose-fractionation schemes.7,47,48

BgRT is expected to enhance these efforts by empowering clin-
ical scientists to efficiently and scalably investigate different 
approaches in larger populations of patients with metastatic 
cancer, including those beyond the oligometastatic range. 
As BgRT aims to enable multisite planning and treatment in 
these patients, of particular interest will be the opportunity to 

use BgRT to administer different doses and/or fractionation 
schemes to different lesions in the same patient and during 
the same treatment session, in order to measure disparities in 
response.

Biology-modulated radiotherapy
Cancer is a very heterogenous disease and fully capturing this 
heterogeneity with a single sensor such as anatomical imaging is 
fundamentally limiting. Rather, adequate spatiotemporal resolu-
tion of the biological richness of the tumor requires the ability to 
sense diverse biological signals. In turn, these biological signals 
need to be multiplexed in such a way that they can be under-
stood and acted on efficiently throughout the entire course of 
radiotherapy.

Several research groups have considered giving a spatially non-
uniform dose to some regions of the tumor based on biological 
images, e.g. hypoxic radioresistance regions. This is sometimes 
called biological ‘‘dose painting”.49–51 Some investigators have 
taken this a step further whereby individual voxels are targeted 
with different radiotherapy doses based on their brightness.52–56

Although these techniques have traditionally been explored 
through offline treatment planning (i.e. registering diagnostic 
PET images to simulation CT images), BgRT has the potential to 
integrate dose painting into delivery itself with possible advan-
tages of avoiding registration errors and adapting to changes over 
a treatment course.

One can envision an application of modifying dose at each frac-
tion during an ongoing course of treatment based upon dynamic 
changes in the PET signal, in essence extending the concept of 
radiotherapy adaptation from a paradigm of offline planning to 
an online approach (Figure 5), which one might term “biology-
modulated radiotherapy”. Efficient on-table replanning that 
reproduces the role of the Imaging-Only session just prior to 
delivery would likely be an important component of pursuing 
this advanced application. Regardless of its label, this utilization 
of patient-specific dose per fraction and heterogeneous dose 
painting delivered in a convenient workflow is a compelling 
approach for enhancing the efficacy of radiotherapy by personal-
izing treatment for each tumor.32–35

Radiomics
Molecular biomarkers have shown promise as indicators of 
changes in tumor bulk, tumor heterogeneity, and tumor pace, 
but they are limited to aggregate changes rather than changes in 
specific lesions.57–62 Alternative imaging-based biomarkers are 
being explored that can concisely convey the rich information 
content of 3D volumetric data sets. The extraction of features 
historically too subtle for experts to detect are now emerging as 
a source of predictive biomarkers. While the underlying mech-
anisms have not been consistently elucidated, early results have 
correlated radiomic features with molecular biomarkers derived 
from clinical laboratory data.63–68

Figure 5. Closing the feedback loops using temporal monitor-
ing of biological signals.

Figure 4. Steps in BgRT delivery which occur every 100 ms. 
BgRT, biology-guided radiotherapy; BTZ, biology-tracking 
zone; LTS, limited-time-sampled; PET, positron emmision 
tomography.
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In the context of BgRT, PET/CT images of the tumor are a 
byproduct of each treatment fraction. Applying radiomics prin-
ciples to the interrogation of these images creates the possibility 
of discovering predictive or prognostic signatures predicated on 
subtle changes in PET/CT signals observed during the course 
of radiotherapy.69–71 Although PET sensitivity for the X1 is 
significantly lower than a diagnostic PET device due to a smaller 
solid-angle coverage geometry, nonetheless, pending clinical 
validation, an exciting application would be to utilize both PET 
and CT signatures to adjust the final radiotherapy dose based on 
radiomic data from the initial fractions of therapy or to inform 
systemic therapy decisions after the course of radiotherapy is 
complete.

PET tracers beyond FDG
FDG is the anticipated workhorse radiotracer for BgRT. However, 
non-FDG tracers are being investigated for specific clinical indi-
cations. For example, FDG may not be suitable for BgRT of brain 
tumors if the FDG background signal is too high. Also, some 
tumor types such as prostate cancer may not have adequate FDG 
uptake. Therefore, new tracers, such as PSMA-targeted tracers 
for prostate cancer72 or CA9-targeted tracers for renal cancers,73 
may replace FDG in these indications.

One shortcoming of FDG in the context of BgRT is its chemical 
inflexibility: the FDG molecule cannot be modified to accommo-
date long-lived PET isotopes, such as 64Cu or 89Zr. Novel tracer 
designs may improve the flexibility in matching the pharmaco-
kinetic and isotope half-life to the specific clinical indication. As 
one example, PET tracers targeting fibroblast activation protein 
(FAP) have been created with a host of different isotopes, which 
might allow investigations of BgRT that combine the versatile 
injection and uptake schedules of different isotopes with the pan-
cancer detection ability of FAP.74

Lastly, disease-agnostic tracers such as those that high-
light hypoxic regions (e.g. FMISO, FAZA) or areas of cellular 

proliferation (e.g. FLT) may enhance dose delivery tailored to 
tumor biology.

CONCLUSION
Cancer is a biological process, and the prospect of using BgRT to 
target it with PET tracers as probes may lead to new applications 
for disease management. As the field of radiotherapy advances to 
incorporate both molecular and anatomic information, the para-
digm of closing the feedback loop during treatment becomes 
attainable. Moreover, as evidence for the effectiveness of EBRT 
in metastatic disease continues to grow, BgRT may become an 
important tool for efficiently ablating multiple sites of disease to 
potentiate systemic therapy.
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