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ARTICLE INFO ABSTRACT

Purpose: Synchrotron Microbeam Radiation Therapy (MRT) is a pre-clinical modality characterised by spatial
dose fractionation on a microscopic scale. Treatment planning studies using clinical datasets have not yet been
conducted. Our aim was to investigate MRT dose-distributions in scenarios refractory to conventional treatment
and to identify optimal settings for a future Phase I trial.

Methods: MRT plans were generated for seven scenarios where re-irradiation was performed clinically. A hybrid
algorithm, combining Monte Carlo and convolution-based methods, was used for dose-calculation. The valley dose to
organs at risk had to respect the single fraction tolerance doses achieved in the corresponding re-irradiation plans.
The resultant peak dose and the peak-to-valley dose ratio (PVDR) at the tumour target volume were assessed.
Results: Peak doses greater than 80 Gy in a single fraction, and PVDRs greater than 10, could be achieved for
plans with small (< 35 cm?®) or shallow volumes, particularly recurrent glioblastoma, head and neck tumours,
and select loco-regionally recurrent breast cancer sites. Treatment volume was a more important factor than
treatment depth in determining the PVDR. The mean PVDR correlated strongly with the size of the target volume
(rs = —0.70, p = 0.01). The PVDRs achieved in these clinical scenarios are considerably lower than those re-
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ported in previous pre-clinical studies.
Conclusion: Our findings suggest that head and neck sites will be optimal scenarios for MRT.

1. Introduction

For many recurrent, metastatic or treatment-resistant cancers,
dismal prognosis persists despite the use of modern radiation oncology
techniques. Synchrotron microbeam radiation therapy (MRT) is a pre-
clinical modality that could improve outcomes through physical para-
meters and phenomena that are a departure from current radio-
biological paradigms [1,2]. MRT is delivered as an array of quasi-par-
allel micro-planar beams tens of microns wide and spaced by hundreds
of microns which generates an alternating peak-valley dose-distribution
in tissue [3,4]. In pre-clinical models, peak (in-beam) doses are re-
ported to be in the order of 50 times greater than the corresponding
valley doses [5,6]. Several characteristics of synchrotron radiation are
essential to maintaining a high-resolution peak-valley dose-distribution

in tissue [7]; 1) a keV x-ray energy to minimise the range of secondary
electrons, 2) an ultra-high dose-rate (several hundred Gray per second)
to mitigate the effects of physiological tissue motion, and 3) minimal
beam divergence.

In animal models, normal tissue tolerates single fraction MRT doses
up to several hundred Gray [4,5,8-10] while tumour control can be
achieved despite only a fraction of the tumour receiving the peak dose
[11,12]. These observations challenge a central dogma of conventional
radiation oncology; a dose-response and therapeutic index that is de-
pendent on highly conformal doses delivered to the entire target vo-
lume, while avoiding adjacent organs at risk. For MRT, the therapeutic
effect is thought to rely on optimising the interplay between the peak
and valley doses [2,7], making the peak-to-valley dose ratio (PVDR)
one key metric for assessing the effectiveness of clinical plans.
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Previous studies showing the possible PVDRs and peak doses
achievable by MRT use simple, homogenous phantoms [7,13-17]. A ®
smaller number of studies use more complex inhomogeneous phantoms g _;; é"
of the human lung [18], human head [19-21] or rat spinal cord [5]. -g a4 E _: a
Importantly, many of these studies used field sizes suitable for either g 28 gzR
pre-clinical rodent irradiations or for small human tumours. Such re- g g g é ; g 2 8 8
sults are generally not applicable to the re-irradiation setting in hu- k] TE +E88 2 o 2| e
mans, particularly given the influence of field size on the PVDR [3]. ":“ ik & § bt g g g %
Although cranial malignancies have been proposed as an ideal fu- E E E e § E g E E ?
ture target for MRT [1,2], no studies have demonstrated MRT dosimetry g
in different clinical contexts. The purpose of this treatment planning g g
study is to identify optimal scenarios for MRT from a range of intra- 88 E
cranial and extra-cranial targets. We limited our planning study to cases NG g
that could be justified for a future Phase I trial. These were cases of gE o <+ omm T ;o o %
local or loco-regional recurrence(s) where re-irradiation was the only AT |+ © B cdddddsSaT | g
viable treatment option. Specifically, we aim to inform clinicians about . El
the PVDRs achievable, the peak doses reasonably deliverable and E 8
clinical features that may be a contraindication for MRT. We hy- CN « o “E
pothesise that the depth and volume of tumours will correlate with EE|Z2 & S S3MTuwash |z
PVDR. To our knowledge, this is the first MRT treatment planning study gl I s
to use clinical datasets. - 8
S g
2. Materials and methods '§ ‘% 3
R
2.1. Clinical datasets 2 ; @ @ 8
E2lee § § 38 3 I
Seven clinical computed tomography (CT) datasets and corre- 22|88 B 8 8% B » g
sponding external beam radiation therapy plans were supplied by 2 = =
Alfred Health Radiation Oncology following approval by the institu- ;o“ _ 8 z 5 g
tional Human Ethics Review Committee. Datasets were de-identified, w3 §_ g E g u § >0 . = . 2
anonymised and imported into a research version of the Eclipse™ - § §= é g {-f % Z % % Lg) = % % E B
(Varian Medical Systems, Palo Alto, CA) treatment planning system 3‘_? ;:Jj & i) g& é % BEED g C3EIC) 5 b
(TPS). We performed MRT planning using datasets for intra-cranial, PRI SEsATE EEEESSSSS §
head and neck, chest and spine sites. Details for the datasets, including E
demographic and clinical planning data, are summarised in Table 1. g & =
Patients included in this planning study had all developed pre- ‘: § '%
dominantly local, symptomatic recurrence following radical radio- %Z:: ;!E
therapy treatment and were treated with re-irradiation using conven- Sy g
tional fractionated treatment having exhausted systemic treatment ig ° w =
options. In each case there were organ at risk (OAR) constraints limiting é i 22 2 g g g g —§
the total dose that could be delivered. £&|gg ¢ g ¢ g k] i
|2
2.2. Treatment planning system characteristics % - i
T s = g &
A hybrid MRT dose-calculation algorithm, previously described by % § - g S 5
Donzelli et al. [22], was implemented in the Eclipse™ TPS environment. g g E @ E %
In short, the hybrid algorithm calculates the dose delivered due to % o §§ ‘§ =
photon and electron mediated energy transport separately; Monte Carlo E % E © %‘ E = = % % E
simulations calculate photon transport while secondary electron % § zz % § z E g § % § £
transport is calculated with a convolution-based algorithm. The re- E go €5 2% 8 ESES & E %
sultant accuracy of the hybrid algorithm is comparable to pure Monte ) A ©0 BE<E=3 &5 A ‘E’
Carlo approaches but with substantially shorter, and clinically feasible, =1 E
calculation times [22]. = g )
The algorithm was adapted to model the parameters of the Imaging S| E 5
and Medical Beamline (IMBL) at the Australian Synchrotron [3]. Ad- § ; 3
ditionally, the linear polarisation of the synchrotron x-ray beam was e g g
accounted for. MRT at the IMBL is delivered using an array of vertically g é’o slag o 3 % 0 X
orientated microbeams 50 um wide with a centre-to-centre spacing of L: N 2
400 um. The microbeam energy spectrum is between 50 and 200 keV = § %0
(mean energy of 94keV) and the in-beam dose rate is approximately S| S T 9 mo| e
300 Gy/s [3].The TPS limits the field width and length to 30 mm and kS a g
140 mm, respectively, and uses a fixed horizontal beamline which re- - E £ - = ] 7‘;
flects the physical limitations of the IMBL. The TPS generates separate, % E kS % % % % & & E =
corresponding plans for the peak and valley doses. Eal” °© ° “ &
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Table 2

Single fraction tolerance doses for organs at risk.
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Plan Number of Fractions Organ at risk Endpoint o/p ratio Fractionated dose (Gy) Single Fraction equivalent dose (Gy)
GBM1 5 Brainstem Cranial Neuropathy [26] 2.1 [26] Dmax = 8.8 Dmax = 4.9
Optic apparatus Optic Neuropathy [27] 1.6 [27] Diax = 1.9 Diax = 1.3
GBM2 5 Brainstem Cranial Neuropathy 2.1 Dpax = 24.6 Dpax = 12.1
Optic apparatus Optic Neuropathy 1.6 Dmax = 5.9 Dpax = 3.3
HN1 20 Brainstem Cranial Neuropathy 2.1 Diax = 20.7 Dpax = 7.1
Optic apparatus Optic Neuropathy 1.6 Dimax = 29.2 Dimax = 8.7
HN2 20 Brainstem Cranial Neuropathy 2.1 Dmax = 30 Dax = 9.4
Optic apparatus Optic Neuropathy 1.6 Diax = 30 Dpax = 8.9
Chest1 28 Spinal cord Myelopathy [28] 0.87 [28] Dpax = 45 Dpax = 10.1
Lungs Pneumonitis [29] 4 [29] V20 Gy = 27.1% V7.9Gy = 27.1%
Heart Pericarditis [30] 2.5 [30] Dmean = 35 Dmean = 10.3
Chest2 28 Spinal cord Myelopathy 0.87 Diax = 45 Diax = 10.1
Lungs Pneumonitis 4 V20 Gy = 20.0% V7.9Gy < 20.0%
Heart Pericarditis [30] 2.5 [30] Dmean = 35 Dmean = 10.3
Sacl 30 Spinal nerve roots Neurological toxicity [31] 3 [31] Diax = 56.6 Diax = 15.2
Rectum RTOG Grade = 2 late toxicity [32] 3 [32] Dpax = 54.8 Dpax = 14.8
Table 3

Dose-distributions achieved in MRT plans.

Patient ID/PTV Valley dose for OARs

Mean PVDR for PTV

Mean Peak dose to PTV (Gy) Median Peak dose (IQR) to PTV (Gy)

GBM1 Brainstem: Dy, = 3.1 Gy 16.0
Optic apparatus: Dpax = 1.3 Gy
Brain: V12 Gy = 0.1 cm®
GBM2 Brainstem Dy, = 5.5 Gy 10.2
Optic apparatus: Dpax = 2.5 Gy
Brain: V12 Gy = 4.9 cm®
HN1 Brainstem Dy = 4.2 Gy 11.7
Optic apparatus Dy,,x = 8.2 Gy
Brain: V12 Gy = 4.9 cm®
HN2 Brainstem D, = 6.0 Gy 9.4
Optic apparatus Dy,,x = 8.9 Gy
Brain: V12 Gy = 0.3cm®
Chest1 Spinal Canal Dy = 10.1 Gy
R IMC Lungs V7.9 Gy = 0.1% 8.7
R Neck Heart Dyean = 1.8 11.1
R SCF/ICF 9.0
Total PTV 9.1
Chest2 Spinal Canal D,,,x = 10.0 Gy
R IMC Lungs V7.9 Gy = 7.9% 9.5
L IMC Heart Dyean = 3.1 11.1
RIC 10.6
R Ax 11.4
R SCF 13.1
Total PTV 10.8
Sacl Spinal nerve roots Dy,.x = 13.5 7.5

Rectum: Dp,ax = 14.8 Gy

96.7 95.8 (87.1-105.3)
87.6 86.8 (77.9-96.0)
102.9 101.6 (91.0-112.6)
81.2 75.2 (64.3-92.9)
62.4 57.6 (47.2-76.8)
67.0 65.1 (55.1-78.2)
65.6 63.7 (56.7-71.9)
63.6 60.0 (49.6-76.1)
100.0 101.2 (77.8-119.4)
124.4 105.6 (85.2-199.6)
103.3 121.5 (102.1-143.0)
103.0 98.1 (84.3-120.1)
131.3 128.9 (113.8-149.5)
108.3 108.3 (86.9-125.4)
47.7 45.7 (37.4-55.5)

IQR; Inter-quartile range, SCF; supra-clavicular fossa, ICF; infra-clavicular fossa, IMC; internal mammary chain.

2.3. Planning method and evaluation

The OAR constraints used for re-irradiation were used to generate ac-
ceptable MRT valley plans. Once an acceptable MRT valley plan was
achieved, a corresponding MRT peak plan was generated to determine the
peak doses that could be delivered throughout the target volumes. Dose-
volume histograms and dose statistics from the Eclipse™ TPS were used to
evaluate and compare the MRT and clinical treatment plans. A plan showing
the PVDR was derived from the peak and valley plans for each dataset. PVDR
depth profiles were generated based on a line parallel to the field direction
and passing through the geometric centre of the target volume.

Because MRT might be delivered as a single fraction treatment [1,23],
the tolerance doses for OARs achieved in the fractionated clinical plans were
scaled to a single fraction equivalent. For organs that were not dose-limiting
in the clinical plans, tolerance doses were scaled from QUANTEC re-
commendations. Scaling was based on the linear quadratic (LQ) model, as
described previously [24], with a/f ratios sourced predominantly from
QUANTEC studies. This is summarised in Table 2. Skin doses, which were
not considered in the clinical plans but are relevant to MRT due to the use of
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a keV beam energy, were restricted to V26 Gy < 0.035cm> and V23
Gy < 10cm® [25]. The lens’, oesophagus and trachea were not considered
as OARs as they were not in close enough proximity to the target volumes to
be considered relevant. The limitations of applying the LQ model to MRT,
which uses high and heterogenous doses, will be discussed later.

A uni-directional field approach, required to preserve the peak-valley
geometry optimal for normal tissue sparing [4], was used for all plans. Field
directions for individual plans were chosen based on a balance between
avoiding critical OARs and minimising the target depth relative to the field
direction. Where the size of a target exceeded the field width or height
restrictions at the IMBL, a series of fields were stitched together to achieve
coverage. For the head and neck sites, plans assumed a supine position and
direct lateral fields. For the remaining sites, plans assumed a seated position,
with couch rotations used to change the field entrance angle.

2.4. Statistics

Spearman’s rank correlation (r;) was used to analyse the relation-
ship between target volume characteristics and PVDR. Statistical



L.M.L. Smyth, et al.

Physica Medica 60 (2019) 111-119

A GBM1 B GBM2
100 . 100 -
- \ \ \ Optic Apparatus - \ Optic Apparatus
§ — Brainstem N3 —"Brainstem
® 804 — RightiLens! o 80 — Right Lens
g — Left Lens E — Left Lens
° Brain ° Brain
o 601 — BTV 3 60 e @TY
E =PIV 3 — PTV
3] 13}
S =
E 401 \ £ 401 \
< 2
5] 5}
-% 20 \ .% 20 \
14 \ 4
P NN | A NN
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Dose (Gy) Dose (Gy)
(of HN1 D HN2
100 100 :
- \ Optic Apparatus . \ \ Optic Apparatus
X —"Brainstem x —"Brainstem
T 80 — Right Lens o 80 — Right Lens
g — Left Lens g — LeftLens
° Brain ° Brain
5 601 — GTV > 607 — BTV
5 —Fvo§ Py
5] 3]
£ 404 \ £ 40 \
7] 7]
k] k] \\
o
g 2 ‘ g 2
14 14
0 L\ ; : \ . . ; 0 N | = .
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Dose (Gy) Dose (Gy)
E Chest1 F Chest2
1 1 .
00 \ \ —— Spinal Canal 00 \\\ — Spinal Canal
S ==ULURGS 2 =="LUngs
o 80 \ —Heart o 804 \\ \ — Heart
E — PTV.(Total) E — PTV (Total)
S g
g 60 g 60+ \
g g
‘E 40 ‘3 40
G \ G
S 204 \ k S 204 \
© ©
o 14
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Dose (Gy) Dose (Gy)
G Sac1
100 ;
. \\\ \\ — Spinal Nerve Roots
§ —"Bladder
g 80+ — Rectum
E Uterus.
<] —
z 601 \ \ GTV
g — PTV
2
o
B 40
7]
P
5}
.‘g 1 “ \
©
o
FERUERN\ e~ S N
0 5 10 15 20 25 30
Dose (Gy)

Fig. 1. Dose-volume histograms for single fraction MRT valley dose plans. The optic apparatus and brain were the most dose-limiting OARs for the glioblastoma
(Panel A and B) and the head and neck (Panel C and D) recurrences. The spinal canal and rectum were the dose-limiting OARs for the loco-regionally recurrent breast

cancer (Panel E and F) and sacral schwannoma (Panel G) plans, respectively.
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analyses were performed using GraphPad Prism version 7.0 (GraphPad
Software Inc, San Diego, California, USA), 95% confidence intervals are
reported in square brackets and p < 0.05 was considered to be sta-
tistically significant.

3. Results
3.1. Valley dose to organs at risk

Table 3 summarises the dose-distributions achieved in the plans.
Single fraction valley doses for each plan met the dose constraints
achieved clinically and are displayed in dose-volume histograms
(Fig. 1). Dose-volume histograms for the fractionated clinical plans are
presented in Supplementary Fig. 1. For the recurrent glioblastoma and
head and neck cases, the optic apparatus and the brain were the dose-
limiting organs for MRT. Maximum valley doses to the brainstem were
equal to or less than 6.0 Gy and clearly within tolerance. Very small
volumes of the brain, limited to regions bordering the skull, received
high doses, up to a maximum point dose of 24.1 Gy. However, the
volume of brain receiving 12 Gy was less than 5cm?® in all cases [33].
Given its proximity to the bony spinal canal, the spinal cord was the
most dose-limiting organ for the recurrent breast cancer plans. For the
sacral schwannoma plan, the rectum was the dose-limiting normal
tissue structure. The highest V26 Gy and V23 Gy values for the skin
recorded across all the plans were 0.003 and 0.02 cm®, respectively,
both for a recurrent glioblastoma plan (GBM1). The maximum point
dose to bone ranged from 20.5 for the sacral schwannoma (Sacl) to
46.7 Gy for the recurrent left cavernous sinus tumour (HN1).

3.2. Peak dose to target volumes

For acceptable doses to the OARs, the mean, single fraction peak
doses ranged from 47.7 Gy for the sacral schwannoma (Sacl) to 131.3 Gy
for the right supra-clavicular breast cancer recurrence (Chest2). The
highest mean peak doses were achieved for plans with either small or
superficial volumes. One of the recurrent breast cancer plans (Chest2)
achieved mean peak doses greater than 100 Gy for all target volumes.
The glioblastoma and head and neck plans still achieved mean peak
doses of 80-100 Gy despite having the greatest treatment depths of all
plans. The interquartile range for peak doses was largest for PTVs en-
compassing high or low-density regions, with bony regions responsible
for very high maximum peak doses. The recurrent glioblastoma plans
showed the least variation in peak dose across their respective PTVs,
reflecting their location at depth within the brain and distance away
from relatively low or high-density structures.

3.3. Peak to valley dose ratio

Mean PVDRs for the PTVs of each scenario ranged from 7.5 for the
recurrent sacral schwannoma (Sacl) to 16.0 for a recurrent glioblastoma
plan (GBM1). Even at depths greater than 5 to 6 cm, glioblastoma and
head and neck plans could achieve PVDRs greater than 10. The mean
PVDR correlated strongly with the size (i.e. volume) of the PTV
(rs = —0.70 [-0.90, —0.22], n = 13, p = 0.01) but no significant cor-
relation was found between mean PVDR and central PTV depth (Fig. 2).
There was a moderate, but not significant, negative correlation between
mean PVDR and total field size (rs = —0.61,n = 7, p = 0.17).

Fig. 3 illustrates the change in PVDR as a function of depth and
tissue density. In soft tissue, PVDR was at a maximum at the field en-
trance and decreased sharply within the first 2 cm depth in tissue. The
rate of decrease in PVDR reduced with depth, with PVDR approaching a
plateau for most plans. The PVDR increased again very slightly as the
field exited the body due to the loss of backscatter [13]. PVDR de-
creased sharply when moving from regions of soft tissue to bone and
increased again sharply when moving back into soft tissue (Fig. 3A-G).
This is explained by the increase in scattered irradiation in bone, which

Physica Medica 60 (2019) 111-119

sharply increases the valley dose, thereby lowering the PVDR locally in
that region [21]. The PVDR increases again distally to bone due to the
relative loss of backscatter. Smaller target volumes, with smaller cor-
responding field sizes, had the highest entrance PVDR values and the
highest PVDR plateaus. The PVDR approached zero in air gaps or
cavities (Fig. 3A and D) due to a lack of dose deposition in these re-
gions.

4. Discussion

The purpose of this treatment planning study was to inform clin-
icians about the dose-distributions possible with MRT, and in doing so,
to identify optimal scenarios for its clinical testing. For an acceptable
valley dose to OARs, shallow PTVs, or those with a volume less than
35 cm?, achieved the highest PVDRs and peak doses. These scenarios
included intra-cranial tumours, head and neck tumours, and select re-
current breast cancer sites. Treatment volume was a more critical factor
than treatment depth in determining the PVDRs.

The PVDRs presented in our study are considerably lower than those
reported in pre-clinical rodent studies, which are typically between 20
and 50 [5,6,34-36]. This observation is important given the centrality
of peak-valley dosimetry to the novel radiobiology of MRT. Further-
more, previous studies presenting MRT dose-distributions typically use
field sizes that would be too small to cover the target volumes selected
in our study [3,19,21]. Consequently, clinically achievable PVDRs, in
scenarios with a justification for a Phase I test, have previously been
overestimated. For instance, Martinez-Rovira et al. [19] assume a field
size of 2cm? for a hypothetical intra-cranial tumour, yielding a sub-
stantially higher PVDR (~21) and lower valley doses compared to the
intra-cranial tumour recurrences presented in our study.

Although small tumours are the most dosimetrically favourable for
MRT, Phase I testing will not be justifiable in scenarios where combi-
nations of surgery and stereotactic radiotherapy are routinely used
[37-39]. However, a trial of MRT could be justified in settings where a
standard, second line therapy for local recurrence has not been estab-
lished and especially for patients with repeated local recurrences and
poor prognosis. Datasets used in our study were selected from patients
who had been offered potentially toxic re-irradiation in the clinic, in the
context of no further surgical or systemic treatment options.

Glioblastoma Multiforme (GBM) is an example of an insidious dis-
ease which continues to have a dismal survival rate and limited ther-
apeutic options for local recurrences despite significant research in-
vestment [40-42]. In our study, both GBM plans demonstrated features
that might be favourable for MRT; relatively high PVDRs and mean
peak doses to the PTV as well as a relatively low variation in peak dose
across the target. Given the high incidence of GBM compared to other
primary brain tumours, it should be possible to recruit a sub-set of
patients with a treatment volume favourable for MRT.

Loco-regionally recurrent breast cancer is another clinical scenario
where a trial of MRT could be justified, and in our study, showed po-
tential for high peak doses to the target volume. The relatively shallow
depth of the lymph nodes targeted in these plans favours the keV energy
of MRT, with maximum peak doses and PVDRs occurring close to the
skin surface. The difference in dose-distribution between the two re-
current breast cancer scenarios presented in our study can be explained
by differences in the proximity of their respective PTVs to the dose-
limiting spinal cord. The proximity of target volumes to the spinal canal
could be a contraindication for MRT given the local increase in valley
dose in bone which would increase the risk of spinal cord toxicity. To
mitigate this risk, an angled, rather than direct anterior field approach,
could be taken to completely avoid the MRT field exiting through or
close to the spinal canal.

Given the dose-distributions observed in the loco-regionally re-
current breast cancer plans, superficially recurrent cancers or meta-
static cutaneous lesions would also be dosimetrically favourable targets
for MRT. Breast tumours which metastasize to the skin [43] and in-
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Fig. 2. Correlation plots of mean PVDR versus target size (Panel A), central target depth (Panel B) and total field size (Panel C). While the size of the PTV correlated
strongly and negatively with PVDR (r; = —0.70 [ —0.90, —0.22], n = 13, p = 0.01), central PTV depth did not (rs = 0.007 [ —0.56, 0.571, n = 13, p = 0.98). Total

field size showed a moderate, but non-significant, negative correlation with mean PVDR (ry

—0.61, n =7, p = 0.17). The minimum central PTV depth for the

targets selected for MRT planning was 2.3 cm. The locoregionally recurrent breast cancer plans had multiple target volumes which were considered individually
when evaluating target volume and depth but considered as a total PTV when evaluating total field size. Correlation was analysed using Spearman’s rank correlation

with p < 0.05 considered statistically significant.

transit cutaneous or sub-cutaneous melanoma recurrences [44] can be
unresponsive to standard local and systemic therapies and remain a
therapeutic challenge [45,46]. These scenarios would be good candi-
dates for MRT and future dosimetric investigation is warranted. Re-
current melanoma confined to the limbs would be a particularly at-
tractive target for a Phase I test of MRT, given the lack of closely
situated vital organs.

Pragmatically speaking, the treatment of recurrent intra-cranial or
head and neck lesions would currently be more feasible than breast cancer
recurrences to the chest wall and regional lymph nodes. Firstly, patient-
positioning solutions to overcome the limitations of the fixed horizontal
beamline are more readily available for head and neck targets. A medical
treatment chair has been implemented at the European Synchrotron
Research Facility [47] and provides sufficient accuracy for stereotactic
intra-cranial irradiations. This would be a feasible positioning solution for
treatments of the head or neck at the IMBL. Positioning for extra-cranial
treatment sites would be more difficult, however, a robotic patient posi-
tioning couch recently installed at the IMBL might be suitable for clinical
purposes following further testing and development. Secondly, the accu-
racy of the hybrid algorithm in lung tissue remains a point of contention
due to the complex pulmonary microstructure and the presence of air. This
may preclude its use for thoracic treatment fields.

A potential disadvantage of treating intra-cranial tumours with MRT
is the need for fields to traverse the skull prior reaching the target
volume. Martinez-Rovira et al. [19] estimate that a maximum peak dose
of 75-90 Gy would be deliverable to an intra-cranial tumour at a depth
of 4.5-5.5 cm, if desiring to restrict the probability of long-term bone-
related complications to less than 5% in 5 years [48]. The higher atomic
number of bone is associated with an increased probability of Compton-
scattered photons being absorbed in the valley region via the photo-
electric effect, leading to a sharp increase in valley dose in the skull
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[21]. We chose to accept higher maximum valley doses to bone given
that: 1) osteoradionecrosis is a late-effect of radiation and that for a
Phase I test of MRT, acute toxicity would be the most relevant outcome
for patients with an otherwise short life-expectancy (< 6 months), 2)
bone is highly resistant to radiation, with single fraction doses of at
least 50 Gy routinely used in the extracorporeal irradiation of malignant
bone tumours [49,50], and, 3) if patients survive long enough to ex-
perience long-term osteoradionecrosis of the skull, cranioplasty is a
common and well-established neurosurgical procedure to preserve
cosmesis and brain protection [51].

A key assumption in our study, and of previous MRT dosimetry
investigations [19], is that the MRT valley dose is the best parameter for
the evaluation of normal tissue complication probability. A recently
published in vivo study investigating the equivalence of MRT and con-
ventional broad-beam radiation therapy in a murine model showed that
median toxic valley doses were lower than the median toxic conven-
tional radiation therapy dose by a factor of 1.6 to 1.8 [52]. This finding
suggests that peak doses cannot be ignored in the context of MRT
toxicity and that caution is required when assuming the equivalence of
MRT valley dose with broad-beam dose. Further in vivo work is required
to determine more precise and toxicity-specific scaling factors that
would bring MRT valley doses to within OAR tolerance.

Further to this, we have used the LQ model to scale total fractio-
nated OAR doses to a single fraction equivalent. While the applicability
of the LQ model at high doses per fraction is controversial [53], there is
robust data to suggest that the model is valid up to 10 Gy per fraction
and sufficient data to justify its use in the design of clinical trials using
15-18 Gy per fraction [54-56]. The majority of the single fraction tol-
erance doses we utilized as dose constraints for the valley plans were
less than 10 Gy. Additionally, our tolerance doses were at least as
conservative as the single fraction tolerance doses recommended by
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Fig. 3. PVDR depth profiles for individual target volumes within each patient plan. Glioblastoma (Panel A and B), head and neck (Panel C and D) and sacral
schwannoma (Panel M) plans had a single PTV, while the locoregionally recurrent breast cancer plans (Panel E to L) had multiple PTVs. Regions of relatively high
electron density, such as bone, are shaded in dark grey, while regions of relatively low density, such as lung, are white. PVDR increased sharply in regions of bone and
approached zero in air (Panel A and D). In most cases, the PVDR increased marginally and gradually as the field passed through lung tissue, with sharper changes
evident at tissue interfaces.
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QUANTEC [57] or used in recent radiosurgery trials [25,58].

Importantly, all dose-calculations performed in this treatment plan-
ning study are specific to the photon spectrum of the IMBL which has a
mean energy of 94 keV. The Eclipse™ TPS allows for the input of alter-
native spectra. The x-ray spectrum at the ID-17 beamline at the European
Synchrotron Radiation Facility (ESRF) is similar but slightly more en-
ergetic than the IMBL with a mean photon energy of 105keV [59]. The
variation of PVDR with spectrum energy has been well documented
[60-63]. Livingstone et al. [60] showed small increases in PVDR with
increasing energy spectra up to a mean of 124 keV. Other studies have
shown optimal mean x-ray energies for maximal PVDR as high as
175keV to 300 keV [61,62]. For a given microbeam collimator geometry
and field size, the PVDR is expected to be marginally higher at the ESRF
compared to the IMBL. Shifts in mean energy spectra associated with
kilovoltage x-ray beams in the range of 10 keV do not drastically affect
PVDR. Rather, collimator geometry, field size and depth in material af-
fects PVDR more profoundly than small changes in mean energy [60].
However, PVDR degradation is observed at mean energies higher than
300 keV due to the substantially increased range of secondary electrons
travelling into the valley regions [62]. Mean photon energies up to
124 keV are technically feasible at the IMBL through increased filtration
of the synchrotron light source. However, in order to maintain higher
dose-rates suitable for the clinical delivery of MRT, a 95keV mean en-
ergy is considered to be an appropriate compromise [60].

Finally, dosimetric validation of the TPS based on measurements of
the peak and valley doses at various depths in three-dimensional het-
erogenous media is the next essential step towards use of this TPS in
future veterinary or clinical studies. Previous studies have reported mi-
crobeam dosimetry data using a synthetic micro-diamond detector in a
liquid water tank on the IMBL [3,64]. Experimental validation of the TPS
is beyond the scope of this study but will be the focus of future work.

5. Conclusions

Based on our data, recurrent head and neck cancers could be an
optimal scenario for a future Phase I trial of MRT, especially when also
considering patient positioning solutions and the physical limitations of
the IMBL. Selected patients with intra-cranial disease could also be
suitable, given that high skull doses are deemed clinically acceptable.
Superficially recurrent or cutaneous metastatic lesions should be in-
vestigated further. While the PVDRs presented in this study are rela-
tively low, peak doses that are a factor of ten larger that the tissue
tolerance dose are still possible. This could profoundly improve the
therapeutic effect of radiation therapy and is worth exploring in clinical
scenarios where alternative options have been exhausted or where
standard therapeutic strategies have not been established.
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