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ABSTRACT

Objective: To prove the feasibility of 3D reconstructions of the diaphragm during
respiratory cycle, using EPI sequences.

Materials and Methods: EPI acquisition, 270 ms/image, on a healthy subject breathing
spontaneously and at 0.1Hz. Continuously recorded respiratory signakdlifom
retrospective synchronization with respiratory phases for recofistruaf successive
diaphragm surfaces using a specifically designed software.abespknts, area and
volume changes of the diaphragm were quantified.

Results: Our measurements were comparable with literature data. Rected
surfaces allowedn vivo diaphragm dynamics evaluation, in terms of displacements,
area and volume variations.

Conclusion: EPI has adequate spatial and temporal resolution for studying diaphragm

dynamics during natural breathing.

KEYWORDS

Diaphragm, 3-D imaging, image reconstruction, Dynamic EPI.
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INTRODUCTION

There is only limited information in the literature on timevivo three-dimensional
structure of the human diaphragfrevious studies were restricted to various lung
volumes, during breath holding and, therefore, not adequate for the stydyienfts
with Chronic Obstructive Pulmonary Disease (COPD) [1-6].

Recent techniques for subsecond scan acquisitions, such as Echd+R&giag (EPI),
allow multislice dynamic MR studies and improve previous fast gnadexalled echo
MR studies [1,3,4,7-10].

Previous studies have suggested the possibility of using MR imagingetstigate the
effects of thoracic structural changes on the pulmonary function résait from
pulmonary resection, transplantation, or disease [4]. In thess,agamic EPI with
3D dynamic reconstruction appeared to be a promising approach to study diapicragma
function.

Our aim was to prove the feasibility of 3D dynamic reconstruatiothe diaphragm
during the respiratory cycle, using dynamic EPI on a healthy sulbjeaddition, we
provide details on the computer assisted method used to model tde#dagmatic

surfaces and to display a 3D animation of the respiratory cycle.

METHODS

Subject

We studied a healthy male, aged 50, 188 cm tall, weighting 92 lgsupine position.
This subject is a respiratory physiologist used to control hisHingator experimental
recordings. His informed consent was obtained after the natufee girbcedure had

been fully explained.
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MRI Technique

Multislice dynamic EPI were performed at 1.5 T (Philips Gyroscan).

The imaging sequence was a Fast Field Echo-Echo Planar In{&gBeEPI), with the
following operating conditions: body coil, repetition time of 0.113 secoacis) time
of 0.040 seconds, flip angle of 20°, 128 phase-encoding steps, intergagtiaf 10
mm (sagittal) and 1.5 mm (coronal), section thickness of 10 iefd,df view of 45.0

cm. With this parameter settings, each slice acquisition lasted about 0.270 seconds.

Data Acquisition

This study was performed with two different breathing conditions: "quiet breattiny"
"maximal amplitude breathing", as defined below. Our multislice elyo&IR studies
consisted in 4 multislice dynamic acquisitions. Each of them consisted inid® aiet5
slices, acquired during 3 minutes. The coronal slices were iqmexit from a
costovertebral plane to a sternal plane, and the sagitta$ dlicen the right lateral
thoracic wall to the left lateral thoracic wall. Hence omdtislice dynamic acquisition
was performed for each plane (coronal and sagittal), and &br type of breathing
("quiet breathing" and "maximal amplitude breathing").

The total number of images acquired for each type of breathingtsd$x2 = 1350
images. The BIOPAC MP100 system (BIOPAC Systems Inc., SamtidaB,
California) connected with a respiration transducer made of @ariylt and silicon
rubber strain gauge allowed continuous recording of thoracic and abdominal

circumference variations on a laptop computer (see figure 1).

Within each multislice dynamic acquisition, we selected the "lestlite, i.e. when the

respiratory cycles were the most reproducible as evaluated acithand abdominal

circumference variations. Finally, we extracteckl®x2 = 450 images (in sagittal and

coronal planes) for each type of breathing.
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To ensure breathing consistency among dynamic acquisitions, programmelsigés f
triggered each inspiration and expiration. The subject had to symeérhis breathing
with the light signals. For "quiet breathing”, inspiratory and exmiyaduration were
respectively set at 2 seconds and 3 seconds, mimicking our sulgjeotareous values
observed during a preliminary respiratory recording. Thereforeuthjed's respiratory
cycles were synchronized with his own spontaneous rhythm. For "maamyaitude
breathing", the subject was asked to continuously complete maximal volumeudsglit
in 5 seconds inspiration and 5 seconds expiration.

An external marker was fixed around the costal margin to fgethe attachment of the
diaphragm. This marker was a flexible tube filled with wataeped to the skin, as

previously described by Gauthier et al. [2].

Post-synchronization

The respiratory cycle was divided into 10 intervals of timéhefdame duration, named
"phases”. By convention, the respiratory cycle begins at phase Inrimepiof
inspiration). The "quiet breathing" cycle was divided in 4 inspiyafsrases followed
by 6 expiratory phases, each phase lasting 0.5 seconds; whil@dkanal amplitude
breathing" cycle was divided in 5 inspiratory phases followed byratory phases,
each phase lasting 1 second.

By synchronizing the MRI acquisition with the respiratory signa&,have been able to
determine in which respiratory phase each image was acgHieede, each slice was
located by specific spatial and time coordinates. We thenetkf "3D reconstructed
phase" (3D-RP) as a reconstructed MRI volume of the diaphragm for a given respiratory
phase. A 3D-RP is made of 15 sagittal and 15 coronal images, edaiamage was
acquired during this given respiratory phase, see figure 1 for defails step was

called post-synchronization. At the end of post-synchronization, 10 3D-RP for each type
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of breathing were created, i.e. 300 images for each type of breathing. Remaijas i

of the "best" minute were kept to allow later replacement if needed.

Surface segmentation

We designed a software to display the 3D-RP in a 3D inteeaetvironment. The
software took into account the MRI operating condition data: skgitthcoronal shift,

gap and thickness of the slices. The user was free to move in g@v8bBnment and to
display any slice of a 3D-RP. An initial 3D flat surfacesimavas then automatically

generated. Each node of this initial surface mesh was at the ititarsgfca sagittal and

a coronal plane. Thus, the initial surface mesh was composea1d hbdes.

The diaphragm contour was then directly segmented by manually dedptha initial
surface mesh (see figure 2). To deform the mesh, the user lmasdto move any
node or group of nodes in the 3D environment but displacements were caustai
the slice intersections. The software also allowed the agigilto add or delete new
nodes when needed (e.g. in the apposition zone). As the segmentasiodiractly
carried out in 3D, no ulterior reconstruction processes wemdededhe use of sagittal
and coronal slices was made depending on the considered diaphragr8aggttal
slices were used for the segmentation of the posterior zone ofiteappaand coronal
slices for the lateral zone of apposition. For all the other,phssagittal and coronal
sets of images were both used, each mesh node being predgedyed by an
alternative visualization of both slice directions.

If at that stage the diaphragm contour at the intersection of giteakand one coronal
image differed from more than one pixel, the image offering thetwolsgerence and
continuity with its surrounding was discarded and replaced by anottzge taken
amongst the ones available for the same phase and spatial poshmncatidal

boundary of the diaphragm was defined by the position of the externeémAs the
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diaphragmatic crura could not be distinguished from the spine or amd#omical
references were considered to obtain the lumbar attachment of the diaphragm.
Finally, 10 3D meshes corresponding to the diaphragmatic surfacesbtained (see
figure 3). The diaphragmatic surface was composed of 289 nodes. Mstancdi
between adjacent nodes was 2 cm in the sagittal plane and 1.13hmcoronal plane.
The software also allowed us to build animations of these 3hidigmatic surfaces

showing all the diaphragmatic deformations during the respiratory cycle.

Landmarks

From the 3D surface at the end of expiration, we chose the ndftright apexes
(respectively called LA and RA) by picking the highest nodes on each hemidiaphragm.
Four coronal planes were chosen: the "left apex" plane (containing LA), the "right apex"
plane (containing RA), the "anterior" plane (halfway betweenRAeplane and the
anterior costophrenic angle) and the "posterior" plane (halfway betiie RA plane

and the posterior costophrenic angle), similarly to [8].

Area and volume measurement

All the 3D surface mesh nodes were automatically linked by triangwetstarherefore
a 3D surface mesh described a 3D diaphragmatic surface (see 4ijgurhe distance
data and areas from the 3D diaphragmatic surfaces could be tema#cally

obtained. The total diaphragm area was approximated by the sumtioé aflangular

facet areas. We defined the "volume under diaphragm” as the sten\aflumes of all
the tetrahedron defined by each facet and the origin of a atesian coordinate
system (see figure 4). Therefore only variations of this volume weevant and

studied.

The diaphragmatic area was computed in cm? and the "volume ungéragm” in

cme,
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RESULTS

Image quality
Motion artifacts from diaphragmatic movement or cardiac pulsatidmot interfere
with the diaphragm visibility. In some images, a thin, black l|separating the

pericardium from the abdominal fat was observed.

General observations

We noted that LA and RA were exactly positioned on 2 sagittahpedian slices at +8
cm and -8 cm from the thorax middle. LA was 2.2 cm posteridRAo The maximal
excursion was 3.85 cm for RA and 4.85 cm for LA.

The sets of nodes of the 4 coronal planes (from front to back: @nted, LA and
posterior) were plotted on figure 5 for phase 1 and 5 (beginning anaf @mspiration,
maximal amplitude breathing). The mean excursion of all these nedssalso

computed (see table 1).

Area measurement

Area variations during the cycle were plotted in figure 6 for both respirataneuvers.
The comparison between the 2 breathing conditions showed that theadraphic area
was minimal during phase 5 in "quiet breathing" and phase 6 irifmhamplitude
breathing". This was explained by the 2 types of respiratory synchtmmiz During
"quiet breathing”, this area changed from a minimum of 1,431.5 cm? (Ahasea
maximum of 1,537.8 cm? (phase 10), a variation of 106.3 cm?. During "mlaxima
amplitude breathing", this area changed from a minimum of 1,158.0 cnge(phdo a
maximum of 1,538.4 cm? (phase 10), a variation of 380.4 cm2. The maxicnehse of
the diaphragm surface was observed between phase 7 and 8 inbteaiking”, and
phase 8 and 9 in "maximal amplitude breathing”, representingctese 46.4% and

51.3% of the total variation.
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Volume measurement

The volume variations during the cycle were plotted in figure 7 fon bespiratory
maneuvers. The minimal values were observed during phase 5 inBpagting” and

phase 6 in "maximal amplitude breathing".

During "quiet breathing”, the "volume under diaphragm" variation was 562 &am
phase 5 to phase 10. During "maximal amplitude breathing”, thidivarisas 2,038.9
cm? from phase 6 to phase 10. The maximal decrease of the volumebsased
between phase 7 and 8 in "quiet breathing”, and phase 8 aran@ximal amplitude
breathing", representing respectively 47.0% and 51.7% of the total expivaiume
variation.

We also studied all the nodes representing the attachment cliapleragm. Their
displacements were mainly on the anterior part and sagittalmaximal displacement
observed was 0.5 cm for "quiet breathing”, and 1 cm for "maximgblitude
breathing". Volume and surface variations were compared by platiXy graph,

showing a nearly linear relationship between these values (figure 8).

DISCUSSION

MR imaging

EPI sequences for studies on diaphragmatic motion were advocapeevioyus works
of Gierada et al. and Kanematsu et al. [8, 9]. It was stej¢sat the diaphragmatic
surface and its motion during breath movements could thus be stilhelianeously.
Moreover it was plausible to foresee that respiratory consréontthe subject as well
as entry-section artifacts, and cardiac or respiratory maititifiacts could be decreased
using EPI. In our protocol, we reached a time resolution of 0.2F@nde per slice
which is superior to the 10 seconds obtained with spin echo BJRlgnd 1.2 seconds

obtained for fast gradient recalled echo MRI [1,3,4,7-10]. Recenthgdtpaisition rate
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of fast gradient recalled echo has been increased, acquiring@gehal slices and 30-
33 sagittal slices during 22-33 seconds of apnea for 5 healthy susife¢htee different

pulmonary volumes [1].

In our study, the total acquisition lasted 3 minutes, but we retaabteriori that a
shorter acquisition of 1 minute would have been enough to reconsheiclQ
diaphragmatic surfaces.

Concerning the 2D resolution, our X228 matrix (3.5 mm pixels) was of reasonable

guality compared to similar studies where a2 matrix was used [2-5,8,9]. This

resolution was enough to adequately segment the diaphragmatic surfaces.

We used 15 sagittal slices as previous studies [2], but our amguigibtocol allowed
us to arbitrarily choose this number without adding any constraintedaubject. The
combination with the 15 coronal slices allowed us to over-sathglaeiaphragmatic
surfaces in the zone of apposition.

Due to the short slice acquisition time of the FFE-EPI technpitiee subject did not
have to hold his breath, unlike in previous studies [1-5]. Moreoveguigt breathing
situation, the subject breathed with minimal effort as the spnitation flash rhythm
mimicked his own respiratory rhythm. Thus, this experimental protwmad be easier
to apply to patient studies than previously proposed protocols, partycit chronic

obstructive and restrictive pulmonary diseases.

Using fast gradient recalled echo sequence [8], previous investigatizesved an
increase in the MRI signal intensity attributed to the movements of the thoracanwal
of the lung, which, when included in the slice, produced an enttipsgghenomenon,
similar to the one caused by blood flow. In our study, we had mg-s&ttion artifact.
This could be a consequence of the short slice acquisition time duhicy the wall
movement could only be limited. The thin, black line separating theapgium from

the abdominal fat observed in some images was probably due to chemical shift artifact.
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Quantitative analysis

LA was 2.2 cm posterior to RA, as observed in [8]. The maxiap@x excursions
during "maximum amplitude breathing"” were 3.85 cm for RA and 4.85 cmAofT his
difference could be explained by the fact that LA was 2.2 cm paiste RA and that
the craniocaudal displacement of the diaphragm was more importathiefposterior
part (4.14 cm) than for the anterior part (1.64 cm), as also observed in [8]. Oureseas
were close to those presented in previous works [8]: 4.2 cm aigtiidiemidiaphragm
and 4.4 cm for the left hemidiaphragm. Note that the latter wasvelostr Total Lung
Capacity (TLC) maneuvers.

Paiva et al [5] measured a mean diaphragmatic surface of 1pishycusing a 3D
reconstruction from MRI data acquired on 4 subjects in apnEaraitional Residual
Capacity (FRC). Gauthier et al [2] measured the diaphragreatface at 4 different
lung volumes on 4 subjects: 1,461 %cat Residual Volume (RV), 1,351 érat FRC,
1,130 cm at FRC+1/2 inspiration and 925 trmat TLC. Using CT scan imaging,
Pettiaux et al found similar results [6]. Cluzel et al [djlculated a smaller
diaphragmatic surface area: 1,128*cat RV, 997 crh at FRC, and 584 cimat TLC.
We found a diaphragmatic surface of 1,537.8 atithe end of expiration (close to RV)
and 1,158 crh at the end of inspiration (close to TLC). This values arepeoable to
the values given in [2] (subjects mean height 1.79 m and mean we&ighkg)
considering the body weight influences [11].

The "volume under diaphragm” values were close to the classpatad respiratory
physiology values (approximately 0.5 liter in "quiet breathing " and 3 litetmaximal
amplitude breathing"). They resulted in a ventilation of 6 liters/min for "quiet bnegthi
corresponding to a normal quiet breathing, and 12 liters/min fokitna amplitude
breathing" corresponding to a voluntary hyperventilation. Cluzel et adtifhated the

volume under the diaphragmatic dome at RV (3,228 emd at TLC (1,054 c#p Its
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variation (2,174 cr) is close to our values obtained during "maximal amplitude
breathing”, a maneuver which does not reach RV and TLC. Thefsa# rather tall
and heavy subject (1.88 m, 92 kg) probably explains that his variatiogdunaximal
amplitude breathing" is comparable to the corresponding variation obtained @u@ng

maneuvers in the "normal" subjects of study [1] (mean height 1.80ean weight 79

kg).

Limitations

The flexible tube used as an external marker of costal attattimeas fixed on the
skin, meaning that it was at a distance of approximately 1rom the true costal
attachments [2]. This might have introduced an error in the trgcki the rib
movement. The flexible tube could also be difficult to place onolaese subject.
Another limitation could arise when a reproducible respiratoriepats required from
untrained or ill subjects. Nevertheless, asking a patient &itbsynchronously with a
light signal mimicking his spontaneous rhythm is probably less constraining thag as
for voluntary long apneas.

The "maximal amplitude breathing” corresponded to a maximal inspirand
maximal expiration of 5 seconds each. Using this technique, thecsugeld not
perform a real "Total Lung Capacity" maneuver, nor "Residual Vdluex@iration
maneuver.

The nodes located on the diaphragmatic attachments (the base of the cone déimed as
"volume under diaphragm®”, see figure 4) did not migrate much. Therdier&ydlume
under diaphragm” variations were principally due to the diaphragmafola
deformation. We think that the "volume under diaphragm” variation observed during the
respiration gave an approximation of the pulmonary volume variation aubet
diaphragmatic action. But this has to be compared with plethysmograpbicings [1,

4].
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The surface segmentation step of our method, even if fadllitayethe use of our
software, was still time consuming (approximatively 1h30 for thet fsurface
reconstruction). However, the segmentation step was fadilifayestarting from the
first reconstructed surface. The radiologist only had to adjis bhodes
(approximatively 30 minutes for each following surface reconstmictiThe further
automation of this step should be very helpful but is a real clg@léor segmentation
algorithms. Because of the MRI properties (e.g. the chemicdl atiifacts) and the
diaphragm morphology, the zone of apposition, crura, and more generdilynékrs
are extremely difficult to detect with an automatic aldgont A semi-automatic
algorithm could select the nearest diaphragmatic surface amomglel database and

make the initial global adjustment.

Practical Applications and Perspectives

The analysis of dynamic data during a respiratory cycle, using awasef allowed a
functional approach of the diaphragmatic muscle. Our goal was to pravidel,
modeling the normal function of this muscle, and its role in rakply mechanics. This
model can be used in fundamental respiratory physiology and in pathtdatjggnose
and assess diaphragmatic disorders. Indeed, our software wato aplantitatively
evaluate diaphragmatic efficiency, by measuring both craniocaugaacksnent and
volume variations due to the diaphragm, as well as by visualizengantraction
kinetics and its deformation (flattening, hernia...). Dynamic MRisvalso used to
diagnose diaphragmatic rupture, showing paradoxical movement of the henadmphr

[7], or to evaluate bronchogenic carcinoma invasion of the chest wall [10].

Our current objectives are to apply our method to study Chronic Olpatréetimonary
Disorder (COPD) with thoracic distension and diaphragmatic yssaldiaphragmatic
fatigue with ventilatory respiratory failure and neuromusculagatis. Finally, this 3D

dynamic reconstruction could be integrated in a dynamic model of the trunkakiBg t

Dynamic echo-planar MR imaging of the diaphragma @D dynamic analysis -pP 13/ 27 -



thoracic variations [13] and lung volume modifications [1,4] into account. This dynamic
model of the trunk would allow us to simulate the diaphragm functiwh the
respiratory system for patients with emphysema before andaitgrolume reduction
surgery.

In conclusion, we have shown that EPI has adequate spatial anddenepgotution for
studying the dynamics of the diaphragm during unconstrained physiologic breathing.
The diaphragmatic surfaces can be studied individually (in teximsorphology,
surfaces and volumes) or dynamically (in terms of displacemsarface and volume

variations).
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Table

Plane Mean Excursion (cm)
Anterior 1.64
Right dome 2.95
Left dome 412
Posterior 4.14

Table 1. Mean excursion for maximal amplitude breathing of the olikarodes
located on four coronal planes: anterior plane, RA plane, LA plane, and posterior plane.

Dynamic echo-planar MR imaging of the diaphragma @D dynamic analysis -18/27 -



Captions for illustrations

Figure 1. (a) MRI series and respiratory signal (from a BIOPACLRIP system) were
acquired at the same time, during both types of respiration, exasrgileifor the quiet
breathing maneuver. (b) Slices are numbered using their posittbe volume from 1
to 15. The example, is given for the sagittal slices numberinggdnacquisition times
are marked by . A 3D reconstructed phase is composed by gathering Hb isagfes
and 15 coronal images taken during the same respiratory phasastaace in (c), to
reconstruct the 3D-RP of phase 1, slices 1 and 2 can be takewrycle 1, slice 6 from
cycle 12, and slice 5 can either be taken from cycle 1 or @yete 12, and so forth
until the volume is completed.

Figure 2. Our software was able to display the MR image volume in an&Dactive

environment on a PC. The initial 3D flat surface mesh nodesgisibde on the bottom
(in yellow). The radiologist can directly segment the diaphragminbgractively

deforming the initial surface mesh in order to fit the diaphegncontour (resulting
mesh is in red). A node is being moved on the selected(gklew node); other slices
of the volume are represented by their frames (in white).

Figure 3. 3D reconstructed diaphragmatic surfaces during a respiratory (plthses

to ), from the beginning of the inspiration (upper left, phase the end of expiration
(lower middle, phase ). A posterior view of the diaphragm at plse®vs its lumbar
attachments (lower right).

Figure 4. The final surface mesh was composed of 289 nodes. A 3D surfsie m
described a 3D surface composed by 1514 triangles. This 3D rectetstruc
diaphragmatic surface corresponds to the beginning of the inspiratiose (fhaThe
"volume under diaphragm" is represented.

Figure 5. Craniocaudal displacement of the diaphragm in the anterior plame, fight

and left apex planes, and in the posterior plane during "maximglitade breathing".

The posterior coronal plane includes 2 fixed median nodes corresponding to
costovertebral attachments of diaphragmatic crus. The beginning ofatr@piis
plotted in black, and the end in gray.

Figure 6. Diaphragmatic areas in cm2 from the beginning of inspiration (phase 1) to the
end of expiration (phase 10) during "quiet breathing" (black) and "m&amplitude
breathing” (gray).

Figure 7. "Volume under diaphragm™ absolute variations in cm3 from the beginning of
inspiration (phase 1) to the end of expiration (phase 10) during "quiet breattisk) (
and "maximal amplitude breathing" (gray).

Figure 8. Surface/Volume ratio during "quiet breathing” (black) and "maximal
amplitude breathing” (gray).
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lllustrations

(2) Quiet Breathing (b)
3 min. 3 min.
MRI <—> .......... = -
45x15 sagittal 45x15 coronal  [|-2 ~
slices slices
BIOPAC VANV VWA 32 3 B
< JTbestt sagittal slice number
7 minute
(c) 5
4/ P
3 H

15
1 2 By
34567

Phase#11213/4/5/6(718/9110 123 4]
,,,,,,,,,,, #.ﬁﬂhm expiration H

2s 3s
cycle 1 cycle 2 cycle 1f

Figure 1. (a) MRI series and respiratory signal (from a BAORMP100 system) were
acquired at the same time, during both types of respiration, exasrgieifor the quiet
breathing maneuver.

(b) Slices are numbered using their position in the volume from 1 to 15. The example, is
given for the sagittal slices numbering. Image acquisition times are marked by

A 3D reconstructed phase is composed by gathering 15 sagittalsimadel5 coronal
images taken during the same respiratory phase.

For instance in (c), to reconstruct the 3D-RP of phase 1sdliemd?2 can be taken

from cycle 1, slicés from cycle 12, and slicg can either be taken from cycle 1 or from
cycle 12, and so forth until the volume is completed.
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Figure 2. Our software was able to display the MR image volunae3D interactive
environment on a PC. The initial 3D flat surface mesh nodegisibde on the bottom
(in yellow). The radiologist can directly segment the diaphragminbgractively

deforming the initial surface mesh in order to fit the diaphetgncontour (resulting
mesh is in red). A node is being moved on the selected(gklew node); other slices
of the volume are represented by their frames (in white).
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Figure 3. 3D reconstructed diaphragmatic surfaces during a respicgtle (phase3)

to @0), from the beginning of the inspiration (upper left, phase )Ythéoend of
expiration (lower middle, phas® ). A posterior view of the diaphragmhases)

shows its lumbar attachments (lower right).
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Figure 4. The final surface mesh was composed of 289 nodes. A 3Zesumfesh
described a 3D surface composed by 1514 triangles. This 3D rectetstruc
diaphragmatic surface corresponds to the beginning of the inspiratiose (fhaThe
"volume under diaphragm" is represented.
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Figure 5. Craniocaudal displacement of the diaphragm in the antema;, ptathe right

and left apex planes, and in the posterior plane during "maximglitade breathing".

The posterior coronal plane includes 2 fixed median nodes corresponding to
costovertebral attachments of diaphragmatic crus. The beginning ofatr@piis
plotted in black, and the end in gray.
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Figure 6. Diaphragmatic areas in%from the beginning of inspiration (phase 1) to the
end of expiration (phase 10) during "quiet breathing" (black) and "m&amplitude
breathing" (gray).
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Figure 7. "Volume under diaphragm" absolute variations iffoom the beginning of
inspiration (phase 1) to the end of expiration (phase 10) during "quiet breathiazK)
and "maximal amplitude breathing" (gray).
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Figure 8. Surface/Volume ratio during "quiet bréagh (black) and "maximal amplitude breathing"

(gray).
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