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Background and purpose: When using highly conformal radiotherapy techniques, a stabilized breathing
pattern could greatly benefit the treatment of mobile tumours. Therefore, we assessed the feasibility
of Mechanically-assisted non-invasive ventilation (MANIV) on unsedated volunteers, and its ability to
stabilize and modulate the breathing pattern over time.
Materials and methods: Twelve healthy volunteers underwent 2 sessions of dynamic MRI under 4 venti-
lation modes: spontaneous breathing (SP), volume-controlled mode (VC) that imposes regular breathing
in physiologic conditions, shallow-controlled mode (SH) that intends to lower amplitudes while increas-
ing the breathing rate, and slow-controlled mode (SL) that mimics end-inspiratory breath-holds. The last
3 modes were achieved under respirator without sedation. The motion of the diaphragm was tracked
along the breathing cycles on MRI images and expressed in position, breathing amplitude, and breathing
period for intra- and inter-session analyses. In addition, end-inspiratory breath-hold duration and posi-
tion stability were analysed during the SL mode.
Results: MANIV was well-tolerated by all volunteers, without adverse event. The MRI environment led to
more discomfort than MANIV itself. Compared to SP, VC and SH modes improved the inter-session repro-
ducibility of the amplitude (by 43% and 47% respectively) and significantly stabilized the intra- and inter-
session breathing rate (p < 0.001). Compared to VC, SH mode significantly reduced the intra-session mean
amplitude (36%) (p < 0.002), its variability (42%) (p < 0.001), and the intra-session baseline shift (26%)
(p < 0.001). The SL mode achieved end-inspiratory plateaus lasting more than 10 s.
Conclusion: MANIV offers exciting perspectives for motion management. It improves its intra- and inter-
session reproducibility and should facilitate respiratory tracking, gating or margin techniques for both
photon and proton treatments.

� 2019 Elsevier B.V. All rights reserved. Radiotherapy and Oncology 133 (2019) 132–139
Radiotherapy of mobile tumours entails many challenges due to
the uncertainties of the target position caused by breathing. Indeed,
the breathing amplitude and frequency may deeply and unexpect-
edly vary from cycle to cycle, as they are subject to deep conscious
and unconscious variations. These changes can occur either within
a same treatment fraction (intra-fraction variation), or from one
day to another (inter-fraction variation). In proton-therapy, the
uncertainties in target position are even worsened by the proton
range variations within the crossed tissues and the interplay effect
(the interferences between the target motion and the spot scanning
beam) that can unpredictively distort the dose distribution. This
may jeopardize the radiation therapy (RT) accuracy, with potential
detrimental effect on the treatment outcomes [1,2].

Therefore, many motion mitigation strategies have been estab-
lished. Some are simple to implement (safety margins), whereas
others require advanced technological skills (real-time tracking,
respiratory gating) [3,4]. But they still can be impaired to varying
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degrees. For example, large variations in breathing pattern or base-
line shifts (changes in average position over time) can make the
planning 4D-CT unreliable [5–7]. Regarding tracking and gating
strategies with coupled internal and motion surrogates, an erratic
breathing movement results in longer treatment times and dis-
comfort for the patient. This problem is also a strong limiting factor
for tracking in proton-therapy because of the system’s response
delay while changing the energy of the beams. Even audio/visual
coaching that attempts to regularize the breathing pattern still
leaves some variations of the breathing pattern, and critically
depends on patient’s compliance [8].

In order to address this complex issue, mechanically-assisted
ventilation can be applied to take complete control of the breath-
ing. However, conventional ventilation or even specific ventilation
techniques such as High Frequency Ventilation (HFV) performed
under anaesthesia are demanding and invasive approaches [9,10].
As an alternative, non-invasive ventilation techniques have been
investigated. Peguret et al. proposed radiation treatments under
High Frequency Percussive Ventilation that allowed prolonged
apnoea-like breath-holds without sedation. Parkes et al. demon-
strated that mechanically-assisted non-invasive ventilation
(MANIV) using conventional ventilators was feasible, allowed to
prolong breath-holds over 5 min after a preparatory
mechanically-assisted hyperventilation, and doing so, regularized
the breathing pattern [11–14].

The purpose of our study was to further explore MANIV aiming
to broaden the scope of its use beyond the breath-hold application.
MANIV may offer a good compromise between spontaneous
breathing and general anaesthesia as it requires no sedation and
Fig. 1. Trial design. During the coaching session in the simulation room, all the volunte
Spontaneous breathing – VC: Volume-controlled ventilation mode – SH: Shallow-contro
was measured with an infra-red surface camera (GateRT�, VisionRT�). Personalized brea
applied identically during the 2 MRI sessions to assess the intra- and inter-session re
alternated every minute for 16 min during each MRI in order to track the diaphragm (a
relies on the ventilator ability to completely constrain the tidal vol-
ume and the breathing frequency. This concept might thus consid-
erably simplify all motion management strategies in both photon-
and proton-therapy.

Different ventilation modes were investigated on volunteers,
aiming to stabilize and also modulate the breathing pattern for
the needs of specific and personalized respiratory-synchronized
techniques.
Materials and methods

Ethics

This trial has been carried out on healthy volunteers in accor-
dance with The Code of Ethics of the World Medical Association
(Declaration of Helsinki) for experiments involving humans,
approved by our local ethics committee (B403201732715) and reg-
istered in ClinicalTrials.gov (NCT03226925) [15]. Informed consent
was obtained from all participants before to start the trial.
Design

This was a 3-step-trial: (1) coaching session, (2) MRI session 1
and (3) MRI session 2 (Fig. 1). During the coaching session, the vol-
unteers were positioned in the simulation room with the arms
above the head, a customized head holder and triangle-shaped pil-
low under the knees. They were connected to the mechanical ven-
tilator (imtmedical AG, Bellavista 1000�) through a facial mask
covering the mouth and nose (Fig. 1). The MRI were acquired with
ers were familiarized with the ventilator and the different ventilation modes (SP:
lled ventilation mode – SL: Slow-controlled ventilation mode). The external motion
thing parameters on the ventilator were defined during the coaching session then
producibility of the motion under ventilation. Coronal and sagittal images were
rrow on MRI images) in 3 directions.



134 Mechanically-assisted non-invasive ventilation
the ventilator in order to observe the internal motion that was sub-
sequently quantified and analysed.
Mechanically-assisted non-invasive ventilation

The following ventilation modes were successively assessed
(Fig. 2):

Volume-controlled mode (VC): this mode is generally used to
constrain the tidal volume and the breathing rate. In this trial, it
attempted to impose a regular breathing pattern in physiologic
conditions. Tidal volume and breathing rate parameters were first
determined from individual spontaneous breathing observation,
reported on the ventilator and fine-tuned to improve the volun-
teer’s tolerance.

Shallow-controlled mode (SH): this mode is a variation of the
previous one. Keeping the minute ventilation (the volume of gas
exchanged per minute) constant to respect individual metabolic
needs, the breathing rate (BR) was accelerated up to 30 breaths
per minute (bpm) while the tidal volume was reduced proportion-
ally. As a result, this mode would allow to reduce the internal
motion amplitude.

Slow-controlled mode (SL): This mode is an adaptation of the bi-
level positive pressure ventilation mode of the ventilator. It
intended to mimic constrained and repeated short breath-holds
(<15 s). The breath rate was set at 3 breath-holds per minute, with
3 end-inspiratory plateaus per minute. The high pressure level
Fig. 2. Mechanically-assisted non-invasive ventilation modes. Three different
ventilation modes were evaluated during this trial: (A) The Volume-controlled
ventilation mode stabilized the breathing pattern with constrained but individu-
alized tidal volume and breathing rate, (B) The Shallow-controlled ventilation mode
accelerated the breathing rate and reduced the motion amplitude. (C) The Slow-
controlled ventilation mode created repeated and long-lasting end-inspiratory
plateaus.
(18 mbar) imposed the end-inspiratory breath-hold, while the
low level of pressure (0–2 mbar) allowed the exhalation.

The spontaneous breathing (SP) of each volunteer was recorded
prior to themechanically-assisted ventilationmodes to serve as ref-
erence for comparison purposes. Volunteers were asked to breathe
normally, without connection to the ventilator or any coaching.
Tolerance assessment

Pulsed Oxygen Saturation (SpO2), end-tidal Carbon Dioxide
(etCO2) and heart rate (HR) were monitored with a pulsed oxime-
ter and etCO2 detector (Bellavista 1000�) during the coaching ses-
sion (objective tolerance assessment). Subjective assessment was
based on a five-point scoring scale (5 = excellent; 4 = very good;
3 = good; 2 = bad; 1 = very bad) rated after each ventilation mode
on MRI. The volunteers scored both their general comfort (MRI
environment, noise, mask, position) and their specific ventilation-
related comfort.
External motion quantification

During the coaching session (Fig. 1), the external motion was
measured with an infra-red surface camera (GateRT�, VisionRT�)
from a tracked point positioned close to the xiphoid process at
the base of the thoracic surface. The position variations of the
tracked point were registered by the camera as a function of time.
The detection of consecutive minima and maxima determined the
peak-to-peak motion amplitude. Only intra-session variations of
the motion were assessed as external measures were only per-
formed once (VisionRT� not available on MRI device).
Internal motion quantification

The volunteers were scanned with dynamic MRI (3T, Ingenia,
Philips Healthcare, Best, the Netherlands) using a single-slice
Balanced Turbo Field Echo (bTFE) sequence with a slice thickness
of 7 mm. To allow 3D motion assessment, images were acquired
on 2 perpendicular slices (coronal and sagittal) that were manually
selected based on well-identified anatomical structures (vascular
cross points). Dynamic MRI images were then acquired alterna-
tively on coronal and sagittal slices every minute, for a total of
16 min. This acquisition time was set to be representative of a
usual radiotherapy treatment slot duration (including IGRT and
treatment time delivery).

Three sagittal and four coronal images per second were
acquired, corresponding to 3360 images by 16-min-MRI. A
dynamic MRI was acquired for each ventilation mode (SP – VC –
SH – SL). Images were then played in a cinema-mode to quantify
the breathing-related internal motion. After the first session (MRI
1), the acquisitions were all repeated over a few days (MRI 2) to
assess the inter-session reproducibility of the internal motion.

The motion analyses were performed afterwards on the MRI
images with an in-house tool allowing to track the motion of a
single-point selected along a 1D-navigator manually placed on
the images across the diaphragm. This point was first placed on
the coronal slices and then automatically reported by the in-
house tool on the corresponding sagittal slices (Fig. 1).

Motion parameters of the diaphragm were measured, including
breathing amplitude (peak-to-peak distance between end-
exhalation and end-inhalation position of each breathing cycle)
and breathing period. The results were expressed by mean ± 1 SD
(standard deviation). Their spread (minimal and maximal values)
within a given mode is reported in Table 1. Their reproducibility
during each MRI session (intra-session reproducibility) and
between MRI sessions (inter-session reproducibility) was also
analysed. For the SL mode, the duration and the range (difference



Table 1
Intra- and inter-session motion and baseline shift analyses for Spontaneous breathing (SP), Volume-controlled (VC) and Shallow-controlled (SH) ventilation modes.

A. INTRA-SESSION motion analyses

Amplitude (mm) External Internal

Mean SD Min Max Mean SD Min Max

SP / / / / 20.2 7.4 9.1 58.5
VC 3.5 0.4 1.7 6.1 30.5 8.1 16.5 56.4
SH 1.8 0.2 1.0 2.8 19.4 4.7 8.0 39.9

Period (sec) External Internal

Mean SD Min Max Mean SD Min Max

SP / / / / 4.1 0.5 2.6 11.6
VC 5.6 0.2 3.5 7.5 5.5 0.2 3.5 7.5
SH 2.0 0.1 2.0 2.0 2.0 0.2 2.0 3.7

Baseline shift (mm) External Internal

Mean SD Min Max Mean SD Min Max

SP / / / / 4.6 2.2 1.6 11.1
VC 2.3 1.3 0.4 4.7 5.0 2.9 1.1 16.2
SH 1.8 1.2 0.4 3.4 3.7 2.0 0.5 10.4

B. INTER-SESSION motion analyses (MRI 1 – MRI 2)

Amplitude (mm) Mean Min max SD Min Max

SP 5.3 0.5 13.2 1.7 0.1 8.9
VC 3.0 0.1 6.3 1.0 0.2 3.3
SH 2.8 0.5 8.6 0.8 0.2 2.8

Period (sec) Mean Min max SD Min Max

SP 0.8 0 2.3 0.2 0 0.8
VC 0 0 0.1 0 0 0.1
SH 0 0 0.2 0 0 0.1

Baseline shift (mm) Cranio-caudal direction Left-right direction

Median P25 P75 Median P25 P75

SP 9.1 4.0 14.0 4.7 1.5 7.1
VC 5.2 2.6 10.0 3.4 0.8 7.1
SH 3.5 1.8 8.5 4.4 1.4 10.7

SD: standard deviation; Min: minimum; Max: maximum
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between the maximal and minimal positions) of each end-
inspiratory plateau were recorded and expressed by mean ± 1SD
[min �max]. Finally, baseline shifts were measured. Within each
MRI, the position of the tracked point was averaged every minute
(16 mean positions). The distance between the maximal and min-
imal mean positions corresponded to the intra-session baseline
shift. Inter-session baseline shifts analyses were addressed differ-
ently. For each MRI, the position of the tracked point was averaged
over the 16 min (1 mean position per MRI) and compared to the
average position of the second MRI-session. In order to compare
these average positions properly (as the frame settings differed
from one to another MRI session), the distance between a same
fixed vertebral body and the tracked point were recorded, and
decomposed into left–right (LR) and cranio-caudal (CC) compo-
nents. Shifts were expressed in millimetres.
Statistical analysis

Motion parameters were compared between the different ven-
tilation modes for global and individual results using a mixed
model (with the mode as fixed effect and the patient as random
effect) since several measurements were performed on the same
subject. The global effect of the mode was assessed using a Type
III test, while the effect of each mode (compared to a reference
mode) was assessed using t-test on the corresponding coefficient.
Bonferroni correction was used to counteract the multiple compar-
isons for individual analyses.

Some data were excluded from our analyses. First, aberrant data
corresponding to swallowing (3.6% of the whole time during SP,
1.7% during VC, 4.5% during SH) were excluded. Second, some
banding artefacts were observed on MRI images within the tracked
area. These artefacts are typically induced by the use of rapid
dynamic MRI sequences (bTFE) [16]. They hindered the inter-
session baseline shift analysis from sagittal slices in SP, VC, SH
modes and from coronal slices in SL mode for 151680 out of
322560 images (47% of the whole images). The results from the
inter-session baseline shift analyses were therefore expressed in
median and quartiles (Median [P25–P75]).
Results

Volunteers

Between June and August 2017, twelve volunteers were
enrolled in this trial, 5 women and 7 men, aged from 26 to 60 years
old. One was a former smoker, and another an active smoker. None
of them presented any active comorbidity and all had a very good
performance status (ECOG 0).
Tolerance

MANIV was well-tolerated by all the volunteers. The whole
cohort went through the different ventilation sessions without
any interruption or adverse event. During the coaching session,
none of the volunteers experienced neither hypoxaemia nor
hypo- or hyper-capnoea. SL induced the greatest variations,
although mean deviations remained below 1% of SpO2, 2% of
etCO2, and 8 beats per minute for HR. On average, general and



Fig. 3. Mean general and ventilation-specific tolerance scores. After each step of the trial, the volunteers rated their general and ventilation comfort on this 5-items scoring
scale (1 = very bad; 2 = bad; 3 = good; 4 = very good; 5 = excellent). On average, all the ventilation modes were scored by the volunteers with at least a ‘‘good” level of
tolerance.
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ventilation-specific comfort were both scored as ‘‘good” (mean
scores >3/5) (Fig. 3). VC obtained the best scores (general toler-
ance: 4.0/5 – ventilation-specific tolerance: 4.1/5), followed by SL
(general tolerance: 3.7/5 – ventilation-specific tolerance: 4.1/5)
then SH (general tolerance: 3.2/5 – ventilation-specific tolerance:
3.6/5). SP got a score of 3.9/5 for general tolerance. The MRI envi-
ronment (noise, vibes, tight space) was the main reason of discom-
fort (incriminated in 29% of cases), followed by the facial mask
(25%) and the position (21%), far ahead the ventilation itself (8%).

Motion analyses for SP, VC and SH modes

Amplitude (Table 1, Fig. 4)

Intra-session: Regarding internal motion, the average amplitude
was 20.2 ± 7.4 mm in SP, 30.5 ± 8.1 mm in VC and 19.4 ± 4.7 mm in
SH. The amplitudes in SP were smaller than in VC although we
expected comparable motion (p = 0.04) but SP was consistently
associated with higher BR. Switching from VC to SH led to a mean
amplitude reduction of 36% (11.1 mm) (p � 0.002) and an absolute
reduction of its variability of 42% (3.4 mm) (p < 0.001). As shown in
Table 1, external motion analyses showed comparable results.

Inter-session: The mean inter-session variations in amplitude
were 5.3 ± 1.7 mm in SP, 3.0 ± 1.0 mm in VC and 2.8 ± 0.8 mm in
SH. Therefore, MANIV reduced inter-session variations compared
to SP, although non-significantly. Five volunteers had an inter-
session variation greater than 5 mm in SP, with three of them
exceeding 10 mm. By comparison, only three had variations higher
than 5 mm in VC and two in SH, but none of them exceeded 10 mm.
Fig. 4. Mean amplitudes of the internal motion by ventilation mode for the twelve
volunteers during the 2 MRI sessions. Motion amplitudes and intra-/inter-session
variabilities were significantly reduced when switching from the VC to the SH
mode.
Period (Table 1)

Intra-session: The mean intra-session breathing period was
4.1 ± 0.5 s in SP, 5.5 ± 0.2 s in VC and 2.0 ± 0.2 s in SH. MANIV
imposed a very regular breathing period with only 5% difference
between the observed and expected periods in VC, and 1% in SH.
It also reduced the individual variability by 67% compared to SP
(p < 0.001).



Fig. 5. Mean breathing period by ventilation mode for the twelve volunteers during
the 2 MRI sessions. MANIV modes dramatically improved the period reproducibility
from MRI 1 to MRI 2 (p < 0.001). No significant period difference was observed with
the Volume-controlled or the Shallow-controlled ventilation modes.
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Inter-session: The mean inter-session differences in breathing
periods were 0.8 ± 0.2 s in SP, whereas there was no significant dif-
ference for VC or SH. MANIV with VC and SH dramatically reduced
the inter-session period variations compared to SP (p < 0.001)
(Fig. 5).
Baseline shift (Table 1)

Intra-session: Compared to the mean baseline shift in SP
(4.6 ± 2.2 mm) and in VC (5.0 ± 2.9 mm), the mean baseline shift
in SH was significantly reduced (3.7 ± 2.0 mm) (p < 0.001). Interest-
ingly, 81% of the baseline shifts were smaller than 5 mm in SH,
while only 58% in VC and 69% in SP.

Inter-session: Although non-significant, a trend towards better
reproducibility was observed with MANIV in the CC direction, since
the smallest variations were observed in SH followed by VC and
then SP (p = 0.69). The CC median baseline shifts were 9.1 mm
[4.0–14.0] in SP, 5.2 mm [2.6–10.0] in VC and 3.5 mm [1.8–8.5]
in the SH mode. The LR median baseline shifts were 4.7 mm
[1.5–7.1 mm] in SP, 3.4 mm [0.8–7.1] in VC, and 4.4 mm [1.4–
10.7] in SH.
Motion analyses for SL mode

Intra-session

The mean duration of the end-inspiratory plateaus was
11.1 ± 0.8 s [9.0–13.2]. The mean range of the plateaus was
4.9 ± 3.8 mm [0.7–23.9] with 90% having a range below 10 mm.
The mean baseline shift was 10.7 ± 5.6 mm [3.6–25.7].
Inter-session

The median inter-session baseline shift was 0.6 mm [0.1–2.5] in
the LR direction and 8.2 mm [2.2–11.8] in the CC direction.

Discussion

In this trial, we confirmed that MANIV could safely be applied in
a non-invasive way on unsedated subjects, but we also
demonstrated that MANIV applications can be extended beyond
the previous experiments done with mechanical ventilators.

Regarding the safety, we never had to interrupt the ventilation
for hypoxaemia or hypo/hypercapnia. Our good safety results echo
with those previously reported by Parkes when using
mechanically-assisted ventilation to induce hyperventilation in
order to prolong apnoea [12–14]. In contrast to our approach,
Parkes wanted to induce hypocapnoea and defined the setup
parameters in order to exceed the metabolic rate. Since our param-
eters were rather set to respect the metabolic needs of each sub-
ject, no significant fluctuation in oximetry were observed
whatever the ventilation mode.

In addition, the three ventilation modes assessed in our study
had a favourable impact on motion characteristics.

The VC mode, which was designed to stabilize the breathing-
related motion in comfortable and physiologic conditions,
achieved very stable breathing periods compared to SP within a
same session (mean intra-session SD of ±0.2 s vs ±0.5 s) and
between sessions (mean inter-session period and SD of 0 ± 0 s vs
0.8 ± 0.2 s). It also tended to reduce inter-session motion ampli-
tude variability (mean inter-session variation of 3.0 ± 1.0 mm vs
5.3 ± 1.7 mm) and baseline shifts (5.2 mm vs 9.1 mm in CC and
3.4 mm vs 4.7 mm in LR), although those results were not statisti-
cally significant.

The SH mode had the same stabilizing effect on the breathing
period than VC, but further lowered the inter-session variability
of the motion amplitude compared to SP (2.8 mm ± 0.8 mm vs
5.3 ± 1.7 mm) and the inter-session baseline shift (3.5 mm vs
9.1 mm in CC and 4.4 mm vs 4.7 mm in LR). Furthermore, the mod-
ulation of the breathing pattern with accelerated BR significantly
reduced the intra-session motion amplitude compared to VC
(19.4 ± 4.7 mm vs 30.5 ± 8.1), and the intra-session baseline shift
(3.7 ± 2.0 mm vs 5.0 ± 2.9 mm) without significant loss of comfort.

Last, the SL mode achieved repeated end-inspiratory breath-
holds lasting for more than 10 seconds (11.1 ± 0.8 s [9.0–13.2])
and was also well tolerated. In contrast to voluntary breath-hold,
which relies on audio-visual instructions, the bi-level positive
pressure ventilation mode mechanically constrains the high and
low levels of pressure and subsequently the inflation volume
throughout these plateaus.

Depending on their specific characteristics, these ventilation
modes can have dedicated applications for the motion manage-
ment strategies in radiotherapy.

Firstly, since the ventilator imposes a more reproducible and
more predictable breathing pattern between sessions, and thus
potentially also between the simulation and the treatment, VC
and SH would considerably enhance the reliability of the planning
4D-CT, from which most of motion management techniques are
derived.

Secondly, the stabilized breathing pattern achieved with VC and
SH may also facilitate the implementation of respiratory-
synchronized techniques such as real-time tracking or respiratory
gating, for which the efficiency critically depends on the motion
reproducibility and tumour position predictability. The breathing
curves from the ventilator could also provide a more reliable input
to trigger these respiratory-synchronized techniques.

Thirdly, SH may also benefit to strategies that rely on safety
margins, such as the ITV, the mid-position and mid-ventilation
[3]. The reduced motion amplitude and baseline shift achieved
under SH ventilation will translate into smaller safety margins,
and thus better preservation of the surrounding healthy tissues
[7]. This will mostly benefit to stereotactic RT of lung or liver
tumour, that requires a high level of accuracy in anatomical
regions subject to large motion. Knowing that most RT centres
are using margins to account for tumour motion, as it does not
require any dedicated and expensive equipment or advanced skills,
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this could have a large clinical impact. Furthermore, smaller
motion amplitudes are even more critical for PT, to limit its impact
on range uncertainties and the interplay effects when Pencil Beam
Scanning is considered [17–19].

Lastly, respiratory gating would also directly benefit from
reproducible and long-lasting plateaus obtained with SL that
would facilitate the delivery of photons or protons within pro-
longed gating windows, with less patient involvement and
increased reproducibility. Furthermore, SL could be implemented
easily as it does not require training or any prior conditioning.
However, further investigations to increase the plateaus duration
up to 20 s would be interesting.

One may argue that the largest motion amplitude observed
with VC compared to spontaneous breathing might be detrimental.
However, this observation should be interpreted with caution. The
environmental stress, and more specifically the MRI-driven anxi-
ety, might have affected the non-constrained spontaneous breath-
ing. This could explain the higher spontaneous BR observed during
the MRI acquisitions (mean BR = 16 bpm) compared to the coach-
ing session (mean BR = 12 bpm), and subsequently the reduced
motion amplitudes in SP during the MRI acquisitions.

MANIV achieved thus interesting results to stabilize but also
modulate the breathing. So far, other techniques already tried to
stabilize the breathing pattern but yielded contradictory results.
Goldstein et al. have demonstrated that Continuous Positive Air-
way Pressure (CPAP) devices could significantly reduce motion
amplitude by providing a constant stream of pressurized air with
the objective to hyper-inflate the lungs, and thereby flatten and
stabilize the diaphragm. But Di Perri et al. failed to confirm any
impact of it on tumour motion and baseline shift [20,21]. Consider-
ing the breath-hold approach, current techniques (voluntary
breath-hold, audio and/or visual coaching for breath-hold, or
breathing-volume based method with the use of a spirometer)
are mostly used to allow better heart sparing during breast irradi-
ation. But these techniques may lack of reproducibility and often
request a high level of compliance or understanding from the
patients [22–24].

Other perspectives are also under investigation regarding
motion management in radiotherapy. High Frequency Ventilation
(HFV) or Jet ventilation consists in administrating very small vol-
umes of air at a higher level of pressure and frequency in an
attempt to freeze tumour motion and get rid of most motion
uncertainties during ‘‘Apnoea-like breath-hold” [9–11].
Mechanically-assisted hyperventilation followed by prolonged
apnoea is another technique that is also currently developed
[12–14]. The ultimate goal of these approaches is to completely
get rid of the breathing motion, making the current motion man-
agement strategies useless. But so far, these techniques seem more
demanding with multiple training sessions, and pre-ventilation
conditions (hyperventilation inducing hypocapnoea and/or
hyper-oxygenation) [11,12].

This trial however had some cohort-driven, methodological and
technical limitations. Regarding our cohort, only healthy volun-
teers were included for safety reasons. Our results cannot simply
be extrapolated to real patients for many reasons. First the motion
was quantified from the diaphragm, which is not directly compara-
ble to tumours and has a greater motion. However, it is the main
driver of the breathing and is often considered as a good surrogate
for motion tracking. Second, patients treated for thoracic or upper
abdominal tumours usually have a higher level of stress and (sev-
ere) comorbidities, particularly when the indication of radiother-
apy relies on surgical contra-indications [25]. They frequently
present with impaired respiratory function that can be associated
with lung hyperinflation due to air trapping and chronic impair-
ment in respiratory mechanics impacting the diaphragm, the chest
wall and the respiratory muscles [26]. Therefore, their breathing
pattern could be less stable. However, the use of MANIV might
allow to adjust the ventilation parameters according to individual
patient’s tolerance level, with an optimal setting tailored to each
patient’s needs.

From a methodological point of view, we willingly excluded
swallowing from our data, to focus our analysis on how MANIV
interfered with the breathing pattern. Actually, swallowing only
occurred during a small proportion of time, varying from 1.7% dur-
ing VC to 4.5% during SH. These values are similar to those
observed during spontaneous breathing (3,6%) or reported in the
literature for head and neck patients [27–29]. For example, Bahig
et al reported that swallowing occurred during 2.3% of the treat-
ment time (range 0.0–10%) [27].

Stress and anxiety are other factors that may influence the res-
piratory pattern [30–33]. Dedicated anti-stress techniques might
further improve the stability and reproducibility of all
mechanically-assisted ventilation modes.

Another methodological limit is the high level of pressure used
for the SL mode. It was empirically set to 18–20 mbar. At this level,
intra- and inter-session variations of the plateaus were probably
linked to the imbalance between the inflating forces and the chest
wall resistance. Stepping this high level of pressure down and tai-
loring it individually during the coaching session would potentially
enhance the reproducibility of breath-holds.

Finally, our results were technically limited by the 2D nature of
dynamic MRI acquisition, where 3D analyses would have been
more accurate, but were not yet available. These images included
also some degree of inaccuracy. The initial selection of the 2
orthogonal slices on MRI was manually determined based on
well-recognizable anatomical structures (vessel embranchments).
This manual procedure may introduce uncertainties in the re-
selection of the tracked slices during the second MRI acquisition.

In conclusion, mechanically-assisted non-invasive ventilation is
a safe and promising technique to improve our current respiratory-
related motion management strategies. It does not only improve
the stability of the breathing pattern, but also allows its modula-
tion for the needs of specific and personalized radiation treatment
in photon- and in proton-therapy. Further investigations on
patients are still needed to confirm these results for moving
tumours of the breast, lung and upper abdomen and to properly
select the indications.

Conflicts of interest statement

All the authors declare they have no conflict of interest.

Support source

This study was funded by the Fonds de la Recherche Scien-
tifique – FNRS – Télévie (Grant number 7.4513.16). Imtmedical
AG (Vyaire Medical) provided us the ventilator Bellavista 1000�

for the purposes of this trial.

References

[1] Korreman SS. Motion in radiotherapy: photon therapy. Phys Med Biol.
2012;57:R161–91.

[2] Bert C, Durante M. Motion in radiotherapy: particle therapy. Phys Med Biol.
2011;56:R113–44.

[3] Wolthaus JW, Sonke JJ, van Herk M, Belderbos JS, Rossi MM, Lebesque JV, et al.
Comparison of different strategies to use four-dimensional computed
tomography in treatment planning for lung cancer patients. Int J Radiat
Oncol Biol Phys. 2008;70:1229–38.

[4] Ehrbar S, Johl A, Tartas A, Stark LS, Riesterer O, Klock S, et al. ITV, mid-
ventilation, gating or couch tracking - A comparison of respiratory motion-
management techniques based on 4D dose calculations. Radiother Oncol.
2017;124:80–8.

[5] Dhont J, Vandemeulebroucke J, Burghelea M, Poels K, Depuydt T, Van Den
Begin R, et al. The long- and short-term variability of breathing induced tumor

http://refhub.elsevier.com/S0167-8140(18)33671-5/h0005
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0005
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0010
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0010
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0015
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0015
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0015
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0015
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0020
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0020
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0020
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0020
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0025
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0025


G. Van Ooteghem et al. / Radiotherapy and Oncology 133 (2019) 132–139 139
motion in lung and liver over the course of a radiotherapy treatment.
Radiother Oncol 2017.

[6] Guckenberger M, Wilbert J, Meyer J, Baier K, Richter A, Flentje M. Is a single
respiratory correlated 4D-CT study sufficient for evaluation of breathing
motion? Int J Radiat Oncol Biol Phys. 2007;67:1352–9.

[7] Sonke JJ, Lebesque J, van Herk M. Variability of four-dimensional computed
tomography patient models. Int J Radiat Oncol Biol Phys. 2008;70:590–8.

[8] Goossens S, Senny F, Lee JA, Janssens G, Geets X. Assessment of tumor motion
reproducibility with audio-visual coaching through successive 4D CT sessions.
J Appl Clin Med Phys 2014;15:4332.

[9] Fritz P, Kraus HJ, Muhlnickel W, Sassmann V, Hering W, Strauch K. High-
frequency jet ventilation for complete target immobilization and reduction of
planning target volume in stereotactic high single-dose irradiation of stage I
non-small cell lung cancer and lung metastases. Int J Radiat Oncol Biol Phys
2010;78:136–42.

[10] Santiago A, Jelen U, Ammazzalorso F, Engenhart-Cabillic R, Fritz P, Muhlnickel
W, et al. Reproducibility of target coverage in stereotactic spot scanning
proton lung irradiation under high frequency jet ventilation. Radiother Oncol
2013;109:45–50.

[11] Peguret N, Ozsahin M, Zeverino M, Belmondo B, Durham AD, Lovis A, et al.
Apnea-like suppression of respiratory motion: First evaluation in
radiotherapy. Radiother Oncol 2016;118:220–6.

[12] Parkes MJ, Green S, Stevens AM, Parveen S, Stephens R, Clutton-Brock TH.
Safely prolonging single breath-holds to >5 min in patients with cancer;
feasibility and applications for radiotherapy. Br J Radiol 2016;89. 20160194.

[13] Parkes MJ, Green S, Stevens AM, Parveen S, Stephens R, Clutton-Brock TH.
Reducing the within-patient variability of breathing for radiotherapy delivery
in conscious, unsedated cancer patients using a mechanical ventilator. Br J
Radiol 2016;89. 20150741.

[14] Parkes MJ, Green S, Stevens AM, Clutton-Brock TH. Assessing and ensuring
patient safety during breath-holding for radiotherapy. Br J Radiol 2014;87.
20140454.

[15] World Medical A, American Physiological S. Guiding principles for research
involving animals and human beings. Am J Physiol Regul Integr Comp Physiol
2002;283:R281–3.

[16] Bangerter NK, Hargreaves BA, Vasanawala SS, Pauly JM, Gold GE, Nishimura
DG. Analysis of multiple-acquisition SSFP. Magn Reson Med 2004;51:1038–47.

[17] Lin L, Souris K, Kang M, Glick A, Lin H, Huang S, et al. Evaluation of motion
mitigation using abdominal compression in the clinical implementation of
pencil beam scanning proton therapy of liver tumors. Med Phys
2017;44:703–12.

[18] Grassberger C, Dowdell S, Lomax A, Sharp G, Shackleford J, Choi N, et al. Motion
interplay as a function of patient parameters and spot size in spot scanning
proton therapy for lung cancer. Int J Radiat Oncol Biol Phys 2013;86:380–6.
[19] Kraus KM, Heath E, Oelfke U. Dosimetric consequences of tumour motion due
to respiration for a scanned proton beam. Phys Med Biol 2011;56:6563–81.

[20] Goldstein JD, Lawrence YR, Appel S, Landau E, Ben-David MA, Rabin T, et al.
Continuous positive airway pressure for motion management in stereotactic
body radiation therapy to the lung: a controlled pilot study. Int J Radiat Oncol
Biol Phys 2015;93:391–9.

[21] Di Perri D, Colot A, Delor A, Ghoul R, Janssens G, Lacroix V, et al. Effect of
continuous positive airway pressure administration during lung stereotactic
ablative radiotherapy: a comparative planning study. Strahlenther Onkol
2018.

[22] Korreman SS, Pedersen AN, Nottrup TJ, Specht L, Nystrom H. Breathing adapted
radiotherapy for breast cancer: comparison of free breathing gating with the
breath-hold technique. Radiother Oncol 2005;76:311–8.

[23] Boda-Heggemann J, Knopf AC, Simeonova-Chergou A, Wertz H, Stieler F,
Jahnke A, et al. Deep inspiration breath hold-based radiation therapy: a clinical
review. Int J Radiat Oncol Biol Phys 2016;94:478–92.

[24] Nissen HD, Appelt AL. Improved heart, lung and target dose with deep
inspiration breath hold in a large clinical series of breast cancer patients.
Radiother Oncol 2013;106:28–32.

[25] Leduc C, Antoni D, Charloux A, Falcoz PE, Quoix E. Comorbidities in the
management of patients with lung cancer. Eur Respir J 2017;49.

[26] Suga K, Tsukuda T, Awaya H, Takano K, Koike S, Matsunaga N, et al. Impaired
respiratory mechanics in pulmonary emphysema: evaluation with dynamic
breathing MRI. J Magn Reson Imaging 1999;10:510–20.

[27] Bahig H, Nguyen-Tan PF, Filion E, Roberge D, Thanomsack P, de Guise J, et al.
Larynx motion considerations in partial larynx volumetric modulated arc
therapy for early glottic cancer. J Med Imaging Radiat Oncol 2017;61:666–73.

[28] van Asselen B, Raaijmakers CP, Lagendijk JJ, Terhaard CH. Intrafraction motions
of the larynx during radiotherapy. Int J Radiat Oncol Biol Phys
2003;56:384–90.

[29] Hamlet S, Ezzell G, Aref A. Larynx motion associated with swallowing during
radiation therapy. Int J Radiat Oncol Biol Phys 1994;28:467–70.

[30] Masaoka Y, Homma I. Anxiety and respiratory patterns: their relationship
during mental stress and physical load. Int J Psychophysiol 1997;27:153–9.

[31] Mador MJ, Tobin MJ. Effect of alterations in mental activity on the breathing
pattern in healthy subjects. Am Rev Respir Dis 1991;144:481–7.

[32] Lewis F, Merckaert I, Lienard A, Libert Y, Etienne AM, Reynaert C, et al. Anxiety
and its time courses during radiotherapy for non-metastatic breast cancer: a
longitudinal study. Radiother Oncol 2014;111:276–80.

[33] Homma I, Masaoka Y. Breathing rhythms and emotions. Exp Physiol
2008;93:1011–21.

http://refhub.elsevier.com/S0167-8140(18)33671-5/h0025
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0025
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0030
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0030
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0030
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0035
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0035
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0040
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0040
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0040
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0045
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0045
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0045
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0045
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0045
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0050
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0050
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0050
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0050
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0055
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0055
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0055
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0060
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0060
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0060
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0065
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0065
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0065
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0065
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0070
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0070
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0070
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0075
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0075
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0075
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0080
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0080
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0085
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0085
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0085
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0085
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0090
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0090
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0090
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0095
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0095
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0100
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0100
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0100
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0100
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0105
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0105
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0105
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0105
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0110
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0110
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0110
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0115
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0115
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0115
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0120
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0120
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0120
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0125
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0125
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0130
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0130
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0130
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0135
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0135
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0135
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0140
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0140
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0140
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0145
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0145
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0150
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0150
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0155
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0155
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0160
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0160
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0160
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0165
http://refhub.elsevier.com/S0167-8140(18)33671-5/h0165

	Mechanically-assisted non-invasive ventilation: A step forward to modulate and to improve the reproducibility of breathing-related motion in radiation therapy
	Materials and methods
	Ethics
	Design
	Mechanically-assisted non-invasive ventilation
	Tolerance assessment
	External motion quantification
	Internal motion quantification
	Statistical analysis

	Results
	Volunteers
	Tolerance

	Motion analyses for SP, VC and SH modes
	Amplitude (Table&blank;1, Fig.&blank;4)
	Period (Table&blank;1)
	Baseline shift (Table&blank;1)

	Motion analyses for SL mode
	Intra-session
	Inter-session

	Discussion
	Conflicts of interest statement
	Support source
	References


