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Simple Summary: Local radiation treatment of the main tumors in patients with synchronous
metastatic illness has traditionally only been used for palliative purposes. The management of patients
with de novo metastatic cancer is undergoing a revolution with the advent of new systemic therapies
enabling longer overall survival with enhanced quality of life. Numerous studies have looked
into the potential survival advantage of treating localized primary tumors at the oligometastatic or
oligopersistent stage.

Abstract: In the case of synchronous metastatic disease, the local treatment of primary tumors by
radiotherapy has long been reserved for palliative indications. The emergence of the concept of
oligometastatic and oligopersistent diseases, the advent of new systemic therapies enabling longer
overall survival with an enhanced quality of life, a better understanding of the biologic history of
metastatic spread, and technical advances in radiation therapy are revolutionizing the management of
patients with de novo metastatic cancer. The prognosis of these patients has been markedly improved
and many studies have investigated the survival benefits from the local treatment of various primary
tumors in cases of advanced disease at the time of diagnosis or in the case of oligopersistence. This
article provides an update on the place of irradiation of the primary tumor in cancer with synchronous
metastases, and discusses its interest through published or ongoing trials.

Keywords: primary tumor; locoregional treatment; metastatic cancer; oligometastatic cancer; radiotherapy

1. Introduction

While systemic treatments (chemotherapy, targeted therapies, hormonal therapies,
immunotherapies, etc.) are the standard-of-care of synchronous metastatic cancers, local
treatment of the primary tumors by surgery or radiotherapy (RT) was mainly used as
palliative or symptomatic management (pain, bleeding, etc.). The progress of systemic
treatments in recent years has changed the prognosis of these patients, with significantly
prolonged survival [1] and sometimes achieved complete remission for several years.
This raised the question of treatment of the primary tumors. For some primary diseases,
locoregional therapy (LRT) for the intact primary tumor has been hypothesized to improve
overall survival (OS), but retrospective series and clinical trials have reported conflicting
results. Pooling the data from 4952 patients with various histology subtypes, of whom
1558 received RT and 912 surgery, Ryckman et al. did not find a benefit in progression-free
survival (PFS) nor overall survival (OS) [2]. Local treatment of the primary was associated
in an OS benefit but only in low metastatic burden patients (HR 0.67, 95% CI 0.52–0.85)

Cancers 2022, 14, 5929. https://doi.org/10.3390/cancers14235929 https://www.mdpi.com/journal/cancers1
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while surgery did not improve OS whatever the metastatic burden. When sub-analyzing
the results, differential responses may appear depending on the primary and histology.
This article thus provides an update on the role of RT on the primary tumors in breast,
prostate, and lung cancers with synchronous oligometastatic or oligopersistent disease, and
discusses its value through published or ongoing trials.

1.1. Rational
1.1.1. Biological Rational

Stephen Paget formulated the “seed and soil” theory in 1889, whereby metastatic
spread is not a random process, but is governed by cooperation between the tumor cells
“seeds” and the host organ “soil” [3]. An upstream preparation for metastatic spread re-
quires a suitable microenvironment in the distant organ. A pre-metastatic niche is necessary
for metastatic development [4]. This microenvironment consists of a set of immune cells
and extracellular matrix proteins forming the metastatic bed. The primary tumor initiates
the process of niche formation in distant organs not only by producing growth factors
that increase the proliferation of stromal cells, but also by recruiting bone marrow-derived
hematopoietic cells to the premetastatic niche [5]. In addition, myeloid precursors are
recruited by the primary tumor via cytokines to allow tumor cells to remain undetected
by the immune system and thus allowing metastatic development [6]. Primary tumors
also secrete exosomes, nanovesicles of 40 to 100 nm in diameter involved in intercellular
communication, allowing the exchange of proteins and nucleic acids in particular [7,8].

By secreting a large number of exosomes, primary cancer cells not only influence
proximal tumor cells and stromal cells in the local microenvironment, but also have distant
systemic effects. They modulate the immune system by stimulating the induction of
apoptosis of cytotoxic T cells or the inhibition of natural killer lymphocyte cytotoxicity.
These vesicles can also stimulate angiogenesis by interaction with endothelial cells when
secreted under hypoxic conditions [9,10]. There is a real molecular communication between
the primary tumor and the metastases.

In addition, the primary site may be the source of circulating tumor cells (seeding)
which may themselves recolonize the primary tumor (self-seeding) [11,12]. Thus, local
irradiation of the primary tumor could suppress this signaling that favors metastatic
development. Moreover, lymphocyte activation via DAMPS (damage-associated molecular
pattern), a set of pro-inflammatory molecules derived from radiation-induced cell death,
could induce an antitumor immune response [13].

A better understanding of the molecular interactions is needed to adapt the therapeutic
choices according to the biological profile in order to have a treatment benefit without
inducing more toxicity.

1.1.2. Synchronous Metastatic Cancers

The survival of patients with de novo metastatic cancer is very heterogeneous, proba-
bly due to the fact that there are several distinct groups of metastatic cancers. Hellman and
Weichselbaum named one of the groups: “oligometastatic cancers”. It is an intermediate
and indolent disease stage with a limited number of metastatic sites (classically fewer
than three to five), and is characterized by slow tumor growth (Hellman). Eradicating the
metastatic lesions could improve patients’ survival [14].

However, a formal demonstration of the benefit of treatment of oligometastases is still
lacking. The SABR COMET trial compared stereotactic irradiation of the metastatic sites
in addition to systemic treatment with systemic treatment alone in 99 patients with oligo
recurrent or metastatic (after initial treatment of primary tumors) [15].

The primary tumor sites included lung (n = 18), breast (n = 18), colon (n = 18), prostate
(n = 16), and other localizations (n = 29). Eight-year OS was 27.2% in the SABR arm
vs. 13.6% in the control arm (hazard ratio (HR): 0.50; 95% confidence interval (CI): 0.30–
0.84; p = 0.008). The heterogeneity of the population makes it impossible to conclude
on the value of irradiation of metastatic sites, especially in breast cancer. However, for
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de novo oligometastatic cancer, the idea of combining maximalist systemic treatments
with ablative treatment of the metastases and local treatment of the primary could be an
interesting strategy.

2. Irradiation of the Primary Disease for Synchronous Metastatic Breast Cancer
2.1. Retrospective Series

Retrospective studies performed on local treatment of primary tumors examined local
treatment options combining surgery with or without postoperative radiotherapy. These
studies were mostly performed in a single-center, and presented a variety of methodologies
with contradictory findings.

For palliative treatment, local irradiation of the primary tumor seems to control the
symptomatology with an acceptable morbidity. In an analysis of the Surveillance, Epidemi-
ology, and End Results (SEER) database of 3660 patients with stage T4M1 breast cancer,
1558 (43%) received surgery (15%), radiation (15%), or both (9%). Symptom improvements
were observed in almost 50% of patients, but with an increase in local morbidity (mainly
lymphoedema after axillary surgery and neuropathic pain) in 20% of patients who were
initially asymptomatic [16].

2.1.1. Impact of Local Treatment on Survival

The first retrospective study to show the benefit of local treatment on the primary tu-
mor was conducted between 1990 and 1993, including 16,023 patients (4.1%) with metastatic
breast cancer at the outset. Breast surgery was performed in 9162 patients (57.2%), of which
61.7% were mastectomies. Radiation therapy was performed in 5806 patients, most of
whom had undergone surgery [17]. However, the radiation targets (the breast or metastatic
lesions) were not specified. The 3-year OS was 17.3% in the no-surgery group, 27.7% in the
partial mastectomy group, and 31.8% in the total mastectomy group.

Since then, numerous retrospective studies have shown the benefit of local treatment
by surgery with or without complementary irradiation on survival or radical radiotherapy,
fueling a debate that is still ongoing (Table 1).

3
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In a more recent retrospective study published by Stahl et al. in 2021, a survival benefit
was observed for patients who received either systemic therapy and surgery (HR 0.723;
95% CI 0.671–0.779) or systemic therapy, surgery, and radiation (trimodality: HR 0.640;
95% CI 0.591–0.694) (both p < 0.0001) compared with systemic therapy alone [37]. However,
once again the LRT seems undistinguishable from distant RT to metastatic sites. Surpris-
ingly, oligometastatic diseases represented 38% of the patients in this series, which is much
higher than the usual series, even in academic centers. Furthermore, systemic therapy was
used in a small proportion of patients (40% in 2014–2015) which is questionable in stage
IV patients.

In addition, the response to systemic treatment seems to be important to consider
since some metastatic patients who have effective treatment and stable disease have a
better survival than patients with a locally advanced disease without response to systemic
treatment [38].

In several retrospective studies, patients with isolated bone metastases appeared to
benefit the most from local therapy in terms of overall survival [17,18,39]. Some major
prognostic factors of overall survival in favor of local therapy were frequently reported:
R0 surgical resection, young age of the operated patients (50–60 years), oligometastatic
involvement (one metastasis versus several metastases). Other criteria have been identified:
tumor size, hormone receptor status and axillary lymph node involvement. Patients with
cancer expressing hormone receptors or HER-2 amplification (p = 0.004) would benefit
more from local treatment, probably due to the effectiveness of systemic treatment [28].

2.1.2. Impact of Exclusive Irradiation on Survival

Two retrospective French series of studies have examined the impact of exclusive
radiotherapy as a local treatment for the primary tumor. In the Curie-Huguenin study
reported by Le Scodan et al. of 18,753 patients with breast cancer treated between 1980
and 2004, 598 (3.2%) had metastases at diagnosis [33]. Of the 581 eligible patients, 320
received local treatment, by exclusive radiation in 249 patients (78%), by surgery followed
by radiation therapy in 41 patients (13%), or by surgery alone in 30 patients (9%). The
average radiation dose was 48 Gy in the breast, with the possibility of a local boost of 22 Gy.
With a median follow-up time of 39 months, the probability of survival at 3 years was 43.4%
versus 26.7% for the groups with and without local treatment, respectively (p = 0.00002).

In the multifactorial analysis, radiotherapy was an independent factor that significantly
improved overall survival. The improvement in survival was particularly marked in
women with visceral metastases. Authors concluded that radiation therapy could be
proposed as an alternative treatment to surgery in patients with metastatic cancer at the
time of diagnosis.

The second study by the Gustave Roussy [34] was conducted between 1990 and 2003,
among 9138 patients; 308 patients had stage IV disease. The majority of patients (2/3)
had a single metastatic site and 49% had non-visceral metastases at diagnosis. LRT was
performed in 80% of patients (n = 239) either by exclusive radiation (n = 147) or by breast
and axillary surgery with or without postoperative radiotherapy (n = 92). In the operated
group, the cancers were of smaller sizes, lower in tumor grade, had less clinical axillary
lymph node involvement, and had a lower tumor burden than in the exclusive radiation
group. With a median follow-up of 6.5 years, locoregional control was achieved in 85% of
patients. The probabilities of metastasis-free survival and overall survival at 3 years were
20% and 39% with exclusive radiation therapy and 39% and 57% with surgery, without
significant difference.

Several meta-analyses of these studies, including Gera’s work published in 2020,
supported LRT to improve survival in these patients with de novo metastatic cancer [40,41].

These results, often from uni- or multifactorial analyses, are sometimes contradictory
and should be interpreted with caution because of potential selection bias. The survival
advantage of patients undergoing surgery could be explained by selection bias [23]. Pub-
lished analyses indicate that there is an imbalance between the groups and those patients
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with lower tumor burden, less dissemination and with a better physiology state (age, co-
morbidities) are more likely to be candidates for LRT. For example, in the study published
by Blanchard et al., it was found that at least 25% of cancers that were operated and 3% of
the unoperated tumors were reclassified [25]. This would suggest that their initial presenta-
tion was stage I, II or III and only after completion of the extension work-up, they were
reclassified as stage IV. This means that for some patients the indication for surgery was
based on curative intent and not for palliative purposes [42]. The only way to overcome
these selection biases is through prospective randomized trials.

2.2. Prospective Studies

Published prospective studies and ongoing trials on this topic follow two distinct
designs (Table 2). The first one was where the patients enrolled received systemic therapy
before any LRT. Then, they were registered and if they did not progress after chemotherapy,
they were randomized in the LRT group (followed by systemic therapy) or continued
systemic therapy alone. The Indian Tata Memorial Center trial included 350 patients under
65 years, with de novo metastatic breast cancer between 2005 and 2013 [43]. Patients were
randomized to LRT or no LRT. Among the 350 patients, 336 had unresectable tumors. These
received a neoadjuvant chemotherapy and were randomized according to response to
receive local or no treatment. One hundred and seventy-three patients underwent surgery
(72% mastectomy), and 80% received adjuvant radiotherapy. This trial did not show any
benefit in terms of 2-year OS: 41.9% (95% CI 33.9–49.7) in the LRT group versus 43%
(35.2–50.8) in the no LRT group. In the multifactorial analysis, global survival was indepen-
dently associated with hormone receptor expression and a low number of metastatic sites
at initial presentation. The site of metastasis at initial presentation was not significantly
associated with overall survival. Overall survival in both groups was lower than reported
in Western countries, possibly due to the delay in diagnosis. In addition, 107 patients (31%)
had HER2-expressing cancers, but due to financial constraints, 98 patients in this subgroup
(92%) did not receive anti-HER2 targeted therapy. In this study, LRT resulted in significantly
longer locoregional progression-free survival compared with the no-treatment group. This
was tempered by the authors, who suggest that initial LRT cannot be justified for local
symptom control alone, because only a minority (10%) of patients in the no-local-treatment
group still underwent surgery for local palliative reasons.
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The recently published North American trial enrolled 390 participants, 256 were
randomly assigned: 131 to continued systemic therapy and 125 to early LRT (surgery and
radiotherapy) [45]. The 3-year OS was 67.9% without and 68.4% with early LRT (hazard
ratio = 1.11; 90% CI, 0.82 to 1.52; p = 0.57). Locoregional progression was less frequent in
the LRT group (3-year rate: 16.3% v 39.8%; p < 0.001). No difference in quality of life was
observed between the two arms. Overall survival by tumor subtype for the 20 women with
triple-negative breast cancer tended to be worse with the addition of LRT (HR = 3.50).

The Japan Clinical Oncology Group (JCOG) 1017 PRIM-BC is an ongoing trial that
was conducted to confirm the superiority, in terms of overall survival, of local treatment of
the primary disease with surgery [46]. All patients received a standard systemic treatment
after the first registration. After 3 months, patients with non-progressive disease were ran-
domized to surgery with systemic therapy or to systemic therapy alone. The study protocol
did not specify whether patients in the surgery group received postoperative radiotherapy.

The second design of the prospective trials was where patients were directly random-
ized to either to systemic therapy alone or to LRT followed by systemic therapy.

The Turkish randomized trial MF07-01 included 274 patients between 2007 and
2012 [44]. They received local treatment (surgery and radiotherapy in case of conser-
vative surgery) followed by systemic treatment (for 138 patients) or systemic treatment
alone (for 136 patients). There was no stratification on baseline characteristics, which
explains some of the imbalances between the groups (hormone receptor expression, 85.5%
vs. 71.8%, and triple-negative tumors, 7.3% vs. 17.4% in the groups with and without local
treatment, respectively). It should be noted that there was a relatively high number of single
metastases (30%), while the extension workup included (18 F)-fluorodeoxyglucose PET.
Overall survival was significantly prolonged by LRT (at 5 years 41.6% vs. 24.4% p = 0.005).
An unplanned subgroup analysis showed a significant overall survival advantage with LRT
in patients with hormone receptor-positive but non-HER2 cancers, patients with exclusive
bone metastases, and patients younger than 55 years. The benefit of local treatment appears
particularly clear in the case of single bone metastases.

The Austrian prospective randomized phase III ABCSG-28 POSYTIVE trial attempted
to assess median survival by comparing primary surgery followed by systemic therapy
to systemic therapy alone in de novo stage IV breast cancer [47]. This trial did not reach
full accrual. Ninety-three patients were included against 254 subjects needed. This trial
could not demonstrate an overall survival benefit in favor of surgery. Patients randomized
to systemic therapy had a median survival rate of 54 months, compared with 34 months in
the surgical group. Although the trial was not sufficiently powered, the authors said this
trend indicates that caution should be exercised regarding primary surgery in the setting.

Despite several studies on the subject, there is, to date, no clear recommendation or
consensus for radiotherapy of the primary disease in synchronous metastatic breast cancer.
The negative results of three prospective trials encourage caution regarding LRT, which
have to be systematically discussed in multidisciplinary concertation meetings. However,
it would appear that LRT by surgery followed by radiation after response to initial systemic
therapy would be a good option, particularly in young patients with hormone receptor-
expressing, non-HER2, oligometastatic cancer that tends to have bone-only metastases. The
systemic treatment remains the standard first-line treatment in the case of metastatic disease
and it appears that LRT should not interfere with its implementation, hence the interest in
knowing how the new targeted molecules are associated with radiotherapy [48–50].

3. Irradiation of the Primary Tumor for Metastatic Prostate Cancer

Despite implementation of individualized screening, about 10% of patients are diag-
nosed with initially metastatic prostate cancer [39]. For a long time, metastatic prostate
cancers were univocally considered to have a poor prognosis and only systemic treatments
were indicated. Many retrospective studies were published suggesting a benefit from local
radiotherapy for these patients. Most of them are large population-based studies using
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propensity-scores [51–58] (Table 3). Two clinical trials and one meta-analysis have sug-
gested the value of local prostate radiotherapy in this context to improve clinical outcomes.

Table 3. Retrospective trials for metastatic prostate cancer.

Author Number of Patients and
Follow Up Treatment Modalities Results

Culp et al., 2014
[51] n = 8185 LT = 374 5 years OS

Median follow-up: 16 months RP (n = 245) 67.4%
BT (n = 129) 52.6%

NLT (n = 7811) 22.5% (p < 0.001)
RP is associated with CSM in MVA:

(0.38, CI 0.27–0.53 p < 0.001)

Fossati et al., 2015
[52] n = 8197 LT (n = 628) (either RP or

RT) Interaction LT and CSM (p < 0.0001)

Median follow-up: 36 months
LT, 31 months NLT NLT (n = 7569)

Reduction in CSM for LT
with a predicted 3-year mortality

< 40% (p < 0.0001)

Satkunasivam et al., 2015
[56]

n = 4069
Median follow-up: 20 months

LT = 242
RP (n = 47)

3- year OS
73%

IMRT (n = 88) 72%
CRT (n = 107) 37%

NLT (n = 3827) 34%
IMRT was associated with a

reduction of CSM
(HR 0.38 CI 0.24–0.61 p < 0.001)

Rusthoven et al., 2016
[53]

n = 6382
Median follow-up: 5.1 years

LT = 538
RP (n = 69)

5-year OS
49%

NLT, ADT alone (n = 5844) 25%
p < 0.001

Löppenberg et al., 2016
[54]

n = 15501
Median follow-up: 39 months

LT = 1470
RT (n = 1131)

3-year OS
60%

RP (n = 294) 78%
BT (n = 45) 80%

NLT (n = 14031) 48%
p < 0.001

LT was associated with a 39% risk
reduction of mortality compared

with NLT in MVA adjusted for PSA
Gleason score, TNM stage, age

Leyh-Bannurah et al., 2017
[55]

n = 13692
Median follow-up: 43.5

months LT, 31 months NLT

LT = 474, NLT = 13218
RT (n = 161)
RP (n = 313)

LT was associated with lower CSM
compared with NLT

(HR 0.4 IC95% 0.32–0.5)

Parikh et al., 2017
[57] n = 6051 LT = 827 2-year OS 5-year OS

Median follow-up: 22 months RP (n = 622) 72.5% 45.7% LT
IMRT (n = 52) 80.6% 17.1% NLT (p < 0.01)
CRT (n = 153) 47.6%

NLT (n = 5224) 48.9%
p < 0.0001

Cho et al., 2016
[58] n = 140 LT = 38 3-year OS

Median follow-up: 34 months RT (n = 38) 69%
NLT = 102 43%

p = 0.004

LT: locally treated, NLT: non locally treated, RP: radical prostatectomy, BT: brachytherapy, OS: overall survival,
PFS: progression-free survival, RT: radiotherapy, CSM: cancer-specific mortality, IMRT: intensity-modulated
radiotherapy, CRT: conformal radiotherapy, MVA: multivariate analysis.

3.1. HORRAD Trial

HORRAD was the first prospective randomized trial published. This study included
432 metastatic prostate cancer patients, randomized between hormone therapy alone or
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combined with prostate radiotherapy [59]. The primary endpoint was overall survival,
and the secondary endpoint was time to biochemical progression. The median age of the
population was 68 years old. The median PSA level was 145 ng/mL. The dose prescribed
was 70 Gy in 35 fractions of 2 Gy or 57.76 Gy in 19 fractions of 3.04 Gy. The GTV included
the prostate and extensions, the base of the seminal vesicles. Regarding the planning target
volume, 1 cm margin in conventional radiotherapy was applied or 8 mm if a position
verification protocol with fiducial marker was implanted. Of the patients, 67% had more
than five bone metastases at the time of randomization (high volume metastatic burden).
With 47 months median follow-up, no difference in overall survival was demonstrated
(45 vs. 43 months, HR 0.90; 95% CI [0.70–1.14]. The non-significance could be explained
by a lack of statistical power. In the subgroup analysis, patients with fewer than five
metastases (n = 160) had a trend towards better overall survival (HR 0.68; 95% CI 0.42–1.10
p = 0.063). Local radiotherapy was associated with 3-month improvement in time without
PSA increase (HR = 0.78; 95% CI: [0.63–0.97]; p = 0.02). As suggested by the absence of clear
OS benefit despite a benefit in biochemical response, PSA level only should not be used as
a surrogate for OS.

A supplementary analysis by Boevé et al. assessed side effects and quality-of-life
in this cohort [60]. Apart from local symptoms, there was no significant difference in
mean scores on the quality of life items evaluated by QLQ-C30 et QLQ-PR25, with a
difference of 10 points from the baseline considered relevant. More frequent urinary and
bowel symptoms and diarrhea were found in patients in the prostate radiotherapy group
within 3 months after treatment. The bowel symptom score was significantly higher in
22% patients treated with radiotherapy at two years follow-up (HR = 8; CI 95% [4.8–11.1]).

3.2. Stampede Trial

STAMPEDE was a randomized controlled trial who evaluated the benefit of prostate ra-
diotherapy in addition to androgen deprivation therapy in patients with hormone-sensitive
metastatic prostate cancer [61]. Totally, 2061 patients were enrolled in this two arms phase
III trial randomizing the combination of prostate radiation therapy with androgen sup-
pression or androgen suppression alone. Selected patients were newly diagnosed with
metastatic prostate cancer, without prior radical treatment and with metastatic disease
confirmed by standard imaging. Radiation could be delivered at a dose of 55 Gy in 20 daily
fractions of 2.75 Gy or 36 Gy in 6 weekly fractions of 6 Gy. The planned target volume
included the entire prostate +/- seminal vesicles. The primary endpoint was overall sur-
vival and failure-free survival (FFS). Secondary endpoints were local symptomatology,
progression-free survival (PFS) and metastatic progression free survival. Biological re-
lapse was defined as an increase of at least 50% in PSA level. Patients were divided into
subgroups according to their initial metastatic burden based on imaging data (CT, MRI,
and scintigraphy). High metastatic burden was defined according to CHAARTED criteria
(≥ four bone metastases with ≥ one outside the pelvis and vertebrae, or visceral metastases,
or both). Patients who did not meet these criteria were classified as low burden. 89% of
patients had initially bone metastases. The median PSA level before androgen suppression
was 98 ng/mL and 97 ng/mL respectively in each arm. The population median age was
68 years old. Gleason score was ≥ 8 in 79% of cases. 40% and 54% of patients had low
and high metastatic burden, respectively. It was unknown for 6% of them. In the entire
cohort, no significant benefit was found in overall survival with local radiotherapy (HR
0.92; 95% CI [0.8–1.06]; p = 0.27) with a median follow-up of 37 months. Failure-free sur-
vival was significantly improved in the radiotherapy arm (HZ= 0.76; 95% CI 0.68–0.84;
p = 3.4 × 10−7). Patients with a low metastatic burden (n = 819) had significantly better
overall survival and failure-free survival (HZ = 0.68; 0.52–0.90; p = 0.007). The addition
of radiotherapy show a 8% improvement in overall survival in this previously planned
subgroup analysis (73% vs. 81% (HR: 0.68; CI 95%: [0.52–0.90]; p = 0.007). The interaction
test was significant (p = 0.0098). The hypo fractionated 55 Gy in 20 fractions regimen
appeared to be more effective in terms of failure-free survival (HR 0.69, 95% CI 0.59–0.80;
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p < 0.0001). There was 65% of urinary and 47% of digestive toxicity compared with 71%
and 62% in favor of the weekly arm. Prostate radiotherapy appeared to be well tolerated
with 4% grade 3–4 toxicity compared to 1% with androgen deprivation alone. For the 533
patients for whom data were available, 15% of patients in the control arm and 13% in the
radiotherapy arm had grade ≥ three adverse events found at two years of follow-up.

Ali et al. investigated the effect of prostate radiotherapy according to the severity of
metastatic spread in the STAMPEDE cohort [39]. More than 2000 patients were randomized,
with less than 2% of patients with four or more bone metastases in the spine alone. The
survival benefit decreased while increasing number of metastases up to a threshold of
three bone metastases. A gain in overall survival was correlated with the number of bone
metastases: 8.5%, 6.2% and 5.8% at 3 years follow-up in patients with one, two and three
bone metastases respectively. No survival benefit was found in patients with visceral
metastases or with strictly more than three bone metastases. For relapse-free survival, nine
bone metastases were found as a threshold for benefit. The interaction between the number
of bone metastases and treatment adjusted for age, PSA level before androgen suppression,
T stage, Gleason score, N stage, metastatic sites, docetaxel use, and RT schedule showed
similar results for OS and PFS. In the subgroup analysis, for patients with three or fewer
bone metastases with or without non regional lymph node and no visceral metastases, local
radiotherapy improved overall survival (3-year survival 85% vs. 75%, HR = 0.64 IC 95%
[0.46–0.89]). No survival benefit was associated with four or more bone metastases with or
without non-regional lymph node involvement. Classifying low metastatic burden patients
as three or fewer bone metastases, regardless of location, with or without non-regional
lymph node involvement, with no visceral metastases, the results were significant in overall
survival (HR = 0.62 CI 95% [0.46–0.83] p = 0.01) and failure-free survival (HR = 0.57 CI 95%
[0.47–0.70] p = 0.001. The effect of radiotherapy on OS and FFS within patients with
low-burden disease did not rely on age, pre-ADT PSA level, World Health Organization
performance status, Gleason score, tumor stage, regional nodal stage and schedule. This
study supports the value of local radiotherapy in patients with a low number of bone
metastases evaluated by conventional imaging.

3.3. STOP-CAP Meta-Analysis

The STOP-CAP meta-analysis pooled the two randomized trials HORRAD and STAM-
PEDE (n = 2126) [62]. No significative improvement in overall survival (HR 0.92, 95% CI
95% [0.81–1.04], p = 0.195) or progression-free survival (HR 0.94, CI 95% [0.84–1.05],
p = 0.238) was found. Biologic progression-free survival (HR 0.74, CI 95% [0.67–0.82],
p = 0.94 × 10−8) and failure-free survival (HR 0.76 CI 95% [0.69–0.84] p= 0.64 × 10−7) were
improved. The interaction between the number of metastases (<5 vs. >5) and survival was
significant (HR = 1.47 CI 95% [1.11–1.94], p = 0.007).

Although many patients classified as having a low metastatic burden, as defined by
the HORRAD study, are also classified as having a low metastatic burden as defined by the
CHAARTED criteria, the definition of tumor volume level remains heterogeneous between
these two studies. Modern imaging techniques and molecular signatures would improve
the accuracy of patient selection. A number of patients classified as having low metastatic
burden would be likely classified as high burden using Choline-PET or PSMA-PET [63].
The benefit of local treatment according to the number of spinal metastases could not be
addressed by the analysis of Ali et al. because only 2% of the STAMPEDE cohort had
exclusive spinal bone metastatic involvement [39].

3.4. Ongoing Trials

Among the ongoing studies, the PEACE 1 trial is a four-arm multicenter study com-
paring the combination of androgen suppression, docetaxel chemotherapy +/- prostate
radiotherapy (74 Gy in 37 fractions) +/- abiraterone acetate and prednisone. Results regard-
ing the value of local radiotherapy are pending [64]. The NCT03678025 study conducted by
the SWOG will evaluate the combination of systemic treatment with local treatment (surgery
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vs. prostate radiotherapy. Other studies are being conducted to answer the question of a
combination of radiotherapy on the primary and oligometastases. PRESTO (prostate-cancer
treatment using stereotactic radiotherapy for oligometastases ablation in hormone-sensitive
patients) is an ongoing two-arm, multicenter phase III randomized trial. The objective is to
evaluate the efficacy of stereotactic radiotherapy applied to all oligometastases in patients
with hormone-sensitive oligometastatic prostate cancer, Table 4 [65–73].

Table 4. Ongoing trials for metastatic prostate cancer.

Phase III Location Patients Included Intervention Outcome End of Study

PEACE-1
[65] France 1173

Arm A: ADT + docetaxel
Arm B: AA+ADT + docetaxel
Arm C: RT+ADT + docetaxel

Arm D: AA+RT+ADT + docetaxel

OS
PFS 2032

SWOG
NCT03678025

[71]
USA 1273 Arm I: Systemic treatment

Arm II: Systemic treatment + (RP/RT) OS 2031

PRESTO
[72] France 350 Arm A: RT + Soc

Arm B: Soc TCR 2027

Phase I I

PLATON
[67] Canada 410

Arm 1: Systemic treatment + prostate
directed therapy if low metastatic

burden PFS 2025
Arm 2: Systemic treatment+ local

treatment of all sites

LoMPII
[68]

Belgium 1273
Arm I: RP+/-ADT Randomization

feasibility 2021
Arm II: RT+/-ADT

UHSeste
NCT02913859

[69]

Croatia 60
Experimental arm: ADT + LHRHa

+/- aA + prostate-pelvic RT PFS 2020

Standard arm: ADT alone

IP2 ATLANTA
[70] UK 918

Arm 1: Systemic treatment pCR

2024Arm 2: Systemic treatment + TAMI Adverse
events

Arm 3: Systemic treatment + RP/RT
+’metastases PFS

MSKCC
NCT04262154

[73]
USA 44 Atezolizumab + RT + (aA,

prednisone, leuprolide) 2-year FFS September 2023

MD Anderson
NCT01751438

[66]

USA 180
Arm 1: Systemic treatment

PFS February 2023
Arm 2: Systemic treatment + RP/RT

ADT—androgen deprivation therapy, aA—antiandrogen, Soc—standard of care, RP—radical prostatectomy,
BT—brachytherapy, OS—overall survival, PFS—progression free survival, RT—radiotherapy, TCR—time to
castration resistance (or death from any cause), pCR—complete pathological response.

Local control of the primary matters in selected newly diagnosed hormone-sensitive
metastatic prostate cancer. For the majority of patients, prostate radiotherapy could provide
a survival benefit with transient and manageable side effects. Although radiotherapy is
well tolerated, patients should be informed that radiation is associated with more urinary
symptoms and potentially chronic diarrhea. Selection criteria are not consensual and
many other questions remain: radiation schedule, technical modalities, association with
metastases-directed therapy. The latest recently published international and national guide-
lines recommend radiation to the primary [74,75]. An ongoing investigation of predictive
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molecular signatures and advances in nuclear imaging with the use of standardized indices
to assess metastatic burden could help with better stratification.

4. Treatment of the Primitive Site in Metastatic Lung Cancer Patients

Lung cancer remains the leading cause of death worldwide with a high percentage
being diagnosed as stage IV disease [76]. The arrival of immune checkpoint inhibitors
(ICI) in lung cancer patients has completely modified the treatment of those patients,
and especially patients with non-small cell lung cancer (NSCLC). At first-line [77,78] and
second-line [79,80] treatments, both progression-free survival (PFS) and overall survival
(OS) were significantly improved, especially when selecting patients based on the level of
PD-L1 expression. Specific biomarkers such as EGFR mutations or ALK rearrangements
were identified and could be directly targeted, with prolonged survival when compared to
the usual chemotherapy-based regimen [81–85]. Clinicians face new entities of patients,
such as long-responders to ICIs or oligometastatic/oligopersistent patients [86], in whom a
curative objective could possibly be considered.

With this intent, radiotherapy could be delivered to lower the tumor burden [4,11,12]
and possibly increase the PFS/OS. Abscopal responses were also described, yet poorly
understood. Several technological advances have been made since the 2000s. Stereotactic
radiotherapy allows the delivery of a high dose per fraction in 3–8 fractions, with a high
tumor conformation resulting in high local control and a low risk of toxicity [87].

Local treatment has several potential advantages: prevention or treatment of eventual
symptoms, prevention of primary/secondary seeding and maintenance with the same
treatment and thus differing treatment changes [88].

To this day, several trials have focused on the impact of radiotherapy in metastatic lung
cancer. Given the clear differences between NSCLC and small-cell lung cancer (SCLC) but
also the lack of data in SCLC patients, this article only focuses on NSCLC patients. Of note,
the benefits of a lower dose as thoracic consolidation were assessed in a randomized trial
focusing on SCLC patients. The OS benefit was most pronounced when only patients with
residual thoracic disease were included. To our knowledge, the CREST trial [89] remains
the single published RCT in SCLC patients. Regarding NSCLC patients, local radiotherapy
to the primary was investigated more deeply, but with very heterogenous populations.

4.1. Palliative Radiotherapy

According to the NCCN guidelines, local radiotherapy is recommended for palliation
or prevention of symptoms such as pain, bleeding or obstruction [90]. In a cohort of
78 patients, palliative thoracic radiotherapy was associated with pain relief in 85.9% in
the patients [91]. An improvement of the performance status (PS) was also reported [92],
palliative radiotherapy being the possible bridge between palliative care only and systemic
treatments [93].

4.2. Oligometastatic NSCLC

The oligometastatic NSCLC stage has been defined with a maximum of five metastases
among three or fewer organs, as assessed with 18F-FDG positron emission tomography and
brain imaging [94]. Mediastinal lymph nodes are not considered as metastases.

Local radiotherapy to metastatic sites, among which (but not limited to) lung metas-
tases, achieves prolonged survival in selected patients [14,95–98]. These interesting results
were first described on retrospective cohorts but later confirmed in several phase II trials.
The main concern for patients under systemic treatment is the development of acquired
resistance. Locally directed treatment such as radiotherapy could thus increase the PFS and
possibly the OS in selected patients with indolent diseases [99]. The benefit of local therapy
seems irrespective of the mutational status. Data should, however, be analyzed separately
given the different PFS and OS between patients with and without targetable mutations.
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4.2.1. NSCLC without Targetable Mutations

One of the largest retrospective cohorts was based on the analysis of 186 patients with
oligometastatic NSCLC that were either treated with surgery, local radiotherapy to the
primitive (9%), to metastases (17%) and 20% to the primitive and the metastases; the rest
did not receive radiotherapy. Radiotherapy was associated with a longer overall survival
benefit (p = 0.04) but only after propensity score matching [100]. Published meta-analyses
are limited by the small number of patients treated with high-dose radiotherapy, as well as
a high risk of selection bias. For instance, a meta-analysis reported a 52% decrease in the
1-year death rate when delivering local treatment (74.9% in patients with local treatment
and 32.3% in locally untreated patients). The number of metastases was the main prognostic
factor [101]. In a meta-analysis aggregating the results of 21 (mainly) retrospective studies,
the overall survival reached 20.4 months, with a 1-year survival probability of 70% [102].

Focusing on patients treated with ICIs, robust data remain limited. In a cohort of
148 patients with 38 oligoprogressive patients, switching the therapy group was not supe-
rior to continuation of the same ICI with added RT to the progressive lesions [103].

Prospective trials focusing on the benefit of local radiotherapy are very heterogenous
regarding their design and treatment modalities. While several phase III trials are ongoing,
only phase II results are available. Pre-treatment PET-CT was mandatory in only four out
of six trials. The definition of the oligometastatic state varied between fewer than five and
fewer than six sites. Among the 209 included patients, 170 patients (81.3%) received either
surgery or radiotherapy (normofractionated, moderately hypofractionated or stereotactic)
to the primitive and synchronous lesions [14,95–97,104]. In trials in which the overall
survival for NSCLC-patients was available, OS ranged from 13.5 to 41.6 months, whereas
median PFS ranged from 11.2 to 23.5 months.

For instance, focusing on 49 patients evaluated with a PET-CT (≤ three metastatic
sites), the study by Gomez et al. constituted the largest prospective cohort dedicated to
oligometastatic NSCLC. OS increased from 17 to 41.2 months (p = 0.02) [14,104].

Similar results were found but on smaller or non-NSCLC exclusive cohorts. Bauml et al.
included 45 NSCLC patients in which 67% were treated with SBRT and pembrolizumab.
In this single arm phase II study, the median OS reached 41.6 months [105]. Of note,
patients were included only after the completion of SBRT. With 99 included patients but
only 18 patients with NSCLC (18.2%), Palma et al. were able to validate the benefit of local
radiotherapy among a variety of oligometastatic cancers, with a median OS of 50 months
(vs. 28 in the control arm) [106]. To our knowledge, Palma et al. and Iyengar et al. [107]
conducted the two single published prospective studies in which SBRT was mandatory. The
main differences between the two were the cancer selection with only NSCLC patients in the
Iyengar et al. study and the clinical setting. In the SABR-COMET trial, SBRT was delivered
in case of oligorecurrence whereas in the study by Iyengar et al., only synchronous stage IV
NSCLC were included.

As presented by Levy et al. [94] and actualized for this review in Table 5, RT modality
varied greatly among these prospective trials. Even when SBRT was mandatory, prescrip-
tions differed significantly from one study to the other. Similarly, the rates of patients with
brain metastases varied greatly from one study to another.
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Of note, patients with EGFR mutations could be included in some trials, with the
rates reaching 12–20% [14,104] or even 43.2% [98]. In contrast, in a study in which pa-
tients with oncodrivers were excluded, local therapy increased the median PFS by only
6.2 months [107]. A separate focus on mutated-NSCLC seems necessary.

4.2.2. NSCLC with Targetable Mutations: EGFR, ALK, ROS1

Interesting results were also obtained in patients with EGFR mutations [109]. Ap-
proximately half of recurrences after EGFR-targeted therapy occur first in the primary or
pre-existing metastatic sites [88]. The primary lung tumor size appears as the strongest risk
factor for failure in the original sites. In some reports, the local recurrence rate even reaches
60% as the site of first failure and the only site of failure for 30% [110]. Given the indolent
pattern of certain NSCLCs under tyrosine-kinase inhibitors (TKIs), the evidence for benefit
from RT seems more robust, with the lack of phase III trials.

Radiotherapy was evaluated as a consolidation treatment in 145 patients under TKIs,
with 35.2% having received radiotherapy on the primitive and the metastases, 37.9% on
either the primitive or the metastases and 26.9% having received no radiotherapy. Median
PFS and OS of 20.6 months and 40.9 months were obtained [111]. Using a propensity-
matching and a cohort of 308 patients among which only 46 patients received TKI and
SBRT, a significant PFS benefit was obtained in comparison with patients treated with TKIs
only (p = 0.03). No significant OS benefit was shown [108]. These retrospective results
were further confirmed in a phase III randomized trial [112]. Among the 631 screened
patients, 136 patients were enrolled and randomly assigned to either first-generation TKI
(gefitinib, erlotinib or icotinib) alone or upfront RT prior to TKI. With a median follow-up
of 23.6 months, 133 patients were analyzable. The majority of patients had one to four
metastases (> 85% in both arms). Upfront RT followed by TKI significantly prolonged PFS
from 12.5 months (CI 95% 11.6–13.4) to 20.2 months (CI 95% 17.9–22.5) and OS from 17.6
(CI 95% 15.4–19.8) to 25.5 months (23.2–27.8) (p < 0.001). A currently ongoing phase II
trial (NCT02314364) focuses on the benefit of consolidative SBRT on residual disease in the
lung, liver, adrenal glands, and/or spine within 6 months of initiating TKI treatment in
patients with oncogene-driven NSCLC (with alterations in EGFR, ALK, ROS1). A phase II
study (ATOM) assessed the efficacy of SBRT delivered to residual oligometastases (after
3 months TKI) in 16 patients. When compared to screen-failed patients (unfit for SBRT),
patients that benefited from SBRT had a higher PFS (HR 0.41, p = 0.01) [113]. This PFS
benefit was confirmed by OS in a previously presented multi-institutional phase II trial
including 12–20% patients with oncogene-driven NSCLC (41.2 vs. 17.0 months) [14,104].

In case of oligoprogression, RT is considered as a way to overcome treatment resistance
and especially resistance to EGFR TKIs. In a phase II trial comparing erlotinib vs. erlotinib
+ RT in patients experiencing progression after an EGFR TKI [114], RT was associated with
a modest PFS of 5.8 months (95% CI 2.5–11.3) and OS of 2.9 years (95% CI 1.1–2.9). The
benefit of adding RT to first and second generation TKI must be further explored given the
positive results of third generation EGFR TKIs [115]. Several studies in which both PFS and
OS benefits were retrospectively [116,117] and prospectively [118] reported, suggesting
that local SBRT should be further evaluated in large scale RCTs. SBRT has seen a growing
interest for oligoprogressive patients under TKIs [119,120]. Available data remain scarce
in this situation [121]. The results of several trials are, however, awaited (NCT01573702;
NCT02450591).

4.3. Ongoing Trials for Oligometastatic NSCLC Patients

The SARON trial [122] (NCT02417662) is a randomized phase III trial focusing on patients
with oligometastatic EGFR, ALK and ROS1 mutation negative NSCLC; the oligometastatic state
being defined by the presence of one to three sites of synchronous metastatic disease, among
which one must be extracranial. While the control arm is a standard platinum-doublet
chemotherapy, the investigational arm will evaluate the benefit of delivering RT to the
primary and then the metastatic sites. With 340 awaited patients, the main drawback will be
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a comparison with a chemotherapy-only based treatment and not a chemo-immunotherapy
one. Focusing on a similar clinical setting, the TRAILOCLORI trial (NCT05111197) will
evaluate the benefit of stereotactic radiotherapy to oligopersistent sites in NSCLC patients,
the disease controlled with long-term immunotherapy. With a more aggressive approach,
the CHESS trial (NCT03965468) will evaluate the benefits of a multidisciplinary approach
combining PD-L1 inhibitor and chemotherapy as well as SBRT to all metastatic lesions.
If there is no disease progression at 3 months, normofractionated radiotherapy will be
delivered to the primary tumor while continuing the PD-L1 inhibitor.

With a similar approach but focusing on the primary, the PRIME-LUNG (NCT05222087)
will evaluate the benefits of upfront SBRT to the primary in combination with chemo-
immunotherapy, compared to chemo-immunotherapy alone as a first-line treatment for de
novo stage IV NSCLC patients.

The NIRVANA trial (NCT03774732) is a phase III trial evaluating the benefits of
localized radiotherapy (conformational or stereotactic radiotherapy) to the primitive or
metastatic lesions in patients treated with a PD-1 inhibitor and concomitant chemotherapy
for a stage IV NSCLC.

The LONESTAR trial (NCT03391869) is an ongoing phase III randomized trial evalu-
ating the benefit of local consolidative treatment (LCT) in EGFR/ALK negative NSCLC
patients treated with nivolumab + ipilimumab. Of note, the LCT could either be radiother-
apy or surgery.

Similar studies are also being conducted in EGFR/ALK/ROS1-mutated patients. In
the NORTHSTAR trial (NCT03410043), patients treated with frontline osimertinib are
randomized between osimertinib alone vs. osimertinib + consolidation treatment to as
many sites as feasible; the primary endpoint being the PFS.

Irrespective of the histology or the mutational status, the SABR-COMET 3 (NCT03862911)
and SABR-COMET 10 (NCT03721341) trials are phase III comparing standard of care vs.
standard of care + SBRT in patients with, respectively, up to 3 or 10 metastases. These
trials and several other trials are further detailed in Table 6 giving an overview of ongoing
prospective trials.
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Prospective and phase III data supporting the OS benefit of local consolidative radio-
therapy in the NSCLC setting remain scarce but tend to favor RT with a low and acceptable
toxicity profile. This therapeutic approach remains currently evaluated in several ongoing
phase II/III trials and should be offered to patients within clinical trials.

5. Conclusions

Despite many retrospective and prospective studies, the local treatment of synchronous
metastatic cancer by irradiation of the primary disease for breast or non-small cell lung
cancer has not yet been validated as a standard of care. Trials are underway to justify
the survival benefit. The challenge will be to determine the group of patients who can
benefit from it. In the meantime, the indications must be discussed on a case-by-case
basis in a multidisciplinary consultation meeting. In the case of metastatic oligometastatic
prostate cancer, the indication for radiotherapy of the primary site has demonstrated a
significant increase in overall survival and progression-free survival and is now considered
as a standard of care. This indication will be reinforced by ongoing trials. The combination
of local treatment of the primary tumor and all metastatic lesions by stereotactic irradiation,
particularly in the case of oligometastatic cancer, seems to be an interesting strategy while
awaiting the results of the many ongoing trials on this subject.
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Simple Summary: Stereotactic body radiotherapy (SBRT) is an effective radiation therapy technique
that heavily relies upon daily image guidance to achieve the necessary precision. Magnetic resonance
imaging (MRI) offers significant advantages over computed tomography (CT), which has traditionally
been used for daily image guidance for SBRT. Hybrid MRI and linear accelerators (MRLs) allow
for the delivery of stereotactic MR-guided adaptive radiotherapy (SMART) and improve patient
outcomes for many types of tumors. In this review, we summarized the evidence for SMART as it
related to ablative treatments and explored how multi-parametric MRIs could continue to improve
patient outcomes.

Abstract: Stereotactic body radiotherapy (SBRT) is an effective radiation therapy technique that has
allowed for shorter treatment courses, as compared to conventionally dosed radiation therapy. As
its name implies, SBRT relies on daily image guidance to ensure that each fraction targets a tumor,
instead of healthy tissue. Magnetic resonance imaging (MRI) offers improved soft-tissue visualization,
allowing for better tumor and normal tissue delineation. MR-guided RT (MRgRT) has traditionally
been defined by the use of offline MRI to aid in defining the RT volumes during the initial planning
stages in order to ensure accurate tumor targeting while sparing critical normal tissues. However,
the ViewRay MRIdian and Elekta Unity have improved upon and revolutionized the MRgRT by
creating a combined MRI and linear accelerator (MRL), allowing MRgRT to incorporate online MRI
in RT. MRL-based MR-guided SBRT (MRgSBRT) represents a novel solution to deliver higher doses
to larger volumes of gross disease, regardless of the proximity of at-risk organs due to the (1) superior
soft-tissue visualization for patient positioning, (2) real-time continuous intrafraction assessment
of internal structures, and (3) daily online adaptive replanning. Stereotactic MR-guided adaptive
radiation therapy (SMART) has enabled the safe delivery of ablative doses to tumors adjacent to
radiosensitive tissues throughout the body. Although it is still a relatively new RT technique, SMART
has demonstrated significant opportunities to improve disease control and reduce toxicity. In this
review, we included the current clinical applications and the active prospective trials related to
SMART. We highlighted the most impactful clinical studies at various tumor sites. In addition,
we explored how MRL-based multiparametric MRI could potentially synergize with SMART to
significantly change the current treatment paradigm and to improve personalized cancer care.

Keywords: radiation therapy; RT; ultra-hypofractionated radiation therapy; ablative radiation therapy;
adaptive radiation therapy; image guided radiotherapy; magnetic resonance imaging; MRI; MR-guided
radiation therapy; MRgRT; stereotactic body radiotherapy; SBRT; stereotactic ablative radiotherapy;
SABR; stereotactic magnetic resonance-guided adaptive radiotherapy; SMART; plan optimization;
tumor motion management; multiparametric MRI; mpMRI
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1. Introduction

Cancer continues to be a major global health concern and a leading cause of death.
There were an estimated 19.3 million new cancer diagnoses and 10.0 million cancer-related
deaths worldwide in 2020 [1]. By 2040, it is estimated that there will be 29.5 million new
cases and 16.3 million deaths annually worldwide [2]. Radiotherapy (RT) remains a funda-
mental component of an effective cancer treatment program [2]. An estimated 50% of all
cancer patients receive RT as part of their care [3]. Therefore, advances within the field of
radiation oncology are paramount to the improvement of cancer outcomes. Stereotactic
body radiotherapy (SBRT) has emerged as a highly effective RT modality that allows for
radiotherapeutic-dose escalation that can be delivered in fewer fractions, as compared to
conventionally dosed RT [4]. However, this new modality requires more exact targeting
to ensure that these high doses are delivered to the tumor, not the healthy, tissue. SBRT
has traditionally relied on planar or volumetric (e.g., cone-beam computed tomography
(CBCT)) X-ray imaging techniques to ensure proper treatment planning each day to im-
prove accuracy [5]. However, X-ray imaging techniques are insensitive to morphological
changes, relative to the tumor, in the surrounding soft tissue [6], which are often the most
radiosensitive and at risk of significant treatment-related toxicity [7–9]. CBCT has lacked
the ability to accurately delineate the interface between tumor and normal soft tissue, which
has limited the dose that could be safely planned for delivery [10]. Additionally, intrafrac-
tion motion management with X-ray-based imaging has often relied on a surrogate, such as
an external patient surface and internal fiducial markers [11]. A recent development within
the field of radiation oncology is the magnetic resonance imaging-guided linear accelerators
(MRLs) that can overcome some of the challenges associated with X-ray/CT-based systems.

Magnetic resonance imaging (MRI) offers improved soft-tissue delineation, allow-
ing for the better visualization and discrimination of normal tissues and tumor targets,
while being able to detect subtle physiological changes within the tissues, as well [12,13].
MR-guided RT (MRgRT) has traditionally used offline MRI to assist in defining volumes
during the initial planning stages [14,15]. This contrasts with online MRgRT, which allows
for daily on-table MRI and for the direct monitoring of targets and critical organs at risk
(OARs) during treatment. Online MRI is the defining feature of MRL that provides all its
unique capabilities and online adaptive workflow, as shown in Figure 1. MRL can acquire
MR images for both treatment planning and daily set-up verification with the patient in the
treatment position. Prior to treatment, each MRI acquired can be used for adjusting the
plan to account for the exact positions of the targets and the normal tissue when fused with
a treatment-planning CT [16,17]. When combined with dedicated software and efficient
workflows, this daily MR-based adaptive planning allows for improved target coverage,
opportunities for isotoxic dose delivery, and reduced normal tissue toxicity. This is called
online adaptive radiotherapy and may increase the therapeutic window of RT. In addition,
the MRL is capable of real-time (cine) MRI while the treatment is being delivered accord-
ing to a rapid and balanced steady-state free-precession MRI acquisition technique [18],
allowing for treatment-gating based on the patient anatomy directly (e.g., the tumor target)
for motion control. These capabilities reduce the uncertainties in external beam radiation
therapy delivery. Traditionally, larger planning target volume (PTV) margins have been
used to account for these uncertainties and ensure that we treat the target appropriately.
However, the unique capabilities of MRL allow for margin reduction. This, in turn, allows
for higher tumor doses while conserving the normal tissue and, Therefore, widening the
therapeutic window for the safe and effective delivery of MRI-guided SBRT (MRgSBRT).

This increased therapeutic window allows for safer isotoxic dose escalation. Online
adaptive SBRT in an MRL is commonly referred to as stereotactic magnetic resonance-
guided adaptive radiotherapy (SMART). SMART is an advanced SBRT modality that is
currently being utilized for many tumor types in clinics around the globe to improve
therapeutic efficacy and safety [17,19]. The global adoption of this novel MRL technology
for SMART continues to accelerate. This has led to a multitude of innovative trials and
registries [19,20] that explore and expand the impact of this new treatment modality. Table 1
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lists all currently active trials exploring either nonadaptive MRL-based SBRT (MRL-SBRT)
and SMART registered on ClinicalTrials.gov, accessed on 12 March 2023.

Figure 1. MRL workflow. CT: Computed tomography; MR: magnetic resonance; MRL: MR linear
accelerator; OAR: organ at risk; QA: quality assurance.

Table 1. Active SMART and nonadaptive MRL-SBRT clinical trials registered on ClinicTrials.gov.
Both actively recruiting and active but not-yet-recruiting trials were included.

Study Title Sponsor Site Condition/Disease Estimated
Enrollment

ClinicalTrials.gov
Identifier

A Master Protocol of
Stereotactic Magnetic

Resonance Guided Adaptive
Radiation Therapy (SMART)

Dana–Farber Cancer
Institute All/Multiple sites N/A 1000 NCT04115254

The MR-Linac Technical
Feasibility Protocol

(UMBRELLA-II)

The Netherlands
Cancer Institute All/Multiple sites N/A 140 NCT04351204

The Multiple Outcome
Evaluation of Radiation

Therapy Using the MR-Linac
Study (MOMENTUM)

UMC Utrecht All/Multiple sites N/A 6000 NCT04075305

Magnetic Resonance
Guided Radiation

Therapy (CONFIRM)

Dana–Farber
Cancer Institute All/Multiple sites

Gastric Cancer,
Invasive Breast

Cancer, in Situ Breast
Cancer, Mantle

Cell Lymphoma,
Larynx Cancer,
Bladder Cancer

70 NCT04368702
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Table 1. Cont.

Study Title Sponsor Site Condition/Disease Estimated
Enrollment

ClinicalTrials.gov
Identifier

Immune Checkpoint Inhibitor
and MR-guided SBRT for

Limited Progressive
Metastatic Carcinoma

Baptist Health South
Florida All/Multiple sites Metastatic tumors 52 NCT04376502

Stereotactic MRI-guided
Adaptive Radiation Therapy

(SMART) in One Fraction
(SMART-ONE)

Baptist Health South
Florida All/Multiple sites

Oligometastatic
cancer, up to 10 sites

of disease
30 NCT04939246

Real-Time MRI-Guided
3-Fraction Accelerated Partial

Breast Irradiation in Early
Breast Cancer (MAPBI)

University of
Wisconsin, Madison Breast Breast Cancer, DCIS 30 NCT03936478

MR-Linac Guided Adaptive
FSRT for Brain Metastases

From Non-small Cell
Lung Cancer

Sun Yat-Sen
University

Central Nervous
System

Brain Metastases
from Non-Small Cell

Lung Cancer
55 NCT04946019

Pilot Study of Same-session
MR-only Simulation and

Treatment With Stereotactic
MRI-guided Adaptive

Radiotherapy (SMART) for
Oligometastases of the Spine

Washington
University School

of Medicine

Central Nervous
System

Oligometastases of
the Spine 10 NCT03878485

Locally Advanced Pancreatic
Cancer Treated With

ABLAtivE Stereotactic
MRI-guided Adaptive

Radiation Therapy
(LAP-ABLATE)

ViewRay Inc. Gastrointestinal Pancreatic Cancer 267 NCT05585554

Sequential Treatment With
GEMBRAX and Then

FOLFIRINOX Followed by
Stereotactic MRI-guided

Radiotherapy in Patients With
Locally Advanced Pancreatic

Cancer (GABRINOX-ART)

Institut du Cancer de
Montpellier—Val

d’Aurelle
Gastrointestinal Pancreatic Cancer 103 NCT04570943

MR-Guided Adaptive SBRT
of Primary Tumor for Pain

Control in Metastatic
PDAC (MASPAC)

Ludwig-
Maximilians—

University of Munich
Gastrointestinal Pancreatic Cancer 92 NCT05114213

Stereotactic Radiotherapy vs.
Best Supportive Care in Unfit

Pancreatic Cancer
Patients (PANCOSAR)

Amsterdam UMC Gastrointestinal Pancreatic Cancer 98 NCT05265663

Precision Radiotherapy Using
MR-linac for Pancreatic

Neuroendocrine Tumours in
MEN1 Patients (PRIME)

J.M. de Laat Gastrointestinal
Pancreatic

Neuroendocrine
Tumors

20 NCT05037461

MR-guided Pre-operative RT
in Gastric Cancer

Washington
University School

of Medicine
Gastrointestinal Gastric cancer 36 NCT04162665

Magnetic Resonance-guided
Adaptive Stereotactic Body
Radiotherapy for Hepatic
Metastases (MAESTRO)

University Hospital
Heidelberg Gastrointestinal Liver Metastases 90 NCT05027711

OAR-Based, Dose Escalated
SBRT With Real-time

Adaptive MRI Guidance for
Liver Metastases

University of
Wisconsin, Madison Gastrointestinal Liver Metastases 48 NCT04020276
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Table 1. Cont.

Study Title Sponsor Site Condition/Disease Estimated
Enrollment

ClinicalTrials.gov
Identifier

Adaptative MR-Guided
Stereotactic Body

Radiotherapy of Liver
Tumors (RASTAF)

Centre Georges
Francois Leclerc Gastrointestinal Liver Metastases 46 NCT04242342

Radiotherapy With Iron
Oxide Nanoparticles (SPION)
on MR-Linac for Primary &
Metastatic Hepatic Cancers

Allegheny Singer
Research Institute Gastrointestinal Liver tumors 25 NCT04682847

Stereotactic MRI-guided
Radiation Therapy for

Localized Prostate
Cancer (SMILE)

University Hospital
Heidelberg Genitourinary Prostate Cancer 68 NCT04845503

Randomized Trial of Five or
Two MRI-Guided Adaptive
Radiotherapy Treatments for

Prostate Cancer (FORT)

Weill Medical
College of

Cornell University
Genitourinary Prostate Cancer 136 NCT04984343

MR-linac Guided
Ultra-hypofractionated RT for

Prostate Cancer

Chinese Academy of
Medical Sciences Genitourinary Prostate Cancer 50 NCT05183074

Randomized Phase-II Trial of
Salvage Radiotherapy for

Prostate Cancer In 4 Weeks vs.
2 Weeks

Weill Medical
College of Cornell

University
Genitourinary Prostate Cancer 134 NCT04422132

MR-Linac for Head and
Neck SBRT

Sunnybrook Health
Sciences Centre Head and Neck Head and

Neck Cancer 30 NCT04809792

Nano-SMART: Nanoparticles
with MR Guided SBRT in
Centrally Located Lung

Tumors and
Pancreatic Cancer

Dana–Farber
Cancer Institute Thorax

Non-small Cell
Lung Cancer,

Pancreatic Cancer
100 NCT04789486

Magnetic Resonance Guided
Adaptive Stereotactic Body

Radiotherapy for Lung
Tumors in Ultra-central
Location (MAGELLAN)

University Hospital
Heidelberg Thorax

Non-small Cell
Lung Cancer,

Metastatic tumors
38 NCT04925583

Study of LUNG Stereotactic
Adaptive Ablative

Radiotherapy
(LUNG STAAR)

Baptist Health
South Florida Thorax Non-small Cell

Lung Cancer 60 NCT04917224

A Multicenter Phase-II Study
of Stereotactic Radiotherapy
for Centrally Located Lung

Tumors (STRICT-LUNG
STUDY) and Ultra-centrally

Located Lung Tumors
(STAR-LUNG STUDY)

Rigshospitalet,
Denmark Thorax Primary Lung Cancer,

Metastatic tumors 138 NCT05354596

The two most common commercially available MRLs are the ViewRay MRIdian
(ViewRay Technologies Inc., Oakwood Village, OH, USA) and Elekta Unity (Elekta AB,
Stockholm, Sweden). The global adoption of MRL technology has been driven by these
2 systems, with 112 (56 of each) ViewRay MRIdian and Elekta Unity systems having been
installed as of 31 December 2022 (Figure 2). Since 2019, these systems have combined
to perform an estimated 37,500 treatments (Figure 3). The MRIdian system combines
a 0.345 T-field strength split-bore magnet MRI with a 28 cm gap that contains the 6 MV
flattening filter-free (FFF) linear accelerator components [21]. ViewRay originally produced
a tri-60Co unit; however, these have all been upgraded (except for one) to MRL [22]. The
Elekta Unity combines a 1.5 T MRI (Philips, Amsterdam, The Netherlands) and a 7 MV
FFF linear accelerator irradiating through a cryostat [16]. Although both ViewRay MRId-
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ian and Elekta Unity are MRLs and can be utilized for the purposes of SMART, there
are important distinctions between the two machines regarding their capabilities. The
most obvious difference is the conventional (i.e., 1.5 T) static magnetic field (B0) strength
of Elekta Unity, as compared to the low-field (i.e., 0.345 T) MRIdian system. Higher B0
improves the signal-to-noise ratio and generally improves overall image quality. However,
the relationship between the field strength and contrast-to-noise ratio, which is important
for target-tracking, is not straightforward [23]. The higher B0 also makes multiparamet-
ric imaging easier to perform as well as provides the general capability to immediately
utilize pulse sequences developed for diagnostic MRI purposes at the same field strength.
However, since both system-specific and patient-induced (e.g., chemical shift and magnetic
susceptibility effects) geometric distortion also scales with B0, it is easier to manage in the
low-field machine [13,24]. Lastly, the MRIdian system has had real-time tumor-tracking
with automatic beam-gating since its launch, whereas the Unity system achieved FDA
approval for tracking on 28 February 2023.

Figure 2. Cumulative installations of ViewRay MRIdian and Elekta Unity MRLs over time. ViewRay
MRIdian was initially a tri-60Co system, with MRL installations beginning in 2017. All existing
ViewRay MRIdian systems, except for one, have been upgraded to MRLs. Elekta Unity systems were
initially pre-clinical until late 2019. All existing Elekta Unity systems have been upgraded to fully
clinical systems. Data used for the creation of Figure 2 were directly provided by Elekta and ViewRay
team members.
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Figure 3. Cumulative treatments of ViewRay MRIdian and Elekta Unity MRLs per year since 2019.
Data used for the creation of Figure 3 were directly provided by ViewRay and from data presented at
the 9th annual MR in RT symposium [25].

Despite the improvements in personalized radiotherapy already achieved by MRLs,
their full potential is not yet realized. MRLs could enable significant strides in personal-
ized cancer therapy by analyzing the daily MR images for subtle intra- and peri-tumor
anatomical and physiological/functional changes in response to ablative doses. The ability
to identify and determine the clinical significance of the tumoral response during each
fraction could be exploited for further individualized plan adaptation [26–28]; Therefore,
these MRI radiomic features could allow for online biological and physiological, in addition
to the current morphological, online plan adaptation in the future.

In this review, we summarized current and potential future directions for SMART
clinical applications and trials, by cancer type. Although we only focused on sites that
could benefit the most from SMART, this review was not comprehensive in scope. We
focused on as many sites as possible where SMART has been actively improving care
and has evidence of improvement over CT-based SBRT. In addition, in a separate section,
we explored how existing technologies could potentially be integrated with current MRL
systems to significantly improve personalized radiotherapy.

2. SMART Clinical Applications
2.1. Head and Neck Cancer

MRI plays an important role in the diagnosis and treatment of head and neck cancers
(HNCs) due to the improved visualization of the muscle invasion, the perineural invasion,
and the extracapsular extension [29,30]. Therefore, MRI could improve target delineation
and expand the role of adaptive RT in these cancers [31]. Early data has suggested that
an offline adaptation with MRL could be efficacious [32]. The limited evidence on the
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treatment of HNC utilizing the tri-60Co system demonstrated effective tumor control with
low toxicity rates [33,34]. The early evidence on the treatment of HNC using an MRL
demonstrated similar feasibility and safety [19,35,36]. An early report from the MOMEN-
TUM study (NCT04075305) demonstrated the feasibility of MRgRT with a 1.5 T MRL in
13 patients with HNC [19]. These initial data have helped establish the feasibility of conven-
tionally fractionated HNC radiotherapy using MRLs. SBRT has become an important tool
for radiation oncologists in the treatment of many types of de novo and recurrent HNCs,
although concerns remain regarding toxicity and appropriate tumor selection [37,38]. The
advantages of SMART over conventional SBRT modalities could expand the therapeutic
window of HNC SBRT. Currently, there is a prospective early-phase trial exploring SMART
feasibility and safety for HNC utilizing the 1.5 T MRL (NCT04809792) that is expected to
complete enrollment in late 2023.

2.2. Central and Ultra-Central Lung Tumors

SBRT is part of the standard of care for early-stage, non-operable non-small-cell
lung cancer (NSCLC) [39] and has been commonly used to treat metastatic lesions in
the lungs [40,41]. Lung SBRT has been demonstrated to have excellent local control and
minimal toxicity rates [42–44]. However, concerns remain for using SBRT on more centrally
located lung lesions due to high rates of toxicity [45]. These central lesions, defined as being
within two cm of the proximal bronchial tree (PBT) by the Radiation Therapy Oncology
Group (RTOG) [46], and ultra-central (UC) lesions, defined as being within one cm of the
PBT, have had significantly higher rates of SBRT-related grade-3–5 toxicity, as compared to
more peripherally located tumors [45–49]. Up to one-third of patients with UC lung tumors
have experienced grade-3 or higher SBRT-related toxicity, and 15% died as a result of the
treatment [49]. These high rates of toxicity were likely related to the uncertainty of the
large internal target volume (ITV) and soft-tissue organs at risk (OARs) in the positional
planning with CT-based SBRT, leading to unintentionally high doses delivered to the PBT.

SMART has overcome these limitations with the use of MR-guided online plan adap-
tation to push unacceptably high doses away from OARs and real-time tumor-tracking
to control for respiratory motion during treatment [50–55]. SMART for central and UC
lesions has been associated with local control rates approaching 96% for both primary and
metastatic cancers [53]. In addition, the toxicity rates were comparable to those in peripheral
lesions [53,54]. Importantly, recent evidence did not correlate the risk of late intrapulmonary
hemorrhage with SMART [56], which was a primary cause of treatment-related death [49]
with CT-based SBRT. These initial experiences led to the development of multiple prospec-
tive studies exploring SMART for central and ultra-central lesions. Trials such as LUNG
Stereotactic Adaptive Ablative Radiotherapy (LUNG STAAR; NCT04917224) Stereotactic
Radiotherapy for Centrally Located Lung Tumors (STRICT-LUNG STUDY; NCT04917224);
and Ultra-Centrally Located Lung Tumors (STAR-LUNG STUDY; NCT05354596) are explor-
ing the clinical outcomes of SMART for primary early-stage NSCLC and metastatic lesions.

2.3. Cardiac Metastases

The heart and pericardial tissues are rare sites of malignancy, with the most generous
estimates of the incidence of primary and metastatic lesions being ≤0.03% and ≤3%,
respectively [57,58]. As survival continues to improve in the metastatic setting, particularly
in melanoma, the incidence of cardiac metastases has increased [59,60]. The surgical
resection of these lesions has traditionally been the only means of definitive therapy [61],
with RT playing a purely palliative role [62]. Advances in the field of radiation oncology
have indicated the feasible effective treatment of these lesions with SBRT [63]. SMART has
the potential to improve the delivery of SBRT to these highly mobile lesions that have been
difficult to identify with CT imaging. Currently, SMART data are very limited for these rare
tumors. A single institutional experiment in five patients with cardiac lesions that were
treated with SMART reported excellent tumor coverage and minimal toxicity [64]. Larger
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series are required to optimize the dosage for various histologies and to better explore the
role of MRgRT in cardiac tumors.

2.4. Pancreatic Cancer

The role of SBRT in borderline resectable (BRPC) and locally advanced pancreatic
cancer (LAPC) has been controversial [65–70]. Although SBRT appeared to significantly
improve local control, the concerns regarding the lack of improvement in overall survival
and toxicity have persisted [65–72]. Data suggested that the dose escalation could have
been associated with the improvements in both local control and overall survival [73–78].
Dose-escalated SBRT has historically been limited in practice due to the radiosensitive
gastrointestinal organs that surround the pancreas. However, SBRT via SMART could
overcome these toxicity-related challenges in pancreatic cancer due to the excellent soft-
tissue visualization and online plan adaptation and gating [79–81].

Ablative SMART (A-SMART) demonstrated an excellent safety profile [82,83] and
even appeared to be an effective option for elderly patients with unresectable pancre-
atic cancer who were at increased risk for treatment-related toxicities [84]. Initial studies
exploring A-SMART for BRPC and LAPC demonstrated limited toxicity and improved
clinical outcomes, with local control and overall survival rates approaching 90% and 70%,
respectively [80,81,83,85–87]. In addition, pre-operative A-SMART for BRPC patients was
associated with excellent negative resection rates and did not appear to increase the intra-
or post-operative mortality [88]. The results of the multicenter phase-II trial, SMART
for Locally Advanced Pancreatic Cancer (NCT03621644), were recently presented and
demonstrated a median overall survival of 22.5 months and a 1-year overall survival of
94% [89]. The incidence of grade-3 or higher toxicity related to A-SMART was 2.2%. Due to
these positive results, a phase-III trial has been announced, the Locally Advanced Pancre-
atic Cancer Treated with Ablative Stereotactic MRI-guided Adaptive Radiation Therapy
(LAP-ABLATE) trial (NCT05585554), which will compare the standard chemotherapy to se-
quential chemotherapy, followed by A-SMART. Additional phase-II clinical trials exploring
SMART for pancreatic pain control in metastatic disease (NCT05114213), SMART in frail
and elderly patients (NCT05265663), a combination of intensified sequential chemother-
apy with A-SMART (NCT04570943), and SMART for neuroendocrine pancreatic tumors
(NCT05037461) are ongoing.

2.5. Liver Tumors

Surgical resection is the standard of care for primary hepatocellular carcinoma
(HCC) [90] and hepatic oligometastases [91,92]; however, only one-fifth of patients are
deemed eligible for surgery [93]. For unresectable hepatic tumors, SBRT could be a potential
treatment option that has the advantage of not being an invasive procedure [94–96]. Over
three years, SBRT achieved local control rates of over 90% for metastatic lesions, if treated
with ablative doses [97]. Due to the parallel architecture of the liver, it can withstand high
doses of radiation in small areas but is at high risk of radiation-induced liver disease (RILD)
with larger targets [98]. In addition, the local radiosensitive gastrointestinal organs are
at high risk of toxicity during liver irradiation. SBRT, in particular, has been associated
with a risk of grade-3 or higher toxicity in up to one-third of patients [99], thus limiting
patient selection and dose escalation. However, MR-guided SBRT can overcome many of
the challenges faced by CT-based SBRT.

SMART has reduced irradiated liver volumes without an ITV (on some MRL systems
that provide patient anatomy tracking/gating) and tighter PTV margins and ensured
tolerances for nearby radiosensitive structures were safely and reliably respected while
achieving the requisite ablative doses [50,87,100–102]. Patients have also forgone the
need for invasive fiducial markers for gating and tracking with SMART. SMART for
primary and metastatic liver lesions has been demonstrated to have local control rates
between 75% and 100% at 21 months with a grade-3 toxicity rate of only 8% and no grade-4
toxicity or treatment-related deaths [101]. These initial reports of SMART in hepatic lesions
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are promising but limited due to their retrospective nature and short follow-up periods.
Multiple trials exploring liver-focused SMART have been initiated to better define its
role. The phase-II Magnetic Resonance-Guided Adaptive Stereotactic Body Radiotherapy
for Hepatic Metastases (MAESTRO) randomized trial is currently recruiting patients to
compare ITV-based SBRT and SMART. The Adaptative MR-Guided Stereotactic Body
Radiotherapy of Liver Tumors (RASTAF) phase-II trial (NCT04242342) is exploring dose
escalation of up to 60 Gy in 5 fractions with SMART in all types of liver tumors. The OAR-
Based, Dose-Escalated SBRT With Real-time Adaptive MRI Guidance for Liver Metastases
trial (NCT04020276) is a 2-staged phase-I study that is exploring dose escalation of up to
80 Gy in a 4-plus-4 with a confirmatory expansion cohort design.

2.6. Adrenal Metastases

The adrenal gland is a common site of metastases from many malignancies [103]
and the indications have been increasing for a definitive treatment in metastatic adrenal
lesions [104,105]. There was insufficient evidence to determine the best local treatment
modality for isolated and limited adrenal metastases [106]. While surgery is a curative
modality option for isolated adrenal metastasis, it has often been contraindicated in the
presence of more extensive disease, in elderly patients, and in those with other significant
co-morbidities [103,107,108]. Additionally, the recovery time of these procedures usually
requires lengthy hospital stays [103]. SBRT is a valid alternative when surgery is not
feasible [106,109–111]. However, patients have historically presented significantly worse
tumor control, as compared to adrenalectomy [108]. This has likely been due to dose
limitations in conventional CT-based SBRT because of the interfractional movement of
OARs [112,113], which can be up to 3 cm for local radiosensitive gastrointestinal organs, as
well as intrafractional respiratory-induced movement [114]. However, a BED10 of >100 Gy
was associated with tumor control approaching that of a resection [111,115]. SMART
was capable of respiratory-motion management and online plan adaptation for positional
changes in local OARs, making it feasible for the delivery of ablative doses. The early
data supported the feasibility and the efficacy of SMART in these tumors [86,116]. The
recent data has supported this approach by demonstrating 1-year local control rates of
100% in a limited series [117]. The MRL Dana–Farber master trial (NCT04115254) and the
SMART-ONE trial (NCT03878485) will help define the feasibility and the role of SMART
for adrenal SBRT.

2.7. Kidney Cancer

The role of radiotherapy and SBRT has been limited in the treatment of primary kidney
cancer [118]. SBRT could offer a benefit in large tumors (>4 cm) that are not suitable for
surgical resection [119]. SBRT appeared to demonstrate exponential cell death in renal cell
carcinoma, as compared to conventional fractionation [120]. However, CT-based SBRT often
must use large margins [121] to account for movements during therapy [122]. MRL-based
SBRT had an advantage over CT-based SBRT by eliminating the need for ITVs, one of the
reasons for large margins [123]. The early data has suggested that SMART could be well
tolerated with clinically meaningful disease control [124,125]. Therefore, if currently active
trials establish a larger role of SBRT [126,127], SMART could play an important part in
kidney cancer radiotherapy in the future.

2.8. Breast Cancer

Breast conservation is important to many people with breast cancer, and treatment
strategies to avoid mastectomies have been developed that are effective and widely adopted
for early-stage breast cancer. RT played an integral role in this treatment design to en-
sure the clinical outcomes were similar to that of mastectomy [128]. Due to concerns of
normal tissue exposure and the inconvenience of 5–6 weeks of daily RT in traditional
post-partial mastectomy whole-breast RT, accelerated partial-breast irradiation (APBI) was
explored as a potential alternative in specially selected patients with favorable patient and
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tumor characteristics [129,130]. APBI focuses solely on the areas surrounding the surgical
bed and is typically delivered within 1–2 weeks. Both brachytherapy and external beam
techniques were explored to determine their unique advantages and drawbacks [131,132].
Brachytherapy offers excellent conformality but is a more invasive procedure. External
beam radiotherapy (EBRT) is non-invasive but requires larger margins due to the uncer-
tainties in the daily design and the intrafractional motion management. The high dose per
fraction for EBRT ABPI could have contributed to late cosmetic toxicity, although evidence
for this has been mixed [131,133,134], with a larger percentage of treated breast volume
being a predictor for adverse cosmetic outcomes [135]. SMART could be an excellent
external beam APBI modality to improve clinical outcomes. SMART could improve upon
existing external beam ABPI due to its superior soft-tissue visualization of the resected
cavity and online plan adaptation for the daily design that could allow for a smaller PTV,
or even a zero-margin PTV, without sacrificing coverage.

A single institution prospective trial of a 10-fraction with zero-margin PTV APBI on
a 0.35 T MRL in 30 patients reduced treatment volumes by 52%, as compared to conven-
tional APBI [136]. These data supported the exploration of APBI delivered with SMART.
An early dosimetric analysis demonstrated that 88.5% of the possible dosimetric objectives
were fulfilled during planning [137]. The early evidence of APBI delivered with MRLs
demonstrated dosimetric advantages over traditional CT-based strategies. If long-term
clinical and cosmetic outcome data for APBI delivered with SMART are favorable, this
could become an important modality for elderly people with early-stage breast cancer, as
approximately 40% of these patients are unable to complete their 5-year hormone therapy,
which significantly increases the risk of disease recurrence [138]. However, the clinical
benefit of SMART APBI remains unclear, as long-term outcomes for CT-based APBI are
excellent. Therefore, whether the dosimetric advantages translate into clinically meaningful
improvements over existing APBI techniques is not yet known. The phase-II trial, Real-Time
MRI-Guided Three-Fraction Accelerated Partial-Breast Irradiation in Early Breast Cancer
(MAPBI) (NCT03936478), is exploring cosmetic and clinical outcomes with SMART APBI.

2.9. Prostate Cancer

There has been an increased utilization of SBRT to reduce the length of treatment
and take advantage of the low α/β ratio in prostate cancer [139,140]. The early studies
demonstrated significant gastrointestinal and genitourinary toxicity [141,142]. Recent large
phase-III trials have had conflicting evidence regarding toxicity [143,144]. MR-guided
SBRT (Non-MRL based) is one strategy that has been employed to reduce toxicity. MRI
is regularly used in the diagnosis, staging, and management of prostate cancer [145,146]
due to its excellent visualization of lesions in both the prostate and the normal surrounding
tissue [147]. MRI has been used during treatment planning to better visualize the critical
OARs [148], to aid in contouring, and more recently, to help guide boosters to high-risk
foci [149]. Therefore, nonadaptive MRL-SBRT and SMART appear to be a logical evolution
in prostate SBRT [150,151].

SMART and nonadaptive MRL-SBRT offer multiple advantages over CT-based prostate
SBRT, which includes include inter- and intra-fractional rectal motion management and
proper daily alignment for urethral-sparing techniques. In addition, SMART and nonadap-
tive MRL-SBRT do not require the invasive implantation of fiducial markers for daily align-
ment, which is often a transrectal procedure that has been associated with complications
that impacted the quality of life in up to one-third of patients [152,153]. SMART feasibility
for prostate cancer is well established [154–156]. Urethral-sparing techniques demonstrated
significantly low rates of acute genitourinary toxicity [157]. The results from the SCIMITAR
trial, a phase-II, dual-center, single-arm trial that treated post-operative prostate cancer at
high-risk for recurrence, with SBRT, demonstrated worse gastrointestinal toxicity of up to
6 months in patients treated with CT-based SBRT, as compared to MRL-SBRT [158].

The MIRAGE trial (NCT04384770) was the first phase-III trial to compare SMART with
CT-based SBRT [159]. MIRAGE sought to evaluate if the aggressive margin reduction that
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had been made feasible with MRL-based treatment would significantly reduce acute grade-
2 or higher genitourinary toxicity, as compared to CT-guided treatment [159]. MRL-based
MRgSBRT demonstrated a significant reduction in grade-2 or higher acute genitourinary
(24.4% (95% CI, 15.4–35.4%) vs. 43.4% (95% CI, 32.1–55.3%); p = 0.01) and gastrointestinal
(0.0% (95% CI, 0–4.6%) vs. 10.5% (95% CI, 4.7–19.7%); p = 0.003) toxicity [159]. This
first prospective head-to-head study of CT-based SBRT and MRL-based MRgSBRT clearly
demonstrated how MRL capabilities could translate into improved clinical outcomes.

There are multiple current phase-II trials exploring SMART in prostate cancer. The Eu-
ropean Stereotactic MRI-Guided Radiation Therapy for Localized Prostate Cancer (SMILE)
trial (NCT04845503) is exploring SMART feasibility within an estimated cohort of 68 males.
In addition, a phase-II trial (NCT05183074) is exploring the utilization of an MRL to deliver
SMART with simultaneously integrated boosters for MR-prominent tumor foci. Another
phase-II trial (NCT04984343) is exploring SMART hypofractionation, reducing the standard
5 fractions to 2, to continue reducing treatment time in this very common cancer.

2.10. Spinal Metastases

Spine RT is an important part of metastatic disease management to improve pain,
prevent pathological fractures, and prevent neurological morbidity. SBRT had improved
efficacy, as compared to conventional forms of radiotherapy [160]. MRIs have been used
in spine SBRT to accurately delineate the spinal cord and create a 1–2 mm planning OAR
volume (PRV) to decrease disease coverage [160]. Bony structures act as surrogates for
the daily design in conventional CBCT image guidance, but CBCTs are not reliable for the
accurate visualization of the spinal cord. Therefore, a spinal cord PRV is created during
treatment planning to account for daily motion management. MRLs could provide a benefit
due to their superior demarcation of the spinal cord and other soft-tissue OAR positions
with daily MRIs, as compared to CBCTs [10]. Dosimetric feasibility studies suggested
that design improvements with MRI could reduce the dose to the spinal cord [161]. Daily
MRIs allow for direct plan registration of the spinal cord, thereby eliminating the need
for cord PRVs and allowing for greater tumor coverage. Additionally, the comparatively
low fields of the MRLs, as compared to many diagnostic MRIs, have also decreased the
artifact and geometric distortions caused by metal hardware [162]. Utilizing an MRL for
spine SBRT also improved the integration of the CT treatment planning scan because
the radiation oncologist was able to ensure the same patient position [163,164]. These
advantages could allow for reduced margins and safe dose escalation. However, it remains
unclear if these dosimetric advantages will be clinically meaningful, as compared to CBCT-
based spine SBRT. The results of a current phase-I/II trial treating all sites of disease with
SMART, including the spine (NCT04115254), and the Pilot Study of Same-Session MR-Only
Simulation and Treatment with SMART for Oligometastases of the Spine (NCT03878485)
could help determine the feasibility of this technique.

2.11. Oligometastatic Cancer

The increasing data have demonstrated that patients with limited metastases who were
treated in a definitive manner at all sites of disease had increased overall survival [165]. This
limited metastatic state is termed oligometastatic, and it blurs the line between localized and
incurable systemic disease. Recent clinical trials have demonstrated the benefit of SBRT for
patients with oligometastatic cancer, typically defined as between one and five metastatic
lesions. Randomized phase-II studies of oligometastatic NSCLC [166] and prostate can-
cer [167] showed improved outcomes with SBRT at all metastatic sites. The phase-II
SABR-COMET trial demonstrated that SBRT had improved overall and progression-free
survival for various histologies, as compared to standard palliative therapy [168]. However,
multi-site SBRT has a significant risk of increased toxicity. The NRG BR-001 trial that
delivered SBRT to all sites of metastatic disease demonstrated a rate of late grade-3 or
higher toxicity to be 20% at 2 years [169]. Similarly, SABR-COMET reported a 29% rate
of grade-2 or higher toxicity, including 3 treatment-related deaths, in the SBRT group, as
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compared to only 9% in the control group. SMART was uniquely suited for delivering
high-dose SBRT to multiple sites concurrently due to its excellent therapeutic window [170].
In addition, SMART has also enabled safe isotoxic dose escalation [82,86], with increased
local control and overall survival rates.

Data have been limited concerning the use of SMART in an oligometastatic setting, but
SMART has been well tolerated [86,102,171]. Several ongoing clinical trials are evaluating
the use of MRgRT in the management of oligometastatic disease. Notably, the SMART-ONE
trial is a single-arm trial that is investigating the feasibility of delivering single-fraction
MR-guided SBRT to up to 10 sites of disease (NCT04939246). The Washington University
School of Medicine is exploring the use of SMART in oligometastatic disease of the spine
(NCT03878485). We eagerly await the results of these trials to establish the feasibility,
efficacy, and safety of MRgRT in an oligometastatic setting.

2.12. Ablative Dose Re-Irradiation

Re-irradiation (reRT) has historically been limited due to the increased risk of severe
toxicity due to cumulatively high OAR doses; however, it also could provide a significant
benefit in carefully selected patients with locally recurrent or progressive cancer [172,173].
Therefore, dose selection in reRT is a delicate balance between prioritizing tumor control
and patient safety that usually results in modest dose delivery. Historically, these doses did
not offer robust local control, especially in patients who did not proceed to surgery [174].
However, dose escalation could improve long-term local control and overall survival in
reRT [174–176]. The improved therapeutic ratio of SMART could allow for the safe delivery
of dose-escalated reRT.

SMART reRT data have been limited, but the treatment has been well tolerated.
SMART reRT in the abdomen and pelvis demonstrated a 1-year local control rate approach-
ing 90% [177]. With a median follow-up of 14 months, there was no acute or late grade-3 or
higher toxicity, demonstrating the safety of this modality. Another recent report focused
only on prostate reRT and demonstrated a 1-year disease progression-free survival rate that
also approached 90%, while maintaining minimal toxicity [178]. SMART reRT appears to
be associated with strong local disease control and minimal toxicity, which could warrant
further investigation in clinical trials.

3. Future Directions

SMART has enabled the delivery of greater doses to tumors surrounded by some of
the most radiosensitive normal tissue within the body, and this has indicated potential
dose-escalated treatments that were previously thought to be infeasible, as discussed.
Although this has been primarily achieved with MR-guided anatomic adaptation, we
believe that the future of SMART may lie in advanced adaptation techniques. This requires
the immense data stored in daily MRIs to better understand the tumoral response to
treatment throughout the course of radiotherapy, and then these daily insights must
be used to adjust both the dosage and fractions throughout the treatment. This would
represent major a paradigm shift in the field of radiation oncology. Traditionally, dosage
and fractionations were determined prior to and during treatment planning. Even with
the current advances in SMART, we continue to use this approach and merely adapt to
improve the delivery of a predetermined dose and fractionation. However, studying the
tumor changes in response to treatment via daily MRI could provide deeper insights into
the nature of a specific tumor and how it will ultimately respond to the current dose and
fractionation plan.

Two novel studies, Adaptive Radiation for Locally Advanced Rectal Adenocarcinoma
(NCT05108428) and Theragnostic Utilities for Neoplastic Diseases of the Rectum by MRI-
Guided Radiotherapy (THUNDER2; NCT04815694), are already utilizing MRL to explore
plan adaptation based on tumoral response. They are relying on the tumoral volumetric
changes to identify which rectal tumors would benefit the most from sequential booster-
dose escalation. Guiding treatment planning based upon volumetric response for certain
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cancers is clinically feasible when using MRL in longer treatment courses of conventional
and minimally hypofractionated radiotherapy. However, utilizing this same technique with
SMART is far more difficult due to the significantly shorter treatment course that often does
not allow enough time for tumors to demonstrate a clinically obvious volumetric response.
Therefore, the more subtle and less well-understood peri- and intra-tumoral changes during
therapy should be utilized to guide physiologically and biologically adaptive radiotherapy.
The multiparametric MRI (mpMRI) allows for a wider breadth of imaging data to better
investigate these often-imperceptible changes.

MRL-Based Multiparametric MRI

MRL adaptation has traditionally been employed for the management of interfrac-
tional tumoral and OAR changes in shape and position. However, MRI has also been
used for assessing biological and physiological information [179–181], as well as for MRI
techniques termed mpMRI [182]. One such technique is diffusion-weighted imaging [183]
which enabled the detection of changes in water mobility [184]. These changes were
correlated with tumor growth [185] and necrosis [186]. This was facilitated by mapping
a parameter known as the apparent diffusion coefficient (ADC), which was then used to
track the response to radiation therapy [187]. ADC mapping is particularly attractive
in adaptive radiotherapy since the changes in ADC could be noted before morpholog-
ical changes in the tumor [188], and these changes in diffusion could be used to guide
dose-escalation strategies and biologically guided radiation plan adaptation [189,190].
Diffusion-weighted imaging has been applied using a 1.5 T linear accelerator [191–193].
Although technical challenges have been reported [194], DWI was included as an option in
this simulation [35]. DWI was initially applied using the 0.35 T tri-60Co system [195,196]
and was shown to be predictive of tumor histology [197] and, in combination with deep
learning, therapeutic response [198]. Technical challenges were reported [199] when the 0.35
T MRgRT system had transitioned from the tri-60Co system to MRL, but recent applications
using DWI with a 0.35 T MRL have appeared promising [200].

A potential application of MRL-based adaptive radiotherapy is the use of metabolic
changes to guide RT, as this has been utilized in the recently developed PET/CT-guided
radiotherapy delivery systems [201]. Cancer metabolism is severely dysregulated [202], and
this dysregulation is reflected downstream, as the concentrations of many metabolites are
modulated in cancer cells [203]. While positron-emission tomography (PET) [204–206] has
traditionally been applied to observe the metabolic accumulation in tumor cells, MR-based
techniques, such as magnetic resonance spectroscopic imaging (MRSI) [207], chemical
exchange saturation transfer (CEST) [208,209], and hyperpolarized dynamic magnetic
resonance spectroscopy [210], were able to interrogate metabolic processes further down-
stream [211]. MRSI allowed for the noninvasive mapping of a number of metabolite
concentrations by simultaneously acquiring MR data in the spatial frequency and temporal
domains [212]. It was applied to produce high-resolution metabolite maps in gliomas [213],
and lactate mapping of glioblastoma has been performed using deuterium [214]. Addition-
ally, using phosphorus-based MRSI, the mapping of intra- and extra-cellular pH in tumors
was demonstrated [215]. The technical limitations concerning the online incorporation of
MRSI with MRL as a work flow have persisted due to the relatively long scan times [216]
and low sensitivity in conventional magnetic-field-strength systems [217]. Sensitivity could
be counteracted by hyperpolarizing the nucleus, which has resulted in a large increase in
sensitivity for a short period of time [218]. The main application has been to observe the
dynamic conversion of pyruvate into lactate in tumors [219]. Lastly, CEST allowed for the
indirect detection of low concentration solutes via their effect on the water MR signal [220].
CEST has been shown to predict the chemo-radiotherapeutic response of tumors [221,222].

While these MR-based metabolic-imaging techniques have yet to be incorporated
into online MRgRT due to the technical challenges, they have significant potential for
assessing biological behavior in adaptive RT. The additional incorporation of artificial
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intelligence into the interpretation of mpMRI data could facilitate biologically driven RT
plan adaptation [223,224].

4. Barriers and Limitations

Although MRLs represent one of the most exciting advancements within the field
of radiation oncology, these combined linear accelerators have limitations. This novel
technology is resource intensive, requiring considerable financial and time investments
for operation. The commissioning of MRL requires the development of departmental
MR-safety protocols similar to those for diagnostic MRIs, which include MRI safety ques-
tionnaires for all patients and thorough MRI safety training for all users with an emphasis
on ferrous-material awareness [225]. MRL uses a different workflow, as compared to other
linear accelerators; thus, all members of the treatment team, including the physician, physi-
cists, and therapists, must learn to properly operate MRLs [226]. Furthermore, the daily
time requirement for online adaptive radiotherapy can be substantial, from 30 to 60 min
per treatment, to allow for adequate plan evaluation, adaptation, and treatment delivery,
even with an experienced team. This limits total patient throughput and can often require
considerable time-at-machine for physicians and physicists.

MRLs also have physical limitations due to the special physics of concurrent MRI with
external beam radiotherapy. Lorentz forces have resulted in overdosing hollow organs
and required an advanced treatment planning system [227]. MRI geometric distortion,
the uncertainty associated with MRI regarding radiation isocenter distance, the multi-leaf
collimator position error, and the uncertainties in voxel size and tracking have presented
additional physical limitations [101]. Therefore, the familiarity and expertise of physicians,
dosimetrists, and physicists regarding these special physics were required for optimal
treatment planning and establishing more robust quality assurance methods [86]. MRIs
lack electron density and attenuation coefficient information. Therefore, CT images are
still required for treatment planning. Additionally, there is a lack of a six-degree couch for
adjustments due to the confined space of the MRLinac system.

Patient selection is critical for a successful MRL program. Special attention is required
for patients with claustrophobia, large body habitus, and MRI-incompatible implanted
devices. Patients with claustrophobia may require pre-treatment anxiolytic therapy or
may not be able to tolerate it at all. Patients with large body habitus may not be able to fit
within the geometric dimensions of the machine. Even if the patient physically fits into the
machine, they may exceed the maximal field-of-view, which can result in aliasing artifacts.
This is especially important when using special devices, such as coils, depending on the
treatment site.

Diligent screening for all potentially implanted ferromagnetic devices is required for
all patients, and alternative treatment options should be considered in these cases.

MRL has many advantages over CT-based linear accelerators. However, MRL was not
designed to be a replacement for CT-based linear accelerators. We found that MRL was
best suited in cases where its unique advantages were required to deliver a treatment that
would be too dangerous in a CT-based linear accelerator.

5. Conclusions

MRL is rapidly becoming an integral instrument for personalized radiotherapy. SMART
represents the next generation of SBRT by expanding the therapeutic window due to its
vastly improved precision through enhanced soft-tissue resolution and daily MR-guided
online adaptation, along with real-time gating in MRIdian. Safe dose escalation using iso-
toxic approaches with SMART appears to be improving disease outcomes across multiple
tumor sites. There are a multitude of cutting-edge clinical trials currently in progress to
establish this new modality’s role in many types of cancer. Looking forward, MRL and
mpMRI appear to have significant synergistic potential, in conjunction with SMART, in
personalized cancer therapy.
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Simple Summary: MRI can provide better visualization of tumors and nearby organs at risk (OAR)
than CT for fast and accurate contouring during online adaptive MRI-guided stereotactic body
radiation treatment (MRI-guided SBRT) for pancreatic and other intra-abdominal cancers. Pre-
set MRI sequences provided in a 1.5T MRI scanner hybrid with a linear accelerator can be used
during MRI-guided SBRT, but they often limit tumor and OAR visualization and require a long
image acquisition time. This study retrospectively analyzed 26 patients with pancreatic and intra-
abdominal cancers that underwent CT and MR simulations and 3–5 fractionated MRI-guided SBRT.
The visualization of tumors and OAR was improved with T1W imaging, which is essential for online
adaptive planning and resulted in fast and accurate contouring in a shorter imaging time.

Abstract: A 1.5T MRI combined with a linear accelerator (Unity®, Elekta; Stockholm, Sweden) is a
device that shows promise in MRI-guided stereotactic body radiation treatment (SBRT). Previous
studies utilized the manufacturer’s pre-set MRI sequences (i.e., T2 Weighted (T2W)), which limited the
visualization of pancreatic and intra-abdominal tumors and organs at risk (OAR). Here, a T1 Weighted
(T1W) sequence was utilized to improve the visualization of tumors and OAR for online adapted-to-
position (ATP) and adapted-to-shape (ATS) during MRI-guided SBRT. Twenty-six patients, 19 with
pancreatic and 7 with intra-abdominal cancers, underwent CT and MRI simulations for SBRT planning
before being treated with multi-fractionated MRI-guided SBRT. The boundary of tumors and OAR
was more clearly seen on T1W image sets, resulting in fast and accurate contouring during online
ATP/ATS planning. Plan quality in 26 patients was dependent on OAR proximity to the target tumor
and achieved 96 ± 5% and 92 ± 9% in gross tumor volume D90% and planning target volume D90%.
We utilized T1W imaging (about 120 s) to shorten imaging time by 67% compared to T2W imaging
(about 360 s) and improve tumor visualization, minimizing target/OAR delineation uncertainty and
the treatment margin for sparing OAR. The average time-consumption of MRI-guided SBRT for the
first 21 patients was 55 ± 15 min for ATP and 79 ± 20 min for ATS.

Keywords: MRI in RT; MRI-Linac; MRI-guided SBRT; adapt-to-position; adapt-to-shape; pancreatic
cancers; abdominal cancers; online adaptive planning; Unity®; stereotactic body radiation treatment

1. Introduction

Magnetic resonance imaging (MRI) combined with a linear accelerator (MRI-Linac) [1–4]
yields a technique that shows promise in MRI-guided stereotactic body radiotherapy (SBRT) [5].
MRI-Linac [6] provides superior visualization of target tumors and surrounding organs at risk
(OAR) to improve delineation accuracy; MRI-guidance accounts for position, size, and shape
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changes during online adaptive SBRT planning [7]. Therefore, MRI-guided SBRT [8–10] is in-
creasingly used for pancreatic and other intra-abdominal cancers using currently two clinically
available MRI-Linacs [11].

True fast imaging with steady state precession (TrueFISP) combined with breath
holding (BH) is possible on the first MRI-Linac, a 0.35T MRI combined with a linear
accelerator (MRIdian®, ViewRay Inc., Mountain View, CA, USA) [12–14]. A T2-Weighted
with exhalation-navigating (T2W + Nav) MRI scan with the second MRI-Linac is acquired
on a 1.5T MRI combined with a linear accelerator (Unity®, Elekta; Stockholm, Sweden) [15].
In each fraction of MRI-guided SBRT on these MRI-Linacs, one (or more) TrueFISP or
T2W + Nav image sets are acquired as daily-MRIs to account for inter-fractional changes
of targets and OAR. The contours can be adjusted during online adaptive planning, and
patient setup can be verified before and after beam delivery while patients are on the
treatment couch.

Online adaptive planning heavily relies on the image quality of daily-MRIs, which
requires superior soft-tissue contrast for fast and accurate contour adjusting of the target
tumor and OAR [8,16–18]. An MRI scan with BH acquires a 3D volume in a short period
of time (i.e., 17 s with TrueFISP + BH) [19], but pancreatic tumors can move more than
4 mm during the scan [20]. On the other hand, an MRI scan with exhalation-navigating
acquires a 3D volume in a longer period of time but is dependent on the breathing period
and regularity in individual patients (i.e., up to 882 s with T2W + Nav) [21]. In terms of the
target motion, a gating technique, which measures real-time target motion by deformably
registering fast cine images to daily-MRI, is utilized to account for the respiratory-induced
target motion during beam delivery [13,19]. As an alternative, T2W with a compression belt
in free-breathing significantly reduced the range of target motion [22–24]. However, it could
still include respiratory-induced motion blurring artifacts, which leads to some degree of
difficulty in adjusting with daily-MRI. Therefore, fast and precise online adaptive planning
requires high-quality images from the daily-MRI with minimal or no blurring artifacts.
The changing positions of the patient and their internal anatomy must also be accounted
for during online adaptive planning for both adapt-to-position (ATP) and adapt-to-shape
(ATS) [7,25].

Pancreatic and intra-abdominal malignancies are challenging to treat with SBRT [16,26],
and require high-quality imaging with appropriate motion management [27,28]. However,
most studies of online adaptive MRI-guided SBRT on clinical MRI-Lianc(s) used the pre-set
MRI sequences provided by the manufacturer [11–15], which limited the visualization of
the target and OAR on MR image sets. Furthermore, the pre-set daily-MRI required a long
imaging time and had poor visualization of the target and OAR, causing difficulties in
fusion, contouring [21], and fraction-to-fraction contour propagation using a rigid or de-
formable algorithm [29,30]. Therefore, our clinic utilized a customized T1W MRI sequence
to achieve rapid imaging with superior visualization of the target and OAR and improve
contouring accuracy during online adaptive planning. This study retrospectively analyzed
and compared visualizing tumors and OAR on T1W image sets and pre-set T2W image sets.
We also evaluated the treatment data produced in multi-fractionated MRI-guided SBRT.

2. Materials and Methods

In this institutional review board-approved study, multiple MR image sets were
acquired from patients with pancreatic and intra-abdominal tumors before undergoing
multi-fractionated online adaptive MRI-guided SBRT. All MR image sets were inspected to
determine which set would be used as an MRI sequence to acquire daily-MRI for superior
visualization of tumors and OAR.

2.1. The Workflow of CT and MRI Simulations, and MRI-Guided SBRT

Our workflow comprised 4 steps (Figure 1). First, selected patients were asked to
complete the first MRI screening sheet (Figure 1a). Then, each patient underwent CT and
MRI simulations (Figure 1b), where free-breathing CT (FB-CT) was used to develop a CT
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reference plan for online adaptive MRI-guided SBRT. Four-dimensional CT (4D-CT) image
sets with an abdominal compression belt (ZiFixTM, Qfix, PA, USA) were used to measure
tumor motion range [22]. If tumor motion was equal to or less than 0.5 cm, the patient was
eligible for MRI-guided SBRT and was asked to complete the second MRI screening sheet
for MRI safety before the MRI simulation [31,32]. On the same day as the CT simulation,
MR image sets of T2W + Nav, T1-Weighted (T1W), and T1W + Fat Saturated (FS) were
acquired using a 1.5T Unity®, and one of them was chosen (typically T1W) to contour the
target tumor and use it as a sequence of daily-MRI. The third step was SBRT planning
(Figure 1c), during which a FB-CT was rigidly registered to a chosen T1W, and target
tumors and OAR were contoured on a chosen T1W and FB-CT image set, respectively. A
CT reference plan (CTRef) was then developed on a FB-CT for all patients. Additionally, an
MRI reference plan (MRRef) was developed on a T1W for the first few patients.
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Figure 1. The workflow of simulations and multi-fractionated stereotactic body radiotherapy for
pancreatic and intra-abdominal cancers (MRI-guided SBRT) on a 1.5T Unity®. (a) Patient selection
and 1st MRI screening to check the eligibility of each patient; (b) CT and MRI simulations with an
abdominal compression belt to acquire CT and MR image sets; (c) contouring organs at risk (OAR)
on FB-CT images and target tumors on T1W images to develop a CT reference plan (CTRef) and an
MRI reference plan (MRRef); and (d) MRI-guided SBRT in 3–5 fractions. An identical Unity® couch
top and the same abdominal compression belt were used in CT and MRI simulations and across all
SBRT fractions. Orthogonal sagittal and coronal 2D cine images were acquired to measure the range
of target motion induced by respiration for determining an internal target volume (ITV) margin.

The fourth step was treating the patient with online adaptive MRI-guided SBRT. In
each fraction of MRI-guided SBRT (Figure 1d), 3 image sets for daily-MRI were acquired:
1 set for online adaptive planning (plan-MRI) and 2 sets for patient setup verifications
before (verification-MRI) and after beam delivery (post-MRI). Orthogonal, sagittal, and
coronal cine images were acquired to verify internal target volume (ITV) by measuring
target motion range on MiM (v7.0.6, MiM Software Inc, Cleveland, OH, USA). In this
study, the patient setup was maintained by using the same Unity® couch top and MRI-safe
or conditional immobilization devices during each CT and MRI simulation and multi-
fractionated MRI-guided SBRT.

2.2. Patients

Patients were usually treated every other day using a 1.5T Unity®. The imaging,
planning, and treatment data of each patient’s CT and MRI simulation and consecutive
3–5 fractionated MRI-guided SBRT were retrospectively analyzed.
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2.3. CT and MRI Simulations with Immobilization Devices

On the same day, all patients underwent both a CT and an MRI simulation to acquire
FB-CT images with and without a gadolinium-based contrast agent for OAR contouring, 4D-
CT images for measuring target motion range, and multiple MR image sets of T2W + Nav,
T1W, and T1W + FS for target tumor contouring. In addition, a 2D orthogonal coronal and
sagittal image set (2D-Cine) was acquired to manually measure the range of target motion
for individual patients and determine the margin of ITV. The target motion range was
used to verify and adjust the initial target motion range measured in 4D-CT. An abdominal
compression belt, which is safe for both CT and MRI scanning, was used for abdominal
imaging to manage target and organ motion up to 0.5 cm in all directions induced by
respiration [22]. The pressure level of an abdominal compression belt for each patient,
measured in a CT simulation, was used to set up that patient in an MRI simulation and
throughout the entire MRI-guided SBRT. Two patients were scanned without the abdominal
compression belt due to their discomfort.

Imaging parameters of the T1W and T1W + FS sequences were optimized during scans
of volunteers and the first few patients in the study. The optimized MRI sequences were
then used for all patients. For the MRI simulation, we used a T2W + Nav with a 3D turbo
spin echo (TSE) MRI pulse sequence and a T1W and T1W + FS of a 3D turbo field echo
(TFE) MRI pulse sequence on a 1.5T Unity®, with 2 MRI receiver coils (a 4-channel anterior
coil and a 4-channel posterior coil). Imaging parameters of T2W + Nav were repetition
time (TR)/echo time (TE) = 1800/205 ms, field of view (FOV) = 400 × 400 mm2, pixel
size = 1.56 × 1.56 mm2, image matrix = 480 × 480, thickness = 2.4 mm, flip angle = 90◦,
bandwidth = 727 Hz, and number of signals (average = 5). Each MR image set took
approximately 228 to 410 s; 233 images were acquired in total. A navigating window was
set at the liver dome scout (1/3 on the lung side and 2/3 on the liver side).

Imaging parameters of T1W were TR/TE = 4.5/2.2 ms, FOV = 400 × 400 mm2, pixel
size = 1.1 × 1.1 mm2, image matrix = 280 × 280, thickness = 2 mm, flip angle = 10◦, band-
width = 383, Hz and number of signal average = 5. Each MR image set took approximately
120 s; 161 images were acquired in total. All image sets acquired during the CT and MRI
simulations were transferred to MiM in a Digital Imaging and Communications in Medicine
format.

2.4. SBRT Planning

CT and MRI simulation image sets were used to develop 1 or more CTRef or MRRef
plans for each patient. For the first 5 patients in the study, we developed both a CTRef and
a MRRef, but we developed only a CTRef for the rest of the patients. The T1W image sets
were used to develop MRRef plans through off-line adaptive ATS planning from the CTRef
plans. Average electron densities of the tumor and OAR from the CTRef were assigned to
corresponding contours in the MRRef. Both CTRef and MRRef plans were developed to meet
the dose constraints listed in Table 1. One of the CTRef and MRRef plans was peer-reviewed
in the department chart round at Radiation Oncology, Allegheny Health Network Cancer
Center.

On the MiM software, the OAR delineated on a FB-CT image set were heart, kidneys,
liver, spinal cord, duodenum, small bowel, stomach, jejunum, colon, bone, body, spleen,
and extras (i.e., air, contrast, vein, and celiac). Gross tumor volume (GTV), delineated on
a T1W (or T1W + FS) MR image set, was determined for pancreatic tumors, left adrenal
tumors, and pancreatic lymph nodes. The GTV contour was transferred from the T1W
image set to the FB-CT image set for addition to the OAR contours. A FB-CT image set
with all contours was exported to the treatment planning system (TPS, MR-Linac Monaco
v5.51.11, CMS; St. Louis, MO, USA), and a patient-specific SBRT plan was developed. Each
SBRT plan with 15–45 Gy in 3–5 fractions (Table 1) was calculated using Monte Carlo®

and used 7–14 beams delivered in a step-and-shoot intensity-modulated radiation therapy
(IMRT) technique with 7FFF (flattening filter-free) photons. A reference plan developed on
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the FB-CT was exported to the oncology system (Mosaiq v2.8.3, CMS; St. Louis, MO, USA)
for a treatment schedule every other day.

Table 1. The dose constraints of planning target volume (PTV) and organs at risk for stereotactic
body radiotherapy for pancreatic and other intra-abdominal cancers. This is an example of 40 Gy in
5 fractions, so the dose constraints varied on the prescription dose (15 Gy to 45 Gy).

Organs Dose Constraints (5 Fractions) of 40 Gy in 8 Gy × 5 Fractions

PTV (or PTV_eval) >90% coverage

GTV 90–95% Rx to cover 90–95%

Cord V20Gy < 0.03 cc

Liver V12Gy < 50%

Bilat kidneys V12Gy < 50%

Stomach PRV (2 mm) V40Gy < 0.5 cc, V35Gy < 1 cc, V30Gy < 2 cc

Duodenum PRV (2 mm) V40Gy < 0.5 cc, V35Gy < 1 cc, V30Gy < 2 cc

Small bowel PRV (2 mm) V40Gy < 0.5 cc, V35Gy < 1 cc, V30Gy < 2 cc

Colon PRV (2 mm) V40Gy < 0.5 cc, V35Gy < 1 cc, V30Gy < 2 cc

Jejunum PRV (2 mm) V40Gy < 0.5 cc, V35Gy < 1 cc, V30Gy < 2 cc

Spleen < 4 Gy

Heart Dmax ≤ 20 Gy
GTV: Gross tumor volume; PRV: Planning of organ at-risk volume.

A patient-specific quality assurance (QA) was performed for CTRef and MRRef plans
and the first adaptive ATS plan (MRATS) to verify the applicability and deliverability of
these QA plans on the Unity®. This QA test was performed using an ion chamber (Exradin
A1SLMR, Standard Imaging, Inc., Middleton, WI, USA) [33] and using an MRI-conditional
cylindrical diode array dosimeter (ArcCHECK-MR, Sun Nuclear Corporation, Melbourne,
FL, USA) [34].

2.5. Online Adaptive MRI-Guided SBRT

Patients were treated with 3–5 fractionated MRI-guided SBRT, using our Unity®,
between May 2020 and May 2023. For each fraction, 1 CTRef or MRRef plan was chosen
for online adaptive ATP or ATS MRI-guided SBRT, and 1 or more MRATS(s) was added
to the list of reference plans for the next online adaptive MRI-guided SBRT. Three T1W
(or T1W + FS) image sets were acquired during each fraction. The first T1W image set,
the plan-MRI, was used to account for inter-fraction changes of targets and OAR shape,
position, and size. After image fusion between the CTRef (or MRRef) and plan-MRI by a
physicist (or a therapist), an attending physician determined ATP or ATS for further online
adaptive planning. Then, GTV and OAR contours, rigidly or deformably transferred from
the CTRef (or MRRef), were adjusted to match the plan-MRI. For ATS, GTV and the contours
of the stomach, duodenum, small bowel, colon, and jejunum were usually adjusted or
re-delineated by an attending physician, and the contours of the air and body were adjusted
or removed by an attending physicist.

Next, 2 T1W image sets, the verification-MRI and post-MRI images, were acquired
before and after the beam delivery to verify patient setup. Once the patient setup was
verified, the target motion, moving within the planning target volume (PTV), was visually
evaluated by the attending physician prior to the beam delivery. If there were patient setup
differences between the plan-MRI and verification-MRI in GTV and OAR contours, the
verification-MRI was used as the new plan-MRI to repeat online adaptive planning. A little
over 10% of the fractions in all patients enrolled in this study experienced the changes in
anatomical position and size found in the verification-MRI.
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2.6. Statistical Analysis of Plan Quality

For each patient, we compared the image quality of T1W, FB-CT, and T2W + Nav
image sets by inspecting tumor and OAR visualization on the plan-MRI acquired during
3–5 fractionated MRI-guided SBRT. The changes in tumor and OAR contours adjusted
during ATS were quantified as a function of their variability in volume. Next, the quality
of online adaptive SBRT plans was evaluated by quantifying the coverage of radiation dose
to tumors and OAR. Both image quality and plan quality were evaluated for all patients
using MiM. Lastly, the time-consumption of each step in our workflow was analyzed in
individual, online adaptive ATP/ATS plans to determine our workflow’s efficiency.

3. Results

All patients successfully completed CT and MRI simulations to acquire planning
image sets and were treated with 3–5 fractionated online adaptive MRI-guided SBRT.

3.1. Patients

Twenty-six patients with pancreatic (n = 19), left adrenal (n = 3), and lymph node
cancer (n = 4), who were treated using Unity® between May 2021 and May 2023, were
included in this study. Of the 26 patients, 16 were male and 10 were female, and the
cohort had an average age of 71 years [range: 57–95] (Table 2). Average tumor volumes of
reference plans (CTRef or MRRef) and adaptive ATP/ATS plans were measured at 37.1 mL
[range: 3.4 mL to 105.5 mL] and 35.4 mL [range: 3.4 mL to 106.4 mL], respectively. The
same air-pressure of an abdominal compression belt recorded at the CT simulation was
reproduced during the MRI simulation and consecutive 3–5 fractionated MRI-guided SBRT.

Table 2. Demographic and disease profiles of 26 patients with pancreatic (n = 19) and intra-abdominal
cancers (n = 7). The cohort had an average age of 71 years [range: 57–95]; 16 patients were male and
10 were female. All patients were treated with 126 fractionated MRI-guided SBRT (ATP (n = 49) and
ATS (n = 77)) with the SBRT prescription (25 Gy to 45 Gy in 3–5 fractions for 25 patients and 15 Gy in
5 fractions for 1 patient). Patient P09 was treated with the stereotactic boost for the postoperative
recurrence of pancreatic cancer after 45 Gy conventional fractionation.

Patient # Diagnosis Age Gender SBRT Prescription # of Beams Type of Adaptive Planning

P01 Pancreatic head 70 M 35 Gy in 5 fractions 13 ATP (n = 0), ATS (n = 5)

P02 Pancreatic head 65 M 40 Gy in 5 fractions 13 ATP (n = 0), ATS (n = 5)

P03 Left adrenal 61 M 30 Gy in 3 fractions 11 ATP (n = 0), ATS (n = 3)

P04 Left pancreatic lymph nodes 72 M 45 Gy in 5 fractions 13 ATP (n = 0), ATS (n = 5)

P05 Left pancreatic lymph nodes 60 F 40 Gy in 5 fractions 8 ATP (n = 0), ATS (n = 5)

P06 Left adrenal gland 63 M 30 Gy in 3 fractions 9 ATP (n = 0), ATS (n = 3)

P07 Pancreatic head 95 M 35 Gy in 5 fractions 12 ATP (n = 0), ATS (n = 5)

P08 Pancreatic head 65 F 45 Gy in 5 fractions 12 ATP (n = 4), ATS (n = 1)

P09 Pancreas Boost 64 F 15 Gy in 5 fractions 12 ATP (n = 0), ATS (n = 5)

P10 Pancreatic tail 67 M 40 Gy in 5 fractions 12 ATP (n = 3), ATS (n = 2)

P11 Pancreas 79 M 35 Gy in 5 fractions 8 ATP (n = 0), ATS (n = 5)

P12 Pancreas head/body 83 M 35 Gy in 5 fractions 11 ATP (n = 0), ATS (n = 5)

P13 Aortocaval lymph nodes 64 M 25 Gy in 5 fractions 11 ATP (n = 4), ATS (n = 1)

P14 Pancreatic body 77 F 45 Gy in 5 fractions 12 ATP (n = 1), ATS (n = 4)

P15 Pancreatic head 57 F 37.5 Gy in 5 fractions 12 ATP (n = 3), ATS (n = 2)

P16 Pancreatic head 67 F 37.5 Gy in 5 fractions 14 ATP (n = 3), ATS (n = 2)

P17 Pancreatic head 74 M 40 Gy in 5 fractions 11 ATP (n = 3), ATS (n = 2)

P18 Pancreatic head 73 F 45 Gy in 5 fractions 7 ATP (n = 4), ATS (n = 1)

P19 Portocaval node 62 M 40 Gy in 5 fractions 10 ATP (n = 5), ATS (n = 0)
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Table 2. Cont.

Patient # Diagnosis Age Gender SBRT Prescription # of Beams Type of Adaptive Planning

P20 Pancreas 83 M 40 Gy in 5 fractions 13 ATP (n = 2), ATS (n = 3)

P21 Pancreas 71 M 45 Gy in 5 fractions 10 ATP (n = 3), ATS (n = 2)

P22 Pancreatic tail 72 F 40 Gy in 5 fractions 12 ATP (n = 2), ATS (n = 3)

P23 Pancreatic body mass 79 F 40 Gy in 5 fractions 12 ATP (n = 1), ATS (n = 4)

P24 Pancreatic head 61 F 40 Gy in 5 fractions 8 ATP (n = 4), ATS (n = 1)

P25 Pancreatic head 72 M 45 Gy in 5 fractions 8 ATP (n = 4), ATS (n = 1)

P26 Left adrenal 81 M 32 Gy in 4 fractions 7 ATP (n = 3), ATS (n = 2)

Mean ± STD or Total number 71 ± 9 M (n = 16),
F (n = 10)

15 Gy to 45 Gy in
3–5 fractions 7–14 ATP (n = 49), ATS (n = 77)

P = Patient; M = Male; F = Female; ATP = Adapt-to-position; ATS = Adapt-to-shape; STD = Standard deviation.

3.2. CT and MR Image Sets and Target Contouring

Figure 2 shows an example of pancreatic tumor and OAR visualization on FB-CT,
T2W + Nav, and T1W image sets. Like FB-CT, the boundaries of a pancreatic tumor and
OAR were well visualized on T1W, but not on T2W + Nav. Regarding tumor and OAR
contouring, T1W images more clearly showed the boundaries of tumors in all 26 patients
than the T2W + Nav images (Figure 3). The clear interface of organs required for higher
accuracy and precision of SBRT planning was shown in T1W images, but it was unclear in
T2W + Nav images.
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Figure 2. The pancreatic tumor and organs at risk (OAR) visualized on T1W for contouring and 
further SBRT planning. A CT image set (a) acquired in free-breathing (FB) with Gadolinium was 
compared to a T2W with exhalation-navigating (+Nav) image set (b) and a T1W image set (c). The 
target tumor areas were magnified, and the target tumors were contoured on a CT image set with 
the yellow color and copied to MR image sets. The boundary of the target tumor was clearly visible 
on the T1W image set acquired in a short period of time, but it was unclear on the T2W + Nav image 
set. The body shape due to the use of an abdominal compression belt was identical across all FB-CT, 
T2W + Nav, and T1W image sets. 

Figure 2. The pancreatic tumor and organs at risk (OAR) visualized on T1W for contouring and
further SBRT planning. A CT image set (a) acquired in free-breathing (FB) with Gadolinium was
compared to a T2W with exhalation-navigating (+Nav) image set (b) and a T1W image set (c). The
target tumor areas were magnified, and the target tumors were contoured on a CT image set with the
yellow color and copied to MR image sets. The boundary of the target tumor was clearly visible on
the T1W image set acquired in a short period of time, but it was unclear on the T2W + Nav image
set. The body shape due to the use of an abdominal compression belt was identical across all FB-CT,
T2W + Nav, and T1W image sets.
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Figure 3. Comparison of tumor visualization between CT and 4 T1W image sets. The same target
tumors of 4 patients, colored in red, are shown in free-breathing (FB)-CT and T1W: (a) left adrenal,
(b) pancreatic node, (c) large pancreatic mass, and (d) pancreatic body. The target tumors are clearly
seen in both the FB-CT and T1W image sets.

The average GTV and PTV, measured in the CTRef or MRRef across all 26 patients, were
36.6 mL (range: 3.4 mL to 106.4 mL) and 74.9 mL (range: 7.1 mL to 181.4 mL), respectively.
A target motion of 0.2–0.4 cm was measured with 4D-CT or 2D-Cine and added to the GTV
as a margin along all directions for ITV, accounting for respiratory-induced target motion
when using the abdominal compression belt.

3.3. Plan Quality of Reference SBRT Plans

Figure 4 shows 2 examples of patient CTRef and MRRef plans. All QA testing CTRef, MRRef,
and MRATS plans showed a >95% passing rate for the 3%-3mm gamma analysis and a <2%
point dose difference between data measured by an ion chamber and data calculated by TPS.

3.4. Online Adaptive MRI-Guided SBRT

Superior visualization of tumors and OAR on T1W image sets contributed to mini-
mizing contouring uncertainty and improving the efficiency of image fusion between a
chosen reference plan and plan-MRI. Furthermore, the total acquisition time of plan-MRI,
verification-MRI, and post-MRI was reduced three times from 360 s for T2W + Nav to 120 s
for T1W (a 67% reduction of the total acquisition time). Figure 5 shows the visualization of
tumors and OAR on 5 MRATS plans created with 5 fractioned online adaptive plans.

The difference in GTV and PTV contours in all MRATS(s), compared to CTRef (or
MRRef), was minimal. The average GTV was 37.1 mL in all CTRef(s) and MRRef and 35.4 mL
in all MRATS(s). Similarly, the average PTV was 74.1 mL in all CTRef(s) and MRRef and
72.1 mL in all MRATS(s). In addition, the dose coverages of GTV D95% and D90% for
all CTRef(s) were 94.2% [range: 78.8% to 100.0%] and 96.9% [range: 86.1% to 100.0%],
respectively. The dose coverages of PTV D95% and D90% were slightly lower at 89.7% [range:
69.3% to 99.7%] and 94% [range: 78.8% to 100%], respectively. For all MRATS(s), GTV/PTV
D95% and D90% were approximately at 83.7% [range: 16.8% to 100.0%]/91.6% [range: 52.8%
to 100.0%], respectively. The dose coverages of GTV and PTV were mainly dependent on
the locations of OAR, such as duodenum or jejunum (n = 10), stomach (n = 7), small bowel
or colon (n = 9), and spleen (n = 11). Other OAR, such as the liver, kidneys, and spinal
cords, had a negligible effect on GTV and PTV dose coverages since the beams’ gantry
angles avoided these OAR.
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93%, respectively. (b) The dose coverage of PTV High and PTV Low in MRRef achieved V40Gy > 92% 
and V35Gy > 97%, respectively. 
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Figure 4. A CT reference plan (CTRef) of P12 and an MRI reference plan (MRRef) of P02 developed
in a free-breathing (FB) CT image set (45 Gy = 9 Gy × 5 fractions with 12 beams) and a T1W image
set (40 Gy = 8 Gy × 5 fractions with 13 beams), respectively. PTV and OAR (kidneys, liver, spleen,
spinal cord, duodenum, bone, body (external), and small bowel) were contoured and shown in the
FB-CT and T1W image sets. Both were successfully used for pancreatic and intra-abdominal cancers
during 5 fractionated MRI-guided stereotactic body radiotherapy (SBRT). (a) The dose coverage of
gross tumor volume (GTV) and planning target volume (PTV) in CTRef achieved V45Gy > 95% and
V45Gy > 93%, respectively. (b) The dose coverage of PTV High and PTV Low in MRRef achieved
V40Gy > 92% and V35Gy > 97%, respectively.
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Figure 5. Online adaptive MRI-guided stereotactic body radiotherapy for pancreatic and intra-
abdominal cancers of (MRI-guided SBRT) for P07 using 35Gy in 5 fractions with 12 beams (95 years
old, male, pancreas head). All MRI adapt-to-shape (MRATS) plans were created on T1W image sets.
The target coverages of gross tumor volume (GTV) and planning target volume (PTV) were greater
than 90% in 4 fractions (Fx#1, Fx#2, Fx#3, and Fx#5), except for Fx#4. Organs at risk (OAR), the
duodenum and jejunum, were very close to the target tumor and resulted in less than 90% in Fx#4.
All OAR coverages were achieved in all MRATS(s).

3.5. Overall Time-Consumption of Online MRI-Guided SBRT in 10 Steps

The average time-consumption of online MRI-guided SBRT for the first 21 patients
was 55 min for ATP and 79 min for ATS (Table 3). The most time-consuming steps were
fusion/contouring and beam delivery (5 Gy to 9 Gy in each fraction with 7–13 beams),
followed by patient setup, plan optimization, and plan QA/approval.

Table 3. Time-consumption of online adaptive MRI-guided stereotactic body radiotherapy for pancreatic
and intra-abdominal cancers (SBRT) in 10 steps. The step of fusion and contouring included some
waiting time of attending physicians. The step of plan QA and approval included an independent dose
verification and a visual inspection of the target tumor moving within the PTV contour.

Adaptive MRI
Screening

Patient
Setup

Imaging
Plan-MRI

Fusion/
Contouring

Plan Opti-
mization Plan Review Plan

QA/Approval
Therapist

Check
BEAM

Delivery
Imaging

Post-MRI Seconds Minutes
Imaging Verification-MRI

ATP 81 ± 35 493 ± 144 276 ± 99 763 ± 546 330 ± 180 264 ± 328 248 ± 113 17 ± 17 725 ± 238 97 ± 14 3296 ± 925 54.9 ± 15.4

ATS 77 ± 39 622 ± 254 238 ± 90 1629 ± 739 545 ± 545 337 ± 271 337 ± 396 26 ± 45 850 ± 261 98 ± 17 4759 ± 1243 79.3 ± 20.7

4. Discussion

SBRT planning requires that the tumor be superiorly visualized in CT or MR image
sets to determine the radiation dose limit for OAR in patients with pancreatic and intra-
abdominal caners [5,9,12–14]. In this study, we utilized T1W imaging (about 120 s) to
reduce the imaging time of plan-MRI, verification-MRI, and post-MRI by approximately
67%, compared to T2W + Nav imaging (about 360 s). T1W imaging also improved tumor
visualization to (1) minimize delineation uncertainty, (2) reduce GTV, and (3) spare OAR
during MRI-guided SBRT. We demonstrated the efficiency of T1W imaging by inspecting
all images within the clear boundaries of contoured tumors and OAR.

Intra- and inter-fractional changes in a tumor’s anatomical position and shape and
a patient’s setup are often found in image-guided radiotherapy, required re-planning, or
online adaptive planning [35–37]. To account for an inter-fractional change between a
reference plan (CTRef, MRRef, or MRATS) and the plan-MRI, we performed online adaptive
ATP or ATS planning, and we repeated adaptive planning within a fraction if we found
an intra-fractional change between the plan-MRI and verification-MRI. To repeat adaptive
planning, the latest verification-MRI was used as the plan-MRI and fused to a reference
plan or the latest MRATS, followed by contouring and/or plan optimization. More than
one adaptive planning was required in 10% of all fractions, which could be improved
by increasing patient comfort [38]. For example, we minimized the time patients stayed
on the treatment couch during online adaptive planning. T1W imaging can achieve fast
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imaging and efficient contouring of tumors and OAR, but it still requires patient setup for
those with pre-existing health conditions, causing discomfort and pain (i.e., surgery, injury,
and claustrophobia), eliminating (or minimizing) the idle waiting time for the attending
physician, and reducing the delivery time of uncomplicated SBRT plans [39–41].

The tumor contours delineated on T1W image sets matched the contours in FB-CT
image sets because they account for the respiratory-induced motion during image acqui-
sition. However, T2W + Nav image sets were acquired at exhalation in Unity®, so the
contour size of tumors was slightly smaller than it was in T1W image sets [42]. Our ITV
was determined at every fraction by encompassing GTV delineated on a T1W image set
and motion range measured on orthogonal, sagittal, and coronal cine images in between
inhalation and exhalation over the multiple breathing cycles (i.e., about 5–7 breathing
cycles). This helps to clarify fractional breathing patterns for increasing the reliability of
ITV margins in the presence of inter-fractional breathing variability [43].

Patient immobilization is critical for maintaining patient setup and preventing changes
in target/OAR position and shape [32,44]. A thin or medium-sized vac-bag was tested
with the first 5 patients during patient setup, but this required a long setup time. The
vac-bag also required the patient to rotate so that the ATS could be achieved during the
long treatment time. Instead of a vac-bag, we used an abdominal compression belt to
control the target motion moving within 5 mm [22]. The setup consistency of an abdominal
compression belt was dependent on the level of experience of individual therapists, and it
was more consistent when the same therapist set it up every time across all simulations
and multi-fractionated MRI-guided SBRT.

Our study has limitations. Limitations of this study include the basic analysis of image
and plan quality using T1W imaging. However, our clinical protocol is continuously being
improved to increase workflow efficiency using immobilization devices, MRI sequences,
and auto-contouring and planning. Compared to our T1W sequence, the newly released
MRI sequence (b3DVaneXD) and research sequences (compressed sensing and mDIXON)
were not tested to compare tumor and OAR visualization. The present manual measure-
ment of ITV margin may not be required when using a respiratory gating technique in the
near future.

This is an ongoing project at our institution and will include more quantitative analysis
when compared with other MRI sequences, such as b3DVaneXD, compressed sensing,
and mDIXON, to provide alternative imaging for less motion-dependent imaging, faster
imaging, and fat/water suppression imaging, respectively. In addition, we will assess the
complexity and dose coverage of our SBRT plans by comparing them with other plans
using other imaging techniques for cross-validation.

5. Conclusions

This was the first study that utilized a customized and optimized T1W sequence to
improve the visualization of tumors and OAR for reference planning and online adaptive
planning on a 1.5T Unity®. The tumor and OAR boundaries were clearly visible for
delineation. Our results can facilitate consistent visualization of pancreatic and other
intra-abdominal tumors to achieve fast and accurate MRI-guided SBRT.
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Simple Summary: Meningiomas are among the most common tumors that develop inside the skull.
They are often treated with radiotherapy, but there is still no agreement on optimal radiation dose.
The aim of our study was to assess the effects of CyberKnife radiotherapy with the total dose of
18 Gy delivered in three fractions. We achieved local control in 91.7% of patients and the results were
similar to radiotherapy schemes with greater biologically effective dose, which supports the idea of
dose de-escalation in the treatment of meningiomas.

Abstract: Objective: To evaluate the possibility of dose de-escalation, with consideration of the efficacy
and safety of robotic stereotactic CyberKnife radiotherapy in patients diagnosed with intracranial
meningiomas. Methods: The study group consisted of 172 patients (42 men and 130 women) treated in
III Radiotherapy and Chemotherapy Clinic of Maria Sklodowska-Curie National Research Institute
of Oncology in Gliwice between January 2011 and July 2018. The qualification for dose de-escalation
was based on MRI (magnetic resonance imaging) features: largest tumor diameter less than 5 cm,
well-defined tumor margins, no edema, and no brain infiltration. The age of patients was 21–79 years
(median 59 years) at diagnosis and 24–80 years (median 62 years) at radiotherapy. Sixty-seven patients
(Group A) were irradiated after initial surgery. Histopathological findings were meningioma grade
WHO 1 in 51 and WHO 2 in 16 cases. Group B (105 patients) had no prior surgery and the diagnosis was
based on the typical features of meningioma on MRI. All patients qualified for the robotic stereotactic
CyberKnife radiotherapy, and the total dose received was 18 Gy in three fractions to reference isodose
78–92%. Results: Follow-up period was 18 to 124 months (median 67.5 months). Five- and eight-year
progression free survival was 90.3% and 89.4%, respectively. Two patients died during the follow-up
period. Progression of tumor after radiotherapy was registered in 16 cases. Four patients required
surgery due to progressive disease, and three of them were progression free during further follow-up.
Twelve patients received a second course of robotic radiotherapy, 11 of them had stable disease, and
one patient showed further tumor growth but died of heart failure. Crude progression free survival
after both primary and secondary treatment was 98.8%. Radiotherapy was well-tolerated: acute toxicity
grade 1/2 (EORTC-RTOG scale) was seen in 10.5% of patients. We did not observe any late effects of
radiotherapy. Conclusion: Stereotactic CyberKnife radiotherapy with total dose of 18 Gy delivered
in three fractions showed comparable efficacy to treatment schedules with higher doses. This could
support the idea of dose de-escalation in the treatment of intracranial meningiomas.

Keywords: meningiomas; robotic stereotactic radiotherapy; CyberKnife; dose de-escalation

1. Introduction

Up to 30% of all primary intracranial tumors are meningiomas, which makes them
the most common non-glial tumors in this location [1–3]. It is difficult to estimate the real
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prevalence of meningiomas, as many of them are asymptomatic and are found accidentally
or during an autopsy, so the incidence is probably much higher than shown in most
registries. Meningiomas are mostly benign tumors. They progress very slowly, and only
some of them can affect the patient’s quality of life. As stated in National Comprehensive
Cancer Network (NCCN) Guidelines version 2.2022, small and asymptomatic tumors may
be observed using serial imaging [4]. Standard therapy in other cases is usually surgical
excision, but not all tumors can be completely removed. Some will recur even after GTR
(gross total resection), and for some patients, neurosurgery is impossible (due to tumor
location or the patient’s poor performance status) [5,6]. For these patients, radiation therapy
is a valuable treatment alternative.

Decisions regarding whether the patient requires treatment or can be observed should
be made during multidisciplinary board meetings. Factors influencing these decisions are
patient-related (age, performance score, comorbidities, personal treatment preferences) or
tumor-related (diameter, WHO grade, growth rate, location, proximity to critical structures,
presence and severity of symptoms and potential for causing neurological deficits if un-
treated). Other factors which should be considered are possible neurological complications
following surgery or radiotherapy, likelihood of complete resection and/or complete irra-
diation with stereotactic radiosurgery, further treatment options if progression occurs, and
available surgical or radiation oncology expertise and resources.

Radiation therapy is a useful treatment option for benign meningiomas. It should be
stressed, however, that in the case of these benign tumors we do not expect a complete
response. The main objective of radiation therapy is to stop tumor progression; in some
cases, partial response can be achieved. According to NCCN Guidelines, optimal dosing has
not been determined [4]. The idea of the current study was thus to set up an observational
study using the lowest commonly accepted radiation dose—18 Gy—in three fractions to
reference isodose 78–92%.

2. Materials and Methods
2.1. Patient Characteristics

The study group consisted of 172 patients (42 men and 130 women) diagnosed with
intracranial meningiomas, treated in the III Radiotherapy and Chemotherapy Clinic of Maria
Sklodowska-Curie National Research Institute of Oncology in Gliwice. Between January 2011
and July 2018 all patients received 18 Gy in three fractions (to isodose line 78–92%) using
CyberKnife robotic stereotactic radiotherapy. The median age of patients was 59 years (range
21–79 years) at diagnosis and 62 years (range 24–80 years) at radiotherapy. Most patients
(57%) belonged to the age group between 51 and 69 years. Baseline ECOG grade was 0 or
1 in 160 patients and 2 in 12 patients. Seventy-two patients suffered from various neuro-
logical deficits, such as hemiparesis (18 patients) and visual impairment (36 patients). The
most common location (55.2%) was the skull base, including cavernous sinus involvement
(Table 1).

Table 1. Topography of meningiomas.

Topography Number of Patients %

Skull base 95 55.2
(incl. cavernous sinus) (42) (24.4)

Falx or parasagittal 30 17.4
Convexity 28 16.3

Cerebellopontine angle 8 4.7
Optic nerve sheath 6 3.5

Lateral fissure 5 2.9

All cases were discussed during a multidisciplinary board meeting. Patients with
lesions less than 5 cm in largest diameter, with a well-defined border, no edema, and no
signs of brain infiltration, qualified for radiotherapy with dose de-escalation.

69



Cancers 2023, 15, 5436

In order to provide more transparency in statistical analysis, two groups were created:
67 patients (20 men and 47 women) in Group A had already undergone surgery as initial
treatment before they were qualified for radiotherapy, whereas 105 patients (22 men and
83 women) in Group B were treated by robotic radiotherapy alone.

In Group A, gross total resection (Simpson I–III) was performed in 32 patients. The
most common histological subtype was meningothelial meningioma WHO 1, especially in
the cavernous sinus region (66%). Most atypical meningiomas were located on cerebral
convexity. Table 2 shows the distribution of histological subtypes of tumors. Radiotherapy
was implemented at the time of tumor recurrence. Thirty-five patients were irradiated due
to subtotal tumor resection or biopsy (Simpson IV–V). The median time from surgery to
the start of radiotherapy was 11 months (range 5–56 months) after STR (subtotal resection)
and 59.5 months (range 14–211 months) after GTR, and the difference was statistically
significant (p = 0.00000).

Table 2. Distribution of histological subtypes in Group A.

Subtype Number of Patients %

WHO 1 Meningothelial 32 47.8
Fibrous 9 13.4

Angiomatous 2 3
Psammomatous 2 3

Transitional 6 8.9

WHO 2 Atypical 15 22.4
Clear Cell 1 1.5

Group B consisted of 105 patients treated by robotic hfSRT (hypofractionated stereo-
tactic radiation therapy) without initial surgery. The diagnosis of meningioma and the
qualification for radiotherapy is based on the tumor’s MRI features. The reason for radio-
therapy in 41 patients was tumor progression on MRI scans (median time to progression
32 months, range 4–148 months). Sixty-four patients were qualified for radiotherapy
shortly after the initial diagnosis because of tumor location (e.g., proximity of eloquent
brain structures).

2.2. Radiotherapy Treatment Planning and Delivery

For all patients, a thermoplastic mask dedicated to stereotactic skull radiotherapy was
prepared. Following that, thin-slice CT (computed tomography) and MRI with contrast
enhancement were performed. Thirty-nine patients with skull base involvement had
68Ga-DOTATATE PET-CT (positron emission tomography-computed tomography) for
better tumor visualization. All treatment series were registered using rigid algorithms.
Radiotherapy plans were created using CyberKnife treatment planning software for both
image registration and treatment planning (Multiplan 4.6 Accuray, Sunnyvale, CA, USA).

Gross Tumor Volume (GTV) was identical with tumor visible on MRI scans. Patients
with brain infiltration did not qualify for the current study, so Clinical Target Volume (CTV)
was identical with GTV. Due to the high precision of robotic radiotherapy no additional
margin was added, and thus Planning Target Volume (PTV) was identical with GTV and
CTV. PTV ranged between 0.8 and 29.3 cm3 (median 6.85 cm3).

Organs at risk (OAR) were contoured using usually T1 MRI sequence with contrast
enhancement, which optimally defines the extension of meningioma (Figure 1). In some
cases, other sequences were used for specific tumor location (e.g., T2 with fat saturation
images for tumors with orbital involvement). OAR dose constraints were determined
according to Timmerman et al.’s criteria as follows (point defined as a volume smaller than
0.035 cm3): Optic pathway (optic nerves, chiasm, and tracts): maximal point dose 17.4 Gy;
15.3 Gy to volume less than 0.2 cm3. Cochlea: maximal point dose 14.4 Gy. Brain stem:
maximal point dose 23.1 Gy; 15.9 Gy to volume less than 0.35 cm3. Spinal cord: maximal
point dose 22.5 Gy; 15.9 Gy to volume less than 0.35 cm3 [7].
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Figure 1. Illustration of GTV and OAR contours and isodoses. Axial view.

As mentioned before, the total dose was 18 Gy delivered in three fractions. The dose
was prescribed to the 78–92% isodose line. The minimal PTV dose was 11.8–17.8 Gy (me-
dian 17.2 Gy), the maximal PTV dose was 18.82–23.08 (median 20.69 Gy), and the mean
dose was 17.05–20.71 Gy. The beam number ranged from 68 to 327 (median 168 beams).
Patient positioning and treatment delivery was performed using CyberKnife System (Ac-
curay, Sunnyvale, CA, USA). All patients completed radiotherapy in accordance with the
treatment plan.

2.3. Follow-Up

MRI scans and clinical evaluations were obtained at 3, 6, and 12 months after radio-
therapy, then yearly and after reaching five years follow-up period every other year. If any
new neurological symptoms had appeared, or in the case of any diagnostic uncertainties,
additional scans were performed. Twenty-two of the patients with meningiomas located in
close proximity to visual pathways had additional detailed ophthalmological examination
and follow-up.

2.4. Statistical Analysis

Overall survival (OS) and progression-free survival (PFS) were measured from the
time of radiotherapy completion and the analysis was performed using the Kaplan–Meier
method. The possible effect of several variables on PFS was determined using Cox regres-
sion (p values < 0.05 were considered significant). All statistical analysis was performed
using Statistica 13.3 software.

3. Results
3.1. Local Control

Follow-up ranged from 18 to 124 months (median 67.5 months). Local control was
achieved in 90.7% of patients—the tumor remained stable in 151 patients (87.8%), whereas
five had partial regression (2.9%). Overall survival was 99.3% at 5 years and 98.5% at 8 years
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(Figure 2A). Five- and eight-year local control rates were 90.3% and 89.4%, respectively
(Figure 2B).
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We analyzed several factors that could potentially influence the outcomes. Five-year
PFS was almost equal in all age groups: 24–50 years—91.2%, 51–69 years—90.2%, and
70–80 years—89.2%. Five-year local control rates were higher in women (91.5%) than in
men (86.8%), but the difference was not statistically significant.

The worst outcome was observed for cerebral convexity meningiomas—5-year PFS at
75.5%—though it is worth noticing that 25% of tumors in this location were histopathologi-
cally confirmed atypical meningiomas. Five-year local control rates for other locations were
as follows: 80% for optic nerve sheath meningiomas, 91.2% for skull base meningiomas,
92.8% for cavernous sinus meningiomas, 96.2% for falx meningiomas, and 100% for other
locations. Tumor volume had no significant influence on PFS.

Five-year PFS was significantly (p = 0.01) higher in Group B (radiotherapy alone)
than in Group A (radiotherapy after initial surgery) and the rates were 95.9% and 81.8%,
respectively (Figure 3).
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In Group A we observed that local control rates at 5 years were higher for benign
meningiomas (86.8%) than for atypical meningiomas (66.3%) (p = 0.03) (Figure 4). There was

72



Cancers 2023, 15, 5436

no significant difference in PFS between the histological subtypes. Five-year progression-
free survival was 100% for angiomatous, transitional, psammomatous, and clear cell
meningioma, 82.9% for meningothelial meningioma, 80% for fibrous meningioma, and
63.8% for atypical meningioma (p = 0.2). It must be stressed, however, that one of the
less common subtypes was found in 11 patients from group A (angiomatous, transitional,
psammomatous, or clear cell meningioma). When we only analyzed the three dominant
subtypes (meningothelial, fibrous, and atypical), p was 0.07.
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3.2. Patients with Tumor Progression

Local failure occurred in 16 patients (9.3%)—10 women and 6 men. The median time
to progression was 27.5 months (range 12–62 months). Eleven patients underwent prior
surgery (Group A)—four had GTR (and two of them had atypical meningioma) and seven
had STR (in three of them meningioma was atypical). Five patients had no prior surgery
(Group B) and the tumor progressed before radiotherapy.

After meningioma progression had been diagnosed, four patients were qualified for
surgery. Three have stable disease (follow-up range 31–58 months), one patient showed
further progression and eventually died 18 months after surgery.

Twelve patients underwent a second course of radiotherapy and were again given 18 Gy
in three fractions. Median follow-up in this cohort was 29 months (range 6–54 months).
Eleven patients had no progression, and one showed slow progression but died of heart
failure 47 months after radiotherapy.

3.3. Tolerance of Treatment

Radiotherapy was very well-tolerated. Eighteen patients (10.5%) reported transient
headaches, out of which 10 did not require any treatment (EORTC/RTOG scale grade 1).
Only eight patients (4.7%) required small doses of glicocorticosteroids for a short period of
time (EORTC/RTOG grade 2); in all those patients tumor volume was greater than 5 cm3

and the meningioma was localized on the cerebral convexity.
During the treatment planning process special attention was given to the dose to optic

apparatus, as many tumors were localized either in the cavernous sinus or the optic nerve
sheath. The median dose to the ipsilateral optic nerve was 15.62 Gy (range 3.10–17.33 Gy). In
this group, an ophthalmological examination was performed on a regular basis, and 22 patients
had extended evaluation, including the assessment of anatomical features (condition of eye
surface, central corneal thickness, endothelial cell density, lens densitometry, central macular
thickness, and retinal nerve fiber layer) and functional tests (visual acuity, intraocular pressure,
visual field, and visual-evoked potentials) [8].
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3.4. Clinical Effects of Radiotherapy

As shown in Table 3, 72 patients presented with neurological deficits before radio-
therapy. During the follow-up, clinical symptoms were reassessed. After radiotherapy,
a substantial improvement was observed in 27 patients (37.5% of those with previous
neurological deficits), of which 23 patients reported complete regression of symptoms.
Visual impairment had the biggest rate of symptomatic improvement (9 out of 36 patients
reported complete regression of symptoms). Forty-three patients (59.7%) reported no
change in pre-existing symptoms. Tumor progression only led to the deterioration of their
neurological status for two patients (2.8%).

Table 3. Neurological symptoms before radiotherapy and during follow-up.

Symptom Number
of Patients

Complete
Regression Improvement Worsening

Hemiparesis 18 6 1 2
Visual impairment 36 9 - -

Hearing impairment 3 - - -
Facial nerve palsy 12 7 1 -

Epilepsy 2 - 2 -
Severe headaches 1 1 - -

We also evaluated the influence of neurological status on treatment outcome and the
results were statistically significant—5-year PFS for EORTC/MRC grade 1 (no symptoms),
2 and 3 were 96.8%, 81.9%, and 75.1%, respectively (p = 0.00153) (Figure 5).
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3.5. Other Neoplasms Diagnosed during Follow-Up Period

During the follow-up period, 13 patients were diagnosed with other neoplasms: nine
with breast cancer, two with lung cancer, one with colorectal cancer, and one with urinary
bladder cancer. All cases of breast cancer were diagnosed as luminal A, with a strong
expression of estrogen and progesterone receptors; they all received hormonal therapy, and
no meningioma progression was observed in this group.

3.6. Univariate and Multivariate Analysis

We analyzed the influence of demographic, clinical, and histopathological factors on
PFS: primary treatment (surgery vs. radiotherapy), age at diagnosis (<50 vs. >50 years),
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sex (female vs. male), gross tumor volume (<5 cm3 vs. >5 cm3), presence of neurolog-
ical symptoms (no vs. yes), as well as extent of resection (Simpson I–III vs. IV–V) and
histopathological grading (WHO 1 vs. WHO 2) in Group A, and tumor progression before
radiotherapy in Group B (yes vs. no).

The univariate Cox regression identified that prior surgery, the presence of neurological
deficits and (only in Group A) histopathological grading were associated with poorer
outcome. The influence of age, sex, tumor volume, Simpson grade, and progression before
radiotherapy was not statistically significant (Table 4). The multivariate Cox regression
confirmed that the presence of neurological symptoms was an independent predictive
factor of increased recurrence risk (HR 5.54) (Table 5).

Table 4. Univariate Cox regression (PFS).

Prognostic Factor 5-Year PFS p HR CI (95%)

Prior surgery:
0.016-yes 82% 3.67 1.27–10.55

-no 96%
Age at diagnosis:

<50 years 86% 0.335 0.61 0.22–1.67
>50 years 91%

Sex:
-female 92% 0.19 0.51 0.18–1.4
-male 87%
GTV:

<5 cm3 92% 0.298 1.82 0.59–5.66
>5 cm3 89%

Presence of neurological symptoms:
-no 96% 0.00226 7.09 2.02–24.95
-yes 81%

Group A
Simpson Grade:

I-III 86% 0.34 1.82 0.53–6.22
IV-V 77%

Histology:
WHO 1 87% 0.027 3.86 1.17–12.72
WHO 2 66%

Group B
Progression prior to radiotherapy:

-yes 89% 0.089 6.66 0.74–59.63
-no 100%

Table 5. Multivariate Cox regression (PFS).

Prognostic Factor p HR CI (95%)

Surgery and radiotherapy
vs. radiotherapy alone 0.13 2.32 0.78–6.88

No symptoms
vs. neurological deficits 0.0095 5.54 1.52–20.23

4. Discussion

Meningiomas are the most common non-glial primary intracranial tumors. Most of
them (80–90%) are benign, so the key is to choose a treatment which would lead to the
achievement of the best local control rate and keep the morbidity at a low level. There is no
general consensus for the total dose and fractionation in radiotherapy of meningiomas. We
decided to evaluate the effects of hypofractionated stereotactic radiation therapy with the
lowest commonly acceptable dose of 18 Gy in three fractions.
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4.1. Study Population

In our study, the majority of patients were women (75.6%), and the female to male
ratio was 3.1:1. The same proportion was reported in most studies [2,9–12]. Similar to other
analyzed populations, most meningiomas were diagnosed in the sixth or seventh decade
of life [2,9–11]. In the literature, atypical meningiomas are reported to be more common in
the male population [13]. We also found in Group A that meningiomas WHO 2 accounted
for 30% cases in men, but only for 21.3% cases in women.

Park et al. observed the meningothelial subtype to be most common, followed by
transitional and fibrous [14]. Almost half of the tumors in our study, after prior surgery
(Group A), were meningothelial, followed by fibrous and transitional. When analyzing the
relationship between location and histopathological grading, most atypical tumors were
located on cerebral convexity and skull base, just as Bhat et al. reported [15].

One patient had the diagnosis of neurofibromatosis 2, and was the youngest of all the
patients in our group (21 years at diagnosis); she underwent prior surgery and had a fibrous
subtype of the tumor. Meningioma in patients with neurofibromatosis 2 is known to usually
be diagnosed at a younger age than in the general population and the histopathological
subtype is mostly fibrous or transitional [2,16]. Although some researchers [17] report a
more aggressive nature of meningioma in patients with NF2 mutation, in this case we did
not observe tumor progression.

In some studies, the coincidence of meningiomas and other neoplasms is described:
foremost breast cancer, but also lung and urinary bladder cancer. It has to be stressed,
however, that there is no cause-and-effect relationship, but rather those tumors share some
risk factors [1,18–21]. Nine of our female patients developed breast cancer and, due to type
luminal A, all of them were given hormonal therapy. No meningioma progression was
seen in this group; this could support the results of some studies describing the effects of
antiestrogenic therapy of meningiomas [22–26].

4.2. Treatment Results

Meningiomas, especially those with the largest diameter smaller than 3 cm which were
inoperable due to their location or the patient’s performance status, are the ideal target for
radiosurgery, whose results, according to some studies, are comparable with radical surgery
(Simpson I) [27,28]. Larger tumors or those in proximity to organs at risk (e.g., optic nerves
and chiasm) can be treated with hypofractionated stereotactic radiotherapy, which combines
the advantages of other treatment modalities: steep dose falloff and short treatment time
such as in radiosurgery, and the possibility of repair between fractions and decreased risk
of complications, as is typical for conventional radiotherapy [3,29–31].

In our study, all patients underwent hfSRT with CyberKnife and received 18 Gy in three
fractions. The location of most meningiomas was the skull base (55.2%). Tumor volume
ranged from 0.8 cm3 to 29.3 cm3 (median 6.85 cm3). During the follow-up, local control was
achieved in 90.7% of patients. Oh et al. presented the results of large meningiomas treatment
in 31 patients. All were greater than 10 cm3 (range 11.6–58.2 cm3) and were treated with a
dose of 22.6–27.8 Gy in 3–5 fractions. Partial regression was seen in 54.8% [32]. Tuniz et al.
treated a variety of tumors (meningiomas, glomerulomas, neuromas) with a volume greater
than 15 cm3. After receiving 18–25 Gy in 2–5 fractions, no patient showed tumor progression
during the median follow-up of 31 months (range 12–77 months) [33]. Similarly, local control
in 100% of patients was achieved during the median follow-up of 60 months by Conti et al.
by using a similar fractionation schedule (18–25 Gy in 2–5 fractions), although the tumors
were significantly smaller (median volume 4.95 cm3) [34]. In 96 patients, Meniai-Merzouki
et al. also used various fractionationschemese. The median dose was 25 Gy in five fractions
(range 16–40 Gy in 3–10 fractions). Five-year local control was 74%, and in patients who
received doses higher than the median dose, 5-year PFS was 88% (median follow-up time
was 20.3 months) [35]. Table 6 shows the comparison of treatment outcome achieved in our
material and the studies mentioned above, taking into account the biological effective dose
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(BED). For the analysis we used the alpha/beta ratio 3.28 and 3.76, calculated by Shrieve
and Vernimmen, respectively [36,37].

Table 6. Comparison of different schedules of hypofractionated robotic stereotactic radiotherapy,
with regard to BED.

Study
Median

Total Dose
[Gy]

Number of
Fractions

Median
Follow-Up
[Months]

Local
Control

[%]

BED
Alpha/Beta

= 3.28

BED
Alpha-Beta

= 3.76

Grzbiela et al. 18 3 67.5 90.7 50.9 46.7
Oh et al. [32] 27.8 5 57 90.3 74.9 68.9

Tuniz et al. [33] 24 3 31 100 82.5 75.1
Conti et al. [34] 23 5 60 100 55.3 51.1

Meniai-Merzouki
et al. [35] 25 5 20.3 74 63.1 58.2

Seventy-two of our patients presented with neurological deficits and after radiother-
apy completion 37.5% experienced symptomatic improvement or complete resolution of
symptoms. The results were similar to those reported by Meniai-Merzouki et al. [35], yet
our patients reported more positive effects than in the study by Conti et al. [34], despite a
similar BED. Oh et al. observed improvement in 95.2% of patients [32], however BED was
47% higher than in our study. Table 7 shows the comparison of clinical effects in our study
and in other abovementioned studies.

Table 7. Clinical effect of hypofractionated robotic stereotactic radiotherapy.

Study
Complete

Regression
[%]

Symptomatic
Improvement

[%]

Worsening
[%]

Grzbiela et al. 31.9 5.6 2.8
Oh et al. [32] 95.2 Not available

Tuniz et al. [33] 21 0
Conti et al. [34] 0 18 0

Meniai-Merzouki et al. [35] 37 14 5

4.3. Treatment Tolerance

Only 10.5% of our patients reported headaches and less than half of them (4.7%)
required small doses of corticosteroids for a short period of time (EORTC/RTOG grade
2). We did not observe any late complications. Santacroce et al., analyzing a group of
more than four thousand patients treated with GammaKnife radiotherapy (median dose
14 Gy), described early effects in 12.8% of patients and late effects in 4.8% [38]. Similar
observations were made by Przybylowski et al.—early effects occurred in 8.3% of patients
after a median radiation dose of 15 Gy [39]. Harat et al. treated meningiomas, arteriovenous
malformations, and cerebral metastases with a median dose of 16 Gy and described cerebral
edema, which lasted up to 6 months, in 17% of patients [40]. It is worth noting that the
edema occurred mostly around tumors located above the Frankfurt line; this matches our
experience, as patients who required corticosteroids had tumors located on brain convexity.
Using a slightly higher radiation dose (21–23 Gy) compared to our study, Meniai-Merzouki
et al. observed early effects in 34% and late effects in 2% of patients [35].

4.4. Prognostic Factors

Simpson et al., Narayan et al., Champeaux et al., and other authors view radical
neurosurgery as the most important prognostic factor [5,41–44]. In Group A of our study,
before the onset of radiotherapy, the difference in progression-free survival between the
subgroup after GTR and the subgroup after STR was 48.5 months and was statistically
significant (p = 0.00000).
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Prior to surgery, according to many authors, worse treatment outcomes were fore-
cast [40,44–46]. We observed a significant difference in five-year PFS (p = 0.016) between
Group A—81.8% and Group B—95.9%.

Age at diagnosis below 50 years seems to be a significant prognostic factor, according
to Champeaux et al., Fokas et al., and Zaher et al. [45,47,48], but the differences mainly
apply to overall survival. In our study, the differences of PFS rates between particular age
groups were smaller than 2%, but due to low mortality (1.2%) we did not compare overall
survival in those groups.

In our study, we observed slightly lower PFS rates in the male population. Although
the difference was not significant, Solda et al., Santacroce et al., dos Santos et al., and Zhang
et al. described male sex as negative prognostic factor [38,44,49,50].

Santacroce et al. and Wang et al. indicated histopathological WHO grade as a prognos-
tic factor in the treatment of meningiomas. We also stated a statistically significant difference
in PFS for WHO 1 and WHO 2 meningiomas—86.8% and 66.3%, respectively [38,51].

Five-year PFS for meningiomas greater and smaller than 5 cm3 was assessed and the
difference was 3% and not significant. Kondziolka et al. described a worse outcome for
tumor volume greater than 7.5 cm3, and a similar outcome was observed by Pollock et al.
and Zhang et al. [44,52,53].

The presence of neurological symptoms turned out to be an independent prognostic
factor, increasing the risk of progression by more than fivefold (p = 0.0095). A similar
relation was observed by Kondziolka et al. and Kępka et al. [53,54]. Zhang et al. and
Soyuera et al. indicated that the performance status of a patient is an important prognostic
factor [44,55].

5. Conclusions

Based on the results of our study, robotic stereotactic radiotherapy with a total dose
of 18 Gy delivered in three fractions has a similar efficacy to radiotherapy schedules with
higher BED, which can support the application of dose de-escalation in the treatment of
intracranial meningiomas. By giving a lower radiation dose, it is also possible to administer
a second course of radiotherapy in the case of progression. Crude progression free survival
after both primary and secondary treatment was 98.8%. The treatment is well-tolerated,
with a low risk of early and late effects. The presence of neurological symptoms before the
onset of treatment is an independent prognostic factor, increasing the risk of progression.
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Simple Summary: We studied clinical aspects in central vs. peripheral tumors (n = 78 patients)
and applied the internal organ at risk volume (IRV) concept (n = 35 patients) in stereotactic body
radiation therapy (SBRT) for centrally located non-small cell lung cancer (NSCLC). We found lower
biologically effective doses, larger planning target volume sizes, higher lung doses, and worse
locoregional control for central tumors when compared with peripheral tumors. We here provide
evidence that organ motion/volume changes could be more pronounced in males and tall patients,
and less pronounced in cases of higher body mass index. Applying the IRV concept (retrospectively,
without new optimization), the normal tissue complication probabilities increased >10% for the
bronchial tree in three patients. This study emphasizes the need to optimize methods to balance
dose escalation with toxicities in central tumors. Since recent studies have made efforts to further
subclassify central tumors to refine treatment, the IRV concept should be considered for optimal
risk assessment.

Abstract: The internal organ at risk volume (IRV) concept might improve toxicity profiles in stereo-
tactic body radiation therapy (SBRT) for non-small cell lung cancer (NSCLC). We studied (1) clinical
aspects in central vs. peripheral tumors, (2) the IRV concept in central tumors, (3) organ motion, and
(4) associated normal tissue complication probabilities (NTCPs). We analyzed patients who received
SBRT for NSCLC (clinical aspects, n = 78; motion management, n = 35). We found lower biologically
effective doses, larger planning target volume sizes, higher lung doses, and worse locoregional control
for central vs. peripheral tumors. Organ motion was greater in males and tall patients (bronchial tree),
whereas volume changes were lower in patients with a high body mass index (BMI) (esophagus).
Applying the IRV concept (retrospectively, without new optimization), we found an absolute increase
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of >10% in NTCPs for the bronchial tree in three patients. This study emphasizes the need to optimize
methods to balance dose escalation with toxicities in central tumors. There is evidence that organ
motion/volume changes could be more pronounced in males and tall patients, and less pronounced
in patients with higher BMI. Since recent studies have made efforts to further subclassify central
tumors to refine treatment, the IRV concept should be considered for optimal risk assessment.

Keywords: NSCLC; SBRT; central tumors; clinical outcomes; clinical characteristics; motion manage-
ment; planning organ at risk volume; PRV; internal organ at risk volume; IRV

1. Introduction

In patients with early-stage non-small cell lung cancer (NSCLC) who are not suitable
for surgery or refuse surgery, stereotactic body radiation therapy (SBRT) is an effective
treatment option [1]. In stage I patients, SBRT achieves 2-year local control rates of >90% [2].

For SBRT, it has been demonstrated that higher biologically effective doses (≥100–125 Gy,
alpha/beta ratio of 10 [BED10]) are crucial to achieve these excellent control rates [3,4]. At
the same time, the tumors are located centrally in about 44% [5] of cases. Patients with
tumors in central or ultra-central locations are at an increased risk of complications, e.g.,
bronchial stenosis or esophageal perforation [6–9]. Timmermann et al. reported that 46% of
patients with central tumors experienced severe toxicities [10].

Thus, the maintenance of high-quality standards and continuous development of
SBRT planning and delivery are required for safe and effective treatment [4,11]. Here, the
management of structure motion within the breathing cycle plays a crucial role [11]. A
four-dimensional CT scan (4D-CT) with the internal target volume (ITV) concept is widely
applied to account for tumor motion [11,12]. The planning organ at risk volume concept
(PRV) might help to reduce the probability of organs at risk (OARs) overdosage [13,14].
The concept is less well-studied and rarely used in clinical practice [14,15]. Additionally,
intrafractional structure movement is not taken into account [15]. Here, the internal
organ at risk volume (IRV) concept might be advantageous [15,16]. Nardone et al. found
unacceptable treatment plans in 42% of the cases with central tumors when applying the
IRV concept in SBRT for NSCLC [15].

In summary, SBRT in patients with centrally located NSCLC is a substantial challenge
for the treatment team [17]. In this study, we compared clinical characteristics and outcomes
in peripherally located vs. centrally located tumors in patients who received SBRT in the
local radiotherapy department. Additionally, we analyzed the deviation of the geometric
centers (OAR vs. IRV) and the volume differences (OAR vs. IRV) in serial OARs (bronchial
tree, trachea, esophagus, and spinal canal) throughout the breathing cycle. We tested for an
influence of patient-related characteristics on organ motion. Additionally, we evaluated
whether the application of the IRV concept (retrospectively, without new optimization)
leads to a relevant increase in normal tissue complication probabilities (NTCPs).

2. Patients and Methods
2.1. Study Design

We first identified all the patients in the medical records who were referred to the
radiation oncology department for SBRT to the lungs or the mediastinal structures. A total
of 151 patients were documented. We previously performed a study as part of the under-
lying project on patterns of pretreatment diagnostic assessment with a special focus on
the COVID-19 pandemic [18]. Here, we present a study that differed in patient selection
(Figure 1), methods, and outcome parameters. For the comparison of clinical characteristics
and outcomes in centrally vs. peripherally located tumors, only patients with localized
NSCLC (n = 78 patients) were included. For the analysis of motion management for OARs,
we included all the patients with SBRT for NSCLC in a central tumor position (n = 35).
Chang et al. recommended choosing a distance of 2 cm from any critical mediastinal
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structure as the cut-off for a central position [19]. In this study, we focused on tumors with a
distance of ≤2 cm to the serial organs, bronchial tree and trachea (together, central airway),
esophagus, and spinal canal. Please see Figure 1 for further details on patient selection.
The study was approved by the local ethics committee of the University Medical Center
Göttingen (application no. 3/10/20).
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Figure 1. The flow chart illustrates the patient selection for the comparison of clinical characteristics
in centrally vs. peripherally located tumors (left side, blue background) and the studies on motion
management for OARs (right side, orange background). SBRT: stereotactic body radiation therapy.
OARs: organs at risk. IRV: internal organ at risk volume.

2.2. Radiotherapy, Planning and Delivery

Please see Habermann et al. in 2022 for a previous description of SBRT [18]. A 4D-CT
with a respiration belt and the patient in a supine position was acquired for treatment
planning. For patient positioning, customized devices were used. The ITV concept was
used for target volume delineation [11,12]. The gross tumor volume (GTV) was delineated
in all of the 10 breathing phases. The ITV was generated by including the GTVs in all the
phases. The planning target volume (PTV) was created with individual margins, which
were left at the discretion of the treating radiation oncologist (between 3 mm and 10 mm).
For treatment planning, the software, Eclipse (Varian Medical Systems, Palo Alto, CA, USA),
was used. We applied the Eclipse versions 10.0 (12/2012–09/2013), 11.1 (10/2013–09/2014),
13.5 (10/2014–05/2020), and 15.6 (from 06/2020). Radiotherapy was applied with Varian
Clinac 2300 CD linear accelerators (Varian Medical Systems, Palo Alto, CA, USA). Daily
cone beam CT was used for image guidance. Please see Sections 2.2.1 and 2.2.2 for further
details on the patient cohorts.

2.2.1. Patient Cohort with Analysis of Clinical/SBRT Characteristics and Outcomes

We used the Philips Gemini TF TOF 16 (n = 22 patients), Philips Ingenuity Flex
(n = 3 patients), and Philips Brilliance Big Bore (n = 53 patients) for the acquisition of the
CT scans (each, Philips Medical Systems, Fitchburg, WI, USA). The slice thicknesses were
2 mm (n = 4 patients) and 3 mm (n = 72 patients). In 2 patients, a larger slice thickness of
5 mm was chosen on an individual basis in the clinical routine. We decided to include these
2 patients in the analysis of clinical outcomes since technical aspects were not the main
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endpoints in this part of the project. We used the algorithms Acuros (n = 70 patients) and
AAA (n = 18 patients). In 61 patients, the prescription isodose was 80%. In 17 patients,
radiotherapy was prescribed homogeneously.

2.2.2. Patient Cohort with Analyses on Motion Management

The CT scanners were the Philips Gemini TF TOF 16 (n = 11 patients), Philips Ingenuity
Flex (n = 2 patients), and Philips Brilliance Big Bore (n = 22 patients) (each, Philips Medical
Systems, Fitchburg, WI, USA). The slice thickness was 3 mm in all the patients (n = 35). We
used the algorithm Acuros in all the patients (n = 35). The prescription isodose was 80% in
26 patients. In 9 patients, radiotherapy was prescribed homogeneously.

2.3. Endpoints and Statistical Methods
2.3.1. Patient Cohort with Analysis of Clinical/SBRT Characteristics and Outcomes

Please see Habermann et al. in 2022 for a previous description of statistical approaches
in the underlying project [18]. We compared characteristics and outcomes between patients
with centrally located and peripherally located tumors. When comparing baseline and
SBRT characteristics, we used Pearson’s Chi-squared test and the Mann–Whitney U test
(SPSS v. 27, IBM, Armonk, NY, USA). In survival analyses, the endpoints were overall
survival (OS, event: patient death due to any cause), progression-free survival (PFS, event:
locoregional or distant progression and patient death), local progression-free survival
(LPFS, events: local progression and patient death due to any cause), and locoregional
control (LRC, events: local or regional relapse). The survival times were calculated from
the first day of SBRT. We used Cox regression analysis (SPSS v. 27, IBM, Armonk, NY, USA).
Additionally, the Kaplan–Meier curves with log-rank statistics were generated using the
plugin, KMWin v 1.53 [20]. p-values < 0.05 were considered statistically significant.

2.3.2. Patient Cohort with Analyses on Motion Management

In the subset of 35 patients with SBRT of NSCLC in a central position, the IRV concept
was applied (retrospectively, without new optimization). The 4D-CTs were used and the
OARs (bronchial tree, trachea, esophagus, and spinal canal) were contoured on each of
the 10 respiratory phases and the average intensity projection (AIP) CT scan. The OARs
were delineated in accordance with the Radiation Therapy Oncology Group guidelines [21].
The bronchial tree was defined as including the distal 2 cm of the trachea, the carina, the
main bronchi, the right and left upper lobe bronchi, the bronchus intermedius, the right
middle lobe bronchus, the lingular bronchus, and the right and left lower lobe bronchi [21].
The trachea was delineated from the lower edge of the larynx to the bronchial tree. The
esophagus was contoured from just below the cricoid to the gastroesophageal junction [21].
The spinal canal was defined based on the surrounding bones [21]. We used the thoracic
vertebrae 1–12 as upper and lower limits for the spinal canal. For each of the OARs, we
propagated the contours from each of the respiratory phases to the AIP CT scan. Here, an
IRV structure was generated.

We aimed to characterize patients with a clinically relevant increase in NTCPs when
applying the IRV concept (retrospectively, without new optimization). First, we identified
patients with a relevant increase in D1%, D2%, or maximum dose (Dmax) when comparing
the dose for the OARs and the corresponding IRVs on the AIP CT scan (an increase of >5 Gy
(bronchial tree, esophagus, trachea) or 0.5 Gy (spinal canal)). Please see Supplementary
Figure S1 for a graphical presentation of the dose differences between the OARs and IRVs.
In the patients with a relevant increase in these dose parameters, we calculated the NTCPs
for the OARs and corresponding IRVs. For the spinal canal and the esophagus, we used
the software, ‘RADBIOMOD’ (v.0.3b), with the Lyman–Kutcher–Burman model [22]. Since
there is only limited data on NTCP calculations in the trachea and bronchial tree, we
estimated the complication risks based on the models by Dujim et al. [23]. For these OARs,
we calculated the maximum equivalent dose of 2 Gy per fraction (EQD2, α/β ratio = 3) and
estimated the risks based on the NTCP models for any grade of radiographic toxicity in the
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lobar bronchi ([23], page 128). In previous studies, the risks (here, for proximal bronchial
tree toxicity) were estimated in a similar way [24].

In the analyses on motion management, we compared volumes between the OARs on
the AIP CT scan and the IRVs on the AIP CT scans. Additionally, we analyzed the deviation
of the geometric centers of the OAR and the IRV structures. Therefore, the coordinates of
the centers (x, y, z) were registered for the structures in each of the respiratory phases and
the OARs in the AIP CT scan. We calculated the difference between the centers in each
of the phases and the center of the IRV structure in the AIP CT scan. For further analysis,
we considered the maximum difference for each structure. We tested for an influence of
patient-related parameters (e.g., body height) on the volume differences and the distances
between the geometric centers. Here, we used the Mann–Whitney U test and Spearman’s
rank correlation (SPSS v. 27, IBM, Armonk, NY, USA). p-values < 0.05 were considered
statistically significant.

3. Results
3.1. Clinical/SBRT Characteristics and Outcomes in Centrally vs. Peripherally Located Tumors

We compared characteristics and outcomes in patients with central and peripheral
tumors (cut-off, distance ≤2 cm vs. >2 cm from central OAR (central airways, spinal canal,
esophagus)). We found that the applied biologically effective dose (BED, alpha/beta ratio
of 10 Gy) was significantly higher in patients with peripheral vs. central tumors (median
115.5 vs. 105 Gy, p = 0.001). In patients with central vs. peripheral tumors, a BED < 100 Gy
was applied more frequently (27.3% vs. 5.4% of the patients, p = 0.006). The PTV volume
was significantly higher in patients with central tumors (p = 0.046). The doses to lungs–GTV
(i.e., the volume created by subtraction of the GTV from both lungs, differences in mean
dose, V5Gy, and V20Gy) were higher in patients with central tumors (each, p < 0.05). SBRT
application was incomplete in two patients (one patient with a central tumor, 7.5/60 Gy;
one patient with a peripheral tumor, 52.5/60 Gy). Please see Table 1.

In the whole patient cohort (n = 78 patients), the 2-year overall survival rate was 56.8%.
There were four patients with local progression, five patients with regional progression,
and ten patients with distant progression. The median follow-up was 18.5 months (range,
0.6–65.5 months). At the end of follow-up, 36/78 patients (46.2%) were alive. Death was
documented in 42/78 patients (53.8%). The causes of death were unknown in most of the
patients (35/42 patients (83.3%)). In 7/42 patients (16.7%), the causes of death were tumor
progression (n = 2), pneumonitis (n = 1), lung infection (n = 1), exacerbation of COPD
(n = 1), cerebral mass with bleeding (potentially metastasis or vascular/ischemic cause,
n = 1), and pancreatitis (n = 1).

When comparing patients with central vs. peripheral tumors, we found worse LRC
(2-year LRC: 64.8% vs. 94.4%, log-rank, p = 0.0051, Figure 2). When analyzing the differ-
ences in outcomes separately for the OARs, we found worse outcomes for central airways
(PFS, LPFS (Figure 3), and LRC) and for the esophagus (OS, PFS; LPFS, and LRC), but not
for the spinal canal (Please see Supplementary Table S1 for the results of the respective
survival analyses).
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Table 1. Comparison of clinical/stereotactic body radiation therapy (SBRT) characteristics in patients
with centrally vs. peripherally located tumors (distance to OARs (organs at risk): central airways,
spinal canal, esophagus, ≤2 cm vs. >2 cm). ECOG: Eastern Cooperative Oncology Group status.
UICC: Union Internationale Contre le Cancer, 8th edition. VMAT: volumetric modulated arc therapy.
IMRT: intensity-modulated radiotherapy. 3DCRT: 3D conformal radiotherapy. GTV: gross tumor
volume. The numbers (% of the patients) are given if not otherwise specified. 1 In one patient, SBRT
was applied simultaneously to a central tumor (44 Gy in 8 fractions) and a peripheral tumor (55 Gy
in 5 fractions), as described in our previous study [18]. Here, we decided to include this patient in the
group with central tumors. The stages were cT1a and cT1b (counted as UICC stage I in the table).
The radiotherapy doses (planned/applied/fractions) and GTV/PTV volumes of the central tumor
are included in the table and were used for analysis. The technique was VMAT for both tumors. The
dose summation for radiotherapy of both tumors was used for lungs–GTV. 2 Since this part of the
study mainly focused on clinical outcomes, not on technical analysis of SBRT, we decided to include
3 patients with radiotherapy in 18 fractions [18]. As mentioned in our previous study, formally, the
recent literature defines SBRT as radiotherapy in a maximum of 12 fractions [11,18]. 3 Pneumonitis:
9 patients with grade 1, 6 patients with grade 2, and 2 patients with grade 3. 4 Pearson’s Chi-squared
test. 5 Mann–Whitney U test.

Parameter Central Tumors
(n = 22 Patients)

Peripheral Tumors
(n = 56 Patients) p-Value

Gender 0.32 4

Male 16 (72.7) 34 (60.7)
Female 6 (27.3) 22 (39.3)

ECOG (median, min, max) 1 (0–2) 1 (0–4) 0.3 5

UICC stages 1 0.96 4

I 17 (77.3) 43 (76.8)
II–III 5 (22.7) 13 (23.2)

Planned dose 1

[Gy, median, min–max)]
60

(44–60)
55

(54–60) 0.28 5

Planned fractions 1,2

(median, min–max)
8 (3–18) 5 (3–18) 0.002 5

Planned dose 1

[biologically effective dose, α/β = 10 Gy,
Gy, median, min–max]

105
(68.2–151.2)

115.5
(70.2–151.2) 0.001 5

Applied dose 1

[biologically effective dose, α/β = 10 Gy,
Gy, median, min–max]

105
(13.13–151.2)

115.5
(70.2–151.2) 0.001 5

Applied dose < 100 Gy 1

[biologically effective dose,
α/β = 10 Gy]

6 (27.3) 3 (5.4) 0.006 4

Radiotherapy technique 1 0.83 4

VMAT/IMRT 20 (90.9) 50 (89.3)
3DCRT 2 (9.1) 6 (10.7)

GTV volume 1

[cm3, median, min–max]
32.55

(2.7–141.9)
14.8

(1.4–119.4) 0.17 5

PTV volume 1

[cm3, median, min–max]
90.26

(11.9–244.9)
45.0

(12.8–329.8) 0.046 5

Lungs–GTV 1, Dmean [Gy] 5.8 (1.24–11.3) 3.7 (1.7–10.5) 0.009 5

Lungs–GTV 1, V5Gy [%] 26.9 (4.9–56.2) 17.3 (5.9–49.9) 0.003 5

Lungs–GTV 1, V20Gy [%] 8.0 (0–15.6) 5.5 (2.0–18.7) 0.02 5

Pneumonitis 3 5 (22.7) 12 (21.4) 0.90 4
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CT scan were 5.2 mm (bronchial tree), 4.2 mm (trachea), 5.5 mm (esophagus), and 4.3 mm 
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(bronchial tree), 7.8 cm3 (trachea), 19.6 cm3 (esophagus), and 8.2 cm3 (spinal canal). Please 
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Figure 3. Comparison of locoregional progression-free survival (LPFS) in patients with tumors at a
distance ≤2 cm vs. >2 cm from the central airways. The 2-year LPFS was 62.4% vs. 33.8%.

3.2. Structure Movement Amplitudes and Volumes

For analyses on motion management, 35 patients with central tumors were studied.
Herein, we present the mean values for the patient cohort. The maximum differences in
geometric centers between the OARs in each respiratory phase and the IRVs on the AIP
CT scan were 5.2 mm (bronchial tree), 4.2 mm (trachea), 5.5 mm (esophagus), and 4.3 mm
(spinal canal). The absolute volume differences between OARs and IRVs were 22.0 cm3

(bronchial tree), 7.8 cm3 (trachea), 19.6 cm3 (esophagus), and 8.2 cm3 (spinal canal). Please
see Table 2 for further details.
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Table 2. Structure movement amplitudes and volume differences. Comparison of organs at risk
(OARs) volumes in each respiratory phase scan and internal organs at risk volumes (IRVs) on average
intensity projection (AIP) CT scan. The mean (min–max) values are presented.

Parameter Bronchial Tree Trachea Esophagus Spinal Canal

Maximum difference in
geometric centers, OAR
(each respiratory phase),

and IRV on AIP CT
scan [mm]

5.2
(2.2–11.1)

4.2
(1.4–14.6)

5.5
(2.0–13.2)

4.3
(1.5–9.7)

OAR volumes on AIP CT
scan [cm3]

54.4
(34.7–85.4)

40.5
(22.3–57.2)

42.0
(25.7–74.2)

57.2
(33.5–90.0)

IRV volumes on AIP CT
scan [cm3]

76.4
(46.8–116.1)

48.3
(27.2–75.7)

61.5
(37.4–103.9)

65.4
(48.9–88.7)

Absolute difference,
IRV–OAR volume [cm3]

22.0
(10.5–35.5)

7.8
(2.7–18.8)

19.6
(11.4–33.7)

8.2
(−1.3–20.2)

Relative difference,
IRV–OAR volume [%]

40.9
(26.9–60.4)

19.4
(6.6–53.5)

47.5
(25.4–91.4)

16.1
(−1.4–57.4)

3.3. Influence of Clinical Characteristics on Structure Movement and Volume Changes

Furthermore, we tested for an influence of clinical characteristics on structure move-
ment and volume changes in the 35 patients with central tumors. Here, we considered the
patient’s age, gender, body height, weight, and body mass index (BMI). In Figure 4a–c, we
present the parameters with a significant influence on movement or volume changes. We
found a greater maximum vector of movement for the bronchial tree in males (Figure 4a)
and in tall patients (Figure 4b, cut-off, median of 1.68 m). Additionally, we found fewer
volume changes for the esophagus in patients with high body mass index (BMI, >25 kg/m2,
Figure 4c). Please see Supplementary Table S2 for a detailed analysis of the influence of all
the clinical characteristics.
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Figure 4. (a) Influence of gender on the maximum vector of movement for the bronchial tree (length, 
mm). Male patients had greater movement (median 5.7 mm vs. 3.9 mm, p < 0.05, 21 male patients 
vs. 14 female patients). (b) Influence of body height on the maximum vector of movement for the 
bronchial tree (length, mm). Tall patients had greater movement (median 5.7 mm vs. 3.6 mm, p < 
0.05; cut-off median of body height [1.68 m], 16 patients with smaller height vs. 19 patients with 

Figure 4. (a) Influence of gender on the maximum vector of movement for the bronchial tree (length,
mm). Male patients had greater movement (median 5.7 mm vs. 3.9 mm, p < 0.05, 21 male patients
vs. 14 female patients). (b) Influence of body height on the maximum vector of movement for
the bronchial tree (length, mm). Tall patients had greater movement (median 5.7 mm vs. 3.6 mm,
p < 0.05; cut-off median of body height [1.68 m], 16 patients with smaller height vs. 19 patients with
height ≥ median). * Values that are more than 3x interquartile range below first quartile or above
third quartile. (c) Influence of the body mass index (BMI) on the volume changes of the esophagus.
Here, we compared organs at risk and corresponding internal organs at risk volumes. Patients with
high BMI had lower volume changes (median 56.7% vs. 40.5%, p < 0.05, cut-off 25 kg/m2, 13 patients
with BMI ≤ 25 kg/m2 vs. 22 patients with higher BMI).
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3.4. Influence of the Internal Organ at Risk Volume (IRV) Concept on Normal Tissue Complication
Probabilities (NTCPs)

Here, we aimed to characterize patients with a clinically relevant increase in NTCPs
among the 35 patients with central tumors when applying the IRV concept (retrospectively,
without new optimization). First, we identified 12 patients with a relevant increase in
dosimetric parameters when comparing OARs and IRVs (please see Section 2.3.2 and Sup-
plementary Figure S1). In these patients, the NTCPs for OARs and corresponding IRVs were
calculated (Supplementary Table S3, differences in maximum doses and NTCPs for these
patients). The mean absolute increase in NTCPs was 5.5% (0–22.5%), and the mean relative
increase was 54.78% (0–181%). Please see Table 3 and Supplementary Table S3. Please see
Figure 5 for an illustration of the respiration-dependent movement of the bronchial tree
and its influence on NTCPs.
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applied in 27.3% of patients with central tumors vs. 5.4% of patients with peripheral tu-
mors. Patients with central tumors had higher PTV volumes and higher doses to lungs–
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Figure 5. Illustration of the respiration-dependent movement of the bronchial tree. Patient with
a stage IIA adenocarcinoma of the right upper lobe. SBRT was applied up to 60 Gy in 8 fractions
prescribed on the 80% isodose using VMAT. The images depict the corresponding slices of the 4D-CT
scan with maximum inhalation (A) and maximum exhalation (B). In (C) (average intensity projection
CT scan), the dose is shown from 60 Gy (blue) to 75 Gy (red) with the contours of the bronchial tree
in turquoise (* maximum inhalation, ** maximum exhalation). In the image (D) and magnification of
image (C), the gain in volume between internal organ at risk volume (IRV) and organ at risk (OAR)
is marked (***). The distance between the GTV and the bronchial tree was 3 mm. Please note the
relevant volume difference between OAR and IRV in proximity to the target volume. The absolute
difference in volume between the bronchial tree (59.0 cm3) and its corresponding IRV (94.4 cm3) was
35.5 cm3 (relative increase in volume, 60%). The maximum difference in geometric centers between
OAR and IRV was 10.1 mm. The absolute difference in maximum dose was 8.4 Gy (OAR, 62.9 Gy vs.
IRV, 71.2 Gy). The absolute increase in normal tissue complication probability, when comparing OAR
vs. IRV, was 11.5% (relative increase, 44.2%).
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Table 3. Differences in normal tissue complication probabilities (NTCPs) when comparing organs
at risk (OARs) and internal organs at risk volumes (IRVs). Please see Section 2.3.2, Supplementary
Figure S1 and Supplementary Table S3 for further details. The NTCPs for the bronchial tree and the
trachea were estimated using the graphs for the maximum dose (in EQD2) for the bronchial tree
by Dujim et al. [23]. The NTCPs for the esophagus and the spinal canal were calculated using the
software, ‘RADBIOMOD’, with the Lyman–Kutcher–Burman model ([22]; please see Section 2.3.2 for
further details).

Structure Patient
No.

Distance
between

Tumor and
Structure [cm]

NTCP of
OAR [%]

NTCP of
IRV [%]

NTCP,
Absolute
Increase

[%]

NTCP,
Relative
Increase

[%]

Bronchial Tree

1 1.4 17.0 34.0 17.0 100.0

2 0.0 63.0 66.0 3.0 4.8

3 0.3 26.0 37.5 11.5 44.2

4 0.0 23.0 32.0 9.0 39.1

5 0.0 45.0 48.0 3.0 6.7

6 1.1 35.5 58.0 22.5 63.4

Esophagus
3 2.4 2.1 5.9 3.8 181.0

7 0.3 1.5 4.0 2.5 166.7

Spinal
Canal

1 2.2 0.0 0.0 0.0 0.0

8 1.8 <0.01 <0.01 0.0 0.0

9 4.1 <0.01 <0.01 0.0 0.0

Trachea

6 4.1 4.0 5.0 1.0 25.0

10 1.2 4.0 10.5 6.5 162.5

11 3.5 4.5 5.5 1.0 22.2

12 1.0 24.5 26.0 1.5 6.1

4. Discussion

SBRT yields excellent local tumor control in patients with early-stage NSCLC when
indicated, e.g., in elderly patients or in patients who refuse surgery [2]. At the same time,
treatment can be associated with relevant complications, especially in patients with a central
tumor location [10,25]. Previous authors hypothesized that the PRV/IRV concept might
improve toxicity profiles [13–15]. Nardone et al. applied the IRV concept in patients with
SBRT for NSCLC. When taking the organ motion into account, 42% of the radiotherapy
plans were unacceptable [15]. This work aims at (1) comparing clinical aspects in central vs.
peripheral tumors, (2) applying the IRV concept in central tumors (retrospectively, without
new optimization), (3) analyzing organ motion, and (4) studying associated NTCPs.

We found that, in patients with central tumors, the median BED was significantly
lower (central, median 105 Gy vs. peripheral, median 115.5 Gy). A BED of <100 Gy was
applied in 27.3% of patients with central tumors vs. 5.4% of patients with peripheral tumors.
Patients with central tumors had higher PTV volumes and higher doses to lungs–GTV
(mean dose, V5Gy, and V20Gy). Furthermore, we found worse LRC in patients with
central tumors (2-year LRC of 64.8% vs. 94.4% in patients with peripheral tumors). When
analyzing the outcomes separately for the OAR, we found worse outcomes for the central
airways and for the esophagus, but not for the spinal canal.

Our results are in line with previous studies on comparisons of central vs. peripheral
tumors in SBRT of early-stage NSCLC. These studies found lower BED (mean 120.2 vs.
143.5 Gy [5]), larger tumor size (as we found larger PTV volumes, with tumors of mean
1.9 vs. 2.5 cm and median 2.6 vs. 3.1 cm in peripheral vs. central location [5,26]), higher
lung doses (V5Gy, V20Gy [27]), and worse local control (freedom from local progression,
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52% (central) vs. 84% (peripheral) [26]) in central tumors. Additionally, previous studies
demonstrated that a BED10Gy of ≥100 Gy is associated with higher local control, and
that dose escalation increases local control/overall survival and complications [28]. In
the presented study, in line with these findings, patients with central lesions received a
BED10Gy of <100 Gy in a higher percentage and, consecutively, experienced worse LRC.

In conclusion, in clinical routine, the perception of increased complication risks leads
to insufficient doses and reduced outcomes in patients with centrally located tumors [26].
In spite of the perception of high complication risks, previous studies found lower rates
of ≥grade 3 acute toxicities [5] and low overall rates of toxicities [26] in patients with
central tumors. Thus, in clinical routine, balancing dose escalation/tumor control and
complication risks (especially concerning the central airways [25]) is very challenging and
controversially discussed [29]. In this context, motion management strategies are very
important [11]. When active motion management techniques are not available/applicable,
safety margins/4D-CT and internal motion have to be considered [11]. However, data on
the internal motion of central organs at risk in SBRT of early-stage NSCLC are very rare
(e.g., [15]).

When applying the IRV concept (retrospectively, without new optimization), we found
maximum differences in the geometric centers of mean 4.2 mm (trachea), 4.3 mm (spinal
canal), 5.2 mm (bronchial tree), and 5.5 mm (esophagus). The relative differences in volume
(IRV–OAR, mean) were 16.1% (spinal canal), 19.4% (trachea), 40.9% (bronchial tree), and
47.5% (esophagus). The maximum vector of movement for the bronchial tree was greater
in males and in tall patients. The volume changes (IRV–OAR) in the esophagus were lower
in patients with high BMI.

In the literature, specific data on thoracic organ motion are very rare. When consider-
ing our results and the study by Nardone et al. [15], there is evidence that there are relevant
volume differences (IRVs–OARs). In detail, the authors reported a difference of 4% (spinal
cord), 23% (trachea), and 25% (esophagus) (proximal bronchial tree, absolute difference
of 18 vs. 26 cm3, relative difference not reported, thus, putatively, 44%) [15]. Zhang et al.
used the IRV concept for the thoracic and abdominal organs. However, the discussed
central OARs (bronchial tree, trachea, esophagus, and spinal canal) were not studied by
Zhang et al. [16]. To the authors’ knowledge, a putative relationship between patient
characteristics and structure movement/volume changes has not been reported. However,
an analysis seems reasonable, since previous studies found evidence for increased risks of
toxicity associated with SBRT of NSCLC for females (here, for pneumonitis [30]) or obese
patients (here, for chest wall pain [31]). After all, our results indicate that organ motion
could be more pronounced in males and tall patients, whereas it could be less pronounced
in patients with higher BMI. This could have implications for risk-adapted strategies in
motion management or toxicity monitoring in these patient groups.

Finally, when comparing OARs and IRVs, we found a relevant increase in dosimetric
parameters (D1%, D2%, Dmax) in 12/35 patients (34.3%) with central tumors. Nardone et al.
found unacceptable radiotherapy plans in 42% of the patients (here, in 63% of the patients,
the tumors were located centrally) [15]. These findings demonstrate that the application of
the IRV concept has a relevant impact on dosimetric parameters and radiotherapy plans. In
further analysis of the 12 patients in our study, the mean absolute increase in NTCPs was
5.5% (0–22.5%), and the mean relative increase was 54.78% (0–181%). It can be assumed that
an absolute increase of ≥10% in NTCPs could be clinically relevant. This was documented
in three patients for the bronchial tree. In these cases, the distance between the tumor and
the bronchial tree was 0.3–1.4 cm.

When considering relevant complications in SBRT for central tumors, larger prospec-
tive studies pointed towards a particular relevance of the bronchial tree (e.g., Lindberg
et al., 8/10 cases of treatment-related death occurred due to bronchopulmonary hemor-
rhage [25]). The region of ≤2 cm around the proximal bronchial tree is generally considered
the “no-fly zone”, with an increased risk of relevant toxicities [10,32]. Studies have made
efforts to further subclassify this area, e.g., when analyzing tumors located nearer (≤1 cm)
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to the bronchial tree [33]. Recently, Lindberg et al. refined the risk factors for toxicity by
considering the dose to further substructures (here, mainstem, intermediate, and lobar
bronchi) [34]. However, when applying the IRV concept, our study found an increase of
≥10% in NTCPs in three patients with tumors 0.3–1.4 cm from the bronchial tree. Thus,
when it comes to these distinct differences or very small substructures, motion management
(as a possibility, using the IRV concept) should come into focus. However, as Noël et al.
pointed out in 2022, considering the PRV concept in general—albeit already described in
2006—neither definition, purpose, nor dose constraints exist [14,35]. Studies on the IRV
concept in thoracic OARs are very rare but could increase the perception of OAR motion in
SBRT, in analogy to Galileo’s famous comment, ‘and yet it moves’ [15,16,36]. Finally, recent
developments include the implementation of magnetic resonance imaging (MRI) in linear
accelerators with the opportunity of real-time tracking for target volumes (four-dimensional
MRI, 4D-MRI) [37]. There is evidence that 4D-MRI is a promising technique for lung tumor
delineation and motion assessment with greater robustness against inter-fractional changes
than 4D-CT-based radiotherapy [37]. Previous studies have reported results when applying
4D-MRI for target volumes [37], whereas thoracic OARs were studied less frequently [38].
Thus, when considering motion management in SBRT for central lung tumors, 4D-MRI
can be considered a promising technology for an optimal balance of toxicities and tumor
control [39].

5. Conclusions

The IRV concept might improve toxicity profiles in SBRT for NSCLC [13–15]. We
studied (1) clinical aspects in central vs. peripheral tumors, (2) the IRV concept in central
tumors, (3) organ motion, and (4) associated NTCPs. We found lower biologically effective
doses, larger planning target volume sizes, higher lung doses, and worse locoregional
control for central tumors. This emphasizes the need to optimize methods to balance dose
escalation with toxicities in central tumors. Organ motion was greater in males and tall
patients (both, for the bronchial tree), whereas volume changes were lower in patients with
higher BMI (for the esophagus). This could have implications for risk-adapted strategies
in motion management or toxicity monitoring in these patient groups. Applying the IRV
concept (retrospectively, without new optimization), we found an absolute increase of
>10% in NTCPs for the bronchial tree in three patients (distance from the bronchial tree,
0.3–1.4 cm). Recent studies made efforts to further subclassify central tumors in the “no-fly
zone”, either by exact distance or by substructures (e.g., mainstem, intermediate, and lobar
bronchi) [33,34]. Based on the NTCP increase in our study, when it comes to these distinct
differences or very small sub-structures, motion management (as a possibility, using the
IRV concept) should come into focus.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers16010231/s1, Figure S1: Absolute dose differences [Gy]
between organ at risk and internal organs at risk volumes. The dose differences are shown as a
function of the distance of the tumors to the respective structure. Each dot (green, D1%, yellow, D2%,
red, Dmax) represents the dose difference for one patient. The dashed line marks the cut-off for a
relevant dose increase (please see Section 2.3.2). Table S1: Cox regression analysis, distance of the
tumor to organs at risk, and outcomes. HR: hazard ratio. OS: overall survival. PFS: progression-free
survival. LPFS: local progression-free survival. LRC: locoregional control. CI: confidence interval.
1 Central organs at risk (OARs): central airway, esophagus, and spinal canal. Table S2: Influence
of clinical characteristics on structure movement and volume changes. The Mann–Whitney U test
was used to test for an influence of the parameters. P-values are given for each parameter. SBRT:
stereotactic body radiation therapy. OAR: organ at risk. IRV: internal organ at risk volumes. AIP:
average intensity projection. Table S3: Differences in maximum doses and normal tissue complication
probabilities (NTCPs) when comparing organ at risk (OAR) and internal organ at risk volumes
(IRV). Patients with relevant increases in dosimetric parameters were preselected (Section 2.3.2,
Supplementary Figure S1). For these patients (n = 12), we present the distance of the tumor to
the structures, the maximum doses, and the NTCPs. The NTCPs for the bronchial tree and the
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trachea were estimated using the graphs for the maximum dose (in EQD2) for the bronchial tree by
Dujim et al. The NTCPs for the esophagus and the spinal canal were calculated using the software,
‘RADBIOMOD’, with the Lyman–Kutcher–Burman model (please see Section 2.3.2 for further details).
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Simple Summary: Image-guided stereotactic body radiation therapy (SBRT), utilizing biocompatible
superparamagnetic iron oxide nanoparticles (SPION), like ferumoxytol, has emerged as a non-
invasive, safe, and effective therapy for liver tumors. However, the radiomodulating properties
of ferumoxytol on hepatic macrophages have never been directly investigated. We showed that
ferumoxytol affected human monocytes increasing their resistance to radiation-induced cell death.
These findings provide the basis for mechanism-based optimization of SPION-enhanced image-
guided functional treatment planning platform for reducing hepatotoxicity in patients with advanced
hepatic cirrhosis undergoing liver SBRT for liver cancer before liver transplant.

Abstract: Superparamagnetic iron oxide nanoparticles (SPION) have attracted great attention not only
for therapeutic applications but also as an alternative magnetic resonance imaging (MRI) contrast
agent that helps visualize liver tumors during MRI-guided stereotactic body radiotherapy (SBRT).
SPION can provide functional imaging of liver parenchyma based upon its uptake by the hepatic
resident macrophages or Kupffer cells with a relative enhancement of malignant tumors that lack
Kupffer cells. However, the radiomodulating properties of SPION on liver macrophages are not
known. Utilizing human monocytic THP-1 undifferentiated and differentiated cells, we characterized
the effect of ferumoxytol (Feraheme®), a carbohydrate-coated ultrasmall SPION agent at clinically
relevant concentration and therapeutically relevant doses of gamma radiation on cultured cells
in vitro. We showed that ferumoxytol affected both monocytes and macrophages, increased the
resistance of monocytes to radiation-induced cell death and inhibition of cell activity, and supported
the anti-inflammatory phenotype of human macrophages under radiation. Its effect on human cells
depended on the duration of SPION uptake and was radiation dose-dependent. The results of this
pilot study support a strong mechanism-based optimization of SPION-enhanced MRI-guided liver
SBRT for primary and metastatic liver tumors, especially in patients with liver cirrhosis awaiting a
liver transplant.

Keywords: magnetic iron oxide nanoparticles; monocytes; macrophages; liver cancer; biomedical
application

1. Introduction

Hepatocellular carcinoma (HCC) is the sixth most common cancer and the third
leading cause of cancer-related death worldwide [1,2]. Liver cirrhosis predisposes the
development of HCC, with 80–90% of HCC cases occurring in cirrhotic livers. In the USA,
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chronic hepatitis C, alcohol abuse, and non-alcoholic steatohepatitis are the leading causes
of hepatic cirrhosis leading to HCC [3,4]. The high prevalence of hepatic cirrhosis and
portal hypertension in patients with HCC markedly limits the choice of curative liver
resection: only 15–30% of HCC patients with cirrhosis are eligible for curative partial
hepatectomy [5,6]. Selective internal radiation therapy (SIRT) or radioembolization is one
of the targeted treatments for unresectable liver tumors where radioactive microspheres are
infused via the hepatic artery for internal tumor irradiation. Although it is generally con-
sidered efficacious in patients with unresectable HCC and unresectable hepatic metastatic
disease, practical guidance on personalized dosimetry performance is still in progress.

Therefore, the most appropriate therapy for patients with HCC is liver transplantation,
which addresses both the underlying cirrhosis and the HCC with a five-year survival rate
of up to 85%, however, only 10% of patients are eligible [7].

Patients with HCC and liver cirrhosis face major challenges, as cancer must be under
control, while patients remain on a waiting list for liver transplantation. During this waiting
time, the progression of the tumor is unpredictable, resulting in an average dropout rate
of ~25% [8] or as high as ~40% in 12 months [9,10]. Therefore, extended control of HCC is
even more important for patients on the transplant waiting list to successfully reach liver
transplants. Given the above, local therapy for HCC has been investigated as a bridge to
liver transplant with the aim of decreasing tumor progression and reducing the risk of
dropout rate from the waiting list.

Over the past decade, stereotactic body radiation therapy (SBRT) has emerged as
a non-invasive, safe, and effective therapy for liver tumors providing local control and
prolonging survival for many HCC patients who were not eligible for standard local
regional treatment [11–13]. Image-guided SBRT for unresectable HCC sustained local
control rates ranging from 75 to 100% in prospective phase I/II clinical trials [12,14].
Several prospective studies have shown SBRT as a highly effective ablative therapy for
primary liver tumors and used as a bridge to liver transplant for inoperable patients with
HCC [12,14,15]. Combined with appropriate diagnostic imaging, SBRT delivers the ablative
radiation dose to liver tumor with conformal avoidance of residual functionally active
hepatic parenchyma thus minimizing the risk of developing radiation-induced liver disease
in patients with liver cirrhosis [13,16,17]. In this regard, biocompatible superparamagnetic
iron oxide nanoparticles (SPION) have attracted a great deal of interest as contrast agents for
magnetic resonance imaging (MRI) providing differential contrast enhancement imaging
for functionally active, macrophage-infiltrated hepatic parenchyma and liver tumors for
treatment planning of liver SBRT on MRI-Linac in patients with hepatic cirrhosis [18,19].

Ferumoxytol (Feraheme®) is a carbohydrate-coated ultrasmall SPION agent that is
FDA-approved for the treatment of iron deficiency anemia. Because of its clearance through
the reticuloendothelial system, ferumoxytol has been recently adopted for off-label clinical
use as an MRI contrast agent for clinical imaging of liver parenchyma involving contrast
uptake by hepatic macrophages (Kupffer cells) [20,21]. Once intravascularly injected, feru-
moxytol nanoparticles stay trapped within hepatic Kupffer cells for several weeks causing
T2-weighted signal loss within functionally active liver parenchyma [22]. Malignant tumors
lacking Kupffer cells exhibit no signal change resulting in increased tumor-to-liver contrast
difference allowing diagnostic quality MR imaging with contouring of liver tumors for
precision targeting and functional hepatic parenchyma for guided avoidance during liver
SBRT planning.

However, the radiomodulating properties of Feraheme on hepatic macrophages have
never been directly investigated. Moreover, patients with primary and metastatic hepatic
malignancies often present with iron-deficiency anemia due to chronic blood loss and
require therapeutic Feraheme injections, raising the same question on the potential ra-
diosensitizing effect of Feraheme on hepatic parenchyma when the liver is irradiated simul-
taneously with Feraheme injections. Although radiation-induced damage of Kupffer cells
is well described [23], published results focusing on macrophage polarization after SPION
treatment are highly inconsistent. For instance, previous studies reported that SPION
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polarizes macrophages into M1-phenotype [24,25], has no M1 polarization effect [26], or
increases the production of anti-inflammatory IL-10 (i.p., M2 polarization) [27,28]. Further-
more, ferumoxytol upregulated macrophage polarization associated with pro-inflammatory
Th1-type responses [29]. In vivo, ferumoxytol could inhibit tumor growth in mice, which
was accompanied by tumor infiltration with pro-inflammatory M1 macrophages [29]. Fi-
nally, ferumoxytol might also cause tumor cell ferroptosis, an iron-dependent cell death,
by triggering the transformation of infiltrating macrophages to the M1 phenotype [30].
However, the effect of ferumoxytol on macrophage polarization, cytokine release, and
apoptosis under irradiation has never been investigated.

This study aimed to develop, optimize, and characterize the pre-clinical model allow-
ing the determination of functional and phenotypic alterations of human macrophages
treated with SPION at therapeutically relevant doses of ionizing radiation in vitro. Our
results revealed that iron loading significantly improved monocyte and macrophage sur-
vival under low-dose irradiation. We also demonstrated that SPION supports the anti-
inflammatory phenotype of human macrophages under radiation and that the effects
of SPION depended on the duration of iron particle uptake and were radiation dose-
dependent. Our data help to understand mechanisms of radiation-induced liver damage
and provide the basis for the safe administration of Feraheme as an MRI contrast agent
during SPION-enhanced MRI-guided liver SBRT to HCC in patients with hepatic cirrhosis
awaiting a liver transplant.

2. Materials and Methods
2.1. Cell Cultures

THP-1 cells, a spontaneously immortalized monocyte-like cell line derived from the
peripheral blood of a childhood case of acute monocytic leukemia (M5 subtype) [31] were
purchased from ATCC (TIB-202). Cells were cultured in RPMI-1640 medium (Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with 0.2 mM of L-glutamine, 50 µ/mL
of penicillin, 50 µg/mL of streptomycin, 10 mM HEPES (Invitrogen Life Technologies,
Waltham, MA, USA), and 10% heat-inactivated fetal bovine serum (FBS, Gemini Bio-
Products, West Sacramento, CA, USA) (complete RPMI-1640 medium) and maintained at
37 ◦C, 5% CO2 in a humidified tissue culture incubator. For macrophage differentiation,
1 × 106 THP-1 cells/mL were cultured in a complete RPMI-1640 medium supplemented
with 20 ng/mL recombinant human M-CSF (Peprotech Inc., Rocky Hill, NJ, USA) for
five days. All cells were authenticated, mycoplasma tested, were contaminant-free, and
used at low passage. For macrophage harvesting, trypsin was added to flasks until cells
became detached and RPMI medium +10% FCS was added to neutralize the effects of the
enzyme. The cell suspension was centrifuged at 400× g for 5 min and re-suspended in
a lower volume of media. Cell number was determined using the hemocytometer and
Trypan Blue staining (Sigma, Burlington, MA, USA).

2.2. Cell Proliferation Assay

To examine the cell proliferative activity of treated and control cells, 1 × 104 cells per
well were seeded in 96-well plates in a culture medium. Following appropriate treatments,
1 mg/mL MTT reagent (Sigma, Burlington, MA, USA) was added to each well for 4 h at
37 ◦C. The cells were then suspended in dimethyl sulfoxide for 3 h at 37 ◦C and detected
using multimode microplate readers (BioRad, Hercules, CA, USA) at a wavelength of
540 nm. Quadruplicates were used in each experiment. The MTT (3-[4,5-dimethylthiazol-
2-yl]-2,5 diphenyl tetrazolium bromide) assay is based on the conversion of MTT into
formazan crystals by living cells, which determines mitochondrial activity and reflects cell
proliferative activity.

2.3. Annexin V/PI Apoptosis Assay

Cells were collected, pelleted, and washed twice in PBS. The resulting pellets were
resuspended in 100 µL of 1X Annexin V binding buffer and stained with 5 µL Annexin

99



Cancers 2024, 16, 1318

V-FITC and 10 µL propidium iodide (PI) (BioLegend, San Diego, CA, USA). Samples were
kept at room temperature for 15 min and protected from light. After the incubation period,
400 µL of Annexin V binding buffer was added to each tube. Samples were analyzed
immediately by flow cytometry (BD LSR II, Franklin Lakes, NJ, USA). Data were analyzed
using FlowJo software V9 (FlowJo LLC., Ashland, OR, USA).

2.4. Flow Cytometry

After experimental and control treatments, cells were collected by gentle enzymatic
detachment, resuspended, counted, and resuspended in flow cytometry staining buffer
(PBS supplemented with 2% BSA) at 1 × 106 cells/mL. Aliquots of cells were stained
for 30 min at room temperature and protected from light with fluorescently conjugated
antibodies (HLA-DR-FITC, CD86-PerCp-Cy5.5, CD11b-PE, CD14-APC from Biolegend)
according to the concentrations indicated by the suppliers. Flow cytometric acquisition
was performed on a Becton Dickinson LSR II instrument. Data were analyzed using FlowJo
software V9 (FlowJo LLC.). A minimum of 10,000 events were acquired for each sample
and the experiments were repeated three times independently.

2.5. Cytokine Secretion

Cell culture supernatants from M-CSF-differentiated macrophages were collected at
the end of the polarization period and appropriate treatments. Secretion of cytokines
was quantified using a multi-cytokine–chemokine panel 27plex assay, according to the
manufacturer’s instructions (Bio-Rad, Hercules, CA, USA). The results were normalized to
the total protein concentration in the cell culture supernatant samples. Data are derived
from two independent experiments performed in triplicate.

2.6. Experimental Design

Monocytes or macrophages (200,000 cells/mL) were stabilized in cell cultures, har-
vested in fresh medium, and treated with ferumoxytol (510 mg/17 mL vial at a neutral
pH, AMAG Pharmaceuticals, Inc., Waltham, MA, USA)—30 µg Fe/mL, 2 or 24 h, 37 ◦C.
Ferumoxytol is a superparamagnetic iron oxide nanoparticle, 17–31 nm in diameter (topo-
logical polar surface area 74.6 Å2), coated with a low molecular weight semi-synthetic
carbohydrate (polyglucose sorbitol and carboxymethyl ether shell) and having ~2000 mag-
netite iron (Fe3O4) molecules in the core with the relaxometric properties at 1.5 Tesla
and 37 ◦C of r1 = 15 and r2 = 89 mM−1s−1 [20,32]. The coating material is about 1.7 nm
thick (10 kDa in molecular weight) and provides ferumoxytol with a neutrally charged
surface [30]. The concentration of ferumoxytol for our studies was selected based on
previous in vitro data investigating the dose-dependent effects of SPION on monocytes
and macrophages [24,33–35] and in vivo data on ferumoxytol pharmacodynamics and
pharmacokinetics [12,36,37]. Uptake of iron oxide nanoparticles by macrophages has been
well documented previously [22,32,35,38,39]. After iron uptake, cells were washed twice
and treated with therapeutically relevant doses of gamma radiation (300, 500, 1000, or
3000 rad) (Gamma Cell 1000 Elite, Nordion International Inc., Ottawa, ON, Canada). Next,
cells were cultured again in 96-well plates (MTT assay and cytokine expression) or 6-well
plates (phenotyping and apoptosis assay) for 24 or 48 h and analyzed in different assays as
indicated in individual result sections.

2.7. Statistical Analysis

For a single comparison of two groups, the Student t-test was used after the evaluation
of normality. If data distribution was not normal, the Mann–Whitney rank-sum test was
performed. For the comparison of multiple groups, ANOVA was applied. SigmaStat
Software V4.0 was used for data analysis (SyStat Software, Inc., Chicago, IL, USA). For all
statistical analyses, p < 0.05 was considered significant. All experiments were repeated at
least two times. Data are presented as the mean ± standard error of the mean (SEM).
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3. Results
3.1. Ferumoxytol Decreases Radiation-Induced Cell Death of Human Monocytes In Vitro

First, we tested how the uptake of iron by human monocytes affects their sensitivity
to radiation-induced cell death. Figure 1 demonstrates that preincubation of cells with
ferumoxytol for either two or 24 h before irradiation significantly increases their survival
measured by Annexin V/PI staining for all tested doses of irradiation after 24 h. For
instance, the level of cell death in monocytes incubated loaded with SPION for 24 h and
irradiated by 500 rad decreased from 11.9 ± 2.1% to 7.7 ± 1.2% (Figure 1B, p < 0.05). We
also revealed that 3000 rad killed more than 50% of cultured cells and this dose of radiation
was omitted from further experiments.
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Figure 1. Ferumoxytol decreases radiation-induced apoptosis of human monocytes in vitro. THP-1
monocytes were treated with SPION (30 µg Fe/mL) for two (A) and 24 (B) hours, washed, irradiated
by 300–1000 rad, and analyzed in Annexin V/PI assay 24 h later as described in M&M. Both Annexin
V+/PI− (early apoptosis) and Annexin V+/PI+ (all dead) cells were analyzed. Treatment with
saline served as a control. All samples were tested in triplicates in each experiment. The left panels
represent the results of representative experiments, while the right panels summarize the results of
3–4 independent experiments. Error bars indicate ±SEM of 3–4 independent replicates. *, p < 0.05
(Student t-test, n = 3–4).

To verify these results, all experiments were repeated with a prolonged time of cell
culture after irradiation—cell death was assessed 48 h after cell irradiation (300–1000 rad).
The results are demonstrated in Figure 2. Short (2 h, Figure 2A) loading of THP-1 cells with
iron nanoparticles did not protect cells from higher doses of irradiation (500 and 1000 rad),
while the protective effect was still detected at 300 rad: cells death significantly decreased
from 5.5 ± 0.6% to 3.9 ± 0.3% (p < 0.05). Importantly, preincubation of cells with SPION for
24 h (Figure 2B) significantly decreased cell death induced by all tested doses of radiation.
For instance, the level of cell death in monocytes incubated loaded with SPION for 24 h
and irradiated by 500 rad decreased from 23.9 ± 4.2% to 14.8 ± 2.2% (p < 0.05).

Thus, these data suggest that human monocytes loaded with iron nanoparticles demon-
strate increased resistance to radiation-induced cell death. This raises the next question
about how iron uptake can alter the functional and phenotypic characteristics of human
monocytes and macrophages.
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Figure 2. Ferumoxytol decreases radiation-induced apoptosis of human monocytes in vitro. THP-1
monocytes were treated with SPION (30 µg Fe/mL) for 2 (A) and 24 (B) hours, washed, irradiated by
300–1000 rad, and analyzed in Annexin V/PI assay 48 h later as described in M&M. Both Annexin
V+/PI− (early apoptosis) and Annexin V+/PI+ (all dead) cells were analyzed. Treatment with
saline served as a control. All samples were tested in triplicates in each experiment. The left panels
represent the results of representative experiments, while the right panels summarize the results of
3–4 independent experiments. Error bars indicate ±SEM of 3–4 independent replicates. *, p < 0.05
(Student t-test, n = 3–4).

3.2. Ferumoxytol Prevents Radiation-Induced Inhibition of Monocyte Proliferative Activity
In Vitro

To determine how the uptake of iron particles alters monocyte proliferation after
irradiation, cells were incubated with SPION for 2 and 24 h, irradiated (300, 500, and
1000 rad), and their proliferation was assessed 24 and 48 h later in an MTT assay. Figure 3
demonstrates that radiation dose-dependently inhibits the proliferative activity of human
monocytes. Preincubation of cells with SPION for 2 h significantly abrogated this inhibitory
effect of all tested doses of radiation seen after 24 h, although the protective effect persisted
only for 300 rad if assessed 48 h after irradiation (Figure 3, upper panels). Importantly,
significant iron-mediated protection was revealed for both early (24 h) and late (48 h)
detection if monocytes were pre-treated with SPION for 24 h (Figure 3, lower panels).
For instance, 0.55 ± 0.03 OD versus 0.61 ± 0.06 OD (p < 0.05) and 0.62 ± 0.07 OD versus
0.79 ± 0.05 OD (p < 0.05) for 500 rad detected in 24 and 48 h, respectively.

Thus, these data suggest that iron nanoparticles significantly inhibit the antiprolifera-
tive effect of radiation on human monocytes and that this effect was markedly stronger if
cells were pre-treated with SPION for a prolonged time.

3.3. Modulation of Cytokine Production in Monocytes and Macrophages by SPION and Irradiation

Using the THP-1 monocytic cell line, it was reported that gamma radiation trig-
gers monocyte differentiation toward the macrophage phenotype with increased expres-
sion of type I interferons and both pro- and anti-inflammatory macrophage phenotyping
markers [40]. Therefore, we tested how SPION uptake can alter cytokine production by
monocytes and macrophages upon irradiation. Undifferentiated and M-CSF-differentiated
THP-1 cells were treated with SPION for 24 h (based on the results above), irradiated with
500 and 1000 rad, and cell-free supernatants were harvested 48 h later for determination
of cytokine levels. Figure 4 shows cytokine production by control and treated monocytes.
These results revealed that ferumoxytol uptake by human monocytes downregulates ex-
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pression of pro-inflammatory chemokines MIP-1α (macrophage inflammatory protein 1α),
MIP-1β (CCL4), and RANTES (CCL5) but does not significantly alter cytokine expression
under radiation conditions. Only radiation (500 rad) induced upregulation of monocyte
chemoattractant protein-1 (MCP-1/CCL2), one of the key chemokines that regulate migra-
tion and infiltration of monocytes/macrophages, was abrogated by SPION, but this finding
should be further investigated. Of note, IL-2, IL-4, IL-5, IL-6, IL-7, IFN-γ, IL-10, IL-12 (p70),
IL-13, IL-1β, G-CSF, FGF-2, GM-CSF and PDGF levels were less than 1 ng/mL.
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Figure 3. Ferumoxytol prevents radiation-induced inhibition of human monocyte proliferative
activity in vitro. THP-1 monocytes were treated with SPION (30 µg Fe/mL) for 2 (upper panels)
and 24 (lower panels) hours, washed, irradiated by 300–1000 rad, and analyzed in MTT assay 24 h
(left panels) and 48 h (right panels) later as described in M&M. Treatment with saline served as a
control. All samples were tested in triplicates in each experiment. Error bars indicate ±SEM of four
independent replicates. *, p < 0.05 (Student t-test, n = 4).

Next, using a similar experimental design, we tested cytokine expression in
macrophages differentiated from THP-1 cells and treated with SPION and irradiation.
Results in Figure 5 show that macrophages produce significantly higher levels of cytokines,
when compared with monocytes, and are much more sensitive to iron uptake and radiation
treatment. For instance, ferumoxytol uptake by macrophages significantly upregulated
the expression of MCP-1 (CCL2) in control and irradiated cells (p < 0.05). SPION also
reversed the effect of radiation (500 rad) on the expression of IL-1RA, IL-8, VEGF, CCL5,
and TNF-α. Interestingly, if irradiation upregulated cytokine expression (IL-1RA, TNF-α,
CCL5), iron particles downregulated their expression. However, if irradiation decreased
cytokine release from macrophages (IL-8, VEGF), iron increased cytokine production. Fur-
thermore, strong stimulation of MCP-1, MIP-1α, and MIP-1β expression in macrophages
by ferumoxytol upon cell irradiation should be further investigated. Also, expression of
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IL-2, IL-4, IL-5, IL-6, IL-7, IFN-γ, IL-10, IL-12 (p70), IL-13, IL-1β, G-CSF, FGF-2, GM-CSF
and PDGF was not observed.

Together, these results suggest that iron uptake by human monocytes and macrophages
may alter their sensitivity to irradiation-induced cytokine expression.
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Figure 4. Ferumoxytol and radiation modulate cytokine expression in human monocytes in vitro.
THP-1 monocytes were treated with SPION (30 µg Fe/mL) for 24 h, washed, irradiated by 500
or 1000 rad, and cultured for an additional 48 h before supernatants were collected for cytokine
assessment as described in M&M. Treatment with saline served as a control. All samples were tested
in triplicates in each experiment. Results are shown as mean ± SEM. *, p < 0.05 (Student t-test, n = 3).
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Figure 5. Ferumoxytol and radiation modulate cytokine expression in human macrophages in vitro.
THP-1 monocytes were treated with M-CSF (20 ng/mL) for five days, then loaded with SPION (30 µg
Fe/mL) for 24 h, washed, irradiated by 500 or 1000 rad and cultured for an additional 48 h with
M-CSF (10 ng/mL) before supernatants were collected for cytokine assessment as described in M&M.
Treatment with saline instead of SPION served as a control. All samples were tested in triplicates in
each experiment. Results are shown as mean ± SEM. *, p < 0.05 (Student t-test, n = 3).
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3.4. Ferumoxytol Changes the Phenotype of Monocytes/Macrophages Altered by Radiation

Finally, we asked whether iron nanoparticles could alter monocyte and macrophage
phenotype in response to gamma irradiation. First, we showed that 1000 rad treatment
of THP-1 cells decreased the percentage of CD11b+ CD14+ cells from 92.3 ± 5.0% to
65.2 ± 6.2% (p < 0.05) 48 h after irradiation but the preincubation with SPION for 24 h
before irradiation kept the percentage of double-positive cells at 82.6 ± 7.3% level. Fur-
thermore, while 1000 rad increased CD11bneg CD14neg cells from 2.3 ± 0.1% to 21.7 ± 4.6%
(p < 0.05), SPION reversed this effect to 7.1 ± 1.1% (p < 0.05). Importantly, a similar anti-
radiation effect of SPION was also seen in macrophage cultures: while 1000 rad significantly
upregulated CD11b+CD14+ cells from 56.7 ± 7.4% to 75.5 ± 8.2%, iron nanoparticles pre-
vented this increase to 62.3 ± 6.3% level (p < 0.05). As an example, Figure 6 demonstrates
that expression of HLA-DR in human macrophages decreased under irradiation and, inter-
estingly, uptake of iron particles before cell irradiation decreased even more: 94.1 ± 7.2%
versus 75.4 ± 9.1% (p < 0.05). Furthermore, radiation upregulated the expression of CD86
in macrophages, and SPION augmented it further: 3.9 ± 0.2% versus 18.5 ± 2.2% (p < 0.05)
(Figure 6). As a control, Figure 6 shows that SPION does not change the expression of
HLA-DR and CD86 on preloaded macrophages in control non-irradiated cultures.

Thus, these data suggest that SPION can attenuate polarization of macrophages
induced by radiation, although the effect depends on the dose of radiation and phenotypic
markers.

Cancers 2024, 16, x FOR PEER REVIEW 10 of 15 
 

 

 
Figure 6. Ferumoxytol changed phenotypic alterations of monocytes and macrophages induced by 
radiation in vitro. Undifferentiated and macrophage-differentiated (M-CSF, 20 ng/mL, five days) 
THP-1 cells were treated with medium (control) or ferumoxytol (30 µg Fe/mL, 24 h) and irradiated 
by 500 and 1000 rad. Cells were then cultured for an additional 48 h with medium (monocytes) or 
M-CSF, 10 ng/mL (macrophages) before their phenotype was assessed by flow cytometry as de-
scribed in M&M. Results from a representative experiment are shown. Mф, macrophages. 

Thus, these data suggest that SPION can attenuate polarization of macrophages in-
duced by radiation, although the effect depends on the dose of radiation and phenotypic 
markers. 

4. Discussion 
MRI-guided radiotherapy on a hybrid MR-Linac (a magnetic resonance-guided lin-

ear accelerator) is a rapidly evolving new technology allowing superior soft tissue imag-
ing for liver SBRT compared with conventional CT-guided radiotherapy. Reliable identi-
fication of liver tumors and functional hepatic parenchyma on MR-Linac has a direct im-
pact on the quality of radiotherapy planning and treatment outcomes. However, using 
repeated MRI with conventional IV contrast, such as gadolinium chloride for daily image-
guided radiotherapy carries the potential risk of toxicity and is contraindicated in patients 
with impaired kidney function. 

Ferumoxytol (Feraheme®), as a SPION-based contrast agent with unique pharmaco-
logical, metabolic, and imaging properties, may play a crucial role in the future MR liver 
imaging [30,39] with important safety features: (a) it can be safely administered in the 
population of patients with impaired renal function in whom gadolinium-based MRI con-
trast agents are contraindicated; (b) the use of ferumoxytol is not associated with concerns 
of a long-term accumulation from repeated applications, such as is the case with brain 
deposition of gadolinium-containing agents [40,41]. 

Ferumoxytol is eventually taken up by tissue-resident macrophages/the reticuloen-
dothelial system in the liver, spleen, bone marrow, and lymph nodes, and this uptake 
mechanism is being extensively explored for the enhanced MR imaging approach for tu-
mors, vascular lesions, and lymph nodes [20]. For instance, the utilization of ferumoxytol 
as an off-label contrast agent has been recently reported to increase the detection rate of 
colorectal cancer liver metastases and may aid in preoperative decision-making [41]. 
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THP-1 cells were treated with medium (control) or ferumoxytol (30 µg Fe/mL, 24 h) and irradiated by
500 and 1000 rad. Cells were then cultured for an additional 48 h with medium (monocytes) or M-CSF,
10 ng/mL (macrophages) before their phenotype was assessed by flow cytometry as described in
M&M. Results from a representative experiment are shown. Mф, macrophages.

4. Discussion

MRI-guided radiotherapy on a hybrid MR-Linac (a magnetic resonance-guided linear
accelerator) is a rapidly evolving new technology allowing superior soft tissue imaging for
liver SBRT compared with conventional CT-guided radiotherapy. Reliable identification
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of liver tumors and functional hepatic parenchyma on MR-Linac has a direct impact on
the quality of radiotherapy planning and treatment outcomes. However, using repeated
MRI with conventional IV contrast, such as gadolinium chloride for daily image-guided
radiotherapy carries the potential risk of toxicity and is contraindicated in patients with
impaired kidney function.

Ferumoxytol (Feraheme®), as a SPION-based contrast agent with unique pharmaco-
logical, metabolic, and imaging properties, may play a crucial role in the future MR liver
imaging [30,39] with important safety features: (a) it can be safely administered in the
population of patients with impaired renal function in whom gadolinium-based MRI con-
trast agents are contraindicated; (b) the use of ferumoxytol is not associated with concerns
of a long-term accumulation from repeated applications, such as is the case with brain
deposition of gadolinium-containing agents [40,41].

Ferumoxytol is eventually taken up by tissue-resident macrophages/the reticuloen-
dothelial system in the liver, spleen, bone marrow, and lymph nodes, and this uptake
mechanism is being extensively explored for the enhanced MR imaging approach for tu-
mors, vascular lesions, and lymph nodes [20]. For instance, the utilization of ferumoxytol
as an off-label contrast agent has been recently reported to increase the detection rate of
colorectal cancer liver metastases and may aid in preoperative decision-making [41].

Lately, superparamagnetic iron oxide nanoparticles have been used to diagnose fo-
cal liver lesions and the progression of fibrosis in steatohepatitis by the analysis of iron
nanoparticles in liver Kupffer cells. It was reported that alteration of Kupffer cell phago-
cytic function evaluated with SPION-MRI correlated with the severity of non-alcoholic
steatohepatitis [42]. Furthermore, analysis of the diagnostic value of SPION/MR imaging
for the characterization of focal liver lesions, both primary and metastatic, in patients with
cancer and hepatic cirrhosis revealed a diagnostic incremental value of using iron oxide
particles [43]. The usefulness of SPION was based on the high uptake of the SPION by
the Kupffer cells: a shortage of T2W signal was seen in the volumes of functional hepatic
parenchyma diffusely infiltrated by Kupffer cells, with no signal changes in hepatic lesions
lacking Kupffer cells [44].

As the use of ferumoxytol, a novel ultrasmall SPION formulation, as a contrast agent
for MRI is constantly increasing, it is critical to understand its radiomodulating effects
on liver parenchyma infiltrated by hepatic resident macrophages in a setting of SPION-
enhanced MRI-guided SBRT to primary and metastatic liver tumors.

Iron oxide nanoparticles have been reported to augment a “pro-inflammatory” im-
mune cell phenotype in macrophages and their antitumor potential [29,45,46]. For instance,
the growth of breast adenocarcinomas in mice was markedly repressed by ferumoxytol,
which was associated with the alteration of pro-inflammatory M1 macrophages in the
tumor tissues [29]. In addition to stimulating macrophages, ferumoxytol can reduce the
immunosuppressive function of myeloid-derived suppressor cells (MDSC) known to play
a key role in the formation of immunosuppressive tumor microenvironment and resistance
to anti-cancer therapy [47].

The radiosensitizing potential of SPION is intensively investigated revealing the
diversity of results among the multiple research groups [48]. Even though radiation-
induced modulation of monocytes and macrophages has been described [40,49,50] to the
best of our knowledge, there are no data describing the effect of ferumoxytol on human
monocytes and macrophages under clinically relevant doses of radiation.

Here we demonstrated that preloading of human monocyte cell line with ferumoxytol
significantly decreased radiation-induced cell death of human monocytes in vitro. The ef-
fect was revealed using doses of gamma radiation within the liver SBRT clinical dose range.
Although Wu et al. demonstrated that Fe3O4 nanoparticles could reduce macrophage
viability via activation of ferroptosis after 48 h through the upregulation of p53 [51] we
did not observe the effect of ferumoxytol on THP-1 cell death in vitro. However, as ex-
pected, we observed radiation-induced cell death, which was significantly attenuated by
cell preincubation with iron oxide nanoparticles. Our data were further confirmed by the
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demonstration that ferumoxytol prevented radiation-induced inhibition of monocyte prolif-
erative activity in vitro. The inhibitory effect of gamma radiation on primary macrophages
has been described [52], but our data demonstrated for the first time that monocytes
preloaded with ferumoxytol displayed increased resistance to the anti-proliferative effect
of radiation on human monocytes. Interestingly, Teresa Pinto et al. reported that irradiated
(200 rad/fraction/day for a week) human monocyte-derived macrophages remained viable
and metabolically active, and increased Bcl-xL expression evidenced the promotion of
pro-survival activity [49]. It would be interesting to assess the potential role of SPION in
macrophage longevity in this experimental model.

Furthermore, we investigated the cytokine production by human monocytes and
macrophages treated with ferumoxytol and radiation. The pattern of altered cytokine
expression did not allow for a conclusion about a definite pro- or anti-inflammatory pheno-
typic polarization of treated cells, which was not a surprising finding based on previously
published contradicting data. Our observation of the absence of strong pro-inflammatory
polarization of monocytes loaded with iron nanoparticles agrees with Raynal et al. who
reported that uptake of even high concentrations of SPION (ferumoxide or ferumoxtran-10)
by activated THP-1 cells caused a very low IL-1 expression [53]. However, Laskar et al.
reported that SPION induced a phenotypic shift in THP-1-derived M2 macrophages to-
wards a high CD86+ and high TNF-α+ macrophage subtype [25]. Nonetheless, irradiation
of human monocyte-derived macrophages with 200, 600, or 1000 rad has been reported
to result in reduced expression of anti-inflammatory genes [49]. Because of the visual
increase in pro-inflammatory macrophage markers CD80, CD86, and HLA-DR, but not
TNF-α and IL-1β after 1000 rad cumulative doses, with downregulated anti-inflammatory
markers and IL-10 expression, the authors concluded about the modulation towards a more
pro-inflammatory phenotype. Interestingly, we observed that preloading of THP-1-derived
macrophages with ferumoxytol downregulated the expression of HLA-DR and upregulated
the expression of CD86. The most interesting observation is that radiation may augment
both of these pathways.

Here It is important to understand that multiple controversies between published data
can be explained by other results demonstrating that different types of SPION particles
display differential effects on macrophages due to their size, polarity, cover layers, and
cytotoxic properties [48,54,55]. Next, the uptake and effect of SPION particles also depend
on the subset of monocytes and macrophages used for evaluation, including their state of
activation and polarization, culture conditions, source, and species [25,27,28,56]. Similarly,
the alteration of monocytes and macrophages under irradiation conditions also depends on
the type of radiation, accumulative dose, radiation schedule, and type of cells used for the
assay [49,52,57,58]. Additional evaluation of ferumoxytol and radiation combination on
primary human monocytes and macrophages harvested from healthy donors and patients
with different diseases is needed to confirm our initial experience.

In conclusion, we have demonstrated that ferumoxytol, in addition to being an
FDA-approved iron oxide nanoparticle agent for the treatment of iron-deficiency ane-
mia, possesses unique radiomodulating effects on human monocytes and macrophages
irradiated within therapeutically relevant doses of gamma radiation. Ferumoxytol af-
fected both human monocytes and macrophages, increased the resistance of monocytes
to radiation-induced cell death, alleviated inhibition of cell activity, and supported the
anti-inflammatory phenotype of human macrophages under clinically relevant doses of
radiation. Its effect on human monocytes depended on the duration of iron particle up-
take and was radiation dose-dependent. In future studies, we expect to investigate the
radiomodulating effects of ferumoxytol on primary human monocytes and Kupffer cells,
focusing on the analysis of how SPION-preloaded macrophages regulate the viability and
function of primary human hepatocytes within the normal liver, in the presence of tumors,
and under cirrhotic microenvironments in vitro and in vivo. These studies will further
investigate the diagnostic and therapeutic properties of ferumoxytol and provide new
insight into the limitations and emerging applications of SPIONs in biomedicine.
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Simple Summary: Radiation therapy is becoming increasingly important in the treatment of liver
and pancreatic tumors, particularly in situations where high doses of radiation can be delivered safely.
However, there are several challenges to treating tumors in the abdomen, including poor visibility
of the tumor and movements due to breathing and digestion. The typical imaging available at the
time of treatment makes it difficult to see both the tumor and nearby portions of the digestive tract,
which is particularly sensitive to radiation damage. This paper describes the workflow involved
when using high-quality computed tomography imaging at the time of treatment, to ensure that
the tumor is accurately targeted and normal tissues are avoided. This study shows that by using
these images and the planned dose distribution, the dose to normal structures can be maintained
below specified targets. With this technology and workflow, more patients can benefit from high-dose
radiation treatment to the liver and pancreas.

Abstract: Background/Objectives: Stereotactic body radiation therapy (SBRT) for abdominal targets
faces a variety of challenges, including motion caused by the respiration and digestion and a relatively
poor level of contrast between the tumor and the surrounding tissues. Breath-hold treatments with
computed tomography-on-rails (CTOR) image guidance is one way of addressing these challenges,
allowing for both the tumor and normal tissues to be well-visualized. Using isodose lines (IDLs)
from CT simulations as a guide, the anatomical information can be used to shift the alignment
or trigger a replan, such that normal tissues receive acceptable doses of radiation. Methods: This
study aims to describe the workflow involved when using CTOR for pancreas and liver SBRT and
demonstrates its effectiveness through several case studies. Results: In these case studies, using the
anatomical information gained through diagnostic-quality CT guidance to make slight adjustments
to the alignment, resulted in reductions in the maximum dose to the stomach. Conclusions: High-
quality imaging, such as CTOR, and the use of IDLs to estimate the doses to OARs, enable the safe
delivery of SBRT, without the added complexity and resource commitment required by daily online
adaptive planning.

Keywords: SBRT; liver; pancreas; CT; image guidance; motion management; CT-on-rails system

1. Introduction

Liver and pancreatic cancers are both challenging to treat, with poor overall prognoses.
The overall survival benefit of radiation for pancreatic cancer [1–13] has been the subject
of debate, partially due to the prevalence of distant failures and the use of less advanced
radiation techniques in some studies. However, local control benefits have been observed,
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particularly with sufficient dose escalation. Additionally, radiation allows some patients
with borderline resectable disease to become candidates for surgery. The role of radiation
in liver cancer [14–19] is similarly the subject of debate, with local control benefits being
observed, especially with dose escalation. The local control offered by radiation therapy
in regard to both cancers becomes more relevant as improvements are made to systemic
treatments. With sufficient care in avoiding organs at risk (OARs), stereotactic and other
hypofractionated dose regimes that allow for dose escalation have become important tools
for treating these diseases.

There are a number of challenges facing liver and pancreatic stereotactic body radia-
tion therapy (SBRT) that can limit the ability to safely escalate the radiation dose if they
are not addressed properly [20]. The first is intra-fraction motion, due to respiration and
motility of gastrointestinal (GI) organs [21–25]. A number of strategies exist to address
respiratory motion, including the breath-hold (BH) technique, abdominal compression,
free breathing gating, and four-dimensional computed tomography (4DCT)-based motion
margins [22,24,26,27]. Another type of motion that should be addressed is inter-fraction
motion, caused by changes in the stomach and bowel related to stomach filling and in-
testinal gas [28]. These changes could cause sensitive GI structures to move closer to the
treatment field than they were during simulation, either through organ or tumor motion,
potentially resulting in unanticipated damage if not properly accounted for.

Another challenge in regard to the abdomen is the limited soft-tissue contrast, espe-
cially between the tumor and the surrounding normal tissue. Iodinated contrast media can
be used during simulation to define the gross tumor volume (GTV) [29], but daily contrast
injections during treatment require the dilution of the contrast agent and adds time and
complexity to the treatment process [30]. Gas within the abdomen can cause streak artifacts
in cone-beam computed tomography (CBCT) images, further compounding the visibility
challenges. These artifacts are more pronounced in free-breathing CBCT images, but are
often still present in breath-hold images. Advanced imaging, such as diagnostic-quality CT
or MRI, can allow for sufficient gross tumor volume (GTV) and normal tissue visualization
to ensure proper alignment with the target and avoidance of OARs [31–33]. Without ad-
vanced imaging, the treatment margins may need to be increased or fiducials put in place to
ensure target coverage [34,35] and the prescriptions may need to be adjusted to ensure that
OARs do not exceed the dose tolerance thresholds [36]. A comparison is shown in Figure 1
between diagnostic-quality CT used for alignment and CBCT. This article will focus on the
technical aspects of the use of a CT-on-rails (CTOR) system [37–41], utilizing BH gating to
address the challenges to delivering a high dose of radiation to the abdomen, allowing a
safe level of dose escalation that ensures the dose constraints in regard to radiosensitive
GI organs are met. This study aims to describe the workflow involved and demonstrate
the benefits and potential pitfalls related to the use of this technology through several
case studies.

Daily online adaptive planning has been shown to allow for improved target coverage,
while maintaining normal tissue constraints [36,42–55]. However, online adaptive systems
can be time consuming and resource intensive, generally requiring extensive medical
physics and physician involvement during treatment [56,57]. Such systems can also add
complexity, as they often require a separate treatment planning system (TPS) and may face
challenges relating to interfacing with outside records and systems verification. While
online adaptive planning is generally ideal when dealing with the abdomen, it may not
be feasible to implement in all treatment centers or for all patient populations. Offline
adaptation can be used, but may cause treatment delays and add complexity and require
more personnel resources. Additionally, further changes to the patient’s anatomy could
again lead to OARs receiving higher doses of SBRT than expected. Offline adaptation is best
employed when consistent changes in the anatomy are observed. Another strategy is to
lower the prescription dose, such that the OARs will not receive a dose above the stipulated
tolerance regardless of any anatomical changes. This decrease in treatment efficacy may
be needed when OARs are not visible in the daily alignment images, due to image quality
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limitations. An intermediate solution is to use isodose line (IDL) contours, derived from
the planning CT displayed on the daily image to identify and avoid any excessive doses
to normal tissues. This strategy will be explored in this paper. A comparison of these
strategies is presented in Table 1.
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Figure 1. A comparison between (A) a BH CBCT image and (B) a BH CT-on-rails image of the same
patient and anatomical location. Note the artifacts (red arrows) near the gas and high-density object
in the CBCT image, which are not shown in the CTOR image. The boundaries of the stomach and
bowel are also more clearly visualized in the CTOR image, compared to the CBCT image. Also visible
in the CTOR image, are features within the liver itself.

Table 1. Relative comparison of methods used to avoid exceeding GI organ-at-risk (OAR) tolerance
during the delivery of SBRT to the abdomen.

Approach Risk to OARs Treatment Efficacy Complexity of
Treatment

Physician Time
Requirement

Requires High
Quality Imaging

Lower prescription dose low low low low no
Use IDLs to avoid OARs med med low med yes
Offline adaptation med med med high yes
Online adaptation low high high high yes

Overall, this paper aims to demonstrate the workflow involved when using CTOR-
based daily imaging and planning CT-based isodose contours to improve target alignment
and normal tissue avoidance, during abdominal SBRT and hypofractionated treatments.
After a description of the workflow steps, three case studies are presented to demonstrate
the alignment improvements that are possible when using the daily CTOR system.

2. Methods and Materials

The protocol described in this section was approved by the University of Texas MD
Anderson Cancer Center institutional review board (PA14-0646). MD Anderson Cancer
Center has two CTOR treatment rooms, with beam-matched linacs and matched CTs.
The vast majority of liver and pancreatic SBRT and hypofractionated treatments at our
institution are conducted using these machines, while standard fractionated treatments
generally use CBCT alignment. The patients presenting here were simulated using breath-
hold (BH) image gating and CTOR image guidance. For patients receiving abdominal
SBRT at our institution, BH is preferred for patients that can tolerate it. With this motion
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management technique, the motion of both the OARs and the tumor can be controlled,
allowing for a larger portion of the tumor to be safely treated with a high dose. Inhalation
BH is typically used, as it is generally easier for patients to understand the instructions,
but exhalation BH is considered when it is dosimetrically favorable. For patients that
cannot tolerate holding their breath repeatedly, 4DCT is used and an internal GTV (IGTV)
is created. A compression belt is considered for patients who cannot hold their breath, but
have large tumor motion.

2.1. Simulation

Patients are scanned using a Philips Big Bore CT scanner (Philips, Andover, MA, USA).
To improve consistency in terms of the stomach-filling and bowel position, patients are
instructed prior to the simulation not to eat or drink anything (“nil per os”, abbreviated
to NPO) for three hours before arriving and are given instructions on the appropriate
diet and/or medications to manage gas. These preparations are maintained during the
treatment to improve consistency. Patients are positioned in a long stereotactic cradle
over a wingboard, with their hands above their heads, holding a T-bar. A Varian Medical
Systems (Varian, Palo Alto, CA, USA) real-time position management (RPM) box is placed
on the patient’s abdomen and they are instructed to hold a comfortable breath multiple
times, before a gating window is set centered on their natural breath-hold position. After
establishing the baseline breath window, visual feedback goggles are used to assist the
patient in consistently reproducing this breath-hold level. After a free-breathing scan, at
least one breath-hold scan without contrast is acquired, followed by 3 or 4 scans with the
use of iodinated intravenous (IV) contrast media. The contrast scans are started 30 s after
contrast media injection and are acquired back-to-back to capture different contrast phases.
A planning image is chosen based on the breath-hold position and contrast phase with the
best tumor visualization.

If prior non-contrast imaging suggests that there will not be an anatomical landmark
to align with, then fiducials may be implanted near the tumor prior to simulation [58–60].
However, generally the tumor itself or a surrogate structure can be visualized on daily non-
contrast CT images, so the added risk involving implantation into the patient is avoided.
Potential surrogate structures include blood vessels, fissures within the liver, cysts, or the
edge of the liver.

2.2. Treatment Planning

To account for variations in the breath-hold position, an IGTV is contoured that
includes the tumor position across all the breath-hold scans. A simultaneous integrated
boost (SIB) approach is often utilized to allow for partial dose escalation, while protecting
normal tissues [61,62]. The approach used at our institution is detailed in the work by Koay
et al. [61] and is briefly described here. A PRV (planning OAR volume) expansion of 5 mm
is added around all GI luminal structures and the heart. The high-dose planning target
volume (PTV) is created as a margin around the IGTV subtracting the PRV and a lower dose
PTV fills in the areas that have been carved out. Figure 2 demonstrates this technique in a
patient, where their stomach and large bowel were close to the IGTV. Treatment planning is
completed in RayStation, using the collapsed cone dose calculation algorithm. For OARs
that have a maximum dose constraint, IDL contours are created and exported to be used
during the alignment. The prescription dose levels are also exported as IDL contours.

114



Cancers 2024, 16, 3770

Cancers 2024, 16, x FOR PEER REVIEW 5 of 20 
 

 

normal tissues [61,62]. The approach used at our institution is detailed in the work by 
Koay et al. [61] and is briefly described here. A PRV (planning OAR volume) expansion 
of 5 mm is added around all GI luminal structures and the heart. The high-dose planning 
target volume (PTV) is created as a margin around the IGTV subtracting the PRV and a 
lower dose PTV fills in the areas that have been carved out. Figure 2 demonstrates this 
technique in a patient, where their stomach and large bowel were close to the IGTV. Treat-
ment planning is completed in RayStation, using the collapsed cone dose calculation al-
gorithm. For OARs that have a maximum dose constraint, IDL contours are created and 
exported to be used during the alignment. The prescription dose levels are also exported 
as IDL contours. 

 
Figure 2. Example of an SIB approach to account for nearby radiosensitive OARs. In this case, the 
large bowel (orange) overlaps with the GTV (red) and the stomach (purple) is also close by. A GI 
PRV (pink) is created as an expansion of the GI luminal structures and is carved out from the high-
dose PTV (shaded blue). An expanded low-dose PTV (teal) includes portions of the GTV that are 
not covered by the high-dose PTV. 

2.3. Description of the CT-on-Rails System and Workflow 
The CT-on-rails delivery system consists of a GE CT scanner on rails, a Varian Clinac 

21EX linac, and a couch that can rotate 180 degrees between the linac position and the CT 
scanning position (Figure 3). The overall workflow used for SBRT in patients treated with 
CTOR alignment is shown in Figure 4. The SBRT patients are treated during 40 min time 
slots, with an extra 10 min added on the first day. The patient is initially set up with the 
couch in the linac position. After the patient’s position within the cradle and rotation are 
verified in terms of free breathing, the patient is shifted to the final isocenter position. A 
gating window is set up, using the same window parameters as at the simulation (distance 
from normal breathing exhale to the bottom of the gating window and window width) 
and the patient is given feedback goggles to assist them in reaching the correct BH level. 

Figure 2. Example of an SIB approach to account for nearby radiosensitive OARs. In this case, the
large bowel (orange) overlaps with the GTV (red) and the stomach (purple) is also close by. A GI PRV
(pink) is created as an expansion of the GI luminal structures and is carved out from the high-dose
PTV (shaded blue). An expanded low-dose PTV (teal) includes portions of the GTV that are not
covered by the high-dose PTV.

2.3. Description of the CT-on-Rails System and Workflow

The CT-on-rails delivery system consists of a GE CT scanner on rails, a Varian Clinac
21EX linac, and a couch that can rotate 180 degrees between the linac position and the CT
scanning position (Figure 3). The overall workflow used for SBRT in patients treated with
CTOR alignment is shown in Figure 4. The SBRT patients are treated during 40 min time
slots, with an extra 10 min added on the first day. The patient is initially set up with the
couch in the linac position. After the patient’s position within the cradle and rotation are
verified in terms of free breathing, the patient is shifted to the final isocenter position. A
gating window is set up, using the same window parameters as at the simulation (distance
from normal breathing exhale to the bottom of the gating window and window width)
and the patient is given feedback goggles to assist them in reaching the correct BH level.
An RPM camera, attached to the end of the couch, is used so the camera is in the same
position relative to the patient in both the linac and CT configurations. Radiopaque ball
bearings (BBs) are placed on the patient when they are in the final isocenter position, while
they are holding their breath, and are verified with a repeat BH. Since the CT and linac
systems are separate systems, the BBs serve as the reference position in the CT scan to
relate the coordinates back to the linac position. The initial couch coordinates are recorded
and the patient is rotated into the CT position. A BH CT scan is then acquired with our
GE LightSpeed 16 scanner (GE, Chicago, IL, USA), with a 0.98 × 0.98 mm2 pixel size, a
2.5 mm slice thickness, a 0.5 s rotation time, a 50 cm field-of-view, 120 kVp, and 250–350 mA
(depending on the patient’s habitus and tumor contrast). Daily CT-on-rails images are
aligned to the reference planning CT images using in-house software [63] (see next section),
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which calculates the final couch position from the inputted BB-aligned couch position.
A rigid registration without rotation is performed, since the specialized rotating couch
is not capable of 6 degrees-of-freedom motion. After image registration, the patient is
rotated back to the treatment position and aligned to the BBs during a breath hold. The
couch coordinates are compared to those initially recorded. A difference of 3 mm or more
indicates that the patient has moved, which necessitates a repeat CT scan using the new BB
position. Once the BB position is verified, the patient is shifted to the final couch position.
Care is taken to verify the couch positions for multiple steps, since the manual entry of
numbers is involved.
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the couch (red arrow) is then rotated 180° (curved blue arrows), according to the CT scanner position 

Figure 3. Photos of the CTOR–linac set up. First the patient is set up in the treatment position, with
the couch positioned in the linac position (A) and BBs are placed in the laser positions. The base of
the couch (red arrow) is then rotated 180◦ (curved blue arrows), according to the CT scanner position
(B). The CT scanner moves along the rails on the floor (black arrow) in the direction of the straight
blue arrow to take a scan. After image alignment, the patient is rotated back to the linac position and
the lasers are aligned with the BBs. Final couch shifts are made from this position.
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Figure 4. Flowchart of overall CTOR workflow (Section 2.3), including CTOR-based alignment and
evaluation (Section 2.4) and verification imaging (Section 2.5).

2.4. CT-on-Rails-Based Alignment

Daily CTOR images are aligned to the reference planning CT images, using the in-
house software. First, a reference point is set at the location of the BBs in the CT scan. The
longitudinal and vertical position are determined using one or both lateral BBs and the
lateral position is determined using the anterior BB. Next, an alignment to the vertebral
bodies near the GTV is performed, as a reference for how the internal anatomy has changed
relative to bone. Then, the GTV is aligned to the planning CT. Any shifts away from GTV
alignment to avoid OARs exceeding the tolerance dose (discussed in more detail below)
are now made, resulting in what will be called GTV* alignment for clarity. A comparison is
then made between bone and the GTV* alignment, in the spirit of creating action levels
for large anatomical variations, as suggested by AAPM’s task group 101 on SBRT [64],
and to help to detect outlier breath holds. If the difference between bone and the GTV*
alignment is greater than 5 mm and the alignment is not consistent with previous fractions,
subsequent CTOR images are acquired, until the GTV* position is consistent with the
previous scan. If the patient’s positioning is demonstrated to be inconsistent by four CTOR
images, the treatment will be aborted for the day and possibly replanned. An example of
the CTOR alignment workflow is shown in Figure 5.
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screenshot of the alignment software is shown in (A). As seen in (A), first the user aligns with the BBs
to set the reference point and enters the initial couch positions, when the lasers were aligned to the
BBs in the treatment position. Next, they align to the vertebral bodies (VBs) near the GTV, as shown
in (B), with the daily CTOR image above and the CT simulation reference image below (red contour).
Then, (C) they align to the GTV (dark red contour) and check that the desired IDL (teal contour) does
not overlap with the relevant OARs. In this example, the difference between the bone alignment and
GTV alignment is greater than 5 mm, as seen in alignment 1 in the chart at the bottom, so a second
CTOR image is acquired. Again, the BB position is set and VB alignment is conducted, followed by
GTV* alignment (D). The chart at the bottom of the figure shows the recorded couch positions (in cm)
and differences between the bone and GTV* alignment for both scans. Since the differences between
the bone and GTV* were within a few millimeters between the two scans, the couch positions from
the second alignment were used as the treatment isocenter.
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Despite a lack of contrast agents for daily imaging, the GTV or a surrogate can generally
be visualized in the CTOR image. Fiducial markers can be inserted in more difficult cases,
but are not generally needed with CTOR. For tumors of the pancreas, surrogates such
as blood vessels and the pancreas shape can be used when the tumor itself is difficult to
visualize (Figure 6). For tumors of the liver, surrogates such as the nearby liver shape,
blood vessels, fissures, or cysts can be used, when there is not enough contrast to visualize
the tumor (Figure 7). Changing the CT image’s window and level can also help with
visualizing the tumor itself (Figure 7). A window/level of 400/800 Hounsfield units (HU)
is used for the visualization of organs at risk and 180/950 HU is used to visualize tumors
and blood vessels in the liver. Prior to simulation, the physician should consider whether
the tumor or a sufficient surrogate will be visible on non-contrast CT scans or whether
fiducial markers should be inserted, using prior diagnostic non-contrast CT scans as a
guide as to what should be visible when needed.
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images and the bottom is the planning CT images. Comparing nearby blood vessels (red arrows) 
and the pancreas shape (yellow arrows) between the two images can be used to achieve good align-
ment in the superior–inferior direction, which is often the hardest, and can aide in the alignment in 
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Figure 6. This figure demonstrates the ability to visualize with CTOR images the pancreas and the
surrounding anatomy necessary to align with the GTV (red contour). The top row is the CTOR
images and the bottom is the planning CT images. Comparing nearby blood vessels (red arrows) and
the pancreas shape (yellow arrows) between the two images can be used to achieve good alignment
in the superior–inferior direction, which is often the hardest, and can aide in the alignment in other
directions as well. Calcifications within blood vessels (as seen in (A,B)) can also be a useful tool.
Stents (purple contour in (C)) can be used to assist with alignment, but should be used with caution,
as they may move relative to the tumor. The window/level for all the images is 400/800 HU.
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Figure 7. This figure demonstrates the ability to visualize the CTOR features within the liver necessary
to accurately align with the GTV. In the left column are the CTOR images and in the right are the
planning CT images. For the patient in (A), the liver shape (yellow contour), blood vessels, liver
fissures in the vicinity of the tumor can be used to align to the GTV (red contour). Additionally,
the tumor itself is somewhat visible (blue arrow), along with a blood vessel within the liver (red
arrow). Using a different window and level (B) can improve the visualization of the tumor and
interior blood vessel. In (C), the tumor itself is difficult to distinguish from normal liver, but a cyst
(purple contour) right next to the tumor (red contour), along with the inferior liver shape, can be
used to achieve accurate alignment. With a different window and level (D), the cyst becomes easier
to distinguish and there is some distinction between the tumor and normal liver. In (A,C), a window
level of 400/800 HU is used and, in (B,D), a window level of 180/950 HU is used.
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To assist with alignment evaluation, isodose lines are created in the TPS on the plan-
ning CT and transferred to the alignment software. Isodose lines for the maximum dose
constraints of the structures near the GTV are displayed after GTV alignment; the daily
image is then checked for overlaps between the maximum dose constraint isodose contours
and the associated OARs. Typically for SBRT (5 fractions), the goal is for less than 1 cm3 of
a given GI luminal structure to receive 35 Gy or higher, with a maximum of less than 40 Gy.
However, these goals may vary depending on patient-specific factors, clinical trial enroll-
ment, and anatomic consistency, among other factors. For slight overlaps (on the order of
the PTV margin or smaller), the alignment can be shifted, such that the GTV contour is
slightly misaligned in regard to the daily GTV position, but the IDL no longer overlaps the
OAR. After slight GTV misalignment or for cases where the GTV is rotated or deformed
relative to the simulation, sufficient GTV coverage can be evaluated using the prescription
dose IDL. For larger overlaps, the treatment should be aborted and reattempted later in the
day or the following day. For patients with repeated large overlaps, an adaptive plan could
be created offline, using the daily CTOR image. Note that for the purpose of comparing
bone to GTV alignment as described above, the final alignment (shifted slightly off GTV if
needed for OAR sparing) is what is used (GTV*).

To demonstrate the appropriateness of using IDLs that were calculated on the plan-
ning CT and then transferred to the daily CT, the dose was recalculated in regard to the
daily CTOR images for several patients and compared to the IDLs from the planning CT.
Additionally, to demonstrate the appropriateness of shifting away from the GTV to satisfy
maximum dose constraints related to the bowel, the dose was recalculated in regard to the
daily CTOR images with and without this shift to compare GTV coverage and OAR doses.
The results of these comparisons are detailed in Sections 3.2 and 3.3.

2.5. Verification Imaging

Prior to each treatment, orthogonal digitally reconstructed radiographs (DRRs) from
the CTOR image are calculated as a reference for the expected bony anatomy position
relative to the daily treatment isocenter. To verify that the patient has not moved and that
shifts have been applied correctly, orthogonal MV images are acquired. Both the MV images
and CTOR-derived DRRs are compared to the DRRs from the planning CT. The MV images
are expected to have the same shifts (within a few millimeters at the physician’s discretion)
away from the bony anatomy alignment as is observed in the CTOR DRRs, which should
numerically agree with the shifts between the bone and GTV alignment that were recorded
during the alignment process. Any discrepancies warrant further investigation and likely a
repeat of the CTOR scan in order to repeat the workflow.

3. Results
3.1. Case Study 1

The first case study focuses on the effects of changes in bowel gas between the simula-
tion and treatment. This patient with adenocarcinoma of the pancreas received SBRT to
the pancreas, with a dose of 40 Gy in five fractions. They had a sizeable gas bubble close
to the GTV in their stomach during the simulation, which resolved itself for part of their
treatment. The fraction with the most dramatic difference in terms of the gas is illustrated
in Figure 8. When the dose is recalculated in regard to the daily CTOR image without the
gas, a decrease in the target coverage is observed. The dose volume histogram (DVH) for
the GTV is shifted to the left by 36 cGy for the single fraction, which would extrapolate out
to a 180 cGy shift if the dose distribution was the same for all the fractions (as shown in
Figure 8D). This example illustrates the importance of managing bowel gas and paying
attention to large changes in gas between the simulation and treatment. Since previous
treatments of this patient had involved gas levels that were similar to those that occurred
during the simulation, this deviation was deemed acceptable. However, consistent changes
in gas or a more dramatic change could warrant requiring the patient to return later to
try again or for the application of a verification plan. In addition to unexpected loss of
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target coverage, the accuracy of the IDL contours used to evaluate OAR avoidance during
alignment is of potential concern in similar cases. Large changes in gas near the tumor
could result in changes to the IDL shape, which could result in unnecessary shifts away
from GTV or higher than anticipated doses to the OARs. In this patient, the difference in
the shapes of the lower dose IDLs was very small, so the OAR avoidance strategy was
not changed. Noticeable unanticipated differences in doses to the targets and OARs can
generally be avoided by being observant enough to notice changes in gas distribution dur-
ing alignment, noting patterns in gas filling over multiple fractions when larger fractional
changes are observed, and being aware of the limitations of using IDLs calculated from the
simulation CT in these situations. Other solutions for mitigating the effects of gas include
dietary restrictions and gas medications; overriding large, unexpected areas of gas in the
planning CT with water; and delaying the treatment and recalculating the dose in regard
to the daily CTOR image for verification. The amount of gas and the number of fractions
affected was deemed small enough that overriding the gas and dose recalculation were not
used in this case.
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Figure 8. An example of the effect of gas bubbles on the planned vs. actual dose distribution. (A) 
Shows the treatment plan according to the simulation, with the GTV in red and various isodose 
levels shown; here, a large gas bubble is very close to the GTV. (B) Shows the day-of CTOR image 
with the original dose distribution, while (C) shows the day-of CTOR image with the dose recalcu-
lated to account for the now-absent gas bubble, showing a decrease in target coverage. (D) Shows 
the planned (dashed) vs. actual (solid) DVHs for the GTV for this fraction, extrapolated to five frac-
tions, assuming the same dose is delivered to each fraction. 

Figure 8. An example of the effect of gas bubbles on the planned vs. actual dose distribution.
(A) Shows the treatment plan according to the simulation, with the GTV in red and various isodose
levels shown; here, a large gas bubble is very close to the GTV. (B) Shows the day-of CTOR image with
the original dose distribution, while (C) shows the day-of CTOR image with the dose recalculated
to account for the now-absent gas bubble, showing a decrease in target coverage. (D) Shows the
planned (dashed) vs. actual (solid) DVHs for the GTV for this fraction, extrapolated to five fractions,
assuming the same dose is delivered to each fraction.

3.2. Case Study 2

The second case study examines pancreatic SBRT treatment, where anatomy changes
near the target are present. This patient with adenocarcinoma of the pancreas received an
SIB prescription of 50 Gy in five fractions, with a low-dose PTV prescription of 30 Gy in five
fractions. The clinical goal for the duodenum (blue contour) and stomach (green contour)
in regard to this treatment was V33 Gy < 0.5 cm3. To ensure this goal was met, a 33 Gy
IDL (orange contour) was sent to the alignment software from the treatment planning
system. For three out of the five fractions, a small overlap between the 33 Gy IDL and the
stomach or duodenum was noted. To meet the clinical goal for these OARs, the alignment
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was shifted away from perfect GTV alignment, until the IDL just skimmed the edge of the
OAR. Figure 9 shows the fraction with the largest difference in the anatomy (black arrow)
between the simulation (Figure 9A) and treatment (Figure 9B,C) CT scan. Using the GTV
to align the simulation CT to the daily CT without accounting for the OARs would have
resulted in a portion of the stomach receiving 33 Gy, as seen in Figure 8B. If this strategy
were to be repeated for all the fractions, the total maximum dose to the stomach would have
been 39.4 Gy, with 0.15 cm3 receiving 33 Gy or higher (Figure 9D). However, by shifting
the isocenter 3 mm laterally and 1 mm posteriorly, the 33 Gy IDL no longer overlaps with
the stomach (Figure 9C). Using this strategy, the maximum dose to the stomach would be
37.7 Gy, with 0.13 cm3 receiving 33 Gy or higher, with a modest, but clinically acceptable,
drop in GTV coverage (D95% = 97.6%).
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to the simulation, with the GTV in red, stomach in green, duodenum in blue, and the 33 Gy isodose 
line in orange. Here, the plan was designed to stop 33 Gy from being received by the stomach and 
duodenum (acceptable within 0.5 cm3). (B) Shows the day-of CTOR image, which indicates that the 
stomach would partially receive 33 Gy near the black arrow if nothing is done. (C) Shows the results 
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Figure 9. An example of pre-treatment shifting via CTOR. (A) Shows the treatment plan according to
the simulation, with the GTV in red, stomach in green, duodenum in blue, and the 33 Gy isodose
line in orange. Here, the plan was designed to stop 33 Gy from being received by the stomach and
duodenum (acceptable within 0.5 cm3). (B) Shows the day-of CTOR image, which indicates that the
stomach would partially receive 33 Gy near the black arrow if nothing is done. (C) Shows the results
of manually shifting the isocenter by 3 mm laterally and 1 mm posteriorly, causing the 33 Gy isodose
line to stay away from the stomach. (D) Compares the DVHs of the planned and day-of GTV-aligned
dose distributions as a sum of all the fractions (unshifted daily dose in solid lines, planned dose in
dashed lines), while (E) compares the planned and day-of manually shifted dose distributions as a
sum of all the fractions (shifted daily dose in solid lines, planned dose in dashed lines).

3.3. Case Study 3

The third case study looks at an example of a patient with a more dramatic difference
in their anatomy between the simulation (Figure 10A) and treatment (Figure 10B,C) CT
scans. This patient with adenocarcinoma of the pancreas received SBRT to the pancreas
with a prescription of 36 Gy in five fractions, with a clinical goal being for the stomach and
duodenum to be subject to a V33 Gy < 0. 5 cm3. For this patient, four out of five fractions
required an isocenter shift to avoid the 33 Gy IDL overlapping the stomach. Aligning to
the GTV and ignoring the IDL overlaps with the bowel would have resulted in total doses
(Figure 10D) of 22.0 Gy and 35.7 Gy as the maximum dose and 0.0 cc and 0.41 cc > 33 Gy
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for the duodenum and stomach, respectively. Shifting the IDL away from the stomach, as
in Figure 10C, results in total doses (Figure 10E) of 19.9 Gy and 34.9 Gy as the maximum
dose and 0.0 cm3 and 0.25 cm3 > 33 Gy for the duodenum and stomach, respectively. The
target coverage (D95%) in this case was reduced from 100 to 96.6%.
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Figure 10. Example of pre-treatment shifting via CTOR. (A) Shows the treatment plan according to
the simulation, with the GTV in red, stomach in green, duodenum in blue, and the 33 Gy isodose
line in orange. Here, the plan was designed to stop 33 Gy from being received by the stomach and
duodenum (acceptable within 0.5 cm3). (B) Shows the day-of CTOR image, which indicates that the
stomach partially receives 33 Gy near the black arrow. (C) Shows the results of manually shifting the
isocenter by 0.3 cm laterally, 0.2 cm superiorly, and 0.4 cm posteriorly, causing the 33 Gy isodose line
to stay away from the stomach. (D) Compares the DVHs of the planned and day-of GTV-aligned
dose distributions as a sum of all the fractions (unshifted daily dose in solid lines, planned dose in
dashed lines), while (E) compares the planned and day-of manually shifted dose distributions as a
sum of all the fractions (shifted daily dose in solid lines, planned dose in dashed lines).

4. Discussion

This paper has described one approach to addressing the many challenges to safely
delivering high doses of radiation to the abdomen and has demonstrated its validity in
three patients. The high contrast and relatively low noise imaging of CT-based alignment
allows for accurate GTV alignment and the evaluation of the OAR dose, based on planning
CT IDLs. Slight adjustments to the alignment to avoid high doses of SBRT to OARs enable
safe dose escalation, without the added complexity of daily adaptive treatments. In each
of the patients examined, changes in their anatomy could lead to unexpectedly low target
coverage (case 1) or unexpectedly high OAR doses (cases 2 and 3), if one were to rely
solely on GTV alignment. These examples, as well as a number of more extensive studies,
illustrate the consequences of treatment strategies that do not account for changing anatomy
in the abdomen. With standard CBCT, it is not always possible to accurately evaluate the
OAR positions due to image quality limitations, which emphasizes the importance of
high-quality imaging, such as CTOR.

As is often the case in the abdomen, a balance must be struck between avoiding normal
tissue toxicity and maximizing the dose to the tumor. It should be noted that the strategy
discussed in this paper is conservative in terms of ensuring normal tissue sparing at the
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potential cost of GTV coverage. For each fraction, the assumption is that the fractional
dose distribution will be the total dose distribution, even though on other days the OAR
in question may be further away. It should be noted that in case studies 2 and 3, the total
doses to the stomach and duodenum with GTV only alignment, while higher than with
shifts away from the OARs, were still within the tolerance thresholds. However, without
knowing the cumulative dose at the time of treatment, caution is warranted to ensure the
tolerance thresholds are met. In the work by Niedzielski et. al., the author retrospectively
calculated the cumulative dose in regard to CTOR images with simulated fiducial-only
alignment, and three out of eleven patients had at least one OAR that exceeded the tolerance
level [36]. While this strategy is necessarily conservative in sparing normal tissues, due to
the seriousness of potential toxicity, clinical judgement should be used to ensure the proper
balance is being met. Further study on the effects of alignment adjustments based on IDLs
would be beneficial to better understand this tradeoff, as only two cases were examined
closely in this study.

While a dosimetrically ideal solution would be to use daily online adaptive planning,
the strategy demonstrated here involving the use of IDLs to shift away from OARs shows
improved OAR doses with clinically acceptable overall decreases in the GTV dose com-
pared to simply aligning with the GTV. Note that the patient case studies discussed here
represent some of the larger changes seen in a patient’s anatomy that were still treatable
without adaptation, and that typically smaller shifts away from the GTV are observed.
Online adaptive planning is time consuming and personnel resource intensive, decreasing
the overall throughput and leaving less time for physicists and physicians to work on
other tasks. In regard to this workflow, physicians are only required to review images
(5 to 10 min), whereas with an online adaptive workflow, they would be required to per-
form or approve the contouring and revised plan as well. The added time between imaging
and treatment with an online adaptive workflow increases the likelihood that the patient’s
internal anatomy will have shifted. Overall, the strategy presented here represents a good
middle ground that can reduce the chances of overdosing OARs, without the added time
required and complexity of online adaptive planning.

A limitation of using IDLs that are derived from simulation CT scans is that changes
in the patient’s anatomy could affect the dose distribution. Changes are particularly likely
when large differences in the amount of gas are present, as in case 1. Caution should be
used when these differences are observed and strategies, such as NPO instructions and gas
reduction medications, should be employed to lessen the probability of them occurring.
However, note that even in the patient with a noticeable difference in the amount of gas in
their system and in the target coverage area, the lower dose IDLs were very similar to the
simulation and were unlikely to impact the quality of the treatment if relied on. A more
extensive study would be necessary to more quantitatively study this effect.

A key aspect of safely delivering high doses of SBRT to tumors that are close to GI
luminal structures is sufficient image quality to be able to visualize both the GTV and
the surrounding OARs, particularly at their borders. As can be seen from the CTOR
images in this paper, this treatment modality has sufficient image quality to visualize both
the targets (or nearby surrogates) and the OARs. Traditionally, artifacts and relatively
poor contrast have made such visualization difficult in CBCT images, especially in larger
patients or patients with implanted metal or excessive gas. However, improvements in
CBCT imaging are closing the gap between diagnostic-quality CT and CBCT, potentially
allowing for similar strategies to be applied to CBCT-based SBRT [65–69]. While the
specialized technology described in this paper is of limited availability, the strategies
acquired from our institution’s extensive experience with CTOR and the methods described
in this paper can help to lower the human expertise gap in implementing these commercially
available products.

The motion management in terms of inhale BH gating with RPM-based motion track-
ing that is described in this paper should be understood as one of several valid options
for dealing with respiratory motion. Other strategies include exhale BH, compression
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belts, gating, or 4DCT-based ITV. However, the user should use caution when opting for
free-breathing strategies that use CTOR (or fast CBCT) to avoid aligning to the tumor when
it is in the extreme inhale or exhale phase.

A limitation of this study is that the low number of patients examined does not allow
for definitive conclusions about the dose distributions resulting from shifting away from
OARs and how these compare to CBCT-based alignment. A full quantitative analysis of
this strategy is an area in need of future work. However, evidence exists for the exceedance
of OAR tolerances in the abdomen when the alignment focus is only on the GTV [36].
In both our work and the work by Niedzielski et al., the assumption in comparing to
CBCT-based alignment is that CBCT alignment is solely based on fiducial markers. This
oversimplification ignores the fact that OARs can been seen on CBCT images in some
patients and, thus, be avoided. Another area of future work is to review patient outcomes
from this treatment approach and compare them to standard-of-care methods to better
understand the clinical benefits of this technique.

5. Conclusions

High-quality daily imaging for abdominal SBRT allows the adequate visualization
of both the tumor and organs at risk (OARs). A clear OAR delineation allows for the
use of isodose line contours to shift high-dose regions away from OARs. Accurate target
localization and OAR avoidance enables safe dose escalation, which can help to more
effectively treat challenging tumors.
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Simple Summary: The MR-Linac (or MRL) is a powerful new device that integrates high-resolution
magnetic resonance imaging (MRI) within a linear accelerator to enhance the precision of radiation
treatment delivery beyond the predominantly CT-guided standard of care. Our institution was one
of the seven founding members of the consortium that tested and refined the 1.5 Tesla MR-Linac in
preparation for the first-in-human clinical trials, resulting in several years of early clinical experience.
Its application in delivering ablative doses (stereotactic ablative radiation therapy; SBRT) to renal
cell carcinoma (RCC) or upper tract urothelial carcinomas (UTUC) has been of particular interest out
of clinical necessity and technical challenge. We present a retrospective analysis of our multi-year
experience using MRL-SBRT, with emphasis on our evolving treatment setup and early clinical
outcomes. Our aim is to contribute to and support the development and innovation of further
programs using one of the largest worldwide single-institution cohorts.

Abstract: Background/Objectives: Advancements in radiotherapy technology now enable the
delivery of ablative doses to targets in the upper urinary tract, including primary renal cell carcinoma
(RCC) or upper tract urothelial carcinomas (UTUC), and secondary involvement by other histologies.
Magnetic resonance imaging-guided linear accelerators (MR-Linacs) have shown promise to further
improve the precision and adaptability of stereotactic body radiotherapy (SBRT). Methods: This
single-institution retrospective study analyzed 34 patients (31 with upper urinary tract non-metastatic
primaries [RCC or UTUC] and 3 with metastases of non-genitourinary histology) who received
SBRT from August 2020 through September 2024 using a 1.5 Tesla MR-Linac system. Treatment
plans were adjusted by using [online settings] for “adapt-to-position” (ATP) and “adapt-to-shape”
(ATS) strategies for anatomic changes that developed during treatment; compression belts were
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used for motion management. Results: The median duration of treatment was 56 min overall and
was significantly shorter using the adapt-to-position (ATP) (median 54 min, range 38–97 min) in
comparison with adapt-to-shape (ATS) option (median 80, range 53–235 min). Most patients (77%)
experienced self-resolving grade 1–2 acute radiation-induced toxicity; none had grade ≥ 3. Three
participants (9%) experienced late grade 1–2 toxicity, potentially attributable to SBRT, with one
(3%) experiencing grade 3. Conclusions: We conclude that MR-Linac-based SBRT, supported by
online plan adaptation, is a feasible, safe, and highly precise treatment modality for the definitive
management of select upper urinary tract lesions.

Keywords: MR-Linac; MRgRT; kidney; SBRT; RCC; UTUC

1. Introduction

Delivering ablative doses of radiation therapy to upper urinary tract targets is a
complex endeavor [1–3]. It involves the accurate tracking and treatment of a critical and
mobile retroperitoneal organ in close proximity to visceral structures [4]. Nonetheless,
these significant technical challenges must be addressed, as a substantial proportion of
patients cannot undergo gold-standard surgical resection due to medical comorbidities
and/or risk of treatment-induced renal insufficiency [5].

The integration of magnetic resonance imaging with linear accelerators (MR-Linacs)
into the treatment planning and delivery process has shown great promise [6–8]. This
technology leverages the superior soft tissue contrast and temporal resolution of MRI
to enable direct tumor visualization and real-time monitoring of motion throughout the
respiratory phases [9]. Such capabilities facilitate daily adaptation and optimization of
the treatment plan, ensuring precise targeting of the tumor while sparing surrounding
organs at risk (OARs) [10]. Clinical experience with a 0.35-Tesla (T) MR-Linac system has
shown encouraging locoregional control and preservation of renal function in the setting of
RCC, highlighting the potential of MR-guided SBRT for the effective management of upper
urinary tract malignancies (including primary RCC, UTUC, and secondary involvement
by other histologies) [11,12]. However, treatment protocols involving daily online plan
adaptation and the use of the more advanced 1.5 T MR-Linac system are underdeveloped,
and the outcomes from such treatments have yet to be systematically reported. We describe
our retrospective, single-institution experience with 1.5 T MR-Linac guided upper urinary
tract SBRT, with a focus on key workflow and physics considerations.

2. Materials and Methods
2.1. Patient Selection

Eligibility for MR-Linac-guided SBRT was jointly determined by a multidisciplinary
genitourinary tumor board, on the basis of expected benefit from consolidative radiotherapy
for biopsy-proven disease (or in cases with high clinical and/or radiographic suspicion
and perceived high risk for biopsies owing to medical comorbidities, although all patients
in this analysis had biopsy-confirmed disease prior to treatment), and target movement
of ≤10 mm on a 4D-CT scan while the patient was immobilized with a Vac-Lok cushion and
a compression belt (described further below). Additional considerations included whether
patients could fit within the MR-Linac body coil, could maintain a consistent position for
extended periods, and had no contraindications to MRI (e.g., implanted ferromagnetic
materials or pacemakers). This retrospective study was approved by the institutional
review board (IRB 2022-0521), and due to the retrospective nature of the research, informed
consent was not required.

2.2. Simulation

Treatment simulation was performed with both MRI and CT on the same day to
facilitate precise rigid registration. Patients were positioned head-first supine, with arms
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up and legs on a knee support. For patients who had difficulty holding both arms up,
the arm on the contralateral side was positioned down alongside the body. Patients were
immobilized with a Vac-Lok cushion. The field of view of the CT scan was set at 600 mm to
ensure that the entire body was visible. The default image matrix size was configured to
512 pixels, and the standard slice thickness for all scans was maintained at 3 mm, with a
slice spacing of 2.5 mm. A pneumatic compression belt, modified in-house for adaptability,
was used to minimize respiratory motion. Its pressure was adjusted for each patient for
comfort, without compromising the effectiveness of the immobilization during simulation.

MR images were obtained with a Unity MR-Linac system (Elekta AB, Stockholm,
Sweden) [13], which is based on a Philips 1.5 T Marlin MRI and includes a four-element
anterior coil and a built-in four-element posterior coil to provide coverage of the abdominal
region. Motion evaluations were performed with cine-mode MRI imaging (a 2D balanced
turbo fast echo [TFE] dynamic MR scan; details in Table 1) during the MR simulation to
quantify cranial–caudal tumor motion both, with and without use of the compression belt.
Initially, MR images were captured without a compression belt, and then patients were
fitted with a compression belt to apply a tolerable level of pressure. The cine MR image
was aligned to the center of the target in both scenarios, and cine image acquisition lasted
approximately 1 min. The motion range of the target was measured by using Philips image
tools from the console, along with the cine images. After that, a T2-weighted 3D sequence
and a T1-weighted 3D VANE mDixon sequence with fat suppression were acquired for the
treatment planning system (Table 1). The 4D CT scans were then obtained with the belt in
place to verify the motion consistency and to establish the final motion range.

Table 1. Parameters and acquisition techniques for MR imaging during MR simulation and treatment
sessions.

Sequence T2w 3D T1w 3D VANE
mDixon Cine MRI for Simulation Cine MRI for Daily Treatment

Scan Technique Spin echo Gradient echo Gradient echo Gradient echo
Imaging Mode Turbo SE Radial FFE Balanced TFE Balanced TFE

Imaging
Orientation Axial Axial Sagittal, Coronal Axial, Sagittal, Coronal

Acquisition Type 3D 3D 2D 2D
Image Contrast T2 T1 T2/T1 T2/T1
Repetition Time

(ms) 1300 6.3 4.3 3.8

Echo Time (ms) 87 1.9/3.6 2.2 1.9
Flip Angle (◦) 90 10 40 40

Pixel Bandwidth
(Hz) 693 857 478 1085

Echo Train Length
(ETL) 90 2 68 48

Radial
Oversampling NA 225 NA NA

Field of View (cm3) 48 × 48 × 25 45 × 45 × 24 51 × 51 × 0.6 44 × 44 × 0.5
Voxel Size (mm3) 0.83 × 0.83 × 1 0.78 × 0.78 × 1.5 0.96 × 0.96 × 6 1.3 × 1.3 × 5

Sense Factor 4 1.3 3 3
Fat Saturation None Dixon None None

Number of
Averages 2 1 1 1

Dynamic Times 1 1 100 >1500
Scan Time
(minutes) 4:00 4:30 1:04 >15:00

To assess motion reduction and its consistency from simulation to daily treatment
sessions, daily cine MR images, with the same MR sequence used in simulation, were
captured and analyzed for each treatment fraction.

132



Cancers 2024, 16, 3987

2.3. Treatment Planning

The Monaco treatment planning system (Elekta, Inc. Maryland Heights, MO, USA)
was used to create reference radiotherapy plans based on the primary CT scan, according
to planning directives established by the Genitourinary Radiation Oncology Service at MD
Anderson Cancer Center. The GTV was drawn from the maximum intensity projection
(MIP) of the 4D-CT scans as volume encompassing the entire tumor, with a subsequent
5 mm isometric expansion of the GTV used to derive the planning target volume (PTV).
The clinical goals were to provide at least 100% coverage of the GTV and 95% coverage
of the PTV by using prescribed doses of 36 Gy (7 patients; 21%), 39 Gy (1 patient; 3%), or
42 Gy (26 patients; 76%), given in three fractions, every other day. The OAR constraints
are summarized in Table 2. Before treatment was delivered, we performed a secondary
monitor unit (MU) check by using RadCalc (Version 6.3, Lifeline Software Inc., Austin,
TX, USA) and an intensity-modulated radiation therapy (IMRT) QA measurement using
ArcCheck MR (Sun Nuclear Corporation, Melbourne, FL, USA) to ensure the accuracy and
deliverability of the generated plan.

Table 2. Dose constraints for organs at risk for kidney stereotactic body radiotherapy in
three fractions.

36–42 Gy Plans

Liver D700 cm3 ≤ 15 Gy

Dmean ≤ 16 Gy

Spinal Cord Dmax ≤ 18 Gy

D10 cm3 ≤ 15 Gy

Contralateral Kidney V10 Gy ≤ 10%

Small Bowel Dmax ≤ 28 Gy

V12.5 Gy ≤ 30 cm3

Large Bowel Dmax ≤ 38 Gy

V35 Gy ≤ 1 cm3

V30 Gy ≤ 10 cm3

Duodenum Dmax ≤ 28 Gy

Stomach V22.5 Gy ≤ 4 cm3

Dmax ≤ 28 Gy

Target Kidney-GTV V10 Gy ≤ 50% (Optional)

Chest Wall D30 cm3 ≤ 30 Gy (Optional)

2.4. Online Plan Adaptation and Treatment Delivery

Patients were positioned on the MR-Linac couch using a pre-established index value
from the simulation that guided their longitudinal placement. Because the MR-Linac lacks
external lasers, therapists used an internal sagittal laser and leveling markers on each
patient’s skin to ascertain lateral positioning and to mitigate any potential body rotations.
After setup, a T1 3D mDixon (water phase) MRI scan was obtained and subsequently
fused with the reference plan image for plan adaptation. Plans could be adapted by using
one of two strategies provided by the MR-Linac system: “adapt-to-position” (ATP) or
“adapt-to-shape” (ATS) [13,14].

The ATP workflow involves rigid registration of the daily MRI to the reference CT
to calculate positional shift and update the treatment isocenter of the plan. In ATP, no
contour modifications are performed; instead, the daily adaptive plan is either recalculated
or reoptimized directly from the reference plan to account for the isocenter shift and to
maintain dose consistency. This workflow is most effective when anatomical changes
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between fractions are minimal, ensuring that the precision and conformity of dose delivery
are maintained. ATP is similar to traditional image-guided radiotherapy (IGRT), utilizing
daily MRI for alignment and treatment guidance, relying on reference CT anatomy for dose
calculations. The ATS workflow uses deformable image registration (DIR) to propagate
contours from the reference CT to the daily MRI, followed by manual adjustments if needed
to reflect daily anatomical changes. A comprehensive re-optimization of the treatment
plan is conducted based on the updated anatomy captured by the daily MRI, allowing for
greater flexibility in dose distribution. ATS is particularly suitable for situations involving
substantial anatomical changes, such as tumor shrinkage, weight loss, or shifts in the
position of organs at risk. This approach is analogous to creating a new adaptive CT
simulation and treatment plan, offering a higher degree of adaptation to meet the patient’s
current anatomical configuration.

The ATP workflow was chosen for every patient by default. The ATS workflow was
chosen based on the following criteria: (1) substantial anatomic changes in nearby GI organs
requiring recontouring to evaluate dose; (2) the OAR dosimetric goals (e.g., bowel dose)
could not be met; and (3) changes in tumor size to an extent requiring CTV recontouring.

Before radiation delivery, each adaptive plan underwent an MU verification by using
the RadCalc system. During beam delivery, internal anatomic motion was monitored in real
time by using three orthogonal cine MR images centered at the tumor. At the completion of
each fraction, an additional IMRT QA assessment was conducted on the adapted plan for
the ATS workflow, serving as an extra measure of quality control.

3. Results
3.1. Adaptive Plan and Treatment Delivery

From August 2020 through April 2024, 34 patients were successfully treated with 1.5 T
MR-Linac-based SBRT at MD Anderson Cancer Center. Only one patient (3%) did not com-
plete the final fraction because of unresolvable logistic considerations, receiving 28 Gy of
the prescribed 42 Gy; the other 33 patients successfully completed the intended treatment.

The [default] ATP workflow was used for most of the treatment fractions for all
34 patients. Nevertheless, a combination of online ATP and online ATS was required for
10 patients, with a minimum of one ATS during the treatment course to account for GI dose
constraints. The adaptive plans were critical to meet the dosimetric goals set in the reference
plans, ensuring precise dose delivery in these 10 patients. Figure 1 shows one example of
an ATS plan dose overlaid on the daily MR image and compared with the reference plan
dose. It was observed that the interfraction anatomical variability, particularly within the
duodenum, required ATS in this specific case to maintain target dose and OAR sparing.

Across the treatment cohort, 102 fractions were planned, with 101 successfully de-
livered via MR-Linac. The single undelivered fraction resulted from a patient’s decision
to decline the final treatment session. Of the delivered fractions, 88 utilized ATP and
13 employed ATS, reflecting the specific needs for adaptation. The median duration of
treatment was 56 min overall and was significantly shorter with ATP (median 54 min, range
38–97 min) than ATS (median 80, range 53–235 min).

3.2. Motion Management with the Compression Belt

The pneumatic compression belt was introduced into routine clinical practice for
motion management of abdominal cancers to be treated with MR-Linac starting in July
2023. Before that, only 4D-CT was acquired for the tumor motion evaluation, without the
compression belt. Tumor motion control with the compression belt in place was analyzed
for 19 patients (9 with left and 10 with right kidney tumors); two examples are shown
in Figure 2.
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(c) The dose-volume histogram (DVH) comparing the reference plan (dashed lines) and the adaptive
plan (solid lines).
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Figure 2. Examples of kidney target motion management with a compression belt (CB) in two
patients undergoing magnetic resonance-guided stereotactic body radiation therapy. (a) Tumor
motion without use of the belt was 18 mm for Patient 1 (top) and 13 mm for Patient 2 (bottom).
(b) Tumor motion was significantly reduced with use of the belt to 7 mm for Patient 1 (with a left
kidney tumor) and to 3 mm for Patient 2 (with a right kidney tumor), as shown by the dashed red
lines and arrows.
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Of these 19 patients, 16 (75%) displayed substantially reduced tumor motion with the
compression belt. Mean cranial–caudal motion decreased from 12.1 mm (range 8–20 mm)
without the belt to 5.0 mm (range 3–7 mm) with the belt (a mean 59% motion reduction).
Indeed, the reduction in motion to <10 mm allowed these patients to undergo MR-Linac
treatment. Daily motion assessment demonstrated a consistent mean motion of 6.3 mm
(range 2.5–10.4 mm) when the belt was used. Of the 19 patients, one could not tolerate the
belt, and tumor motion for two others could not be reduced to <10 mm, and those 3 patients
were not treated with MR-Linac. Tumor motion for the 16 patients treated successfully with
the compression belt and the MR-Linac is shown in Figure 3.
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Figure 3. Comparison of respiratory-induced target motion in 16 patients, with and without use of a
compression belt (CB) during MR-guided SBRT. Blue indicates cranio–caudal motion without the
belt; green shows motion with the belt; and yellow indicates the average daily motion with the belt
applied during treatment sessions. The red dashed line represents the clinical threshold of 10 mm,
below which motion is considered sufficiently controlled to allow MR-Linac treatment. Although
some patients experienced greater daily motion, it generally fell below the clinical thresholds for
treatment, particularly if a belt was used during simulation.

3.3. Patient Outcomes

A total of 25 (73%) participants were treated for an upper urinary tract primary ma-
lignancy, 6 (18%) for an upper tract malignancy in a solitary kidney, and 3 (9%) for a
non-genitourinary malignancy in the upper urinary tract. A total of 26 patients (77%)
experienced an acute toxicity, and 4 (12%; one patient was lost to long-term follow-up) de-
veloped a late, likely radiation-attributable, toxicity per the Common Terminology Criteria
for Adverse Events (CTCAE) v5.0. Acute toxicities included one or a combination of grade
1–2 fatigue (46%), nausea (31%), pain (abdominal, tumor, or chest wall; 15%), vomiting (4%),
and/or diarrhea (4%), and these were typically self-resolving. Among long-term toxicities,
patients described grade 1–2 nausea (18%), constipation (18%), fatigue (9%), diarrhea (9%),
pain (abdominal; 9%), and irritative urinary symptoms (frequency; 9%); there was one
instance (9%) of grade 2 hematuria with associated grade 2 urinary tract obstruction (9%);
one patient (9%) developed possible treatment-related grade 3 pyelonephritis (reported as
kidney infection as the most similar CTCAE v5.0 category). This was treated with brief
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hospitalization for observation and administration of intravenous antibiotics. No patient
experienced treatment-related death or kidney failure, despite the aggressive application
of SBRT.

4. Discussion

We report our single-institution clinical experience with using a 1.5 T MR-Linac to plan
and deliver SBRT for either the primary management of RCC or UTUC or the consolidation
of secondary kidney involvement by metastatic disease. To our knowledge, this is the
largest series describing the technique, feasibility, and safety of this approach.

The seminal Multi-OutcoMe EvaluatioN of radiation Therapy Using the MR-Linac
(MOMENTUM) study opened in 2019 as a multi-national collaborative database collect-
ing clinical and technical data of patients treated on the Unity MR-Linac [15]. To date,
only 24 participants have been included due to the challenges in patient recruitment, with
most centers contributing <5 and just one having treated >10 individuals. Nonetheless, this
initiative is imperative in providing an infrastructure for multicenter outcome reporting
and highlights the importance of this study in contributing to the limited evidence base.

MR-guided radiotherapy provides superior soft-tissue contrast with enhanced visual-
ization of the target and adjacent OARs, a capability particularly useful in the management
of lesions within the upper urinary tract, which are moving and are in proximity to several
radiosensitive gastrointestinal structures. Our 1.5 Tesla MR-Linac system enabled a high
degree of confidence in achieving a conformal dose distribution while simultaneously meet-
ing surrounding OAR dose constraints. It holds the potential to substantially contribute to
the efficacy of SBRT and may enable further dose escalation, while mitigating the risk of
toxicity. In our experience, the implementation of a pneumatic compression belt for patients
receiving MRL-SBRT had a pivotal role in managing intrafraction motion due to respira-
tion. It significantly reduced the cranial–caudal movement of the tumor (from 12.1 mm to
5.0 mm), thereby allowing for more stable, reproducible, and precise treatment delivery,
critical components in SBRT. However, while most patients tolerated the compression belt
well, a small subset required alternative motion management strategies, underscoring the
need to develop additional approaches. All of the included patients were treated before
comprehensive motion management (CMM) [16] was available in our Unity system. With
CMM respiratory gating, the compression belt may still be useful to reduce motion and
improve the duty cycle of gating treatment. The use of the compression belt is not limited
to MR-Linac treatment. We have established the protocol of using the compression belt
for general motion management of thoracic and abdominal cancer treatments subject to
respiratory motion when breath-hold or other motion management approaches are not an
option [17–19]. The compression belt is particularly useful for MR-Linac treatment before
the CMM is available in the MR-Linac. The use of the compression belt helped enhance
the precision of the dose delivery to moving targets, contributing to improved clinical
outcomes by reducing radiation exposure to healthy surrounding tissues.

A notable concern with the use of the MR-Linac is the total treatment duration.
Recorded median treatment time was 56 min. Fractions requiring ATS significantly ex-
tended the median treatment time to 80 min, compared with 54 min for those using solely
ATP. This increased duration for ATS was due to the extensive processes required to
propagate contours from the reference CT to the daily MR images, followed by thorough
verification by the radiation oncologist. However, implementation of adaptive planning is
critical in this application, as upper urinary targets are highly susceptible to daily anatomi-
cal changes and are located near critical structures like the bowel [20,21]. Although adaptive
planning results in longer treatment times, the benefits of increased precision and safety
are substantial. The anticipated integration of auto-contouring [22] and optimized work-
flows [9,23], as well as ongoing developments in automation and AI-driven processes, are
expected to significantly reduce the time and resource demands of ATS strategies, thereby
enhancing the usability of MRL-SBRT [24]. These advancements will reduce the need for
specialized training and mitigate the challenges associated with longer treatment durations,
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making MR-Linac technology a feasible and efficient option for a broader range of clinical
settings, including small centers with limited personnel, resources, and expertise [25].

Most patients (77%) experienced self-resolving grade 1–2 acute toxicities, with just four
experiencing late toxicities of grades 1–2 (3 patients; 9%) and grade 3 (1 patient; 3%). These
results are encouraging considering the 10% rate of grade 3 treatment-related adverse events
(nausea and vomitting; abdominal, flank or tumour pain; colonic obstruction; and diarrhea)
within TROG15.03 FASTRACK II and the aggregate grade 2 (5.3%) and grade 3 (2.7%)
treatment-related effects reported in the systematic review and practice guidelines from
the ISRS. We did not experience any grade 4+ toxicities as were reported in 1% of patients
(gastritis, duodenal ulcer) in the 5-year update of the individual level meta-analysis from
the IROCK group, nor did any patients require dialysis (reported previously as occuring in
1–4% of patients), despite the aggressive application of SBRT [26–28].

This analysis exhibits several strengths, as well as some limitations. It provides the
largest single-institution experience with 1.5 T MRI-Linac-based SBRT for the treatment
of upper urinary tract targets. Prior publications have reported outcomes from 0.35 T
MRL SBRT for primary RCC [12] or have investigated the application of 1.5 T MRL in the
management of upper abdominal [29] and prostate primary malignancies [30]. Moreover,
nearly all patients were contoured and treated by two radiation oncologists at MD Ander-
son, using doses of 36–42 Gy in three fractions, and their final treatment plans underwent
comprehensive intradepartmental peer review prior to delivery. Among the limitations of
this study to be considered include first, the single-institution, retrospective nature of the
analysis, which included patients from across the United States, and physician-recorded
toxicities, carrying the potential for underreporting or not reporting toxicities experienced.

5. Conclusions

This study contributes to the workflow and evidence base supporting the safe use
of 1.5 T MR Linac SBRT as a definitive treatment strategy for upper urinary tract malig-
nancies occurring in patients who are precluded from surgical resection. The superior
soft tissue discrimination, treatment monitoring potential, and precision of the MR-Linac-
based approaches make them well suited to treating these complex lesions. Despite the
promising outcomes, this single-institution, retrospective analysis is limited by the poten-
tial underreporting of toxicities. Future multicenter studies with extended follow-up are
needed to further validate these results. Nevertheless, MR-Linac technology represents a
significant advancement in precision radiotherapy, offering an effective, definitive treat-
ment modality with the potential for dose escalation and enhanced tumor control, while
minimizing toxicity.
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Simple Summary: An on-board imager on a linear accelerator allows the acquisition of kV-2D images
during irradiation. Overlaying specific structures on these images enables the visual verification of
movement at regular frequencies. The aim of this study was to validate the method of the visual
tracking of the target volume motion for the stereotactic treatment of bone metastases. To the best
of our knowledge, this image-guided radiation therapy (IGRT) method has never been studied in
non-spinal bony sites. The results were obtained using measurements from an anthropomorphic
phantom and analysis of kV–cone beam computed tomography images from 29 patients treated at our
institution. The results validated a visual tracking accuracy of 2.0 mm for spinal sites and 3.0 mm for
non-vertebral bone locations. This method, based on an imaging device that is available on current
linear accelerators, enables a robust IGRT strategy for performing bone stereotactic treatment at no
additional cost to centers.

Abstract: Background/Objectives: An on-board imager on a linear accelerator allows the acquisition
of kV-2D images during irradiation. Overlaying specific structures on these images enables the
visual verification of movement at regular frequencies. Our aim was to validate this tracking method
for the stereotactic treatment of bone metastases. Methods: Shifts in three translational directions
were simulated using an anthropomorphic phantom. For these simulated shifts, planar images were
acquired at different angles of incidence, with overlaid volumes of interest. A blinded test was then
administered to the 18 participants to evaluate their decisions regarding whether to stop treatment.
The results considered the experience of the operators. Quantitative analyses were performed on
the intra-fractional images of 29 patients. Results: Participants analyzed each image with an average
(standard deviation) decision time of 3.0 s (2.3). For offsets of 0.0, 1.0, 1.5, and 2.0 mm, the results were
78%, 93%, 90%, and 100% for the expert group and 78%, 70%, 79%, and 88% for the less-experienced
group. Clinical feedback confirmed this guidance technique and extended it to non-spinal bony
metastases. Sudden movements exceeding the 2.0 mm threshold occurred in 3.3% of the analyzed
fractions, with a detection rate of 97.8% for vertebral locations. For non-vertebral bone locations,
movements exceeding a threshold of 3.0 mm occurred in 3.5% of cases and were detected in 96.5%.
Conclusions: The clinical use of planar OBI and superimposed structures for visual-image guidance in
bone stereotactic treatment was validated using an anthropomorphic phantom and clinical feedback.

Keywords: bone SBRT; image-guided radiotherapy; intra-fraction motion; on-board imager; triggered
kV imaging; kV-CBCT

1. Introduction

Stereotactic body radiotherapy (SBRT) is a technique based on delivering high doses
of radiation with millimeter precision. However, these treatments are often associated
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with strong dose gradients and reduced margins to spare the normal tissues. The goal
is to achieve a high biologically effective dose (BED) in a limited number of fractions to
deliver ablative doses to the target in the treatment of patients with a localized tumor or
oligometastasis. Spinal SBRT fits this definition, particularly because of the proximity of
nerve structures (the spinal cord, cauda equina, and nerve roots) to the planning target
volume (PTV). For this site, several prospective and retrospective studies have shown that a
high BED results in local control rates of approximately 80–90% in one year [1–3]. The most
commonly reported protocols in the literature are as follows: 16–24 Gy in 1 fraction, 24 Gy
in 2 fractions, 24–27 Gy in 3 fractions, and 30–35 Gy in 5 fractions [4–6]. The complexity
of dosimetric planning using intensity modulation to enable a high PTV conformation is
correlated with irradiation using adapted immobilization systems and an image-guided
radiation therapy (IGRT) strategy. The level of precision required could be of the order of
1 mm/2◦, depending on the proximity of the organs at risk [7]. Wang et al. [7] performed a
dosimetric study on 20 vertebral metastases and recommended this level of precision to
maintain the risk of target volume coverage loss at <5% and the dose increase in organs at
risk at <25%.

The appropriate choice of a non-invasive positioning system for the treatment of bone
metastases currently guarantees, on average, very low positioning deviations [8]. However,
several teams have questioned the relevance of intra-fraction imaging. Indeed, during the
stereotactic treatment of bone metastases, the per-beam monitoring of the target movement
shows that involuntary patient movements are possible and frequent [9,10].

For example, a study by Hadj Henni et al. [11], using kV-2D images acquired by
a system not mounted on a linear accelerator, showed that these offsets could occur at
any time during irradiation, with values sometimes exceeding 3 mm. These offsets were
corrected at a frequency of ≤1 min and allowed to guarantee a positioning of <1 mm and
<2◦ in all cases.

These results clearly demonstrate that an IGRT approach based solely on three-
dimensional cone-beam computed tomography (3D-CBCT) pre- and post-treatment scans is
not sufficient to ensure millimeter accuracy in bone SBRT. For the CyberKnife platform (Ac-
curay Inc., Sunnyvale, CA, USA), an imaging system [12] consisting of two X-ray sources
and two detectors installed on the floor and ceiling of the treatment room allows for the
acquisition of two oblique kV-2D images, and, thus, the real-time monitoring of the target
volume position. Linear accelerators, such as the Varian TrueBeam (Varian Medical System,
Palo Alto, CA, USA), require the addition of an external kV-2D imaging system to benefit
from the same technological capabilities as CyberKnife. The ExacTrac X-Ray 6D orthogonal
imaging system fulfills this function perfectly [13], but its cost may not fit the center’s
budget. Systems based on tracking the patient’s surface rather than the target volume are
more accessible but have not been widely used for the SBRT of bone metastases [14,15]. All
other technological options for real-time tumor position tracking require invasive fiducial
implantation [16,17].

Varian TrueBeam machines are equipped with an on-board imager (OBI) system that
enables the acquisition of 3D CBCT images that can be used to verify patient positioning
between each beam of the treatment plan. This intra-fraction IGRT method, often described
in the literature [18–21], increases treatment time, and, therefore, the possibility of patient
movement [8]. OBI also offers the possibility of acquiring kV-2D images during irradiation
using different triggers (Monitor Unit, degree, or time). In addition, when fiducial markers
are implanted, this option (auto-beam hold) allows them to be detected, and the beam to
be stopped automatically if they are outside a predefined tolerance zone [22,23]. In the
absence of fiducial markers, which is the case in most bone SBRT treatments, only the visual
monitoring of these planar images is possible.

Koo et al. [24] were among the first to propose a validated IGRT strategy based on
this OBI option for thoracic and lumbar spinal stereotactic treatments. By overlaying the
patient’s anatomical structures (vertebral body and spinous process) previously delineated
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on the planning CT of these kV-2D images, this team was able to detect and correct the
intra-fractional motion in 11 of 94 fractions.

The aim of our study was, first, to validate the feasibility of this approach on an
anthropomorphic phantom, based on the visual tracking of the target vertebra as well as
the inferior and superior vertebrae, using kV-2D imaging during motion irradiation. The
choice of a vertebral phantom was motivated by the proximity of the spinal cord to the
target volume in this case. Additionally, the effect of operator experience on the detection
efficiency of millimeter-scale positional deviations was evaluated.

Clinical feedback from 29 patients validated this approach for guiding irradiation
in spinal stereotactic treatment and allowed it to be extended to other extra-vertebral
bone sites in a second phase. Structures that facilitate the visual detection of positioning
discrepancies in extra-vertebral bone metastases have also been proposed for the clinical
use of intra-fraction monitoring with an on-board imager. To the best of our knowledge, this
image-guided radiation therapy method has never been studied in non-spinal bony sites.

2. Materials and Methods
2.1. Phantom Study

Prior to its use in routine clinical practice, a study was performed on a thoracic
anthropomorphic phantom developed by RTSafe© (RTsafe P.C., Athens, Greece) (Figure 1)
to evaluate the performance of visual tracking of the target volume position. Inspired by
Koo et al. [24], offsets of 0.0, 1.0, 1.5, and 2.0 mm were simulated in three translational
directions. On CT acquisition (Somatom Definition AS20 RT, Siemens©, Washington,
DC, USA) of the phantom with a slice thickness of 1.0 mm, the target, overlying, and
underlying vertebrae were delineated to serve as tracking structures of the positional offset
in the vertical, longitudinal, and lateral directions. A full-arc treatment plan with X6 FFF
(flattening filter-free) beam was simulated using TPS Eclipse (AcurosXB 15.6, 0.1 cm grid,
Varian Medical Systems, Palo Alto, CA, USA) to enable experimental manipulation in the
treatment room.

In this study, intra-fraction rotational deviations from the reference position were
not considered. Numerous studies, such as those by Wang et al. [7] and GukenBerger
et al. [25], have defined acceptable rotation thresholds (pitch, yaw, and roll) between 2◦ and
3.5◦ without significant dosimetric effects on the spinal cord. For vacuum bag positioning
systems, these rotational corrections are well below thresholds [8,11].

For each translational deviation simulated at the accelerator, kV-2D images were
acquired every 45◦ from 0◦ to 315◦ with the volumes of interest superimposed (Figure 1). A
set of 35 randomly selected images was collected from the set of available images. Without
knowing the occurrence and amplitude of the discrepancies, 18 operators (14 radiation
therapist, 2 physicians, and 2 physicists) were asked to visually assess these discrepancies
and to choose between the answers “Yes, error requiring treatment interruption and kV-
CBCT acquisition” and “No, no treatment interruption”.

They were also asked to record their decision-making times. Cases in which the errors
were parallel to the acquisition angles of the OBI images could not be detected and were
excluded from this test. However, images with an offset of 0.0 were retained. To familiarize
users with this blind test, a preliminary self-training step was proposed. This consisted of
12 sample kV-2D images, including information on the acquisition angle, amplitude, and
direction of the applied offsets.

The evaluation considered the experience of the operators, who were divided into two
groups: referent and non-referent. The referent group comprised professionals directly
involved in implementing the IGRT strategy for stereotactic bone treatment at our center.
This group included two physicians, one radiation therapist, and one physicist.
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Figure 1. (a) RTSafe Spine© phantom. (b–d) Examples of kV-2D images analyzed by 18 participants
during the anthropomorphic phantom test. The angle of incidence of the images was 135◦, with
deviations of (b) 0.0 mm, (c) 2.0 mm laterally, and (d) 2.0 mm vertically. Visual guidance structures
were superimposed onto the images.

2.2. Patient Study

The data analyzed in this study were obtained from 29 patients treated at our center
under stereotactic conditions for one or more bone metastases (35 tumor sites). The total
dose was, in most cases (n = 33), 35 Gy in 5 fractions of 7 Gy (n = 33), delivered on one day
out of two. The treatment period ranged from 03/2023 to 03/2024. Table 1 presents the
treatment characteristics.

All patients were immobilized in the supine position using a vacuum bag system
(Meicen©, Ektelesi Medical, Paris, France) below T3, with the arms raised on an indexed
armrest. Above T3, a thermoplastic mask was used with the arms alongside the body. In
addition to these devices, the knee and footrest were used. CT images (Somatom Definition
AS20 RT, Siemens©) were acquired using a standardized protocol for bone stereotactic
treatment, with a slice thickness of 1.0 mm.
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Table 1. Patient and treatment characteristics. Abbreviations: ADK = adenocarcinoma;
CCI = carcinoma; NET = neuroendocrine tumor; CCRCC = clear cell renal cell carcinoma; NA = not
applicable; WHO = World Health Organization.

Patients Site Treated WHO Performance
Status

Primary
Cancer

Histological
Types

Sex
21 Men

8 Women

Median Age
(Years) (Range) 71 (47–85)

Dose/Fractions

1 Sacrum 0 Prostate ADK 35 Gy/5 fr

2 Right iliac wing 0 Prostate ADK 35 Gy/5 fr

3 Acromion 0 Breast CCI 35 Gy/5 fr

4 Right 10th rib 0 Prostate ADK 35 Gy/5 fr

5 Pubic symphysis 1 Breast CCI 35 Gy/5 fr

6 Right ischium NA Prostate ADK 30 Gy/6 fr

7 L5-S1 0 Prostate ADK 36 Gy/6 fr

8 T5 0 Prostate ADK 35 Gy/5 fr

9 Right iliac wing 0 Prostate ADK 35 Gy/5 fr

10 L5 NA Breast ADK 35 Gy/5 fr

11
First right rib 0 Prostate ADK 35 Gy/5 fr

Right 7th rib 0 Prostate ADK 35 Gy/5 fr

12 Left 10th rib 0 Kydney CCRCC 35 Gy/5 fr

13 Right ischium 0 Prostate ADK 35 Gy/5 fr

14 L4 0 Prostate ADK 35 Gy/5 fr

15
T12 1 Prostate ADK 35 Gy/5 fr

Left 5th rib 1 Prostate ADK 35 Gy/5 fr

16 T12-L2
post-operative NA Breast CCI 30 Gy/10 fr

17

Right iliac wing 0 Prostate ADK 35 Gy/5 fr

Right 6th rib 0 Prostate ADK 35 Gy/5 fr

Left 6th rib 0 Prostate ADK 35 Gy/5 fr

18 T12 0 Breast ADK 35 Gy/5 fr

19 Right ischium 0 Prostate ADK 35 Gy/5 fr

20 T12 0 Prostate ADK 35 Gy/5 fr

21

Right posterior iliac wing 0 Prostate ADK 35 Gy/5 fr

Right anterior iliac wing 0 Prostate ADK 35 Gy/5 fr

T3 0 Prostate ADK 35 Gy/5 fr

22 L1 0 Breast ADK 35 Gy/5 fr

23 T12 0 Kidney NET 35 Gy/5 fr

24 C5 0 Prostate ADK 35 Gy/5 fr

25 Left ischium 0 Breast ADK 35 Gy/5 fr

26 T12 0 Breast ADK 35 Gy/5 fr

27 T11 1 Prostate ADK 35 Gy/5 fr

28 T2 0 Prostate ADK 35 Gy/5 fr

29 T1 0 Prostate ADK 35 Gy/5 fr
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For spinal lesions, the gross target volume (GTV) was delineated by experienced
physicians after the registration of various imaging modalities (CT, MRI with millimetric
slices, and PET-CT when available). The clinical target volume (CTV) was delineated
according to the international recommendations of Cox et al. [26]. In the case of epidural
lesions, a distance of 3 mm was maintained between the spinal cord and the epidural lesion.
For non-vertebral lesions, the CTV corresponded to a geometric extension of 5 mm from
the GTV (which could be increased to 10 mm in certain cases) for bone disease and extra-
osseous extensions (if extended at this level), respecting the anatomical barriers [27,28]. A
2 mm margin was applied from the CTV to obtain the PTV. This margin can be reduced
to 0 mm in cases with proximity to the spinal cord. For non-vertebral bony lesions, the
margin was 3 mm (potentially up to 5 mm). A margin of 2 mm was applied around the
spinal cord volume and international dose constraints defined for the spinal cord volume
were applied to the planning risk volumes of the spinal cord.

As the treatment did not involve the direct participation of the patient, no consent
was required. All retrospective analyses were performed using fully anonymized data, in
accordance with the ethical standards of our center and the 1964 Declaration of Helsinki.

All treatments were performed using volumetric modulated arc therapy according to
our dosimetric protocol based on three coplanar arcs in 6 MV FFF photons at 1400 MU/min
with collimator angles of 45◦, 315◦, and 95◦. All treatment plans were calculated using the
same planning system (Eclipse Acuros XB 15.6, 0.1 cm grid; Varian Medical Systems).

Irradiation was delivered in a bunker equipped with a TrueBeam 120 MLC (Varian
Medical Systems, Palo Alto, CA, USA) and an OBI, which allowed kV-CBCT acquisitions
as well as kV-2D images during irradiation. Patients were positioned on a 6D perfect
pitch table.

The IGRT procedure involved acquiring a pretreatment kV-CBCT image with the
application of the offsets obtained after the patient was placed on the table. The TrueBeam
Varian v4.0 Intra-fraction Motion Review (IMR) application was used to acquire kV-2D im-
ages at a frequency of 7 s, for an average (standard deviation) of 2646 (740) MU per fraction,
which allowed sufficient intra-fraction temporal tracking and decision time. Superimposed
structures of the target vertebra and overlying and underlying vertebrae were used as
visual guidance volumes for vertebral treatment. In the present study, the method of Koo
et al. was extended to non-vertebral bony sites [24]. The initial tracking volumes covered
the entire diseased bone and were then progressively adjusted. Borders and edges were
then modified according to clinical feedback. Figure 2 summarizes the guidance volumes
used at different sites contoured on CT images. Figure 3 shows some examples of kV-2D
images acquired during irradiation and analyzed by operators at the treatment station.

The operators were instructed to stop the treatment if they considered correction of
the patient’s position necessary. kV-CBCT was then systematically performed to correct the
patient’s position, regardless of the actual offsets obtained. Intra-arc and post-treatment
kV-CBCT were used to verify the decisions made by radiation therapists.

2.3. Analysis Method

Positioning errors were recorded using the Aria Offline Review module (ARIA 15.6;
Varian Medical System, Palo Alto, CA, USA) for the lateral, vertical, and longitudinal
translations. The kV-CBCT images acquired after the operators stopped the irradiation
arc were used to measure real deviations. Without stops during each of the three arcs,
the intra-arc and post-treatment kV-CBCT served the same purpose of quantifying the
actual offsets.
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stereotactic IGRT based on kV acquisition during irradiation. 

 

Figure 2. Examples of delineated structure types on millimeter-slice-thickness CT used for bone
stereotactic IGRT based on kV acquisition during irradiation.

Five tolerance thresholds (1.0, 1.5, 2.0, 2.5, and 3.0 mm) were selected for data analysis.
These thresholds were used to quantify the number of positioning deviations that exceeded
the fixed tolerance (true positives (TP)) and were detected by the operators. True negatives
(TN) corresponded to cases in which no deviation was visually observed by the radiation
therapists and confirmed by subsequent kV-CBCT (intra-arc or post-treatment). False
positives (FP) represented stops that were decided by the operator but whose deviations, as
determined by kV-CBCT, were below the predefined threshold. Finally, false negatives (FN)
corresponded to deviations above the threshold provided by the intra-arc or post-treatment
kV-CBCT acquisition, but were not detected by the operators.

We have separated the analysis of vertebral localizations from that of extra-vertebral
bone localizations to take account for the different margins used in these two cases.
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Figure 3. Examples of kV-2D images acquired during treatment fractions: (a–c) images of a right iliac
wing acquired at 215.7◦, 183.8◦, and 147.9◦; (d–f) images of a right fifth rib acquired at 188.3◦, 147.7◦,
and 105.9◦; and (g–i) images of a left ischium acquired at 359.3◦, 29.4◦, and 59.4◦.

3. Results
3.1. Phantom Study

For all 18 participants, the average, minimum, and maximum scores were 81%, 65%,
and 94%, respectively, of the 630 responses analyzed, with an average (standard deviation)
decision time of 3.0 s (2.3). The referent group achieved 91% (89%, 94%) and 79% (65%, 89%)
in the non-referent group. In this test, the detectability of phantom errors was proportional
to their amplitudes. For offsets of 0.0, 1.0, 1.5, and 2.0 mm—independent of image incidence
(Figure 4)—the results were 77.8%, 92.6%, 90.0%, and 100% for the expert group, and 77.8%,
69.6%, 79.3%, and 88.0% for the less experienced group.
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Figure 4. (a) Proportion (%) of correct responses to the anthropomorphic phantom test according to
the amplitude of the shifts applied for the referent group (green solid line) and the less experienced
group (red dashed line). (b) Evaluation of the acquisition incidence effect for offsets of 1.5 mm and
2.0 mm in the three translation directions.

The referent group showed a better ability to detect positioning errors as early as the
1.0 mm threshold, with 100% detectability at 2.0 mm versus 88.0% for the non-referent
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group. When no offset was applied, both groups did not hesitate to select the answer “Yes,
error requiring treatment interruption, and kV-CBCT acquisition” in over 20% of cases.
Both groups were aware that omitting positioning errors would be more detrimental to the
patient than performing an additional kV-CBCT scan.

The effect of the acquisition incidence was also assessed (Figure 4) for offsets of 1.5 mm
and 2.0 mm in the three translation directions. These errors were not detected when the
directions were parallel to the OBI angle. In contrast, positioning errors of ≥1.5 mm were
100% detected when the image incidence was perpendicular to the displacement, regardless
of the operator’s skill level. When the angle of incidence was intermediate (45◦, 135◦, or
315◦), errors were detected in 94% and 79% of the experts and non-experts, respectively.

3.2. Patient Study

In this section, 205 kV-CBCT images were retrospectively reviewed to determine the
performance of the proposed IGRT method, which is based on the visual tracking of the
target volume position by kV-2D imaging during irradiation with the help of a tumor-
specific tracking volume (Figure 2). Of these 205 kV-CBCT, 92 related to vertebral locations
and 113 to bony locations outside the vertebrae. Of the 165 available fractions, 135 were
used in the present study.

For the vertebral locations and for the three vertical, longitudinal, and lateral directions,
the median (maximum) absolute values of the positioning errors were 0.3 (3.6) mm, 0.4
(2.3) mm, and 0.5 (2.1) mm, respectively (Figure 5a). For non-spinal bony metastases and in
the same order, the positioning errors were 0.5 (3.3) mm, 0.4 (2.1) mm, and 0.6 (4.8) mm
(Figure 5c).
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Figure 5. (a,c) Distribution of observed deviations for the three directions: vertical, longitudinal, and
lateral for spinal locations and for non-spinal bony metastases, respectively. (b,d) Proportion (%) of
observed deviations by direction and above a given threshold in millimeters for spinal locations and
for non-spinal bony metastases, respectively.

The curves in Figure 5b,d show the proportion (%) of the positioning errors above
a given threshold in the three directions. For the vertebral locations, the percentages of
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errors measured with kV-CBCT images above a particular threshold of 2.0 mm were 3.3%,
2.2%, and 3.3% in the vertical, longitudinal, and lateral directions, respectively. For the
bony locations outside the vertebrae, the results for the same threshold and in the same
order were 2.7%, 0.9%, and 8.0%. For the latter, taking into account the clinical margins
used, the proportion of positioning errors greater than a 3 mm threshold was 0.9%, 0.0%,
and 3.5% in the vertical, longitudinal, and lateral directions, respectively.

Table 2 shows the scores obtained by radiation therapists according to different toler-
ance thresholds using the previously defined IGRT method. The relevance of the decision
to stop or not stop the beam during treatment, when the position of the target volume
appeared suspicious, was verified using subsequent kV-CBCTs.

Table 2. Proportions of true positives (TP), true negatives (TN), false positives (FP), and false negatives
(FN) according to the tolerance thresholds applied to the analysis of the operator’s decisions in the
treatment room. FN are shown in bold. Abbreviations: VB = vertebrae; NVB = non-vertebral bone.

92 and 113 kV-CBCT
Scenarios for VB and NVB

Sites, Respectively
Designation

Threshold

1.0 mm 1.5 mm 2.0 mm 2.5 mm 3.0 mm

Beam stop and subsequent
kV-CBCT

acquisition ≥ threshold
True Positives (TP)

VB 21 (22.8%) 14 (15.2%) 8 (8.7%)
11 (9.7%)

2 (2.2%)
11 (9.7%)

1 (1.1%)
4 (3.5%)NVB 31 (27.4%) 14 (12.4%)

No beam stop and kV-CBCT
acquisition at end of

arc < threshold

True Negatives
(TN)

VB 42 (45.6%) 56 (60.9%) 57 (62.0%) 59 (64.1%) 59 (64.1%)
NVB 45 (39.8%) 62 (54.9%) 67 (59.3%) 69 (61.1%) 70 (61.9%)

Beam stop and subsequent
kV-CBCT

acquisition < threshold
False Positives (FP)

VB 12 (13.0%) 19 (20.6%)
28 (24.8%)

25 (27.2%)
31 (27.4%)

31 (33.7%)
35 (31.0%)

32 (34.8%)
38 (33.6%)NVB 11 (9.7%)

No beam stop and kV-CBCT
acquisition at end of

arc ≥ threshold

False Negatives
(FN)

VB 17 (18.5%) 3 (3.3%)
9 (8.0%)

2 (2.2%)
4 (3.5%)

0 (0.0%)
2 (1.8%)

0 (0.0%)
1 (0.9%)NVB 26 (23.0%)

FN were the only errors considered harmful to patients and are highlighted in Table 2.
FP, which are considered less serious, involve the acquisition of a kV-CBCT of approximately
1.5 min in duration, with an average additional effective dose of 10–20 mSv [29]. For spinal
locations and for thresholds of 1.0, 1.5, 2.0, 2.5, and 3.0 mm, the nondetection rates for
deviations above these tolerances were 18.5%, 3.3%, 2.2%, 0.0%, and 0.0%, respectively. For
non-spinal bony metastases and in the same order, the nondetection rates were 23.0%, 8.0%,
3.5%, 1.8%, and 0.9%.

4. Discussion

This study evaluated and validated the IGRT strategy used for the stereotactic treat-
ment of bone metastases, based on the ability to generate periodic kV-2D images during
irradiation with superimposed volumes, to facilitate the visual tracking of the target volume
position.

The anthropomorphic phantom test confirmed the accuracy of this qualitative target
volume tracking method and served as a training tool prior to its implementation in
the clinical routine. An analysis of 18 participant responses—which were divided into
two groups: referent and non-referent—showed the influence of operator experience on
the performance of the proposed IGRT method. Without knowing the occurrence and
amplitude of simulated errors of 0.0, 1.0, 1.5, and 2.0 mm in the three translation directions,
and without considering the angle of incidence at which the kV-2D images were acquired,
the referent group obtained an average correct response of 91% versus 79% for the non-
referent group. The larger the offset, the higher the score. For an offset of 2.0 mm, regardless
of the angle of image acquisition—except parallel to the direction of the error because it was
undetectable—experienced operators achieved 100% success compared with 88% for less
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experienced operators. These results were significantly different from those reported by
Koo et al. [24]. In their study, the detectability rates of the experienced and inexperienced
groups were approximately 55% and 28%, respectively, for an offset of 2 mm. This difference
can be explained by the experimental conditions and, more specifically, by the type of
phantom used. The images of the anthropomorphic Alderson RANDO phantom (Alderson
Research Laboratories, Inc., Long Island City, NY, USA) showed artifacts that prevented a
good estimation of the simulated shifts. An equally plausible explanation is that the present
study included pre-training before phantom testing, which was not the case in the study of
Koo et al. [24]. This highlights the importance of training prior to implementing the new
IGRT method. Additionally, it highlights the obvious limitations of the results obtained on
the phantom compared with the real treatment.

For the experimental protocol used in this study, positioning errors of ≥1.5 mm were
detected 100% of the time by all operators when the incidence of the planar image was
perpendicular to the displacement. At intermediate angles (45◦, 135◦, and 315◦), the success
rate for expert participants was 94%, compared with 74% for the less experienced group.
These results indicate that a deviation occurring at an acquisition angle parallel to its
direction is likely to be detected at the maximum angle of 45◦. With arm rotation speeds
in the order of 6◦/s, this type of misalignment is detected approximately 7–10 s later,
corresponding to one or two new automatically triggered images.

Ong et al. [30] investigated the dosimetric impact of intra-fractional movements on
the spinal cord for 6 MV and 6 MV FFF spinal stereotactic treatments. In their study, for
6 MV FFF beams, an offset of 2 mm for 10 s and 30 s induce an increase in Dmax at the
spinal cord of 3% and 13%, respectively. The mean (SD) operator-decision time for the
present study was 3 (2.3) s. Considering this result and that of Ong et al. [30], the triggering
of kV-2D images by the IMR application was set every 7 s during the clinical routine.

During the clinical implementation, we decided to extend the IGRT method beyond the
treatment of vertebral bones. The visual guide volume was defined for each site (Figure 2).
Clinical cases of patients with orthopedic hardware in the spine are included in this list.
Inspired by the study by Cetnar et al. [31], this device was used as a landmark (Figure 2).

The intra-fraction offset values are in the range reported in the literature. Although
the majority of offsets were below our clinical threshold of 2 mm and 3 mm depending
on the margins applied, our study confirmed the occurrence of sudden movements with
amplitudes above these tolerance thresholds.

The rate of deviation of >2 mm and 3 mm, undetected by radiation therapists (FN),
was approximately 2% and 1% for spinal locations and for non-spinal bony metastases
respectively. These results helped to limit excessive undetected shifts and assumes no
distinction between the expertise of the people and the incidence of the planar image in
relation to the direction of movement. This result must also be weighed against the fact
that movement may occur between the beam stop and kV-CBCT acquisition.

The results also showed that, for a tolerance threshold of 1.0 mm, the detectability (FN)
decreased to 81.5% for spinal sites. This performance has not been validated in the clinical
routine at our institution and does not allow for the margin reduction of the positioning
uncertainty in this threshold. This finding and the limitations of this strategy should be
compared with the performance of non-embedded accelerator systems with automatic
registration during irradiation, which can guarantee an accuracy of the order of 1.0 mm [32]
for the spinal treatment.

We have extended the methodology to non-vertebral bone locations, initially propos-
ing guide volumes that cover the entire diseased bone and then progressively adjusting
the boundaries and edges according to clinical feedback. Each team implementing our
methodology must use its own clinical feedback to find the most relevant guide volumes.
Several image parameters, such as kV, mAs, or filters selected by the operators at the
treatment console, can impact the performance of this IGRT strategy. This impact has not
been studied in this manuscript. Nevertheless, the results in Table 2 showed that, for spinal
sites, eight offsets greater than 2 mm were corrected (true positives) by kV-CBCT acquired

151



Cancers 2024, 16, 4267

immediately after stopping treatment. No CBCT at the end of the arc (false negatives) was
greater than 2.5 mm. For non-vertebral bone locations, four offsets greater than 3.0 mm
were corrected and only one kV-CBCT at the end of the arc was greater than 3.0 mm.

The tracking volumes shown in Figure 2 were manually delineated, adding a time-
consuming step to the treatment plan. This was compounded by the fact that the present
study was performed using a CT scanner with a slice thickness of 1.0 mm. The effect of CT
slice thickness on the performance of this IGRT method has been investigated by several
authors [33]. For example, Koo et al. [24] reported a decrease in detectability of >10%
for a 2 mm threshold when comparing the 1.0 mm and 3.0 mm CT scans. Therefore, to
maintain the accuracy of the IGRT method, the thickness of the dosimetric scans was not
increased. Automatic segmentation strategies reduce the time required for this task while
harmonizing the delineation of the positioning structures.

Notably, this method is expertise-dependent and requires maximum operator con-
centration in the workplace. Therefore, training is a key factor in the effectiveness of
monitoring qualitative target volume positions. At least two radiation therapists super-
vised the irradiation fraction and 2D kV images. To limit interruptions, we established
a procedure to clearly signal the progress of stereotactic bone treatment. During these
treatments, only those directly involved were present, a “stereotactic treatment in progress”
flag was installed, and telephone calls were turned off.

Automated beam stopping is possible with this type of machine [23], but it requires
the implantation of fiducials, as in the case of prostate cancer treatment. A major step
forward in the management of motion in bone SBRT is the development of an automated
beam stop by the manufacturer, which should be available with the IMR application and
based on bone registration. Currently, the only alternative is external imaging devices
based on bone registration [13].

To date, many centers use kV-CBCT imaging only before the start of each arc, and,
at best, between each arc. However, this adds time to the treatment fraction and delays
the detection of patient motion. TPS Eclipse can provide the exact timing of the stops that
occur during the irradiation arcs. This information will allow the investigation to continue
by estimating the dosimetric impact on the target volume and OAR according to the IGRT
strategy used, with or without kV-2D imaging during irradiation.

5. Conclusions

The use of OBI kV-2D imaging for the visual guidance of spinal and non-spinal
bony stereotactic radiation was validated using anthropomorphic phantom and clinical
data. The results confirmed a visual accuracy of 2 mm for spinal stereotactic treatment
and 3 mm for non-spinal stereotactic treatment. These results were consistent with the
positioning uncertainty margins used. The study also proposed structures to guide the
visual monitoring of the target volume position for different treated sites. The proposed
method, based on an imaging device that is always available on current linear accelerators,
enables a robust IGRT strategy for performing bone stereotactic treatment at no additional
cost to centers.
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Simple Summary: Magnetic resonance-guided radiotherapy (MRgRT) is expanding world-
wide thanks to advances in soft tissue imaging, continuous visualization of the target
and normal organs-at-risk during treatment, automated intelligently gated beam delivery
within predefined targeting boundaries, and on-table adaptive replanning, all of which per-
mit improved treatment efficacy, toxicity reduction, and shortened fractionation regimens.
This, however, is still a nascent technology which can be more time- and resource-intensive
than standard radiotherapy, and hence its optimal utilization and deployment remain in
constant flux and evolution. We retrospectively analyzed our institutional MRgRT utiliza-
tion across 823 treatment courses over a 6-year period, which predominantly included
abdominal and pelvic tumors treated with dose-escalated ultra-hypofractionation.

Abstract: Background/Objectives: Over the past decade, significant advances have been
made in image-guided radiotherapy (RT) particularly with the introduction of magnetic
resonance (MR)-guided radiotherapy (MRgRT). However, the optimal clinical applications
of MRgRT are still evolving. The intent of this analysis was to describe our institutional
MRgRT utilization patterns and evolution therein, specifically as an early adopter within a
center endowed with multiple other technology platforms. Materials/Methods: We retro-
spectively evaluated patterns of MRgRT utilization for patients treated with a 0.35-Tesla
MR-Linac at our institution from April 2018 to April 2024. We analyzed changes in uti-
lization across six annualized periods: Period 1 (April 2018–April 2019) through Period
6 (April 2023–April 2024). We defined ultra-hypofractionation (UHfx) as 5 or fewer frac-
tions with a minimum fractional dose of 5 Gy. Electronic health records were reviewed,
and data were extracted related to patient, tumor, and treatment characteristics. Results:
A total of 823 treatment courses were delivered to 712 patients treated for 854 lesions.
The most commonly treated sites were the pancreas (242 [29.4%]), thorax (172; 20.9%),
abdominopelvic lymph nodes (107; 13.0%), liver (72; 8.7%), and adrenal glands (68; 8.3%).
The median total prescribed dose of 50 Gy in five fractions (fxs) was typically delivered
in consecutive days with automatic beam gating in inspiration breath hold. The median
biologically effective dose (α/β = 10, BED10) was 94.4 Gy with nearly half (404, 49.1%)

Cancers 2025, 17, 208 https://doi.org/10.3390/cancers17020208
155



Cancers 2025, 17, 208

of all courses at a prescribed BED10 ≥ 100 Gy, which is widely regarded as a highly
effective ablative dose. Courses in Period 6 vs. Period 1 more often had a prescribed
BED10 ≥ 100 Gy (60.2% vs. 41.6%; p = 0.004). Of the 6036 total delivered fxs, nearly half
(2643, 43.8%) required at least one fx of on-table adaptive radiotherapy (oART), most
commonly for pancreatic tumors (1081, 17.9%). UHfx was used in over three quarters of
all courses (630, 76.5%) with 472 (57.4%) of these requiring oART for at least one fraction.
The relative utilization of oART increased significantly from Period 1 to Period 6 (37.6% to
85.0%; p < 0.001); a similar increase in the use of UHfx (66.3% to 89.5%; p < 0.001) was also
observed. The median total in-room time for oART decreased from 81 min in Period 1 to
45 min in Period 6, while for non-oART, it remained stable around 40 min across all periods.
Conclusions: Our institution implemented MRgRT with a priority for targeting mobile
extracranial tumors in challenging anatomic locations that are frequently treated with dose
escalation, require enhanced soft-tissue visualization, and could benefit from an ablative
radiotherapy approach. Over the period under evaluation, the use of high-dose ablative
doses (BED10 ≥ 100 Gy), oART and UHfx (including single-fraction ablation) increased
significantly, underscoring both a swift learning curve and ability to optimize processes to
maximize throughput and efficiency.

Keywords: MR-guided radiotherapy; MRgRT; stereotactic ablative radiotherapy; on-table
adaptive radiation therapy; stereotactic body radiotherapy; SBRT; SMART; ART; ultra-
hypofractionated; treatment patterns

1. Introduction
Contemporary image-guided radiotherapy (IGRT) relies on kilovoltage/megavoltage

(kV/MV) portal imaging and/or cone-beam computed tomography (MV or kvCT)-based
techniques to ensure appropriate patient positioning and target localization. However,
these imaging modalities may provide a suboptimal visualization of gross disease and
organs-at-risk (OARs) due to limitations in visualizing low-density structures, especially
when adjacent or abutting [1]. Magnetic resonance (MR)-guided radiotherapy (MRgRT) is
a novel technology featuring advanced imaging and rapid replanning capabilities using on-
table images [2] that may improve clinical outcomes by facilitating safe dose escalation and
reducing toxicity, especially for tumors in challenging anatomic locations [3,4] that have
suboptimal outcomes when treated with CT-guided linear accelerators (Linacs) [3,5–9].

In 2018, our institution became one of the first worldwide adopters of a 0.35-Tesla
(T) MR-Linac (ViewRay Inc., Cleveland, OH, USA) [10]. The 0.35-T MR-Linac has several
advanced capabilities including continuous intrafraction multi-planar MR imaging [2],
automatic beam gating [11], and the ability to deliver on-table adaptive radiotherapy
(oART) [6,7]. There has been increasing worldwide MRgRT adoption, and different
centers have deployed this technology with differing clinical goal: some focusing on
prostate and breast tumors and others focusing on mobile intrathoracic and intrabdominal
tumors [12–15]. Our center has multiple technology platforms, and the goal of incorpo-
rating this technology was to implement ablative dosing approaches for mobile tumors,
especially susceptible to respiratory incursions, and not suitable for CT-guided approaches
because of soft-tissue resolution limitations. Inherently, this focused the indications toward
UHfx and oART. These approaches evolved with technology and software improvements
as well as with process-based efficiencies and improved learning and QA. We therefore
evaluated changes in MRgRT utilization at our institution over a 6-year period with a
focus on identifying specific clinical scenarios that might especially benefit from MRgRT,
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and we also sought to understand whether throughput efficiencies could be achieved
with experience.

2. Materials and Methods
This single-institution retrospective analysis evaluated patients treated with MRgRT

on a 0.35-T MRIdian-Linac between April 2018 and April 2024. Patient demographics,
tumor, and treatment data as well as treatment time distributions (e.g., total in-room time
[TIRT] and total delivery time [TDT]) were collected (Table 1). We defined TIRT as the
time spent inside the treatment room, while TDT was the time from first beam-on to
treatment completion. To evaluate trends over time, treatment courses were divided into
six consecutive 12-month periods. Patients receiving multiple MRgRT treatment courses
for local recurrences or distant tumor sites were treated as distinct cases.

Table 1. Baseline characteristics of patients treated with magnetic resonance-guided radiotherapy.
Abbreviations: GTV, gross tumor volume; CTV, clinical tumor volume; PTV, planning tumor volume;
BED, biological effective dose.

Tumor Sites

Characteristics
Treatment
Courses
(n = 823)

Pancreas
(n = 242)

Thorax
(n = 172)

Abdominopelvic
Lymph Node

(n = 107)

Liver
(n = 72)

Adrenal
Glands
(n = 68)

Prostate
(n= 17)

Other
(n = 146)

Age—yr

Median (range) 69.0
(7.0–94.0)

71.0
(21.0–94.0)

71.0
(15.0–94.0) 67.0 (31.0–90.0) 68.0

(7.0–88.0)
64.0

(28.0–85.0)
63.5

(59.0–76.0)
69.0

(8.0–93.0)
≥65 yr—no. (%) 528 (64.2) 165 (20.0) 123 (14.9) 58 (7.0) 43 (5.2) 32 (3.9) 8 (1.0) 99 (12.0)

Sex—no. (%)
Female 379 (46.1) 116 (14.1) 76 (9.2) 70 (8.5) 31 (3.8) 27 (3.3) 0 (0.0) 59 (7.2)

Male 444 (53.9) 126 (15.3) 96 (11.7) 37 (4.5) 41 (5.0) 41 (5.0) 16 (1.9) 87 (10.6)
Race or ethnic
group—no. (%)

Asian 13 (1.6) 7 (0.9) 3 (0.4) 2 (0.2) 0 (0.0) 0 (0.0) 0 (0.0) 1 (0.1)
Black 58 (7.0) 19 (2.3) 10 (1.2) 7 (0.9) 8 (1.0) 5 (0.6) 0 (0.0) 9 (1.1)

White 724 (88.0) 204 (24.8) 154 (18.7) 96 (11.7) 62 (7.5) 61 (7.4) 16 (1.9) 131 (15.9)
Other 10 (1.2) 3 (0.4) 3 (0.4) 2 (0.2) 0 (0.0) 0 (0.0) 0 (0.0) 2 (0.2)

Unknown/Declined 18 (2.2) 9 (1.1) 2 (0.2) 0 (0.0) 2 (0.2) 2 (0.2) 0 (0.0) 3 (0.4)
Hispanic or
Latino ethnic
group—no (%)

Yes 452 (54.9) 111 (13.5) 98 (11.9) 70 (8.5) 45 (5.5) 44 (5.3) 7 (0.9) 77 (9.4)
No 371 (45.1) 131 (15.9) 74 (9.0) 37 (4.5) 27 (3.3) 24 (2.9) 9 (1.1) 69 (8.4)

Treatment
Summary

Prescribed
dose—Gy

Median (range) 50.0
(16.0–76.0)

50.0
(20.0–76.0)

50.0
(30.0–60.0) 42.0 (25.0–62.0) 50.0

(30.0–60.0)
50.0

(25.0–60.0)
40.0

(37.0–74.0)
40.0

(16.0–68.0)
Prescribed
fractions

Median (range) 5 (1–41) 5 (1–33) 5 (1–30) 5 (1–34) 5 (1–28) 5 (1–6) 5 (5–41) 6 (1–36)
Radiotherapy
duration—days

Median (range) 8 (1–67) 7 (1–64) 10 (1–65) 8 (1–54) 7 (1–39) 8 (1–27) 10 (7–59) 10 (1–67)
Prescribed
BED10—Gy

Median (range) 94.4
(28.0–200.0)

100.0
(37.5–104.6)

100.0
(36.0–149.6) 72.0 (37.5–100.0) 100.0

(48.0–200.0)
100.0

(48.0–132.0)
72.0

(64.4–87.4)
63.7

(28.0–100.8)
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Table 1. Cont.

Tumor Sites

Characteristics
Treatment
Courses
(n = 823)

Pancreas
(n = 242)

Thorax
(n = 172)

Abdominopelvic
Lymph Node

(n = 107)

Liver
(n = 72)

Adrenal
Glands
(n = 68)

Prostate
(n= 17)

Other
(n = 146)

Fractions—no.
(%)

Total delivered 6036 (100.0) 1353 (22.4) 1460 (24.2) 631 (10.5) 396 (6.6) 307 (5.1) 91 (1.5) 1798 (29.8)
Total adapted 2643 (43.8) 1081 (17.9) 484 (8.0) 423 (7.0) 110 (1.8) 235 (3.9) 0 (0.0) 310 (5.1)

On-table
adaptive

courses—no. (%)
515 (62.6) 219 (26.6) 54 (6.6) 91 (11.1) 28 (3.4) 58 (7.0) 0 (0.0) 65 (7.9)

Treatment
fractionation—

no. (%)
Daily 653 (79.3) 236 (28.7) 109 (13.2) 92 (11.2) 58 (7.0) 35 (4.3) 5 (0.6) 118 (14.3)

Every other day 165 (20.0) 6 (0.7) 63 (7.7) 14 (1.7) 14 (1.7) 33 (4.0) 11 (1.3) 24 (2.9)
Twice daily 3 (0.4) 0 (0.0) 0 (0.0) 1 (0.1) 0 (0.0) 0 (0.0) 0 (0.0) 2 (0.02)

Weekly 2 (0.2) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 2 (0.02)
Respiratory
motion
management—
no. (%)

Breath-hold 687 (83.5) 235 (28.6) 160 (19.4) 69 (8.4) 69 (8.4) 67 (8.1) 1 (0.1) 86 (10.4)
Free breathing 118 (14.3) 4 (0.5) 7 (0.9) 35 (4.3) 2 (0.2) 1 (0.1) 13 (1.6) 56 (6.8)

Unknown 18 (2.2) 3 (0.4) 5 (0.6) 3 (0.4) 1 (0.1) 0 (0.0) 2 (0.2) 4 (0.5)
Abdominal
compression—
no. (%)

Yes 54 (6.6) 9 (1.1) 16 (1.9) 6 (0.7) 11 (1.3) 8 (1.0) 0 (0.0) 4 (0.5)
No 769 (93.4) 233 (28.3) 156 (19.0) 101 (12.3) 61 (7.4) 60 (7.3) 16 (1.9) 142 (17.3)

Target
volume—cc.

GTV—Median
(range)

18.7
(0.4–1062.0)

33.3
(1.1–854.4)

8.8
(1.0–232.4) 10.3 (0.8–1062.0) 14.5

(0.6–808.0)
15.4

(1.1–296.9) 8.7 (8.7–8.7) 284
(0.4–714.8)

CTV—Median
(range)

64.9
(1.5–1450.6)

110.2
(4.7–535.4)

17.9
(2.6–410.9) 31.1 (1.6–439.0) 22.2

(1.5–129.3)
20.3

(6.5–142.3)
49.6

(27.7–68.6)
1605

(2.5–1450.6)
PTV—Median

(range)
45.7

(2.4–2296.5)
63.4

(3.0–979.4)
29.9

(4.9–506.0) 25.7 (2.4–1225.2) 40.5
(4.7–618.3)

37.2
(7.7–377.4)

90.9
(34.5–124.9)

79.5
(5.1–2296.5)

Target mean dose
coverage
BED10—Gy

GTV—Median
(IQR)

108.2
(84.3–120.9)

113.3
(92.9–118.3)

121.2
(87.0–150.3) 93.7 (81.3–110.7) 118.6

(104.7–125.7)
113.2

(90.4–122.4)
26.5

(26.5–26.5)
69.0

(56.4–88.0)
CTV—Median

(IQR)
91.4

(71.7–116.6)
93.7

(85.7–103.4)
121.1

(110.2–157.6) 87.1 (68.9–97.9) 119.9
(106.2–123.8)

98.0
(85.8–111.2)

79.0
(76.6–83.1)

62.1
(45.1–71.6)

PTV—Median
(IQR)

100.1
(77.4–113.3)

106.8
(90.3–112.4)

113
(81.1–144.9) 85.7 (76.0–102.3) 112.6

(92.7–116.5)
106.3

(83.6–114.3)
76.5

(74.8–80.8)
63.4

(51.2–82.9)
Total in-room
time—mins.

Median (IQR) 51.0
(39.0–64.0)

58.0
(46.0–71.0)

45.0
(37.0–56.0) 55.0 (43.5–68.5) 49.0

(42.8–61.3)
55.5

(49.0–68.5)
45.0

(35.8–49.3)
37.5

(31.0–52.0)
Total delivery
time—mins.

Median (IQR) 15.0
(12.0–20.0)

16.0
(13.0–19.8)

17.0
(13.0–22.0) 13 (11.0–16.0) 17.5

(14.0–23.3)
17.0

(13.0–21.0)
15.0

(12.8–18.3)
12.0

(10.0–16.0)

Because we expected a steep learning curve for efficiently and safely treating on the
MR-Linac, we began our MRgRT program in April 2018 with a plan to not treat with
oART for several months. As such, we delayed implementing oART until September
2018 [6]. A treatment course was classified as oART if at least one fraction (fx) required
on-table replanning.

In July 2022, our MR-Linac was upgraded with the A3i system (A3i, 510K approval
December 2021) that featured enhanced automation, real-time 3D multi-planar tracking, the
BrainTx™ package [16], and a parallel adaptive workflow [17]. Our daily oART workflow
is detailed in Figure 1, and Figure 2 provides an example showing the importance of oART
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for a patient receiving an ablative dose to a mesenteric lymph node. Daily changes in the
patient’s position of the small and large bowel relative to the GTV caused dose constraint
violations, reducing the target dose coverage and requiring each fraction to be replanned.
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Figure 1. Clinical workflow of magnetic resonance-guided radiotherapy employing on-table adaptive
processes. Abbreviations: MRI, magnetic resonance imaging; CT, computer tomography; QA,
quality assurance.
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Figure 2. Representation of an on-table adaptive radiotherapy plan for a mesenteric lymph node
treated to 50 Gy in 5 fractions. Note the GTV had significant inter-fractional anatomical shifts,
necessitating plan adaptation to ensure the preservation of adjacent critical structures and avoidance
of any potential violation of organs-at-risk. Abbreviations: GTV, gross tumor volume, Fx, fraction.

Treatment prescription schedules were recalculated and expressed as biological effec-
tive dose for tumors, using an α/β of 10 (BED10) [18]. We defined ultra-hypofractionation
(UHfx) as courses with five (5) or fewer fxs with a minimum fx size of 5 Gy. Target volumes
included a gross tumor volume (GTV), a planning target volume (PTV) with a typical
3 mm expansion (up to 5 mm), and based on specific clinical considerations, a clinical
target volume (CTV). To evaluate the anatomic relationship between treated lesions and
nearby dose-limiting OARs (e.g., stomach, bowel), we expanded the GTV isotropically by
3 mm and 5 mm. The overlap volumes between the expanded GTV and adjacent OARs
was analyzed to estimate areas at risk of underdosing, serving as a surrogate for planning
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difficulty. Treatment courses were categorized into six 12-month periods, starting from
Period 1 (April 2018–April 2019) to Period 6 (April 2023–April 2024).

Patient, disease, and treatment characteristics were summarized using descriptive
statistics. Statistical analyses were performed using Microsoft Excel 2022 (Microsoft Corpo-
ration, Redmond, WA, USA) and SPSS version 27.0 (IBM, SPSS Statistics, Chicago, IL, USA)
with comparisons performed using the Mann–Whitney U test. p < 0.05 was considered as
statistically significant.

3. Results
3.1. Patient Cohort

A total of 854 lesions were treated across 823 treatment courses in 712 patients with
6038 delivered fractions. The median age was 69 years (range, 7–94) with the majority being
male (444 [53.9%]), White (724 [88.0%]), and Hispanic (452 [54.9%]). Overall, 473 patients
(57.5%) underwent treatment to the primary tumor, while 325 (39.5%) received treatment
for oligometastatic and 25 (3.0%) for polymetastatic lesions. A total of 40 (4.9%) courses
were delivered for re-irradiation, and 18 (2.2%) were delivered as a dose-escalated boost
following treatment on a different treatment platform, either proton or photon.

The most frequent sites treated were the pancreas (242 [29.4%]), thorax (172 [20.9%]),
abdominopelvic lymph nodes (107 [13.0%]), liver (72 [8.7%]), and adrenal glands (68 [8.3%]).
Other (146 [17.7%]) tumor sites included the esophagus (18 [2.2%]), stomach (14 [1.7%]),
colorectal (12 [1.5%]), ampulla of vater/bile duct (11 [1.3%]), bone—non-spine (11 [1.3%]),
abdominal wall (8 [1.0%]), bone—spine (8 [1.0%]), brain (7 [0.9%]), head and neck (7 [0.9%]),
kidneys (7 [0.9%]), mesentery/omentum (5 [0.6%]), vagina (5 [0.6%]), bladder (4 [0.5%]),
gallbladder (4 [0.5%]), retroperitoneum (4 [0.5%]), breast (2 [0.2%]), celiac plexus (2 [0.2%]),
cervix (2 [0.2%]), paraspinal (2 [0.2%]), pelvic mass (2 [0.2%]), supraclavicular (2 [0.2%]),
uterus (2 [0.2%]), axilla (1 [0.1%]), cardiophrenic lymph node (1 [0.1%]), endometrium
(1 [0.1%]), inferior vena cave tumor thrombus (1 [0.1%]), ovaries (1 [0.1%]), porta hepatis
(1 [0.1%]), and pulmonary artery (1 [0.1%]). The baseline characteristics of patients and
tumors are summarized in Table 1.

The number of treatment courses delivered modestly increased over time: 101 in
Period 1, 126 in Period 2, 144 in Period 3, 157 in Period 4, 162 in Period 5, and 133 in Period
6. Throughout all periods, the distribution of treated sites remained consistent (Figure 3).

3.2. Trends in MR-Guided Radiotherapy

The median prescription dose was 50 Gy (range, 16–76) in a median of 5 fxs (range,
1–41) delivered over a median of 8 days (range, 1–67). The median prescribed BED10 was
94.4 Gy (range, 28.0–200.0). Almost half of all patients (404, 49.1%) were prescribed a highly
ablative BED10 ≥ 100 Gy, while almost one third (249, 30.3%) received a BED10 ≥ 70 Gy.
Most patients were treated daily (653 [79.3%]) and in breath-hold (687 [83.5%]). An abdom-
inal compression belt (54 [6.6%]) was used for patients who did not tolerate treatment in
breath-hold. The median target volumes were 18.7 cc (range, 0.4–1062.0) for GTV, 64.9 cc
(range, 1.5–1450.6) for CTV, and 45.7 cc (range, 2.4–2296.5) for PTV.

A total of 6036 fxs were delivered, with 2643 (43.8%) fxs requiring on-table adaptive re-
planning. The distribution of fxs by treated site was 1353 (22.4%) for pancreas, 1460 (24.2%)
for thorax, 631 (10.5%) for abdominopelvic lymph nodes, 307 (5.1%) for adrenal glands,
396 (6.6%) for liver, 91 (1.5%) for prostate, and 1798 (29.8%) for other. Among the 2643 fxs
that underwent oART, the distribution was 1081 (17.9%) for pancreas, 484 (8.0%) for thorax,
423 (7.0%) in abdominopelvic lymph nodes, 235 (3.9%) for adrenal glands, 110 (1.8%) for
liver, and 310 (5.1%) for other.
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Figure 3. Trends in the use of magnetic resonance-guided radiotherapy by disease site (A), biological
effective dose (B), and on-table adaptive vs. non-adaptive fractions (C) (Periods 1–6).

Although the vast majority of all courses (778, 94.6%) were multi-fractionated reg-
imens prescribed to a median dose of 50 Gy (range, 16–76; median [range] BED10:
91.7 [18.8–132.0] Gy), a small proportion, (45, 5.5%) of courses were treated with a median
single-fx ablative dose of 30 Gy (range, 16–40; median [range] BED10: 120.0 [41.6–200.0]
Gy). Among the 45 single-fx courses, the treated sites included thorax (16, 35.6%), liver
(9, 20.0%), adrenal glands (7, 15.6%), pancreas (6, 13.3%), abdominopelvic lymph nodes
(5, 11.1%), bone—spine (1, 2.2%), and celiac plexus (1, 2.2%).

The median oART prescription was 50 Gy (18–68) in 5 fx (1–36) over 7 days (1–56)
in 515 (62.6%) courses. Most treatment courses were delivered daily (427 [51.9%]) in
breath-hold (464 [56.4%]). Among the 515 courses, the median BED10 was 100.0 Gy (range,
36.0–157.5) with 277 patients (53.8%) treated with a BED10 ≥ 100 Gy, and an additional
171 (33.2%) were ≥70 Gy. The most commonly treated courses with oART were pancreas
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(219 [26.6%]), abdominopelvic lymph nodes (91 [11.1%]), adrenal glands (58 [7.0%]), thorax
(62 [7.3%]), liver (28 [3.4%]), and other (65 [7.9%]).

One significant pattern of interperiodic temporal evolution was a significant increase
in oART, increasing from 168 fxs (19.0%) in Period 1 to 615 fxs (78.9%) in Period 6 (Figure 3).
Notably, the percentage of fxs treated with oART for thorax increased from 0.7% to 21.2%,
while for pancreas, it rose from 12.7% to 29.0% between Periods 1 and 6. A second significant
interperiodic evolutionary change between Periods 1 and 6 was the increase in the use of
UHfx courses from 66.3% to 89.5%. Treatment courses that utilized both UHfx and oART
increased from 29.7% in Period 1 to 76.7% in Period 6.

The number of courses using oART also substantially increased from 37.6% in Period
1 to 85.0% in Period 6. oART courses nearly doubled from 44.7% to 77.2% from Periods 1–3
to Periods 4–6. When comparing the use of oART across the overall treated sites by period,
the use of oART for pancreatic courses had increased from 25.0% in Period 1 to 33.6% in
Period 6, while the rate for thoracic tumors had risen from 1.0% in Period 1 to 16.1% in
Period 6.

Overlapping dose-limiting OARs within a 3 mm GTV expansion were seen in 58.8%
(484) of courses, increasing to 65.9% (542) when a 5 mm GTV expansion was applied. In
oART courses, 42.9% (353) of courses had overlap with dose-limiting OARs within the
3 mm GTV expansion, while 48.1% (396) showed overlap within the 5 mm GTV expansion.
Pancreatic courses showed the highest overlap with 24.2% (199) of courses showing overlap
within the 3 mm GTV expansion and 26.2% (216) within the 5 mm GTV expansion.

The median TDT and TIRT were 15.0 min (IQR, 12.0–20.0) and 51.0 min (IQR,
39.0–64.0), respectively. TIRT was ≤60 min for 573 courses (69.6%) with 408 (49.6%) com-
pleted in ≤50 min, 228 (27.7%%) in ≤40 min, and 63 (7.7%) in ≤30 min. The median TDT
for free-breathing was 12.0 min (IQR, 9.0–15.0) vs. 16.0 min (IQR, 13.0–21.0) for breath-hold
(p < 0.001). Similarly, the median TIRT for free-breathing was 43.0 min (IQR, 33.0–55.0) vs.
52.0 min (IQR, 41.0–65.0) for breath-hold (p < 0.001). Table 1 presents the TDT and TIRT
based on tumor site.

The median TDT for non-adaptive RT and oART was 14.0 min (IQR, 10.0–19.0) and
16.0 min (IQR, 13.0–20.0), respectively (p < 0.001), while the median TIRT was 40.0 min (IQR,
32.0–50.0) for non-adaptive RT and 57.0 min (IQR, 47.0–69.0) for oART (p < 0.001). Over
time, significant improvements were seen in oART with a median TIRT, decreasing from
81.0 min in Period 1 to 45.0 min in Period 6, while TDT decreased slightly from 18.5 min to
16.0 min. Figure 4 presents the TIRT of oART across the six-year period.
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4. Discussion
We treat a high volume of patients with definitive dose-escalated RT across multiple

stereotactic body radiation therapy (SBRT) platforms (TrueBeam [Varian Medical Systems
Inc., Palo Alto, CA, USA], CyberKnife [Accuray Inc., Sunnyvale, CA, USA], Tomotherapy
[Accuray Inc., Sunnyvale, CA, USA], MRIdian Linac) as well as pencil beam scanning
proton therapy. These technologies are all located in the same building, and they are not
restricted for use by only a subset of physicians, which facilitates our ability to use a robust
peer review process to actively triage patients from the entire practice to the treatment
platform that we expect will provide the best therapeutic ratio.

We became an early adopter of the MRIdian Linac in early 2018, and our initial
treatment strategy was to attempt significant dose escalation using UHfx to tumors in
challenging anatomic locations that we could not safely dose escalate in the same manner
using our other treatment devices either because of suboptimal X-ray or CT image guidance
and/or the inability to either effectively manage motion or offer oART. Our initial intent
was to primarily treat tumors in the abdomen and pelvis based on emerging dose-escalated
outcomes from MRIdian cobalt centers demonstrating both safety and encouraging efficacy
and also because tumors in these locations are most significantly limited by motion and
soft-tissue resolution issues not easily addressed by other technologies [7,19].

While most institutions do not yet offer the MR-Linac platform, there is growing inter-
est in MRgRT that likely has been spurred by increasing clinical evidence demonstrating
improved outcomes over conventional forms of RT, specifically in terms of improved local
control using high ablative dosing.

In 2022, patterns of utilization analysis from 16 U.S. MRIdian centers indicated that
MRgRT was predominantly delivered with UHfx (70.3%) and while oART (38.5%) was
relatively uncommon with an average of 1.7 adapted fractions/course, this had grown by
a compounded annual rate of 88.5% by the end of 2020 [12]. The most frequently treated
sites in the U.S. were the pancreas (20.7%), liver (16.5%), prostate (12.5%), breast (11.5%),
lung (9.4%), and “other” organs (10.4%). Similarly, drawing on reports from 21 centers in
Europe and Asia, delivering over 46,000 fxs, UHfx schedules constituted 63.5% of courses,
with 57.8% requiring oART. The most commonly treated sites were the prostate (23.5%),
liver (14.5%), lung (12.3%), pancreas (11.2%), and breast (8.0%) [20].

Since we have been treating with MRgRT for more than half a decade, and because we
had specifically focused on minimizing utilization for prostate cancer, the most common
use-case as demonstrated in the global survey, our experiential evolution would provide
valuable use-case lessons to the radiation oncology community in understanding the
value and changing patterns of MRgRT utilization, even in the setting of having access
to almost every other major advanced radiotherapeutic platform, thereby specifically
identifying patients deriving the greatest benefit from MRgRT. As shown in Figure 2,
MRgRT is especially beneficial for patients with highly mobile tumors, particularly in
the abdominal and pelvic regions. It allows real-time adjustments for both inter- and
intra-fractional motion, improving target volume coverage and positioning to enhance
dosimetric parameters. These tumors are highly sensitive to respiratory motion and are
often unsuitable for MV or kV CT-guided methods, which are limited by poor soft-tissue
resolution and primarily address only inter-fractional motion.

Our MRgRT experience predominantly includes unresectable abdominal tumors that
were routinely treated with dose escalation, UHfx, and oART. Abdominal tumors com-
prised nearly two thirds of all treatment courses in our 6-year experience, predominantly
those in the pancreas, and also frequently involving abdominal lymph nodes, liver, and
adrenal glands. We published favorable clinical outcomes from our early experience using
this approach for various challenging clinical scenarios (e.g., 50 Gy/5 fx for metastatic
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mesenteric nodules refractory to systemic therapy) [21], and this may have contributed to
our steadily increasing volumes across each treatment period that increasingly included pa-
tients seeking out MRgRT from outside of south Florida. Our increasing volume, specifically
of locally advanced pancreatic cancer, was also likely influenced by favorable outcomes
from a recently published phase 2 trial that evaluated the feasibility of ablative 5-fraction
stereotactic magnetic resonance-guided on-table adaptive radiation therapy (SMART) for
borderline resectable and locally advanced pancreatic cancer; no acute grade ≥ 3 gas-
trointestinal toxicities definitely related to MRgRT were reported with a very favorable
2-year OS of >50% from diagnosis [22,23]. This aligns with the growing evidence sup-
porting RT as a key component in pancreatic cancer treatment [19,22,24]. Because of the
encouraging outcomes that we observed in treating challenging abdominal and pelvic
tumors, we increasingly triaged thoracic patients who may specifically benefit with the
use of MRgRT, such as central and ultra-central tumors that are at risk for toxicity with
non-dose-reduced CT-guided SBRT [25,26]. Additionally, we also frequently utilized the
MRIdian Linac for treating peripheral lung tumors with SBRT, especially for those patients
either with very poor pulmonary function (such as idiopathic pulmonary fibrosis) or those
with peridiaphragmatic lesions subject to 4D-CT verified significant motion. The ability to
treat these patients with automatic beam gating, in breath-hold, eliminated the need for
an internal target volume (ITV), resulting in significant reduction in normal lung volume
irradiated and thus reducing the risk of toxicity.

While UHfx was common in our initial MRgRT experience, the COVID-19 pandemic
sharply increased UHfx within our MRgRT program [27,28]. Prior to the pandemic (Period
2), 65.9% of courses were UHfx, rising to 76.4% during the pandemic and reaching almost
90% of all courses in Period 6. The COVID-19 pandemic also led us to consider single-
fraction SBRT for the first time [29], which has been increasingly utilized in our practice
most commonly for lung and liver metastases. We recently completed the multi-center
phase 2 SMART ONE trial of single-fraction SBRT using the MRIdian Linac for tumors
in the chest, abdomen, and pelvis, and our initial publication reports feasibility, safety,
and efficacy [30]. Since the pandemic, the use of single-fraction SBRT has progressively
increased from 5 courses in Period 3 to 12 in Period 4, 20 in Period 5, and 8 in Period 6.

Treatment times on an MR-Linac are typically longer than on a standard linac, which
is in large part because delivery uses a step-and-shoot approach but also because all
treatments typically incorporate automatic beam gating on the MRIdian Linac and also
because the dose-per-fraction is typically very high and the need for precision delivery is
significantly greater [31,32]. Reducing treatment times and increasing machine throughput
has been a priority for MRgRT centers to improve tolerability for patients—especially those
treated with oART (Figure 1). In 2017, Henke et al. reported a median oART TIRT of 79 min
for abdominal malignancies treated with a MRIdian cobalt device [7], while Tetar et al.
demonstrated an average oART TIRT of 44.7 min for 140 prostate cancer treatments [33].
In 2020, Gungor et al. analyzed 166 oART treatment courses using MRIdian, reporting a
median TIRT of 45 min [34]. Prior to our A3i upgrade that introduced several advanced
capabilities including a parallel oART workflow allowing physician, physicist/dosimetrist,
and radiation therapy to work in parallel on different monitors, we observed a median
TIRT of 65 min (IQR, 57–75) across 286 oART courses compared to 47 min (IQR, 40–54)
afterwards: a relative time savings of 27.7%. As expected, non-oART treatment times
remained stable. When considering all patients treated since 2018, we observed decreasing
TIRT that likely was related to technological improvements and also attributable to the
development of standardized treatment workflows related to oART as well as increasing
experience among all MRgRT team members [35].
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There are several limitations of this study including its retrospective design and that
our MRgRT utilization is very specific and may not be generalizable to others. For example,
we do not treat a high volume of prostate cancer with MRgRT due to having robust referral
patterns for abdominal tumors that cannot be safely treated with dose escalation and UHfx
on our other treatment machines, and because we have several other very effective prostate
cancer treatment platforms. For context, MRgRT has recently been demonstrated to reduce
toxicity over CT-guided RT for prostate cancer patients in the randomized MIRAGE trial [3].
Another limitation is our use of a uniform BED α/β ratio of 10, which may not fully account
for histology-dependent variations. Lastly, ViewRay, Inc. filed for Chapter 11 bankruptcy
in 2023 that resulted in a more limited use of our MR-Linac because of concerns regarding
machine downtime and lack of device servicing for a period of time; with recent corporate
restructuring, some of these concerns have eased to a certain extent.

5. Conclusions
In conclusion, since the inception of our MRgRT program in 2018, we have inten-

tionally prioritized treatment on the MRIdian Linac for patients who would benefit from
significant dose escalation above what can be safely delivered on our other advanced
radiation treatment systems. The unique capabilities of the MRIdian Linac enable not only
safe dose escalation that frequently requires oART, especially for abdominal and pelvic
tumors, but also the routine use of UHfx and increasingly single-fraction SBRT. Important
reasons for our program’s success include our early decision to develop a standardization
of patient selection and oART workflows as well as robust training and credentialing of all
staff who are involved in MRgRT within our department.
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Simple Summary: Skull base stereotactic radiotherapy (RT) is particularly challenging
due to prior radiation and the proximity of several critical organs. This study reviewed
four advanced external beam RT modalities and their corresponding or available modern
treatment planning systems (TPSs). The plan quality and potentials were evaluated in
terms of target coverage and dose gradient. The steepest border gradient was used to
assess the fall-off speed achievable near the target to spare adjacent critical structures,
while the volume gradient was used to evaluate dose spread at a distance. Gamma Knife
demonstrated the highest border gradient, followed by small-spot-size proton beams and
CyberKnife. The proton beam exhibited the least dose spread in the low-dose region.

Abstract: Background/Objectives: Stereotactic body radiation therapy (SBRT) for skull
base reirradiation is particularly challenging, as patients have already received substan-
tial radiation doses to the region, and nearby normal organs may have approached their
tolerance limit from prior treatments. In this study, we reviewed the characteristics and
capabilities of four advanced external beam radiation delivery systems and four modern
treatment planning systems and evaluated the treatment plan quality of each technique us-
ing skull base reirradiation patient cases. Methods: SBRT plans were generated for sixteen
skull base reirradiation patients using four modalities: the GK plan for the Elekta Leksell
Gamma Knife Perfexion/ICON, the CyberKnife (CK) plan for the Accuray CyberKnife,
the intensity-modulated proton therapy (IMPT) plan for the Hitachi ProBeat-FR proton
therapy machine, and the volumetric-modulated arc therapy (VMAT) plan for the Varian
TrueBeam STx. These plans were evaluated and compared using two novel gradient indices
in addition to traditional dosimetry metrics for targets and organs at risk (OARs). The
steepest border gradient quantified the percent prescription dose fall-off per millimeter
at the boundary between the target and adjacent critical structures. This gradient index
highlighted the system’s ability to spare nearby critical OARs. The volume gradient as-
sessed the extent of dose spread outside the target toward the patient’s body. Results: All
plans achieved comparable target coverage and conformity, while IMPT and VMAT demon-
strated significantly better uniformity. The GK plans exhibited the highest border gradient,
up to 20.9%/mm, followed by small-spot-size IMPT plans and CK plans. Additionally,
IMPT plans showed the benefit of reduced dose spread in low-dose regions and the lowest
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maximum and mean doses to the brainstem and carotid artery. Conclusions: The advanced
external beam radiotherapy modalities evaluated in this study are well-suited for SBRT in
skull base reirradiation, which demands precise targeting of tumors with highly conformal
doses and steep dose gradients to protect nearby normal structures.

Keywords: stereotactic body radiation therapy; reirradiation; skull base cancer;
external beam radiation therapy; Gamma Knife; CyberKnife; proton therapy; dose gradient;
intensity-modulated proton therapy; volumetric modulated radiation therapy

1. Introduction
The treatment of skull base cancer is complex and usually presents unique challenges

due to the intricate anatomy and the proximity of various critical structures, such as
the brainstem, optic apparatus, major vessels, and numerous cranial nerves. Typically,
a multidisciplinary approach is required, involving a combination of surgery, radiation
therapy, and sometimes chemotherapy or targeted therapies, to improve local control and
survival rates [1–7].

Radiation therapy (RT) is commonly employed in the treatment of skull base cancers
for patients who are surgically unresectable, have residual tumors following surgical
resection, or possess physical or medical conditions that pose a high risk for surgery.
Notably, stereotactic radiation therapy (SBRT) has emerged as an attractive option for
localized residual or recurrent tumors [8–10]. SBRT delivers highly conformal ablative
radiation in a small number of fractions over a short time period, typically within two weeks,
in contrast to the 6–7 weeks required for conventional head and neck cancer treatment.

Reirradiation of skull base recurrences is among the most challenging cases as the
patients have already received a significant radiation dose to the same region, and sur-
rounding normal organs may have reached their tolerance dose from prior RT [11,12].
Several modern external beam radiation delivery systems are used for SBRT treatment to
provide precise targeting of tumors with highly conformal doses and steep dose gradients,
thereby minimizing damage to surrounding healthy tissues. These advanced systems
include Gamma Knife (Elekta Instruments AB, Stockholm, Sweden) [13,14], CyberKnife
(Accuray, Inc., Sunnyvale, CA, USA) [15–17], linear accelerators (LINACs) [18], Tomother-
apy (TomoTherapy Inc., Madison, WI, USA) [19,20], and proton therapy machines [21,22].
Despite their differences in design, radiation sources, and delivery strategies, these systems
all provide effective SBRT treatment.

In addition to the precise targeting requirements, treatment planning systems (TPSs)
face similar challenges, particularly in ensuring dose calculation accuracy for small fields
and providing the optimization tools necessary to achieve dosimetric goals [23–25]. The
combination of a high-precision radiation delivery system and an optimal planning solution
is crucial to achieving optimal treatment outcomes while minimizing toxicities.

Recent studies have demonstrated comparable overall survivals and relatively lower
incidences of severe toxicities with SBRT in the reirradiation setting compared to conven-
tional fractionated radiation therapy [26,27]. To achieve optimal sparing of organs at risk
(OARs) without compromising target coverage, much stricter dose constraints are typically
employed during the treatment planning process. In this context, the dose gradient at the
boundary between the target and adjacent critical structures plays a pivotal role in the
SRS/SRT/SBRT field. However, the traditionally used gradient index—commonly defined
as the ratio of the 50% isodose line volume to the 100% isodose line volume [28]—does
not adequately capture the sharpness of dose fall-off and its spatial relationship to critical
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structures. This limitation underscores the need for more refined metrics to evaluate dose
gradients, particularly in complex treatment scenarios involving close proximity of targets
to critical structures.

While numerous vendors and modalities of radiation treatment machines and vari-
ous treatment planning systems are available, this study focused on reviewing the SBRT
capabilities of a select group of advanced external beam RT delivery modalities and RT
treatment planning systems, and investigated their dosimetric potentials, including novel
gradient metrics, using skull base SBRT cases.

2. Materials and Methods
The outcomes of external beam radiation treatment are closely correlated with the

delivery systems and treatment planning systems. For skull base SBRT, the requirements
of these systems play a pivotal role in achieving precise targeting while maximizing
normal tissue sparing. Before conducting the comparison of achievable treatment plans,
we summarized the characteristics side-by-side in tables for the systems that were used in
this study. The information is primarily sourced from vendor specifications.

2.1. External Beam Radiation Delivery Systems

The requirements for an external beam delivery system used for SBRT include me-
chanical and radiation accuracy, small-field collimation, volumetric imaging capability,
and treatment efficiency. Table 1 compares the features and capabilities of four advanced
systems used in this study: Elekta Leksell Gamma Knife Perfexion/ICON, Accuray Cy-
berKnife M6/S7, Hitachi ProBeat-FR (representative of the proton therapy machines), and
Varian TrueBeam STx (representative of LINAC machine).

LINACs are the most used external beam radiation therapy modality due to their
versatility in radiation techniques, beam energies, and dose rates, enabling the treatment
of various types and locations of cancer [42,43]. The TrueBeam STx is one of the premier
LINAC machines, and it is highly regarded for its capabilities in SBRT. The Gamma Knife
is specifically designed with a head frame to treat small intracranial lesions with high
precision in single-fraction stereotactic radiosurgery (SRS). The advanced ICON version
integrates cone-beam computed tomography (CBCT) and motion management, allowing
for frameless and fractionated treatment. The CyberKnife is a robotic system capable
of delivering radiation beams from nearly any angle, with real-time imaging for motion
tracking. Both Gamma Knife and CyberKnife are dedicated SRS/SBRT machines. Proton
beam therapy is renowned for its “Bragg peak”, which allows energy deposition within
the tumor while protecting surrounding healthy tissue and organs with no exit dose. The
Hitachi ProBeat-FR, with its small spot sizes, is well-suited for SBRT.

Table 1 also lists the references for commissioning and quality assurance of these
machines. The test and tolerances must adhere to the recommendations for the
SRS/SBRT procedures.

Image guidance is the key element in stereotactic RT to enhance the precision and
accuracy of radiation delivered to target while minimizing exposure to the surrounding
healthy tissues. Fast kV volumetric imaging, such as cone-beam CT (CBCT), is the typical
onboard imaging system on radiation modalities, as seen in Gamma Knife ICON, TrueBeam,
and ProBeat. However, these systems lack the capability for real-time tracking. CyberKnife
does not use CBCT technology; instead, it employs advanced live X-ray imaging that can
continuously track the target during treatment and can perform real-time adaptations to
compensate for patient motion. In addition to onboard imaging systems, several advanced
technologies can be integrated with radiation delivery systems to facilitate efficient and
accurate patient setup verification as well as motion tracking. These include BrainLab
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Exactrac systems (X-ray and surface tracking) [44,45], CT-on-rail imaging [46], and surface
guidance systems [47–49] such as VisionRT, C-Rad, etc. Modern techniques have recently
emerged that integrate MRI and PET with LINACs, providing superior visualization
of tumors at functional level [50,51], allowing biology-guided radiotherapy [52,53], and
helping to improve radiation treatment outcomes.

Table 1. Representative external beam radiation therapy modalities for SBRT settings.

Modalities and Models Leksell Gamma Knife
Perfexion/ICONTM CyberKnife M6/S7 TrueBeam STx Proton ProBeat-FR

Manufacturers Elekta Accuray Varian Hitachi

Radiation source/energy 192 sealed Co-60 sources
(1.17 MeV and 1.33 MeV)

6 MeV photons on robotic
arm

6 MeV, 10 MeV, 6 MeV FFF,
10 MeV FFF Photon on C

arm

72.5 MeV–221.8 MeV
proton

Mechanical and radiation
accuracy Sub-millimeter Sub-millimeter Sub-millimeter Sub-millimeter

Collimation Eight-sector
crown-shaped collimator

Fixed cone, Iris collimator,
InCise MLC Jaw, high-definition MLC Aperture, focused

collimator

Maximum field size 1.6 cm (shot size)
Fixed cone, Iris collimator:

6 cm
MLC: 12 cm × 10 cm

Jaw: 40 cm × 40 cm
MLC: 22 cm × 40 cm 30 cm × 40 cm

Beam delivery Combination of 4, 8, and
16 mm beams (shots)

Beamlets from hundreds
of unique angles

Fixed-angle IMRT beams,
VMAT

Passive scattering, Spot
scanning (IMPT, spot size

~0.5 cm)

Dose rate
2.0 Gy/min (before source

change)—3.6 Gy/min
(new source)

400–1000 MU/min

400–600 MU/min (6 MeV,
10 MeV photon), 1400
MU/min (6 MeV FFF),
2400 MU/min (10 MeV

FFF photon)

480 MU/min **

Onboard imaging * CBCT (ICON) [29,30] kV imagers 2D kV/MV and CBCT, 4D
CBCT 2D KV and CBCT

Motion management
ICON: high-definition
motion management

[31,32]

Synchrony respiratory
tracking system [33] External gating system External gating system

6 DoF setup/motion
correction

6 DoF treatment plan
adaptation 6 DoF delivery arm 6 DoF couch 6 DoF couch

Commissioning and
quality assurance

Petti 2021 (TG 178) [34],
Hu 2022 [35]

Sharma 2007 (TG 135) [36],
Dieterich 2011 [37]

Klein 2009 (TG 142) [38],
Hanley 2021 (TG 198) [39]

Arjomandy 2019 (TG 185)
[40], Farr 2021 [41]

DoF: Degree of Freedom; VMAT: volumetric modulated arc therapy; IMRT: intensity-modulated radiation
therapy; IMPT: intensity-modulated proton therapy; SBRT: stereotactic body radiation therapy; TG: AAPM Task
Group; FF: flattening filter; FFF: flattening filter free; CBCT: cone-beam computed tomography; MLC: multi-leaf
collimator. * External imaging systems, such as X-ray imaging (BrainLab’s Exactrac), CT-on-rail, and surface
imaging (BrainLab’s Exactrac Dynamic, Vision RT’s Align RT, C-Rad, etc.), can be integrated into radiation delivery
systems, as is currently seen with the TrueBeam STx and ProBeat. ** ≥1.25 Gy/min with discrete scanning for the
following settings: range: 20 g/cm2; target volume: 1 L; and dose: 2 Gy).

2.2. Radiation Treatment Planning Systems

The treatment planning system is also crucial for generating high-precision SBRT plans
to ensure effective and safe skull base cancer treatment. Corresponding to the RT delivery
systems listed in Table 1, we compare the features and capabilities of four TPS systems in
Table 2: the Leksell GammaPlan® for Gamm Knife Perfexion/ICON (GK), the Accuray
Precision® for CyberKnife (CK), and RayStation® (RaySearch Laboratories) for both proton
ProBeat and TrueBeam STx modalities. Plans from these four systems will be evaluated for
our skull base reirradiation cases.

In summary, GammaPlan and Accuray Precision are the dedicated TPSs designed
for Leksell Gamm Knife and CyberKnife, respectively, both specializing in non-isocentric
treatment planning for SRS/SBRT patients. RayStation TPS supports multiple treatment
modalities and offers several powerful tools that make it a superior choice for external
beam radiation therapy. These include a multi-criteria optimization tool that helps users
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understand the tradeoffs between conflicting objectives using Pareto planes, an adaptive
planning tool that can enhance the efficiency of adaptive treatment workflow, robust
optimization that is particularly beneficial for particle beam therapy, and an advanced
scripting tool that facilitate the automation of processing.

Table 2. Representative treatment planning systems for RT modalities in Table 1.

Treatment Planning
Systems Leksell GammaPlan Accuray Precision RayStation—

IMRT/VMAT
RayStation—

Proton

Manufacturers Elekta Accuray RaySearch RaySearch

Planning image CT (pre-RT), MRI CT CT CT

Isocenter(s) per
prescription Non-isocentric Non-isocentric Isocentric Isocentric

Dose calculation engine TMR10, convolution Ray Tracing, FSPB (MLC),
Monte Carlo (MLC)

CC Convolution,
Monte Carlo Monte Carlo

inhomogeneity
correction

Yes, in convolution when using CT and
tumor < 2 cm distance from skin Yes Yes Yes

Optimization Traditional inverse planning, LDO
optimizer [54,55] VOLO optimizer [56] DMPO, MCO, robust

optimization
DMPO, MCO,

robust optimization

Adaptative planning No Yes, through PreciseART Yes Yes

CC: collapsed cone; LDO: lightning dose optimizer; DMPO: direct machine parameter optimization;
MCO: multi-criteria optimization; FSPB: finite-size pencil beam.

Many additional capabilities common to all these TPS include multi-modality imag-
ing fusion, inverse planning, non-coplanar beam geometry, and dose-volume histogram
(DVH) analysis.

2.3. Patients and Treatment Plan Generation

Sixteen patients who underwent SBRT for skull base reirradiation on IRB-approved tri-
als (SOAR 2016-1065; PA14-0198) were randomly selected. Nine patients received treatment
on Varian TrueBeam STx with a prescription dose (Rx) of 45 Gy delivered in 5 fractions.
Seven patients were treated on Elekta Leksell Gamma Knife Perfexion, receiving pre-
scription doses ranging from 21 Gy to 27 Gy in 3 fractions. The mean initial treatment
prescription was 66 Gy (range: 60 to 70 Gy) in 30–33 fractions. The mean reirradiation
interval was 23 months (range: 3 to 57 months). Table 3 presents detailed patient and SBRT
treatment information, with the primary target volume ranging from 2.1 cm3 to 36.4 cm3.

Treatment plans were generated using the four TPSs in Table 2 for treatment machines
specified in Table 1. Identical target volumes were used for planning consistency. The proton
plans were generated in RayStation R12A for Hitachi ProBeat-FR utilizing 3 to 5 non-coplanar
beams with intensity modulation proton therapy (IMPT) technique and the Monte Carlo dose
calculation engine. Robust optimization was applied with a 2 mm setup uncertainty and 2.5%
range uncertainty. The volumetric modulated arc therapy (VMAT) plans were generated in
RayStation R11A with 2 to 3 arcs for Varian TrueBeam STx using the collapsed cone convolution
dose calculation engine. GK plans were manually created in Leksell Gamma Plan 10.1 for
Leksell Gamma Knife Perfexion, while CyberKnife plans were created in Accuray Precision for
the CyberKnife M6 employing multi-leaf collimators (MLC) and Monte Carlo dose calculation
engine. All plans were generated by experienced medical physicists or dosimetrists.

The planning goals aimed to achieve comparable or improved target coverage while
adhering to clinical dose constraints for critical organs or structures. The general clinical
goals for 3- and 5-fraction reirradiation treatment plans are listed in Table 4. The constraints
for OARs were much stricter than those for conventional treatment due to reirradiation.
Evaluation includes comparing the target coverage, Paddick conformity index (PCI) [57],
and homogeneity index (HI). HI is calculated as (D2-D98)/D50, where Dx represents the
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dose to x% of the volume in cumulative DVH. PCI values are ≤1.0, with 1.0 indicating
perfect conformity; HI values are ≥0.0, with 0.0 indicating perfect uniformity.

Table 3. Detailed treatment site, target volume, and prescription for patients treated with SBRT.

Patient Site Anatomical/Clinical
Region Target Volume (cm3) Prescription

(Gy)
Number of
Fractions

1 Petroclival Occiput Posterior Cranial Fossa 36.4 45 5
2 Petroclival Occiput Posterior Cranial Fossa 36.4 24 3
3 Petroclival Occiput Posterior Cranial Fossa 29.8 21 3
4 V3/Ovale Central Skull Base 29.6 45 5
5 Clivus Central Skull Base 26.1 45 5
6 Ethmoid/Cribiform Anterior Cranial Fossa 25.7 45 5
7 Nasopharynx Retropharynx 21.6 45 5
8 Cavernous Sinus Central Skull Base 20.7 45 5
9 Retropharyngeal Node Retropharynx 16.3 45 5

10 Cavernous Sinus Central Skull Base 15 27 3
11 Cavernous Sinus Central Skull Base 10.5 21 3
12 Petroclival Posterior Cranial Fossa 9.2 24 3
13 Retropharyngeal Retropharynx 9 45 5
14 Retropharyngeal Retropharynx 7.4 45 5
15 Dura Intracranial 2.6 24 3
16 Petroclival Posterior Cranial Fossa 2.1 21 3

Table 4. Clinical goals and dose constraints used in SBRT plans for skull base reirradiation.

Structures Clinical Goals/Dose Constraints

PTVs V100% > 95%
Dmax < 120%

OARs No hot spot if in target, as low as reasonably achievable if
outside of or away from target

21–27 Gy/3 fractions 40–45 Gy/5 fractions

Brainstem Dmax < 10 Gy Dmax < 13 Gy
Spinal cord Dmax < 9 Gy Dmax < 12 Gy
Optic apparatus Dmax < 9 Gy Dmax < 12 Gy
Carotids Dmax < 20 Gy Dmax < 30 Gy
Cochlea Dmax < 21 Gy Dmax < 21 Gy

Temporal lobe Dmax < 18 Gy
V12 Gy < 3 cm3

Dmax < 27 Gy
V18 Gy < 3 cm3

SBRT: stereotactic body radiation therapy; PTV: planning target volume; OAR: organ at risk; V100: volume
receiving 100% of prescription dose; VxGy: volume receiving x Gy; Dmax: maximum dose.

Traditional dose gradient analysis typically employs a single gradient index, calculated
as the ratio of volume enclosed by the 50% Rx isodose line (IDL) to the volume enclosed by
100% IDL [28]. In skull base SBRT, multiple critical OARs may be in close proximity to or
overlapping with the radiation target, necessitating a balance between the target coverage and
OAR sparing. Of particular interest is the speed of dose fall-off at the boundary, which is crucial
for estimating or predicting the target coverage versus normal tissue sparing. Given the use of
different radiation sources and collimations across RT modalities, the rate of dose fall-off may
vary. Therefore, our study is designed to evaluate two new gradient indices, both as functions
of percent prescription dose (%Rx), enabling their application across different prescribed doses.

Steepest border gradient (SBG). SBG is defined as the highest percent of Rx dose fall-off
per mm (%/mm) at the %Rx isodose line. It serves to evaluate the rapidity of dose fall-off at the
boundary between the target and adjacent critical structures. An in-house developed script was
employed to detect the shortest distance from the x% prescription isodose line IDL (%Rx) to
the prescription isodose line IDL (Rx). Distances to IDL (Rx) were recorded for isodose lines
ranging from 50% to 90% of the prescription dose; then, they were converted to %/mm.

Volume gradient (VG). VG is defined as VOL (%Rx)/TV, where VOL (%Rx) represents
the volume enclosed by the IDL (%Rx), and TV is the volume of the primary target. VG
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assesses the speed of dose-volume spread-out, which is pertinent to the integral dose consid-
erations. VG values were recorded from the 100% Rx IDL down to the 20% Rx IDL. The value
of VG at 100% Rx IDL correlates with the RTOG conformity index [58], while the traditional
gradient index [28] can be derived from VG values at 50% Rx IDL and 100% Rx IDL.

Both the SBG and VG are influenced by factors such as beam penumbra, beam angle
arrangement, and the optimization constraints controlling the gradient-related parameters.
These metrics will be compared across plans generated for the four RT modalities.

The maximum dose (defined as the dose to hottest 0.01 cm3) and mean dose to the
brainstem and the ipsilateral carotid arteries were recorded and normalized to the prescrip-
tion dose. These metrics were compared among the RT plans. The brainstem and carotid
arteries are among the most critical OARs in the majority of skull base reirradiation cases.

The above plan quality metrics were evaluated and compared among the four treat-
ment plans. All plans were normalized to meet similar dose constraints on critical OARs
while achieving best possible target coverage. Statistical analysis was performed using the
Wilcoxon signed-rank test for comparison in IBM SPSS Statistics 24. A p-value < 0.05 was
considered statistically significant.

3. Results
The delivery systems listed in Table 1 are well-suited for SBRT in skull base reirradia-

tion, enabling precise targeting. The treatment planning systems outlined in Table 2 can
achieve adequate dose gradients to spare adjacent critical structures through effective opti-
mization. Figure 1 illustrates the dose distributions of representative SBRT plans generated
using CK, GK, VMAT, and IMPT techniques.
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Figure 3 compares the SBG and VG among the four plans. Given the stringent brain-
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that for GK plans, the first 10% dose fall-off occurred within approximately 0.5 mm, 

Figure 1. A representative case showing SBRT plans from CyberKnife (CK), Gamma Knife (GK),
intensity-modulated proton therapy (IMPT), and volumetric modulated arc therapy (VMAT) techniques.
The patient initially received 70 Gy in 33 fractions in 2013 and underwent a VMAT SBRT for left
nasopharynx recurrence in 2015 (20-month intervals). (a) The transverse view (top row) and sagittal
view (bottom row) of the plan dose distributions. Several organs at risk surround the target, and the
plans were generated to meet clinical goals outlined in Table 4. (b) Dose-volume histograms of the
primary target, brainstem, and ipsilateral carotid for the same patient.
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Figure 2 displays the target coverage, PCI, and HI for the primary target of all
16 patients. The target coverage and PCI show comparable results across all four plans
(p > 0.05). However, the HI is notably lower for IMPT and VMAT plans compared to CK and
GK plans (p < 0.01), indicating superior uniformity in dose distribution for IMPT and VMAT.
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Figure 2. Comparison of primary target coverage, Paddick conformity index, and homogeneity
index for CyberKnife (CK), Gamma Knife (GK), intensity-modulated proton therapy (IMPT), and
volumetric modulated arc therapy (VMAT).

Figure 3 compares the SBG and VG among the four plans. Given the stringent brain-
stem dose constraints in skull base reirradiation, the highest dose gradient typically oc-
curred at the boundary between the brainstem and the target. Analysis of the SBG reveals
that for GK plans, the first 10% dose fall-off occurred within approximately 0.5 mm, result-
ing in an SBG as high as 20.9%/mm (Figure 3(left)). In contrast, CK, IMPT, and VMAT plans
showed a 10% dose fall-off within about 1 mm, corresponding to 10.2%/mm to 12.8%/mm.
At the 50% Rx isodose line, the mean fall-off speed decreased to 16.6% for GK plans, while
the other three plans showed an increase. This variation is linked to plan normalization:
GK plans typically prescribe 50% of the maximum dose, positioning the Rx isodose line at
the steepest gradient of the dose profile. In contrast, VMAT and IMPT plans often prescribe
to the shoulder (90% or above) of the dose profile, placing the steepest gradient at a lower
isodose line location. Overall, GK plans showed the highest SBG compared to the other
three techniques (p < 0.05) between 100% and 50% Rx IDLs. A 50% dose drop occurred
in approximately 3 mm for the GK plan, compared to around 4 mm for IMPT, CK, and
VMAT plans.

Figure 3 (right) illustrates the volume gradient comparison among the four techniques.
At the 100% Rx isodose line, GK and IMPT plans covered a larger volume. As distances
increased from the target, CK and VMAT plans showed an increase in volume for the 50%
Rx isodose line, whereas IMPT maintained a larger volume than GK. By the 20% Rx isodose
line, IMPT plans exhibited significantly lower volumes compared to the other techniques
(p < 0.05).

Figure 4 compares the OAR doses among the four treatment plans. The brainstem
was within 5 mm distance of the target for 9 out of 16 patients and within 2 mm for
4 out of 16 patients. The ipsilateral carotid artery partially overlapped with the target in
12 out of 16 patients and was within 2 mm of the target in 3 out of 16 patients. Due to the
stringent dose constraints for the brainstem, plans typically exhibited sharp dose gradients
toward it. Comparing the four techniques, IMPT plans demonstrated superior maximum
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and mean doses to the brainstem (p < 0.05). The mean dose to the ipsilateral carotid artery
was comparable across all techniques, but the CK, IMPT, and VMAT plans achieved better
adherence to the clinical goal of avoiding hot spots within the carotid artery compared to
the GK plans (p < 0.05).
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The comparison of the above plan quality metrics is also summarized in Table 5.
Table 5 also compared the beam-on-time and delivery time across the four treatment
techniques. Notably, for CK and GK, the beam-on-time and delivery time were identical,
as they continuously delivered all shots or beamlets. For IMPT and VMAT plans, the
delivery time encompasses the duration from initiating the first beam to completing all
beams, including time for field changes and verification, image acquisition before each
beam, and couch rotation for non-coplanar beams. The beam-on-time calculations were
based on specific delivery dose rates: 3 Gy/min for GK and 600 MU/min for VMAT plans.
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Table 5. Dosimetric comparison of treatment plans for four external beam RT systems based on 16
skull base SBRT patients.

Technique
Primary
Target

Coverage (%)
PCI HI Beam-on-

Time (min)
Delivery

Time (min)

SBG
@90%Rx
(%/mm)

SBG
@50%Rx
(%/mm)

CK 98 0.68 0.24 24.3 * 24.3 12.8 13.9
GK 96.8 0.64 0.56 71.3 * 71.3 20.9 16.6

IMPT 97.9 0.65 0.09 2.2 12.1 12.8 14.1
VMAT 98.1 0.69 0.08 4.4 6.1 10.2 12.5

CK: CyberKnife; GK: Gamma Knife; IMPT: intensity-modulated proton therapy; VMAT: volumetric modulated
arc therapy; PCI: Paddick conformity index; HI: homogeneity index; SBG: steepest border gradient. * Based on
treatment time reported in the treatment planning system.

4. Discussion
Skull base recurrences are associated with high mortality rates and severe morbidity

due to the local destruction of surrounding critical organs [11]. Typically, reirradiation is
the only viable option for unresectable recurrences. However, reirradiation of the skull
base tumors presents significant challenges. The proximity of critical structures, including
the brainstem, spinal cord, optic apparatus, cochlea, major vessels, and numerous cranial
nerves, increases the risk of severe radiation-induced toxicities. These structures may
have already received a dose close to tolerance in the initial radiation therapy, which is
typically 60–70 Gy in 30–35 fractions. Moreover, the separations between the tumors and
vital structures may be only submillimeter, which necessitates an intricate balance between
delivering a sufficient tumoricidal dose and sparing multiple critical structures, each
with distinct dose tolerances. These complexities underscore the importance of advanced
techniques and precise radiation delivery systems to minimize the risk of devastating
outcomes while maximizing treatment efficacy.

In this study, we compared four external beam radiation techniques for SBRT with
those used for skull base reirradiation. As shown in Table 4, the dose constraints were
significantly stricter for reirradiation to minimize post-radiation complications. Specifically,
we introduced a novel gradient concept to evaluate and compare the performance of these
techniques in skull base SBRT and identified the potential gradient each technique could
achieve in terms of OAR sparing. The steepest border gradient, expressed as the sharpest
dose fall-off speed (%Rx/mm), evaluates each system’s ability to achieve the steepest
dose gradient when critical structures are near or adjacent to the target. This metric is
particularly valuable in balancing target coverage with OAR sparing. It provides essential
guidance during the treatment planning process by defining achievable planning goals for
each system. Additionally, it offers a deeper understanding of the dosimetric consequences
of daily patient setup errors.

Complementing the steepest border gradient, the volume gradient, which is similar to
the traditional gradient index, was utilized to assess the dose spread throughout the pa-
tient’s body outside the target volume. This measure further aids in understanding the over-
all dose distribution and minimizing unnecessary radiation exposure to healthy tissues.

For the other commonly used metrics for plan evaluation, all techniques achieved
comparable target coverage and conformity, while VMAT and IMPT demonstrated superior
homogeneity. LINAC-based SBRT emerged as the most utilized technique due to its
versatility in treating various cancer types and its specific features that are well-suited for
SBRT. However, the dose spread was highest in VMAT plans, which necessitates careful
design before planning to minimize unintended dose exposure to healthy tissues, especially
when non-coplanar arcs are used.
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GK demonstrated the most effective capability in creating the steepest immediate dose
fall-off at the boundary of the target, thereby sparing critical structures that are proximal
or abutting. Following GK, IMPT also showed significant benefits in limiting dose spread
beyond the 50% Rx isodose line. However, the efficacy of proton treatment depends on
the target location and the number of beams utilized. In our study, proton beams utilized
extended-range shifters located closer to the patient for more superficial targets, without
the use of apertures, which are known to further reduce dose spread both locally and at
a distance, according to references [59–62]. The larger volume observed for the isodose
lines from 100% to 50% in IMPT plans was influenced by robust optimization techniques
employed during planning, which also impacted the CI for IMPT. Typically, a 2 mm margin
was used to account for patient position uncertainty in robust optimization. Online daily
adaptation strategies may help reduce this uncertainty through daily imaging and provide
additional benefits by minimizing radiation exposure to surrounding tissues.

The size of the proton spot is crucial for stereotactic radiation therapy. In our previous
study, we utilized IMPT for head and neck SBRT using an early version of ProBeat, which
had a spot size greater than 1 cm [63]. Plans with larger spot sizes did not demonstrate
clear benefits in target coverage and gradient enhancement typical of proton treatment.
However, the current Probeat-FR system features a spot size of approximately 5 mm,
making it suitable for stereotactic treatment. The smaller spot size improves the proton
system’s ability to achieve a steep border gradient, with optimal volume gradient observed
outside the 50% Rx isodose line as well.

While the primary focus of this study is not on dose calculation algorithms, the
dosimetry accuracy of the TPSs must be meticulously assessed for small-field radiation [64],
especially in the region of a high dose gradient. Monte Carlo-based dose calculation
is renowned for its widely accepted accuracy, and it has overcome the computational
time through the use of GPUs in RayStation for proton plans [65,66]. The VMAT plans
generated in RayStation for this study employ the collapsed cone-based algorithm, which
has demonstrated accuracy within 3% [67–69] for small-field irradiation. The TPSs for GK
and CK are specially designed for SRS/SBRT. CK utilizes Monte Carlo dose calculation for
MLC-based plans, while GK requires a CT scan to use a convolution algorithm to account
for heterogeneity in dose calculation [34,70]. It is crucial to note that the accuracy of dose
calculation in these TPSs is contingent upon the precision of beam modeling during the
TPS commissioning. This accuracy should be thoroughly validated through comprehensive
end-to-end testing, with particular attention to small field scenarios [71].

We used the same target volumes across all techniques in this study, applying a
2 mm margin to skull base lesions based on our patient setup protocol [72]. Similar
immobilization techniques were assumed for the four techniques evaluated, facilitating
hypofractionated treatment for skull base reirradiation. Additionally, some patients had
subclinical risk target volumes contoured around the primary target to receive lower doses
aimed at covering sites of potential high risks. These contouring decisions were made by the
attending physicians based on their clinical judgment, balancing outcomes, and potential
toxicities [12,27]. Advanced online adaptation techniques, such as MR-LINAC and Ethos,
hold promise for further enhancing treatment procedures and reducing radiation to normal
tissues, potentially allowing for reduced target margins.

The beam-on-time for IMPT was highly promising compared to the other techniques.
This is due to the current synchrotron proton beam plans being delivered using discrete
spot scanning and multi-energy extraction [73]. Discrete spot scanning involves delivering
the specified dose for each spot location in a step-by-step manner. Once the spot dose
is delivered, the irradiation stops, and the scanning magnets setting is changed to the
next location. The purpose of multi-energy extraction is to reduce the possible energy

178



Cancers 2025, 17, 540

layer switching time and, thus, significantly reduce the proton dose delivery time. This is
achieved by delivering several energy layers in one single spill. In contrast, with the single
energy layer extraction scheme, the synchrotron would need to decelerate and accelerate
between each energy layer, taking approximately 2 s. The energy layer switch time is only
0.5 s with multi-energy extraction techniques. Furthermore, with continuous scanning (i.e.,
raster scanning), the estimated delivery dose rate could increase by up to 30%.

The beam-on-time represents the continuous radiation time without human interaction.
For all four modalities in this study, this was based on estimates from the treatment
planning systems. GK and CK deliver all radiation shots or beamlets in a single setup
session, meaning the beam-on-time was equivalent to the overall delivery time. Although
the beam-on-time has been significantly improved for IMPT on the proton ProBeat-FR
system, the additional time for couch and gantry rotation, as well as imaging verification,
added up to 2 min for each beam switch, extending the overall delivery time. The beam
switch for VMAT typically takes around 1 min. Among the modalities, VMAT plans had
the most efficient delivery time, followed by IMPT plans. GK treatments are particularly
advantageous for small lesions but may require significantly longer delivery times for
larger lesions.

Several studies have compared treatment plans across different delivery modalities in
the context of stereotactic radiotherapy [74–79]. However, most of these studies typically in-
volve comparisons of only 2–3 delivery systems or comparisons of techniques or treatment
modes from the same modality. Almost all of them rely on the traditional gradient index to
evaluate plans, which provides limited insight into the steepness of dose fall-off near critical
structures. To date, there is only one publication similar to our study that compared GK,
CK, VMAT, and proton therapy. That study used different planning systems for VMAT and
proton plans and employed different delivery systems for proton therapy [78]. In addition,
their comparison primarily focused on intracranial cases, where the target border gradient
was less crucial than in skull base scenarios, making the steepness of dose gradients less
of a priority. This distinction underscores the unique value of our study in addressing the
challenges of skull base reirradiation.

Although we introduced the steepest dose gradient for the most challenging skull
base reirradiation scenarios, it is evident that this information can also be applied to other
SBRT sites with a similar CT intensity range, such as spinal stereotactic radiotherapy, where
strict dose constraints are essential. Moreover, this gradient information provides a deeper
understanding of the potential dose distribution of radiotherapy and its impact on critical
structures nearby. It can further serve as a valuable tool in decision-making, helping to
determine whether radiotherapy or surgery alone or in combination with other treatment
modalities is the best approach to achieve optimal cancer control while maintaining a better
quality of life post-treatment [4,5,7,80].

While all four of these advanced external beam radiotherapy modalities are suitable
for skull base SBRT, the choice depends on several factors beyond the proximity of tumors
to critical structures. These factors include patient conditions, availability of techniques,
treatment costs, insurance coverage, and more. Proton therapy is often more expensive
and less widely available compared to photon-based techniques. GK and CK are dedicated
SRS/SBRT modalities, while LINAC machines are versatile, efficient, and widely used for
treating various tumors. GK is more suitable for small intracranial lesions, whereas CK and
VMAT plans are superior for irregularly shaped tumors. The integration of other modern
techniques, such as MRI [51], with these modalities can further enhance treatment outcomes.
Additionally, the choice is typically guided by a multidisciplinary team, including radiation
oncologists, medical physicists, neurosurgeons, and other specialists.
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The limitations of this study include the lack of clinical outcome data to demonstrate
the benefit of sharp dose fall-off, the absence of proton aperture to further improve dose
gradient and limit dose spread, and a potentially small sample size, which did not capture
the effects of tumor shape or multiple lesions on the border gradient metric. Severe
toxicities following skull base reirradiation, such as bone or soft tissue necrosis, carotid
artery bleeding, cranial nerve damage, and others, could potentially be reduced or even
avoided if these critical structures are carefully contoured and spared in the treatment plans
using the knowledge of border gradients from this study. At the time of this manuscript,
an aperture for head and neck stereotactic radiotherapy on the ProBeat-FR system has
not been developed at our institution. However, other institutions have implemented
this technique [61,81], demonstrating its advantages. The outcome following skull base
reirradiation SBRT and the development of SBRT-specific apertures will be the focus of our
future research.

5. Conclusions
External beam stereotactic radiotherapy plays an essential role in skull base reirra-

diation, as it requires steep dose gradients to protect nearby normal structures. The four
advanced modalities evaluated in this study demonstrated their suitability for this challeng-
ing task. The treatment plans achieved comparable target coverage and dose conformity
across the four techniques while meeting similar clinical objectives for protecting adja-
cent critical structures. The IMPT and VMAT plans demonstrated superior target dose
uniformity, whereas the GK plans showed significant inhomogeneity.

Based on the steepest border gradient, GK plans achieved the fastest dose fall-off at
the target-OAR border, with a 50% dose drop occurring in approximately 3 mm, compared
to around 4 mm for IMPT, CK, and VMAT plans. This border gradient can provide essential
guidance during the treatment planning process by defining achievable planning goals
to balance effective tumor control with reduced toxicities. This is particularly crucial
in situations where nearby OAR tolerance is critical, such as in skull base reirradiation
SBRT. The volume gradient showed comparable dose spread-out within 50% prescription
isodose lines among the four techniques, whereas IMPT plans demonstrated significantly
reduced dose spread into low-dose regions, which is beneficial for minimizing unnecessary
radiation exposure to healthy tissues.
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