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The diaphragm is the most important respiratory muscle. It separates the thorax from the
abdomen and it is innervated by phrenic nerve. The action of the diaphragm strongly depends
on the combination of: the conductivity of the phrenic nerve; b) the developed force (pressure);
c) the length at which it contracts; d) the velocity of short- ening and e) the level of activation.

The general aim of this doctoral thesis is to study the diaphragm in different conditions in
which different mechanical loads and/or different agents modified one or more of these factors
in order to understand how the diaphragm copes with anesthesia, phrenic nerve injury, severe
lung diseases and increasing abdominal load.

In Study I, the movement induced by the diaphragm on tumor marker surrogate, being a
source of noise while planning target volume during stereotactic body radiation ther- apy was
quantified. High Frequency Jet Ventilation at a frequency of 200 min-1 seemed to be the best
compromise between immobilization and gas exchange.

In Study II, the role of the diaphragm during the emergence from anesthesia (namely,
propofol) was investigated, finding no contribution because of active contraction of the
expiratory muscles in this phase, presumably triggered by the resistance in the tracheal tube.

In Study III, an animal model (porcine) of phrenic nerve damage was created and the
compensatory mechanisms of non-diaphragmatic respiratory muscles studied. A 12- fold
augmentation of the drive to ribcage muscles occurred during inspiration, while it almost
doubled for abdominal muscles during expiration. Increasing level of pres- sure support
ventilation masked these respiratory muscles strategy.

Study IV described, within an integrated multidisciplinary longitudinal study, differ- ent
functional aspects (geometry, weakness, force, mobility, contractility, electrical activity and
kinematics) of the diaphragm before and after lung transplantation. A subclinical diaphragmatic
dysfunction occurs after surgery, despite appropriate clini- cal course and respiratory outcome,
induced by phrenic nerve neurapraxia secondary to surgical procedure.

Study V was a non-invasive and longitudinal study of the progressive changes of the
diaphragm during healthy pregnancy. During pregnancy, the diaphragm is condi- tioned to
optimize its active role provided during parturition, as its co-contraction with abdominal muscles
plays a fundamental role in the phase of baby expulsion.
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To zio Pasqualino 
 

”Se potessi far tornare indietro il mondo  
Farei tornare poi senz'altro te 

Per un attimo di eterno e di profondo  
In cui tutto sembra, sembra niente c'è  

Tenersi stretto, stretto in tasca il mondo  
Per poi ridarlo un giorno solo a te 

A te che non sei parte dell'immenso  
Ma l'immenso che fa parte solo di te” 

Negramaro 

  



The diaphragm for kids or beginners 

Many friends asked me to explain in a simple and comprehensive way what 
this thesis is about. I strongly believe that science must be “pop”, in the sense 
of being popular and enjoyable by ordinary people (and not only by scientists). 
What makes the difference is the way it is told. 

For this reason, I am starting this thesis by explaining to my friends, with 
the help of two of my favorite pop artists (Keith Haring and Queen), what I 
have been studying in the last four years.  

The diaphragm is one of the most important muscles, because it is the prin-
cipal respiratory muscle; and breathing is 
a vital function. The diaphragm looks like 
a parachute, it separates the thorax from the 
abdomen and it moves like a piston. This 
movement is fundamental for breathing, but 
in some occasions, it turns to be a nuisance. 
For example, its movement does not allow 
keeping the radiation focused on the tumor 
during radiotherapy treatment. In study I, we 

have found the 
best way to im-
mobilize the dia-
phragm (like the red man in figure 1) so that the 
radiations (green men running on it in figure 1) 
can pass through undisturbed.  

In study I, the subjects must be anesthetized 
and in study II we have studied what happened 
during the emergence from anesthesia. Emer-
gence is the passive process that makes the pa-
tient gradually return to consciousness passing 
through different levels of anesthesia (figure 2). 
We found that the diaphragm does not contribute 
much to this phase. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 
Somehow I have to make this 

final breakthrough 
Now, I wake up … Feel just 

fine (Breakthru, 1989) 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 
Don't move, don't speak, don't feel no 

pain (Now I’m here, 1974) 



To be more precise, the diaphragm is 
composed by two twin parts, the hemidi-
aphragms, which normally work together 
in parallel and in a synergistic way (fig-
ure 3). Since it might happen that, for dif-
ferent reasons, someone wakes up from 
anesthesia with one or both the hemi-
diaphragm not properly working, in 
study III we have investigated this.  

When one hemidiaphragm does not 
work, its twin drags it with some help 
from the ribcage muscles. When both 
hemidiaphragms do not work, the rib-
cage muscles do the entire job with some 
help from the abdominal muscles. In study IV, we have studied a group of pa-

tients that woke up, after receiving healthy 
lungs from a donor (figure 4), with a weak 
diaphragm without knowing it. It turns out 
that the diaphragm was weak because of a 
problem in the “electric cable” that reaches 
it. This weakness lasts 6 months and then 
it recovers by itself within the first year. 

After seeing what happens to the dia-
phragm when an important change occurs 
above it, we have considered what hap-
pens in case of 
an important 
change occurring   
below it. In study 

V, we investigated the effect of pregnancy (figure 5). 
All the body of the mother adapts to welcome the 
growing baby inside. Pregnancy for the diaphragm 
acts like a gym: on one hand, the enlarging womb 
progressively stretches the diaphragm, on the other, 
the womb is also an incrementing load (like dumb-
bell) the diaphragm has to contract against. The dia-
phragm is therefore conditioned at the end of preg-
nancy to prepare for birth when it contributes to 
push the baby outside, with its piston movement. 

If you want to learn more about these five studies, 
keep reading this thesis.  

The Keith Haring images were used with the permission of 
Keith Haring artwork © Keith Haring Foundation. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 
How do you think I'm going to get along 
Without you when you're gone? You took 

me for everything that I had 
And kicked me out on my own (Another One 

Bites the Dust, 1980) 

 
 
 
 
 
 
 
 
 
 
 

Figure 4 
I gotta be cool, relax, get hip 

And get on my track's 
Take a back seat, hitchhike 

And take a long ride on my motorbike 
Until I'm ready 

(Crazy little thing called love, 1979) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5 
Oh, mama mia, mama 

mia 
Mama mia, let me go. 

(Bohemian Rapsody, 1975) 



Il diaframma raccontato a bambini e neofiti 

Molti amici mi hanno chiesto di spiegar loro, in maniera semplice e com-
prensibile, il contenuto di questa tesi. Sono fermamente convinta che la 
scienza debba essere “pop”, ovvero essere popolare ed arrivare anche alle per-
sone ordinarie (e non solo agli scienziati). Per arrivare a tutti, basta cambiare 
il modo in cui la si racconta. 

Per questo motivo, inizio questo lavoro di tesi spiegando ai miei amici 
quello che ho studiato negli ultimi quattro anni facendomi aiutare da due tra i 
miei artisti pop preferiti (Keith Haring and Queen). 

Il diaframma è uno dei muscoli più im-
portanti del nostro corpo in quanto princi-
pale muscolo respiratorio e respirare è una 
funzione vitale. Il diaframma ha le sem-
bianze di un paracadute, separa anatomica-
mente il torace dall’addome e si muove 
come un pistone. Nonostante il suo movi-
mento sia fondamentale per l’atto respirato-
rio, in alcune circostanze rappresenta una 
fonte di fastidio. Ad esempio durante radio-
terapia il suo movimento non permette la 
precisa focalizzazione delle radiazioni sul tu- 

more. Nello studio I, abbiamo trovato il modo 
migliore per immobilizzare il diaframma (come 
l’omino rosso in figura 1) cosicché le radiazioni, 
come gli omini verdi che corrono su quello rosso, 
possano passare indisturbati (figura 1). 

Nello studio I, il soggetto doveva essere ane-
stetizzato. Nello studio II abbiamo quindi stu-
diato la fase di risveglio dall’anestesia, ovvero 
quella fase passiva in cui il soggetto recupera la 
coscienza e la sensibilità passando attraverso di-
versi livelli di anestesia (figura 2). Il diaframma 
contribuisce poco a questa fase. Più precisamente, 
il diaframma è composto da due parti speculari, 
gli emi-diaframmi, che lavorano insieme, in paral-
lelo ed in maniera sinergica (figura 3). Per diverse 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 
Somehow I have to make this 
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wake up … Feel just fine 

(Breakthru, 1989) 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 
Don't move, don't speak, don't feel no 

pain (Now I’m here, 1974) 



ragioni, può capitare che un paziente si 
svegli dall’anestesia con uno o entrambi 
gli emi-diaframmi non propriamente fun-
zionanti. Nello studio III abbiamo stu-
diato questa evenienza. In caso di emi-
diaframma non funzionante, il suo ge-
mello lo trascina con l’aiuto dei muscoli 
della gabbia toracica. Quando entrambi 
gli emi-diaframmi non funzionano, i 
muscoli della gabbia toracica si pren-
dono carico di tutto il lavoro parzial-
mente aiutati dai muscoli addominali. 

Nello studio IV, abbiamo analizzato 
un gruppo di pazienti che si sono sve-
gliati, dopo aver ricevuto nuovi polmoni sani da un donatore (figura 4), col 

diaframma indebolito senza saperlo. Ab-
biamo scoperto che tale debolezza diafram-
matica sia dovuta ad un problema al “cavo 
elettrico” che lo raggiunge, che perdura 6 
mesi e poi si risolve da sola entro un anno 
dal trapianto. 

Dopo aver appreso cosa succeda al dia-
framma quando un importante cambia- 
mento avviene sopra esso, abbiamo stu-
diato anche quello che gli succede quando 
il cambiamento avviene al di sotto. Nello 
studio V, ab-
biamo analizzato 
l’effetto della 

gravidanza (figura 5) in quanto l’intero corpo della 
madre si adatta per accogliere il feto. La gravidanza 
rappresenta una sorta di palestra per il diaframma: 
da un lato l’utero che si espande esercita una pro-
gressiva azione di stretching, ma dall’altro è anche 
un carico incrementale (come la palla medica) con-
tro cui il diaframma si contrae. 

Alla fine della gravidanza, quindi, il diaframma è 
allenato per prepararsi alla nascita in quanto con-
tribuisce ad espellere il neonato grazie al suo movi-
mento a pistone. Se volete sapere qualcosa di più 
riguardo questi cinque studi, continuate a leggere 
questa tesi.  

Le immagini di Keith Haring sono usate con il permesso della Keith Haring artwork © 
Keith Haring Foundation. 
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Membranet för barn eller nybörjare 

Flera av mina vänner bad mig att förklara på ett enkelt och heltäckande sätt 
vad denna avhandling handlar om. Jag tror starkt på att vetenskapen måste 
vara "pop", i betydelsen att den är popular och rolig även för vanliga männi- 
skor (och inte bara för forskare). Det som gör skillnad är hur det berättas. 

Av den anledningen börjar jag min avhandling med att förklara för mina 
vänner, med hjälp av två av mina favoritpopartister (Keith Haring och Queen), 
vad jag har studerat de senaste fyra åren. 

Diafragma, eller mellangärdesmuskeln, är en av de viktigaste musklerna, 
eftersom den är den starkaste andningsmus-
keln; och andning är en livsviktig funktion. 
Diafragman ser ut som en fallskärm; den 
skiljer bröstkorgen från buken och rör sig 
som en kolv. Denna rörelse är naturligtvis 
grundläggande för andningen, men i vissa 
tillfällen blir den ett problem. Till exempel 
försvårar dess rörelse att hålla strålningen 
fokuserad på tumören under strå- lbehand-
ling. 

I studie I har vi hittat det bästa sättet att 
immobilisera membranet (som den röda 

mannen på bilden figur 1) så att strålningen (gröna 
män springer  på den)  kan  passera ostörd (figur 
1). 

För att genomföra studie I måste vi använda nar- 
kos. I studie II har vi studerat vad som händer un- 
der väckningsfasen av en anestesi. Under väckning- 
sfasen sker en passiv process som gör att patienten 
gradvis återgår till medvetandet, och passerar däri- 
genom olika nivåer av anestesi (figur 2). Vi fann att 
diafragma inte bidrar mycket till denna fas. 

För att vara mer exakt består diafragma av två 
tvillingdelar, höger och vänster diafragmahalva, 
som normalt arbetar tillsammans parallellt och på 
ett synergistiskt sätt (figur 3). 

Eftersom det kan hända att någon av olika an- 
ledningar vaknar upp från anestesi där en eller båda 
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diafragmahalvor inte fungerar ordent-
ligt, i studie III har vi undersökt detta. 
När en av halvorna inte fungerar drar 
dess tvilling med den, med lite hjälp från 
bröstkorgen. När båda halvorna inte 
fungerar gör bröstkorgsmusklerna hela 
jobbet tillsammans med mag- musklerna. 

I studie IV har vi studerat en grupp 
patienter som vaknade från operation ef-
ter att ha fått friska lungor transplanterade 
från en donator (figur 4), men utan att veta 
att diafragma var försvagad. Det visade 
sig att den nedsatta kraften berodde på 
ett problem i den "elektriska kabeln" som 
styr diafragmas rörelser. Denna svaghet håller i sig 6 månader efter operationen 

och återhämtar sig av sig själv under det 
första året. 

Efter att ha sett vad som händer med di- 
afragma när en viktig förändring sker 
ovanför den, har vi också funderat på vad 
som händer om en viktig förändring in- 
träffar under den. I studie V har vi un-
dersökt effekten av graviditet (figur 5) på 
diafragma. 

Hela moderns kropp anpassar sig för att 
välkomna det 
växande barnet 
inuti. För di- 
afragma funge-

rar graviditet som ett gym: å ena sidan sträcker den 
växande livmodern diafragma mer och mer,, å 
andra sidan är livmodern också en ökande belast-
ning (som i en bänkpress med ökande vikter) som 
diafragma måste trycka sig emot. 

Diafragma är därför i slutet av graviditeten 
vältränad och förberedd för födseln när den bidrar 
till att pressa ut barnet med sin kolvrörelse. 

Om du vill lära dig mer om dessa fem studier, 
fortsätt att läsa min avhandling. 

 
Keith Haring-bilderna användes med tillstånd av Keith Haring artwork © Keith Haring 

Foundation. 
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'Without data, you’re just another 
person with an opinion' 

 
W. Edwards Deming 
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Abbreviations 

6MWTd: 6-min walk test distance 
ANOVA: analysis of variance 
ASA: American society of anesthesiology 
BL: baseline physiological condition 
BPND: bilateral phrenic nerve damage 
cTSM: central tumor surrogate marker 
CC: cranio-caudal 
CF: cystic fibrosis 
CMAPDIA: diaphragmatic compound muscle action potential area 
CMV: conventional mechanical ventilation 
COPD: chronic obstructive pulmonary disease 
CPAP: continuous positive airway pressure 
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ECMO: extracorporeal membrane oxygenation 
EELV: end-expiratory lung volume 
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ENT: ear, nose, and throat 
ERV: expiratory reserve volume 
FEV1: forced expiratory volume in 1 second 
FiO2: inspired oxygen fraction 
FRC: functional residual capacity 
FVC: forced vital capacity 
HFJV: high frequency jet ventilation 
IC: inspiratory capacity 
ICU: intensive care unit 
ILD: interstitial lung diseases 
LPND: left phrenic nerve damage 
LRM: lung recruitment maneuver 
ML: medio-lateral 
MIP: maximal inspiratory pressure 
NICU: neonatal intensive care unit 
NIV: non-invasive ventilation 
nNIV: nocturnal non-invasive ventilation 
OEP: opto-electronic plethysmography 
pCO2: carbon dioxide partial pressure 



 

pO2: oxygen partial pressure 
PAB: abdominal pressure 
PABM: pressures developed by abdominal muscles 
PDI: trans-diaphragmatic pressure 
PES: esophageal pressure 
PGA: gastric pressure 
PMUS: pressure developed by the respiratory muscles 
PPL: pleural pressure 
PRCM: pressures developed by the ribcage muscles 
PA: posterio-anterior 
PCV: pressure controlled mechanical ventilation 
PEEP: positive end expiratory pressure 
PNS: transcutaneous stimulation of the phrenic nerve 
RM: recruitment maneuver 
RMS: root mean square 
RR: respiratory frequency 
RV: residual volume 
SpO2: oxygen saturation 
sEMG: surface electromyography 
SNIP: sniff nasal inspiratory pressure 
TEE: end-expiratory diaphragm thickness 
TEI: end-inspiratory diaphragm thickness 
TMAXei: diaphragm thickness at the end of a maximal inspiration 
TF: thickening fraction 
TR: thickening ratio 
TLC: total lung capacity 
US: ultrasound 
VAB: abdominal volume 
VCW: chest wall volume 
VE: minute ventilation 
VRC: ribcage volume 
VT: tidal volume 
ΔFVC: change in FVC when the patient changed from upright to supine po- 
sition 
ΔVAB: abdominal volume variation 
ΔVRC: ribcage volume variation 
ZEEP: zero end expiratory pressure 
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Intoduction 

The respiratory muscles are the only skeletal muscles to take on a vital 
function: breathing. 

The diaphragm, being the most important one, is a thin musculotendinous 
structure; it separates the ribcage from the abdomen and the phrenic nerves 
innerve it. Each phrenic nerve supplies its own hemidiaphragm, including all 
the fibers in the crural portion on its own side of the esophageal hiatus. 

The muscle fibers of the diaphragm radiate from a central tendinous 
structure, the “central tendon,” to insert peripherally into skeletal structures 
(Figure 1). The muscle of the diaphragm is conventionally divided into two 
main components: 

1. the crural (or vertebral) portion that inserts on 
the ventrolateral aspect of the first three lum-
bar vertebrae and on the aponeurotic arcuate 
ligaments; 

2. the costal portion that inserts on the xiphoid 
process of the sternum and the upper margins 
of the lower six ribs. 

The muscle fibers of the costal diaphragm run in the cra-
nial-dorsal direction from their insertions on the ribs. 
They are directly apposed to the inner aspect of the lower 
ribcage constituting the so-called “zone of apposition” 
of the diaphragm to the ribcage (figure 1). In humans at 
functional residual capacity (FRC), this zone of apposi-
tion represents approximately 25% to 40% of the total surface area of the ribcage 
and approximately 60% to 65% of the total surface area of the muscle1. 

When it contracts, its radial fibers generate a caudal force on the central 
tendon that descends. The consequences of such a piston-like movement of 
the diaphragm are (figure 2): 

1. compression of the abdominal viscera 
2. increment of abdominal pressure 
3. outward displacement of the abdominal wall 
4. reduction of pleural pressure 
5. generation of a pressure gradient that makes air enter into the 

airways 
6. inflation of the lung 
7. chest wall expansion. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: 
the diaphragm 
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The action of the diaphragm, therefore, is purely inspiratory2–5; however, it also 
contributes to non-respiratory activities such as expulsive maneuvers (includ-
ing coughing, sneezing, vomiting, defecation, and parturition). The diaphragm 
has both ventilatory and non-ventilatory (or expulsive) behaviors. The former 
is accomplished by recruiting only fatigue-resistant (type S and FR) motor 
units resulting in the developing of ~10% of its total force-generating capacity. 
By contrast, the latter requires recruitment of more fatigable motor units (type 
FInt and FF) and the generated force approaches the maximal one. Thus, the 
diaphragm has a large reserve of force generation and high levels of activa-
tion6,7. 

The function of the diaphragm can be assessed by non-invasive and/or inva- 
sive tests, requiring or not patient’s collaboration (volitional or non-volitional 
maneuvers, respectively). 

The morphology can be obtained by different imaging techniques like ultra- 
sound (US)8–11, fluoroscopy12 and computed tomography (CT)13 imaging. The 
former allows studying the displacement of the dome, the length of apposition 
and the thickness of the diaphragm whereas the latter provides high-resolution 
3D reconstruction of the muscle. 

The mobility of the diaphragm can be measured by fluoroscopy that provides 
dynamic and real time images of the diaphragmatic movements14. 

The conductivity of the phrenic nerve can be evaluated by measuring surface 
electromyography at the 7th–8th intercostal spaces after supramaximal, 
transcutaneous bilateral stimulation of the phrenic nerve (PNS)15,16. The elec- 
trical activity of the diaphragm can be measured by electromyography (EMG), 
using a trans-esophageal electrode at the level of the crural diaphragm16,17. 

Figure 2: contraction of the diaphragm (PPL: pleural pressure; PAB: abdominal 
pressure) 
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The force resulting from the contraction of the diaphragm is usually evalu- 
ated by measuring trans-diaphragmatic pressure (PDI) that is the difference be- 
tween esophageal and gastric pressures, respectively measured by a trans-
ducer-catheter-balloon placed in the lower third of the esophagus and in the 
stomach16–19. Alternatively, sniff nasal inspiratory pressure (SNIP) is a tech-
nically simpler non-invasive voluntary test to quantify the force of the dia-
phragm16,19. 

The resulting action of the diaphragmatic contraction is airflow and/or chest 
wall volume variation. The former can be measured at the mouth by using a 
pneumotachograph16,19, the latter by opto-electronic plethysmography (OEP), 
a system able to non-invasively and accurately provide thoraco-abdominal 
volumes20. Abdominal volume variations (ΔVAB), in particular, can be consid- 
ered a non-volitional and non-invasive index of the action of the diaphragm 
since it has been shown to estimate changes in diaphragmatic fiber length21 

and motion22 and to correlate with the supine fall of forced vital capacity23, an 
index of diaphragmatic paralysis24. 

As the diaphragm is morphologically and functionally a skeletal muscle, the 
force it develops depends on its fibers length through a characteristic tension- 
length curve. The resting position of the diaphragm and therefore its fiber 
length depend on: 

1. posture, i.e.: in supine position the gravitational effect of the 
abdominal content pushes the diaphragm upward lengthening 
it25,26; 

2. lung dimension, e.g. in severe chronic obstructive pulmonary 
disease (COPD) patients the diaphragm becomes flat because of 
emphysematous lungs, gas trapping and diminished lung elastic-
ity27,28; 

3. abdominal content, e.g. during healthy pregnancy the progres-
sive enlarging uterus makes the diaphragm move upward29,30. 

The diaphragm has to work coping with elastic and resistive loads that can 
become excessive in case of reduced lung/chest wall compliance and/or in- 
creased airways resistance2,4. The former is typical in interstitial lung diseases 
(ILD)31, the latter in COPD32 while both may occur in cystic fibrosis (CF)33. 
One possible cause of strength reduction is muscle atrophy that, for the dia- 
phragm, can develop secondary to prolonged mechanical ventilation in end- 
stage pulmonary disease patients34. Very severe PF, COPD and CF patients 
on the waiting list for lung transplantation may develop both ventilator-asso- 
ciated diaphragm atrophy and increased work of breathing with the worsening 
of the disease35. 

In addition, the regulation of ventilation, the respiratory function and there- 
fore the diaphragmatic contractility are depressed during general anaesthe- 
sia36. Animal studies have recently shown that different anesthetic protocols 
for maintenance of anesthesia have diverse effects on trans-diaphragmatic 
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pressure37,38. In humans, halothane anesthesia is known to have less effect on 
the diaphragm39 whereas propofol anesthesia mainly depresses the diaphrag- 
matic rather than the ribcage muscle action40. 

Finally, the vital action of the diaphragm may be also source of noise in some 
applications. Tumors in the thoracic and abdominal regions move due to res- 
piration. Respiration-induced motion introduces uncertainties in radiotherapy 
treatments of these type of tumors, being regarded as a bottleneck to achieve 
highly conformal dose distributions. With awake patients and spontaneous 
breathing, the target zone needs to be larger, to compensate for breathing var- 
iability of the tumor position (and size)41. These problems may be avoided by 
immobilizing the lung, in order to eliminate the respiratory movements and 
the consequent need of compensation for tumor motion. It is, therefore, im- 
portant to find the optimal strategy of lung immobilization to reduce the target 
zone, and thus, total irradiation dose in order to minimize early and delayed 
complications of radiotherapy. 
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Aims of the doctoral thesis 

The general hypothesis of the present PhD thesis is that the action of the 
diaphragm strongly depends on the combination of: the conductivity of the 
phrenic nerve; b) the developed force (pressure); c) the length at which it con- 
tracts; d) the velocity of shortening and e) the level of activation. 

The general aim will be to study the diaphragm in different conditions 
in which one or more of these factors are modified by different mechanical 
loads and/or different agents influencing activation in order to understand 
how the most important respiratory muscle copes with anesthesia, phrenic 
nerve injury, severe lung diseases and increasing abdominal load. 
 

More in details, we sought: 

To study the movement induced by the diaphragm (and the heart) on tumor 
marker surrogate, being a source of noise while planning target volume during 
stereotactic body radiation therapy. We have therefore compared different 
ventilatory strategy (high frequency jet ventilation (HFJV), expiratory pauses 
at different PEEP levels, and conventional ventilation) in an animal model 
(porcine), with regard to the degree of lung immobilization achieved with each 
of these techniques, and the resulting gas exchange. These results may have 
direct implications for patients that are planned for radiotherapy of lung and 
abdominal cancer, since they may help to reduce the target zone, and thus, 
total irradiation dose in order to minimize early and delayed complications of 
radiotherapy in patients under general anaesthesia (study I)22. 

To elucidate the role of the diaphragm during the emergence from anesthe- 
sia (namely, propofol) in order to understand the contribution of the dia- 
phragm and if it may be influenced by different ventilatory strategies. These 
results should be helpful for clinical management of anesthesia (study II)42. 

To create an animal model (porcine) of phrenic nerve damage, its most se- 
vere impact is diaphragm paralysis. The model will help to understand the 
compensatory mechanisms in case one or both phrenic nerve being damaged. 
Because phrenic nerve damage can also be a side effect of some surgical pro-
cedures, most commonly cardiac or abdominal surgeries, this model may pro-
vide useful knowledge to handle the weaning process of patients experiencing 
surgery-induced phrenic damage (study III). 

To describe, within an integrated multidisciplinary longitudinal study, dif- 
ferent functional aspects (geometry, weakness, force, mobility, contractility, 
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electrical activity and kinematics) of the diaphragm in ILD, COPD and CF 
patients on the waiting list of lung transplantation and their follow-up after 
surgery. These results would show the effect of lung transplantation on 
phrenic nerve and therefore on the diaphragm, that plays a role in the follow- 
up of the patients (study IV)43. 

To non-invasively and longitudinally study the progressive changes of the 
diaphragm during healthy pregnancy. This will be considered an in-vivo ex- 
perimental model to better understand the effects of increasing abdominal load 
and changes of chest wall geometry on diaphragm function. Knowledge of 
these normal physiologic changes during pregnancy may be helpful for the 
clinician dealing with high-risk pregnancies. (study V)44. 
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Material and Methods 

Study subjects 
Ethical statement 
The studies were conducted in accordance with the Helsinki declaration 
(studies II, IV and V) and the Helsinki convention for the use and care of ani- 
mals (studies I and III). All the studies were approved by the local ethics com- 
mittee of the institutes where they were carried out (Uppsala Human Ethical 
Review Board for study II; Human Ethical Review Board of Fondazione ‘Ca’ 
Granda’ Ospedale Maggiore Policlinico, Milan, Italy for studies IV and V; 
Uppsala Ethics Committee on Animal Experiments for studies I and III). 

Study I 
Nine Norwegain/Yorkshire mixed breed castrated male pigs (20-25 kg) 
were included were included in the studies22. 

Study II 
Eighteen American Society of Anesthesiology (ASA) class I–II patients 
scheduled for elective ear, nose, and throat (ENT) or plastic surgery requiring 
general anesthesia were included in the study. Exclusion criteria were age < 
18 years, co-existing respiratory disease, anticipated difficult ventilation or 
intubation, and significant chest abnormality42. 

Study III 
Sixteen Norwegain/Yorkshire mixed breed (4 females) pigs were included in 
the study. The first two animals served as pilot to understand how to access the 
phrenic nerves from the neck; one animal was excluded because of technical 
problems, while we were not able to produce a complete nerves damage in 
two pigs and they were therefore excluded. The complete protocol was ad- 
ministrated to the remaining ten animals (three females, median weight: 26.4 
kg). 
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Study IV 
Thirty adult patients on the waiting list for lung transplantation from Sep- 
tember 2016 to December 2017. Exclusion criteria were: previous solid organs 
transplantation or chest surgery, phrenic nerve lesion, bridge to transplantation 
either with mechanical ventilation or with extracorporeal membrane oxygena-
tion (ECMO) and age <18 years or >65 years43. 

Study V 
Eighteen otherwise healthy primiparous women were included in the study. 
The inclusion criteria to be enrolled were: age>18 years, absence of chronic 
respiratory or other severe pathology; body mass index<25 kgm-2. Twenty- 
one nulliparous women were also involved as controls44. 

Measurements of outcome variables 
Opto-electronic plethysmography (OEP) 
In the respiratory system, the shortening of respiratory muscles is usually es-
timated as lung volume change or displacement of chest wall structures. 

In the present thesis, chest wall volumes variations were measured by opto- 
electronic plethysmography (OEP System; BTS, Milan, Italy, figure 3)20. OEP 
is a motion analysis system that uses reflective markers, placed over the chest 
wall surface according to anatomical points from clavicles to pubis. Each 
marker is reconstructed in three-dimensions and tracked over time by six 
(studies I-III) or eight (studies IV-V) special infrared video cameras positioned 
around the patient at a sampling rate of 60 Hz. 

For volume computation, the chest wall surface was approximated by a set 
of triangles connecting the markers, and standard algorithms provided the 
measurement of the total chest wall volume (VCW) and its thoraco-abdominal 
compartments: ribcage (VRC, being the volume enclosed between the clavicles 
and the lower ribcage margin, where the action of inspiratory and expiratory 
ribcage muscle is present) and abdomen (VAB, being the volume enclosed be- 
tween the lower ribcage margin and the iliac crests, where the diaphragm acts 
during inspiration and the abdominal muscles during expiration). 
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Figure 3: opto-electronic plethysmography set-up inside an operating room (left), 3D 
marker reconstruction (top right) and volume reconstruction during three breaths of 
resting quiet respiration followed by a slow vital capacity (bottom right). 

OEP allows analyzing the subjects/patients in different postures (supine, 
seated without back support, seated with back support and prone20,26,45) during 
volitional maneuvers (vital capacity, exercise, cough, speech, singing20,46–49) 
and non-volitional breathing (wakefulness and sleep). 

When patients were analyzed in the supine position (figure 4, panel A), 52 
(studies II-IV) or 57 (study V, only for pregnant women44) markers were placed 
over the anterior chest wall surface. For measurement in the seated position 
(figure 4, panel B), an 89 (nulliparous) or 94 (pregnant women) marker con- 
figuration was used in study V44. The animal model consisted on 57 markers 
model on the pigs’ chest wall (studies I and III; figure 4, panel C)50,51. 

From total and compartmental volume tracings, the following parameters 
were considered during spontaneous breathing: tidal volume (VT), respiratory 
rate, minute ventilation (VE), absolute volume variations of the different 
thoraco-abdominal compartments and their percentage contribution to VT. 
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Figure 4: markers' model configurations in supine position (A) and seated position 
(B) and in the porcine model (C). The abdominal compartment is enclosed between 
the lower ribcage margin and the iliac crests (grey triangles). 

Ultrasonography of the diaphragm 
Thickness of the diaphragm 
A high frequency (7-12 MHz) linear probe was placed in the right side at the 
anterior axillary line between 7th and 9th intercostal space at the level of the 
zone of apposition of the diaphragm (figure 5, panels A-B). Both pleural and 
peritoneal membranes were visualized by B mode ultrasonography, as 
highly reflective lines, by angling ultrasound beam close to 90°. The dia- 
phragm was the thick echogenic linear structure between these two mem- 
branes. Their distance, therefore, changed with the phases of breathing: when 
the diaphragm contracted, its thickness reduced at end-expiration when the 
diaphragm relaxed (TEE, figure 5, panel C) and it increased at the end of a 
normal inspiration (TEI, figure 5, panel D) when the diaphragm contracted. 
Two indices can be calculated: 1) thickening fraction as TF = TEI- TEE / TEE x 
100 and 2) thickening ratio as TR = TMAXei / TEE with TMAXei being the dia- 
phragm thickness at the end of a maximal inspiration11,52,53. 
 



29 

 
Figure 5: Probe position for B mode diaphragmatic thickness measurements in 
seated (A) and supine (B) position. Arrows indicate the pleural and the peritoneal 
membranes at end expiration (C) and end inspiration (D). 

Motion of the diaphragm 
A convex probe must be used because this transducer is good for in-depth 
examinations, even though the image resolution decreases when the depth in- 
creases. Its central frequency is 2.5–7.5 MHz. The probe should be placed in 
the subcostal area on the anterior axillaxy line, and it should be directed me- 
dially, cephalad, and dorsally (figure 6, panels A-B). In this way, the US beam 
reached nearly perpendicularly the posterior part of the dome of the right 
hemi-diaphragm. Firstly, B-mode was used to obtain the 2D cross section, to 
find the best approach and to select the exploration line using as a window the 
liver or the spleen on the right and left side, respectively. M-mode was then 
used to display and tracked the motion of the anatomical structures along the 
exploration line. 

It is important to correlate the image of the M-mode US tracing to the 
phases of the respiratory cycle: during normal inspiration the diaphragm 
moves caudally, the probe-diaphragm distance shortens and the bright line 
formed by echoes originating from the diaphragm moves upward. The oppo- 
site occurs during normal expiration: the diaphragm moves cephalad, away 
from the transducer resulting in downward movement of the echogenic line 
(figure 6, panel C)11,54. 

Both the thickness and the motion of the diaphragm were measured in stud- 
ies IV and V44. 
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Figure 6: Probe position for M mode diaphragmatic excursion measurements in 
seated (A) and supine (B) position. M-mode diaphragm sonography (C). The dotted 
lines indicate the beginning and the end of the diaphragmatic contraction. The dis-
tance between the arrows, indicate the excursion (displacement). 

Fluoroscopy 
Functional imaging technique that uses 
X-rays to obtain real-time moving im-
ages of the interior of an object. A fluor-
oscope consists of an X-ray source and an 
X-ray image intensifiers. 

Fluoroscopy is a simple, dynamic and 
effective method of diagnosing diaphrag-
matic dysfunction, which can be classi-
fied as paralysis (absence of orthograde 
excursion and/or paradoxical motion 
during inspiration), weakness (reduced 
or delayed orthograde excursion with or 
without paradoxical motion during 
SNIF), or eventration (congenital thin-
ning of a segment of diaphragmatic 
muscle and manifests as focal weakness)55. Fluoroscopy was used in study I 
to track tumor surrogates movement and to compute the cranio-caudal and me-
dio-lateral movements for the posterior-anterior projection and the cranio-
caudal and posterior-anterior movements for the medio-lateral projection in 
the different ventilatory modes (figure 7). 

Figure 7: Lab setup with pig on 
table and C- arm fluoroscopy 
unit 
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Surface electromyography 
The electrical activity of respiratory muscles can be measured using non- 
invasive surface transcutaneous electromyography (sEMG) to determine mus- 
cle capacity in terms of activation and contractile function. 

The skin of the subject must be prepared by shaving it (when necessary in 
male subjects), frictioning it with alcohol in order to improve the adherence 
of the surface electrodes56. 
 

 
 

Figure 8: electromyography signal data processing (A) and patient set-up during 
electrical stimulation of the phrenic nerve (B). 

In study II, to estimate the electrical activity of the inspiratory and expira- 
tory ribcage muscles (intercostal muscles), two disposable Ag/AgCl elec- 
trodes connected to a wireless surface electromyographic system were placed 
in the 8th intercostal right space at the mid-clavicular line. The sEMG signals 
were firstly filtered using a band pass digital filter with passband frequency 
between 10 and 500 Hz and then rectified and the Root Mean Square (RMS) 
value was computed during expiration and inspiration (RMS,exp/RMS,inspra- 
tio) for each breath (Figure 8, panel A)42. 

In study IV, the compound muscle action potential area of the diaphragm 
(CMAPDIA) was measured after supra maximal, transcutaneous bilateral stim- 
ulation of the phrenic nerve (PNS) to derive the latency of the phrenic nerve. 
The active electrode was placed above the xiphoid process and the refer- 
ence electrode along the ipsilateral costal margin, 16 cm lateral to the re-
cording electrode. The stimulator was placed at the posterior border of the 
sternocleidomastoid muscle with the cathode 2 cm above the clavicle. Cathode 
and anode were oriented along the course of the phrenic nerve (figure 8, panel 
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B). Stimulus intensity was always less than 90 mA with the duration ranging 
from 0.1 to 0.2 ms in order to obtain the supramaximal response43. 

Pressure measurements 
The resultant of muscles contraction is force development. In the respira- 
tory system, force is usually estimated as pressure. Pressure development de- 
pends, among others, also on the mechanical characteristics of both the rib- 
cage and abdominal wall with which respiratory muscles interact. Pressures 
should be viewed as indices of global respiratory muscle “output” rather than 
as direct measures of their “contractile properties.” 

To test respiratory muscle properties, pressures can be measured during: 
1. voluntary maneuvers and/or spontaneous breathing to test the synergistic 

action of inspiratory or expiratory muscle groups 
2. involuntary contractions in response to phrenic nerve stimulation, to 

test the pressure developed specifically by the contracting muscle(s). 

Locations at which pressures can be measured are (figure 9): 
1. airway opening usually sampled from a side tap (lateral pressure), in a 

mouthpiece (PMO), tracheal tube, face mask, or from a nostril plug; 
2. esophageal pressure (PES) as a reflection of pleural pressure (PPL); 
3. gastric pressure (PGA) as a reflection of abdominal pressure (PAB). 
 

 
Figure 9: Schematic representation of the respiratory system points of relevant pres-
sures. 

The balloon catheter system is the most widely used method for recording PES 

and PGA. For measurement of Pes, latex balloons 5–10 cm long, 3.5–5 cm 
in perimeter, with thin wall filled with 0.5 mL of air for accurate transmission 
of pressure (if high positive pressures are to be measured, like during maximal 
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expiratory maneuvers, this volume of air may be inadequate). For PGA meas-
urement, balloon volume is less crucial. 

Pressure measurements at airway opening do not allow the discrimina- 
tion between weakness of the different respiratory 
muscles, providing therefore global index of inspira-
tory/expiratory muscles. By contrast, PDI is specific for 
diaphragm contraction, with PES and PGA separately 
providing information on the components of this con-
traction (the latter on the inspiratory driving pressure, 
the former on eventually contraction of abdominal 
muscles)16,19. 

PMO was measured in study I and II to monitor pres-
sures (PEEP and pressure support) imposed by the 
mechanical ventilator during different settings; PES, PGA 

and PDI were measured in study III to quantify the force 
of the different respiratory muscles as function of 
pressure support and phrenic nerves integrity. 

In study IV, pressure at the nostril was measured 
during sniff maneuver (i.e.: maximal, short, sharp voluntary inspiratory ma-
neuver performed through one un-occluded nostril) that is considered a re-
producible and reliable test of diaphragm or global inspiratory muscle func-
tion (figure 10).16,19,57 

Respiratory muscles velocity of shortening 
An index of the shortening velocity of inspiratory muscles was defined as 

the ratio between the tidal volume they provided (VRC for ribcage muscles, 
VAB for the diaphragm, VT for the global inspiratory muscles) and inspiratory 
time. The index of shortening velocity of abdominal muscles was defined as 
the ratio between the tidal volume provided (-VAB) and expiratory time49,58. 

Respiratory muscles pressure, work and power 
The Campbell diagrams were created for each group of respiratory muscles, 

being the graphical means of assessing the relationship between the pressure 
they developed [on the x-axis] and the volume variations they produced [on the 
y-axis] during breathing as a function of lung and compartmental compliance. 

The pressure developed by the respiratory muscles (PMUS) was measured as 
the horizontal distance (x-axis) between the dynamic inspiratory VCW-PES 

loop and the chest wall relaxation curve, being the line with chest wall com-
pliance as slope (figure 11). 
 

Figure 10: pres-
sure measure- 

ment at the nostril 
during sniff test 
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Figure 11: pressure-volume loop of the chest wall at three levels of PS: high 
(SBPS15: PEEP=5 cmH2O + PS=15 cmH2O, green), low (SBPS5: PEEP=5 cmH2O 
+ PS=5 cmH2O, blue) and null (SBPS0: ZEEP + PS=0 cmH2O, red). The slope of 
the right black line is chest wall compliance, the slope of the left line is the lung 
compliance, and the dotted horizontal lines indicate the pressure/force developed by 
global inspiratory muscles during inspiration. 

The pressure developed by the ribcage muscles (PRCM) was the distance along 
the pressure axis between the dynamic inspiratory VRC,P-PES loop and the re-
laxation curve of the pulmonary ribcage, being the line with pulmonary rib-
cage compliance as slope. 

The pressure developed by the diaphragm (PDI) was the distance along the 
pressure axis between the dynamic inspiratory VAB-PDI loop and the relax-
ation curve of the abdomen, being the line with abdominal compliance as slope. 

The pressure developed by abdominal muscles (PABM) was the distance 
along the pressure axis between the dynamic inspiratory VAB-PGA loop and the 
relaxation curve of the abdomen, being the line with abdominal compliance 
as slope. 

Integrating the area between the above-mentioned pressure-volume dy- 
namic loops and the corresponding relaxation curves provided the work of 
breathing of total inspiratory muscles, the inspiratory ribcage muscles, the di-
aphragm and of the abdominal muscles, respectively. 

The product of force (PRCM, PDI and PABM) and the corresponding short- 
ening velocity was used as an index of muscle power output and fold in- 
creases in power were calculated for ribcage muscles, diaphragm and ab- 
dominal muscles, respectively49,58. 

In study III, respiratory muscle velocity of shortening, pressure, work and 
power were computed for the three phrenic nerve conditions during SBPS0. 
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Protocols of measurements 
In all the studies, the spontaneous breathing was analyzed in detail in all the 
conditions (awake status and/or under anesthesia) to show how informative 
it might be. Obtaining results during spontaneous breathing without requiring 
any particular maneuver to the subject is extremely important because it is 
suitable for uncooperative patients (ICU/NICU patients, infants and children, 
mentally ill patients, patients under anesthesia, patients requiring mechani-
cally assisted ventilation etc.). 

The variables that can be measured during quiet breathing can be timing (to-
tal time, inspiratory time, expiratory time, duty cycle, respiratory fre- 
quency) or volumes (volume variations of the chest wall (tidal volume) and of 
its compartments). Minute ventilation is the product of respiratory rate and 
tidal volume, while rapid and shallow breathing index is their ratio. 

Study I 
After ensuring adequate depth of anes-
thesia, neuromuscular blockade was es-
tablished and two radiopaque spherical 
markers (2 mm diameter, figure 12) were 
used as tumor surrogates and were placed 
in the central (i.e. hilar) and peripheral 
(i.e. diaphragmal) regions of the lungs by 
means of a unilateral thoracotomy. 

The two spherical markers were vis-
ualized using fluoroscopy in two perpen-
dicular projections: posterio-anterior (PA) 
and medio-lateral (ML), as shown in figure 
13. A radiopaque grid with 10x10 mm grid 
size was mounted to the image intensifier side of the BV300 C-arm, so that 
it was visible in all projections. The coordinates of the center of each marker 
were calculated as pixel length and then converted into metric (mm). 

Every animal underwent the following different ventilatory interventions 
applied for 10-minute with FiO2 set to 1.0 throughout the protocol: 
1. high frequency jet ventilation (HFJV) at three different rates (200 

min-1, 300 min-1 and 400 min-1; 
2. Apnea at three different PEEP levels of 0, 8 and 16 cmH2O with the in-

spiratory support level set to zero; 
3. Conventional mechanical ventilation (CMV) served as reference 

mode with tidal volume set at 8 ml/kg to obtain normocapnea. 
 

Figure 12: two mm diameter 
spherical marker used as tumor 
surrogate 
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Figure 13: experimental set-up of acquisitions and corresponding images in poste-
rior-anterior projection (top left and bottom left, respectively) and medio-lateral 
projection (top right and bottom right, respectively) by C-arm fluoroscopy. CC: cra-
nio-caudal; ML: medio-lateral; PA: posterior-anterior; dTSM: diaphragmal tumor 
surrogate marker; cTSM: central tumor surrogate marker 

In order to standardize pulmonary preconditions, the breathing circuit was 
disconnected to allow lung collapse for 20 s before starting each ventilation 
mode in random order. Whenever severe hypoxia (paO2 < 8 kPa) or hypercap- 
nea (paCO2 > 10 kPa) were observed, CMV was used as recovery ventilation 
until normal pulmonary bed hemodynamics were re-established. 

For all the ventilatory interventions, the following parameters were meas- 
ured: center of mass coordinates for both the central and peripheral markers 
in ML and PA projections in the last ~10 s of each 10-minute intervention; 
abdominal volume variations (ΔVAB) measured using opto-electronic plethys- 
mography simultaneously with fluoroscopy and blood gas analysis (oxygen 
(PaO2) and carbon dioxide (PaCO2) partial pressures) at the end of each 10- 
minute ventilation period. 

At the end of the protocol, the animals were euthanized under deep anes- 
thesia by an injection of potassium chloride22. 

Study II 
Eighteen ASA I–II patients undergoing ENT surgery under general anes- 
thesia without muscle relaxants were randomized to two groups: 
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a. control group (Figure 14A), ventilated with 0 cmH2O PEEP, 
while FiO2 was 0.4 during maintenance and increased to 1.0 
five minutes before the emergence phase without CPAP 
application 

b. intervention group (Figure 14B), receiving lung recruitment 
maneuver (LRM, peak inspiratory pressure 30 cmH2O, 
PEEP 15 cmH2O, I:E ratio 1:1, and frequency 4 min-1 ap-
plied for 60 s) after induction, 7 cmH2O positive end-expira-
tory pressure (PEEP) during anesthesia and continuous pos-
itive airway pressure (CPAP) during emergence with 0.4 
inspired oxygen fraction (FiO2) during the remaining of an-
esthesia until the return of spontaneous breathing. 

 
 

Figure 14A:Representative tracings of airways pressure (top panels) and total chest 
wall volume variations (bottom panels) in a representative subject belonging to the 
control group in the different phases of the experimental protocol: quiet breathing 
pre-induction (AWAKE), beginning of target controlled infusion (TCI START), 
pressure controlled mechanical ventilation (PCV), surgery, end of target controlled 
infusion (TCI STOP), spontaneous ventilation during the emergence from anesthe-
sia (EMERGENCE), extubation and spontaneous ventilation after extubation. The 
grey area represents the emergence phase. 
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Figure 14B:Representative tracings of airways pressure (top panels) and total chest 
wall volume variations (bottom panels) in a representative subject belonging to the 
intervention group in the different phases of the experimental protocol: quiet breath-
ing pre-induction (AWAKE), beginning of target controlled infusion (TCI START), 
pressure controlled mechanical ventilation (PCV), recruitment maneuver (RM) fol-
lowed by PEEP=7 cmH2O (only in A), surgery, end of target controlled infusion 
(TCI STOP), spontaneous ventilation during the emergence from anesthesia 
(EMERGENCE), extubation and spontaneous ventilation after extubation. The grey 
area represents the emergence phase. 

End-expiratory lung volume (EELV) was continuously estimated by opto- 
electronic plethysmography from pre-anesthesia period with the awake patient 
to emergence from anesthesia. Inspiratory and expiratory ribcage muscles sur- 
face electromyography was measured in a subset of seven patients during 
awake breathing before induction and during the emergence phase42. 

Study III 
Thirteen Yorkshire breed pigs were submitted to general anaesthesia, in- 
strumented and the following parameters were continuously monitored: air- 
way (PAW), esophageal (PES) and gastric (PGA) pressures; chest wall and 
thoraco-abdominal volume variations by OEP; flow at the airway opening 
through a Fleisch pneumotachograph; heart rate, arterial pressure, ECG, SpO2. 

The phrenic nerves were accessed from the neck of the animal (figure 15) 
under the control of an electrical stimulation machine (i.e.: when the nerve 
was stimulated, it caused expansion of the abdomen only). 
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Figure 15: neck-accessed left phrenic nerve clamped to induce unilateral diaphrag- 
matic paralysis (A) neck-accessed left and right phrenic nerves clamped to induce 
bilateral diaphragmatic paralysis (B). 

After instrumentation and a 30‐min resting period, the protocol started with 
spontaneous respiration preserved in pressure support (PS) mode (ServoI Sie- 
mens Elema, Solna, Sweden) at three levels of PS: high (SBPS15: PEEP=5 
cmH2O + PS=15 cmH2O), low (SBPS5: PEEP=5 cmH2O + PS=5 cmH2O) and 
null (SBPS0: ZEEP + PS=0 cmH2O). 

Each condition was maintained for 5 minutes and the protocol repeated 3 
times: at baseline physiological condition, after left phrenic nerve damage 
(LPND) and after bilateral phrenic nerve damage (BPND). 

At the end of baseline physiological condition, the pig was curarized, the 
ventilator was set in a volume-controlled mode and a static pressure-volume 
curve done from ZEEP to 24 cmH2O and back to ZEEP with steps of 4 cmH2O 
was performed. At the end of each step, end-inspiratory occlusions were per- 
formed with a pause of sufficient duration (>3 s) to equalize the pressure be- 
tween bronchial and alveolar compartments59. The compliance of the chest 
wall, of the ribcage of the diaphragm and of abdomen were calculated by fit- 
ting the occlusion points21,49. 

The shortening velocity of inspiratory ribcage muscles, of the diaphragm, 
of global inspiratory muscles and of abdominal muscles were computed as the 
ratio between the corresponding tidal volume and inspiratory/expiratory time. 
Dynamic pressure volume loops were created for the three phrenic nerve 
conditions during SBPS0 and the pressure developed by the global inspiratory 
muscles, ribcage muscles, diaphragm and abdominal muscles were estimated. 
The work of breathing of global inspiratory muscles, inspiratory ribcage mus- 
cles, diaphragm and abdominal muscles were also calculating as well as their 
index of muscles power output21,49. 

At the end of the protocol, the animals were euthanized under deep anes- 
thesia by an injection of potassium chloride. 
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Study IV 
This was an observational, single-centre, cohort study that prospectively 
evaluated 30 patients who got bilateral lung transplantation (inclusion criteria: 
no previous solid organs transplantation or chest surgery, no phrenic nerve 
lesion before surgery, no bridge to transplantation either with mechanical ven- 
tilation or with extracorporeal membrane oxygenation (ECMO) and age >18 
years or <65 years). 

Patients were tested 4 times: within one year before transplantation (pre), 
at discharge (post1), and during the second (post2) and the fourth (post3) tri- 
mester postoperatively. At each time point, patients underwent identical tests 
series performed by the same experts (figure 16). 

Absolute lung volumes, flows, forced vital capacity (FVC), forced expira- 
tory volume in 1 second (FEV1) and maximal inspiratory pressure (MIP) were 
measured in the seated position as well as postero-anterior chest x-ray that was 
considered to compute the radius of curvature of both hemi-diaphragms. 

In the supine position, spirometry, test of diaphragmatic muscle strength, 
OEP, surface electromyography obtained by phrenic nerve stimulation and ul- 
trasonography of the right hemidiaphragm were performed in one day, in ran- 
dom order, with the patient awake breathing spontaneously. 

The following parameters were computed: 
1. the change in FVC when the patient changed from upright to supine po-

sition (ΔFVC); 
2. sniff nasal inspiratory pressure (SNIP); 
3. the breathing pattern in terms of minute ventilation (VE), respiratory fre- 

quency (RR), tidal volume (VT) and its percentage contribution of the 
abdomen (%ΔVAB); 

4. the diaphragmatic compound muscle action potential (CMAPDIA) area 
and the latency of the phrenic nerve; 

5. the excursion of the dome of the diaphragm, its thickness and the thick- 
ening fraction (TF). 

In a subgroup of patients, latency and compound muscle action potential 
area of other long motor nerves of arms and legs, namely: radial, ulnar, sural 
and tibial nerve, were also measured. 

The 6-min walk test was performed, on a walking course of 20 m in length, 
at pre, post1 and post3. The distance (6MWTd) and the mean oxygen satura- 
tion (SpO2) measured by a portable pulse oximeter were recorded43. 
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Figure 16: Experimental set-up for the measurement of: weakness as supine change 
of forced vital capacity (A); force as sniff nasal inspiratory pressure (B); breathing 
pattern and abdominal kinematics through opto-electronic plethysmography (C); 
electrical activity through bilateral phrenic nerve stimulation (D); mobility as the 
excursion of diaphragmatic dome through ultrasonography (E); contractility as 
thickness and thickening ratio of the diaphragm through ultrasonography (F). 

Study V 
This was an observational, single-center, longitudinal, controlled study on 
otherwise healthy primiparous women (inclusion criteria: age>18 years, ab- 
sence of chronic respiratory or other severe pathology; body mass index<25 
kgm-2) and a group of nulliparous women involved as controls. 

Spirometry and lung volume subdivisions (total lung capacity, total gas 
volume and residual volume) were measured with body plethysmography, 
while chest wall geometry (subcostal angle, height, diameters, perimeters, 
cross-sectional areas and volumes), breathing pattern and thoraco-abdominal 
volumes were analysed using OEP during quiet breathing, slow vital capacity 
and its components: inspiratory capacity (IC) and expiratory reserve volume 
(ERV). 



 42 

Ultrasound measurements (US) were used to dynamically evaluate the 
thickness of the diaphragm, the diaphragmatic thickening fraction and the dis- 
placement of the dome of the diaphragm. 

The measurements were performed by the same experts the end of the first 
(T1), second (T2) and third (T3) trimester of pregnancy in all the included preg- 
nant women. 

OEP and US were performed both in the seated and supine positions to 
enable analysis of postural effect (figure 17)44. 

 
Figure 17: Experimental set-up for the measurement of: ventilatory and thoraco-ab- 
dominal pattern through opto-electronic plethysmography in supine (A) and seated 
(B-C) position and of diaphragmatic ultrasonography in seated (D) and supine (E) 
position. 

Statistical analysis 
In all the five studies, differences were regarded as significant for p-values 
<0.05 and data were presented as median and interquartile range (SigmaStat 
Systat Software, Inc., Chicago, IL, USA). 

Study I 
The primary outcome variable was tumor marker surrogate movement. 
Secondary outcome variables were pO2, pCO2, ventilatory and thoraco-ab- 
dominal patterns. 
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Because of the descriptive nature of the study, no sample size calculation 
was performed, but previous experience suggested 8-10 animals to be ade- 
quate to detect differences in the outcome variables. 

Due to the relatively small sample size, non-normal distribution was as- 
sumed and the non-parametric Friedman Repeated Measures Analysis of Var- 
iance on Ranks test was used, with the ventilation interventions as independ- 
ent variables, to determine statistically significant. Multiple comparisons be- 
tween the groups were corrected for using the Student-Newman-Keuls post- 
hoc method. The correlation of abdominal volume variation and the motion of 
the peripheral tumor surrogate marker was tested by calculating the Pearson 
correlation coefficient22. 

Study II 
The primary outcome variable was the change in end-expiratory lung vol- 
ume from before induction to after tracheal extubation, and the secondary out- 
come variable was the difference in lung volume between the intervention and 
control groups after extubation. Anthropometric and clinical data of the inter- 
vention and control groups were compared using one-way analysis of variance 
(ANOVA) with group as the independent variable. In order to compare hemo- 
dynamics, breathing pattern, end expiratory lung volume, and thoraco-ab- 
dominal variations between the two groups, two-way ANOVA for repeated 
measures was performed with the phases of the protocol and group as inde- 
pendent variables. 

It was not possible to perform the sample size calculation because no data 
were available in the literature on end-expiratory chest wall volume variations 
during all the phases of anesthesia. This can be therefore considered a pilot 
study42. 

Study III 
Due to the relatively small sample size, non-normal distribution was as- 
sumed and the non-parametric Friedman Repeated Measures Analysis of Var- 
iance on Ranks test was used, with the phrenic nerve damage as independent 
variable, to determine differences between ventilatory and thoraco-abdominal 
patterns, phase shift angles, muscles pressures and works of breathing. Multi- 
ple comparisons between the groups were corrected for with the Student-New- 
man-Keuls post-hoc method 

Study IV 
Kruskal-Wallis One Way Analysis of Variance (ANOVA) of ranks was 
used to test the differences among sub-groups of patients and the effect of 
mechanical ventilation duration, diabetes, surgical approach and nocturnal 
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non-invasive ventilation. The disease (CF, ILD and COPD), duration of me- 
chanical ventilation, diabetes, the type of incision (double thoracotomy or 
clamshell incision) and the use of nocturnal non-invasive ventilation were de- 
fined as independent factors, respectively. The Friedman repeated measures 
ANOVA of ranks was used to compare the differences between the four visits, 
with time to/from transplantation as independent variable (pre, post1, post2 
and post3). 

Study V 
To evaluate the effect of the progression of pregnancy on all the acquired 
parameters, a one-way ANOVA or a Friedman ANOVA on ranks for repeated 
measures was performed if the parameter was normally or non-normally dis- 
tributed, respectively, with trimester as independent variable. At each tri- 
mester, to evaluate the difference between nulliparous and primiparous 
women, a one-way or a Kruskall-Wallis ANOVA on ranks was performed if 
the parameter was normally or non-normally distributed, respectively, with 
pregnant status as independent variable. The global effect of posture was 
tested using a t-test or a Mann-Whitney Rank Sum Test if the parameter was 
normally or non-normally distributed, respectively, with posture as independ- 
ent variable. When planning the present study, we could find no relevant pub- 
lished data on which to base a sample size calculation since available data 
were either measured with different and/or invasive techniques or reported 
with conflicting results. There were, therefore, no data on which to base a 
proper power analysis. In addition, post-experiment power calculation is 
shown to be fundamentally flawed. 
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Results 

For each study, the main findings, with particular attention to the diaphragm, 
are reported below.  

The rest of the results can be consulted in dedicated chapters at the end of the 
present thesis, reporting the published papers or the submitted manuscript. 
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Study I 

 
Figure 18:Median (symbols) and interquartile range (error bars) of the posterior-
anterior (top left panel) and medio-lateral (top right panel) projections motion of 
the diaphragmal surrogate marker during different ventilation modes: conventional 
mechanical ventilation (CMV, black squares), continuous positive airway pressure 0 
cmH20 (CPAP0, black circle), continuous positive airway pressure 8 cmH20 
(CPAP8, white circle), continuous positive airway pressure 16 cmH20 (CPAP16, grey 
circle), high frequency jet ventilation 200 min-1 (HFJV200, black triangle), high fre-
quency jet ventilation 300 min-1 (HFJV300, white triangle) and high frequency jet 
ventilation 400 min-1 (HFJV400, grey triangle). Median (symbols) and interquartile 
range (error bars) of the pCO2 (bottom left panel) and pO2 (bottom right panel) dur-
ing the different ventilatory modes: CMV, HFJV200, HFJV300, HFJV400, 
CPAP0, CPAP8 and CPAP16. The dotted lines indicate the respective hypoxemic 
and the hypercapnic thresholds 

Compared to CMV, there was a progressive decrease of both the cranio- 
caudal and the medio-lateral movement of tumor surrogate marker with in- 
creasing HFJV frequency and with all apneic CPAP levels. 

The highest pO2 values were observed during CMV and JV200, the lowest 
during CPAP0. Increasing HFJV frequency and all CPAP levels resulted in a 
significant decrease of pO2, still providing adequate oxygenation with no de- 
velopment of hypoxemia. 
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The lowest values of pCO2 were observed during CMV and JV200. Hyper- 
capnic levels (>6 kPa) were found with increasing HFJV frequency and during 
all CPAP levels (figure 18). 

A significant positive linear correlation (p<0.001, R2=0.927) was found be- 
tween the CC movement of the dTSM and abdominal volume variation. 

Study II 
End-expiratory lung volume decreased progressively, with a similar fall in 
both groups, after the induction of anesthesia; the onset of mechanical venti- 
lation did not introduce any differences while it became consistently higher 
after the LRM and application of PEEP compared to the control group. During 
the emergence phase, end-expiratory lung volume tended to decrease with 
time in both groups, although the level in the intervention group was still 
above that in the control group (Figure 19A). The effect of LRM followed by 
PEEP disappeared in the two patients (the gray symbols in figure 19A) in 
whom CPAP was not applied at the beginning of the emergence phase. 

The intervention group experienced increased in end-expiratory ribcage 
volume, while end-expiratory abdominal volume was decreased during the 
entire protocol in the control group. 

Before anesthesia, expiratory time was similar between the two groups, but 
it significantly increased during the emergence phase in both groups to return 
to previous waking levels after extubation. 

The RMS,exp/RMS,insp ratio was 0.95 ± 0.10 and 1.17 ± 0.12 during 
awake breathing and emergence respectively, indicating an enhanced expira- 
tory activity during the emergence from anesthesia (p = 0.008, figure 19B). 
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Figure 19: A) average values ± standard error of end expiratory lung volume varia-
tions during the different phases of the protocol: quiet breathing pre-induction (BE-
FORE ANESTH), apnea after induction, pressure-controlled mechanical ventilation 
(PCV) before the randomization, PCV after the intervention, PCV before the emer-
gence phase, the first breath of the emergence phase, the last breath of the emer-
gence phase, and spontaneous breathing after extubation. Closed symbols represent 
the intervention group (RM+); open symbols represent the routine cared control 
group; gray symbols represent the two excluded RM+ patients in which CPAP was 
omitted during emergence from anesthesia. The gray area represents the emergence 
phase. End-expiratory lung volume refers to the mean value at functional residual 
capacity during quiet breathing before anesthesia. ***P < 0.001 vs. routine care; 
°°,°°°P < 0.01, 0.001 vs. BEFORE ANESTH) Lung volume tracings and sEMG of 
four breaths highlighted during the emergence phase. Active expiration occurs dur-
ing emergence, as revealed by the increased sEMG signal during expiration (EXP) 
compared to inspiration (INSP). Because the root mean square (RMS) of the EMG 
signal in healthy muscles is related to the amplitude of the obtained signal, the in-
creased RMS,exp/RMS,insp ratio during emergence revealed that the expiratory 
muscles were more active than the inspiratory muscles. 
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Study III 

 
Figure 20: Top panels: representative chest wall (CW, grey), ribcage (RC, blue) and 
abdominal (AB, red) volume traces at baseline physiological condition (BL, left), 
after left phrenic nerve damage (LPND, middle) and after bilateral phrenic nerve 
damage (BPND, right) during spontaneous breathing trial. Middle panels: repre-
sentative volume traces of the whole ribcage compartment (TOTAL, grey line), of 
the right ribcage side (RIGHT, blue) and of the left ribcage side (LEFT, red) at 
baseline physiological condition (BL, left), after left phrenic nerve damage (LPND, 
middle) and after bilateral phrenic nerve damage (BPND, right) during spontaneous 
breathing trial. Bottom panels: representative volume traces of the whole abdominal 
compartment (TOTAL, grey), of the right abdominal side (RIGHT, blue) and of the 
left abdominal side (LEFT, red) at baseline physiological condition (BL, left), after 
left phrenic nerve damage (LPND, middle) and after bilateral phrenic nerve damage 
(BPND, right) during spontaneous breathing trial. Only after LPND a left vs right 
asynchrony is present within the ribcage and the abdomen. With increasing phrenic 
nerve damage, the abdominal tidal volume progressively decreases, with a corre-
sponding increase of ribcage contribution, until an almost complete paradox inward 
inspiratory occurred at BPND. 
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While no difference was found at SBPS15, there was a significant thoraco- 
abdominal redistribution of tidal volume in the other two ventilatory condi- 
tions, with breathing becoming more thoracic, with abdominal contribution 
becoming negative after BPND during SBPS0 (figure 20, right panels). 

The thoraco-abdominal phase shift angle was ~0° at baseline and LPND 
and ~30° at BPND at SBPS15; while, at SBPS5 and SBPS0, it was negative 
at baseline, it increased to ~0° at LPND and to positive values at BPND, 
particularly during SBPS0. 

At BPND, the right and left abdominal expansions were similar at SBPS15, 
reduced bilaterally at SBPS5 and negative at SBPS0 (with a concomitant bi- 
lateral increase of the thorax). 

In all three ventilatory conditions, there was a significant increment of right 
vs left thoraco-abdominal asynchronies to positive values at LPND, but only 
on the left side. At LPND, the right vs left asynchrony within the abdomen 
became negative (-19.9°, p=0.031) during SBPS0; while the right vs left asyn- 
chrony within the ribcage became positive at SBPS5 (+12.1°, p=0.014) and 
SBPS0 (+13.1°, p=0.003). 

The velocity of shortening, the pressure, the work of breathing and the power 
developed by each respiratory muscle group followed the same pattern: falling 
trend for the diaphragm and rising trend for ribcage and abdominal muscles. 

Study IV 

 
Figure 21: Median (squares), interquartile range (whiskers), 10th and 90th percentiles 
(grey area) of supine change of forced vital capacity (top left); of sniff nasal inspira-
tory pressure (top middle); of abdominal percentage contribution to tidal volume 
(top right); of the compound muscle action potential area of the diaphragm (bottom 
left), of the latency of the phrenic nerve (bottom middle) and of the diaphragmatic 
thickness at end-inspiration (bottom right) before lung transplantation (pre), at dis-
charge (post1), the second (post2) and the fourth (post3) trimester after the trans-
plantation. 
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None of the three considered diseases specifically affected the pre-opera- 
tive diaphragmatic parameters (refer to Supplementary Table S1 of paper IV), 
nor did the use of nocturnal non-invasive mechanical ventilation (Supplemen- 
tary Table S2 of paper IV), nor did the diabetes (Supplementary Table S3 of 
paper IV). The radius of the curvature of the right hemi-diaphragm, assessed 
through chest X-ray, did not differ among the three groups (COPD, 277; CF, 
257; ILD, 209; p = 0.111). 

The measured parameters changed after bilateral lung transplantation ac-
cording to three main patterns: continuous and progressive change, transient 
dysfunction present at discharge, or no significant change. Almost all the pa-
rameters that specifically assessed diaphragmatic function were characterized 
by the second pattern (figure 21), while the radius of the curvature of the 
right hemi-diaphragm did not change, being similar to its pre-surgical overall 
value. 

Mechanical ventilation/intubation duration was 24 (24−90) hours, length 
of intensive care unit (ICU) stay was 4 (2−7) days, and length of hospital stay 
was 25 (21.0−30.5) days. Although 12 patients required prolonged mechanical 
ventilation (>48 hours), this did not impact on the recovery at post1 (Supple- 
mentary Table S4 of paper IV). 

The reduction in diaphragmatic function was independent of 1) the disease 
that led to the transplantation; 2) the age of the patients, as almost 50% of the 
study group were patients with cystic fibrosis who were younger than the other 
patients were; 3) the underlying disease (Supplementary Table S5 of paper 
IV) and 4) type of surgical incision (Supplementary Table S6 of paper IV). 

At post1, SNIP, the percentage contribution of the abdomen, phrenic nerve 
latency, and end-inspiratory thickness were most severely affected in patients 
using post-operative nocturnal non-invasive ventilation (Supplementary Table 
S7 of paper IV). 

Both latency and compound muscle action potential of other long motor 
nerves (legs and/or arms), measured in a sub-group of patients, were unaf- 
fected after bilateral lung transplantation. 

Study V 
Lung volumes did not change with the progression of pregnancy. 

All the abdominal geometric parameters progressively increased, while the 
ribcage changed in shape (diameters, perimeters, cross-sectional areas, and 
costal angle progressively increased, but height decreased), whereas the vol-
ume remained constant. 

With increasing gestation, at rest and during the maximal maneuver, in 
pregnant women breathing tended to be shifted toward the abdomen compared 
with the nulliparous. The ribcage contribution, being complementary to the 
abdominal contribution, decreased consequently. 
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The thickness of the diaphragm, the thickness fraction, and the excursion 
of the diaphragmatic dome remained constant and within the range of nullip- 
arous women along the three trimesters of pregnancy. In all women, the thick- 
ness of the diaphragm was 33% less in the supine compared with the upright 
position. 

A schematic diagram summarizing the results of this study and their inter- 
actions is reported in figure 22. 

 
 

Figure 22: Schematic diagram summarizing the generalized effects of pregnancy and 
their interactions   on the respiratory system according to our results. VC: vital ca-
pacity; TGV: total gas volume; TLC: total lung capacity; RV: residual volume; 
APRC: antero-posterior diameter at xiphoidal process; MLRC: medio-lateral diameter 
at xiphoidal process; VRC: ribcage contribution to breathing; VE: minute ventilation; 
fR: respiratory frequency; APAB: antero-posterior diameter at umbilical level; MLAB: 
medio-lateral diameter at umbilical level; VAB: abdominal contribution to breath-
ing. ↑: increment; ↓: decrement. 
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Discussion 

Study I 
High frequency jet ventilation is a common clinical technique, used since the 
1960s, for a variety of procedures requiring prolonged attenuation of res- 
piratory motion. HFJV is suitable also for SBRT sessions, when general anes- 
thesia becomes necessary to facilitate total control of respiration in non-col- 
laborating patients. However, there is no consensus on optimal jet ventilation 
settings. Only two studies used HFJV at rates of 300-400 min-1 to immobilize 
lung tumors during SBRT, but they did not report information on gas ex- 
change60,61, being the pivotal point for its clinical use. 

Immobilization can also be achieved with pure apnea, with the develop- 
ment of atelectasis over time being a limiting factor for clinical applications 
for the treatment dose planning. Unpredictable change of the absolute position 
of a tumor62 and lung tissue density variation63,64 are the bottleneck of the pres- 
ence of atelectasis during SBRT sessions. 

For this reason, in this study we have created an animal model to quantify 
the degree of motion and the resultant gas exchange that can be accomplished 
with different lung immobilization techniques. This was, therefore, the first 
direct comparison of jet ventilation and apneic techniques for lung immobili- 
zation during general anesthesia. 

The most important noteworthy aspect of our protocol was the simultane- 
ous quantification of lung immobilization and ventilation together with the 
resultant gas exchange. 

More in detail, the use of fluoroscopy provided recordings with high tem- 
poral-spatial resolution of marker motion, while opto-electronic plethysmog- 
raphy allowed the quantification of lung volume variation and the correspond- 
ing ventilation at each HFJV setting. 

Lung motion and tidal volume reduced with both HFJV and apneic oxy- 
genation when compared with CMV, but this was expected considering the 
characteristics of the considered techniques. The most important results of this 
study was that the gain in motion control, resulting from increased frequency 
or different levels of CPAP, came at the cost of reduced CO2 removal, even if 
oxygenation was adequate. 

In addition, during HFJV tidal volume decreased non-linearly with in- 
creasing frequency, resulting in (1) practically total TSM immobilization, (2) 
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inadequate CO2 removal, and (3) higher values of rapid and shallow breathing 
index and thoraco-abdominal asynchrony. 

We have addressed the problem of apnea-induced atelectasis by applying 
three different levels of continuous positive airway pressure65–67. Although we 
have not directly quantified the amount of atelectasis, higher pO2 occurred at 
higher CPAP levels, indicating a protective effect against atelectasis. 

Of note, the range of motion induced by cardiac action and the optimal 
frequency of HFJV in our study were similar to those found in human studies 
thus supporting the translational value of the current findings68,69. 

HFJV, therefore, turned to be an additional ally for the clinician also during 
SBRT sessions requiring patient to be anesthetized. 

Finally, our data confirmed the abdominal motion to be highly correlated 
to diaphragm motion21, therefore being a validated and informative specific 
index of the involvement of the diaphragm. This index could be a valuable 
tool to measure the respiratory cycle and to assist breath controlled SBRT. 
Being non-volitional and non-invasive, it is suitable also for all patients with 
respiratory problems, including newborns, infants and kids70,71, with particular 
attention when the ventilatory pump is problematic as for neuromuscular dis- 
eases23,72. In addition, the abdominal contribution to tidal volume is the “fil 
rouge” of all the five studies of this thesis. 

Study II 
During the immediate postoperative period, there is an increased risk of 
respiratory dysfunction and/or pulmonary complications. Different factors 
contribute to these problems, comprising the patient per se, the type of sur- 
gery, and general anesthesia, with particular attention to the ventilatory mode. 
An open lung approach strategy was proposed as a potential protective venti- 
latory strategy, with decreased driving pressure for a given tidal volume being 
the rationale of this hypothesis73–75. 

Of course, all the studied published focused their attention of post-opera- 
tive complications. Information on the anesthesia-related effects on lung vol- 
ume during the whole period, from induction to extubation was missed. 

We decided to evaluate pros and cons of an open lung approach versus a 
more traditional approach, from a different point of view. Because we had the 
technology and the experience to track chest wall volume, as a surrogate of 
lung volume, during all phases of anesthesia, we implemented this pilot study 
to compare the effects the two approaches in terms of operational lung vol-
umes. 

We demonstrated that the combination of low FiO2, LRM and 
PEEP/CPAP during and after anesthesia effectively mitigated anesthesia-re- 
lated effects on lung volume. In other worlds, end-expiratory lung volume de- 
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creased and remained low during anesthesia in the patients that were routinely 
ventilated. 

This result was somewhat expected, being the primary hypothesis of the 
open lung approach, i.e. using lung recruitment maneuvers combined with 
moderate PEEP to counterbalance the development of atelectasis. 

On the other hand, two are the most innovative and important results of this 
study and they both referred to the emergence from anesthesia, a phase that 
turned to be an unexpected crucial point for FRC. 

Firstly, we have shown that the restoration of spontaneous breathing during 
emergence from anesthesia was associated with active expiration and a reduc- 
tion in end-expiratory lung volume. Secondly, we postulated the importance 
of using CPAP during the emergence phase. 

More in detail, it is well known that end-expiratory lung volume decreases 
after induction of anesthesia40. What was not known, it was emergence phase 
to further contribute to lung volume reduction even in presence of an open 
lung approach. For the very first time, on a breath-by-breath analysis, we were 
able to demonstrate that in almost all patients, the last breath before extubation 
occurred at a lower operational volume than the first breath after the stop of 
target-controlled infusion. 

In addition, the surface electromyography showed that during emergence, 
the activity of the expiratory muscles prevailed (RMS,exp/RMS,insp ratio >1) 
resulting in a significantly prolonged expiration. A similar pattern charac- 
terized patients with chronic obstructive lung disease who frequently recruit 
abdominal muscles to overcome their expiratory flow limitation76, therefore 
resulting in an active expiration; while in resting healthy subjects, expiration 
is normally passive and driven largely by lung elastic recoil. It seems that an 
obstructive-like respiratory pattern occurred to restore breathing during emer- 
gence. We assume prolonged expiration to be a consequence of the active con- 
traction of the expiratory muscles being triggered by the resistance in the tra- 
cheal tube. We hypothesize this increased expiratory muscle activity coupled 
with the augmented expiratory time to be the two main factors contributing to 
the progressive decrease in end-expiratory lung volume during the emergence 
phase. 

The second new interesting point that emerges from this pilot study was the 
role of CPAP during the emergence phase. Unfortunately, this consideration 
is based only on two patients and for this reason; the following parts are mere 
speculations. However, we do believe that they might have important clinical 
implication that deserved scientific interest. Before the violation of the proto- 
col, when CPAP was removed in two patients, end-expiratory lung volume of 
these two was overlapped to the intervention group. However, during the 
emergence phase without CPAP, end-expiratory lung volume immediately 
dropped below baseline pre-operative value in both patients in a similar way, 
therefore losing the beneficial recruiting effect of the open lung approach, to 
keep reducing during the emergence phase. 
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Taken together, this study has three potential warnings for the clinicians: 
the emergence phase per se contributes to further reduction in end-expira- 
tory lung volume independently on the ventilatory mode; 2) an open lung ap- 
proach is able to mitigate the anesthesia-related effects on lung volume, by 
keeping the operational volume higher than pre-operative volume; and 3) 
CPAP should be maintained till extubation to avoid the risk of losing the po- 
tential protective effect of the open lung ventilatory strategy. 

Because the present PhD thesis is focused on the diaphragm, what this 
study adds to the knowledge of the diaphragm is that the contribution of in- 
spiratory muscles, including the diaphragm, is minor. However, because the 
end-expiratory volume of the abdomen depends on the position of the dia- 
phragm and because we found end-expiratory volume reduction to be mainly 
confined to the abdomen in both groups, we can conclude that the tonus of the 
diaphragm reduced at end-expiratory therefore causing the diaphragm to move 
upwards in the thorax77. 

Study III 
Phrenic nerve injury is a well-recognized complication of cardio-thoracic 
surgery that can lead to disabling conditions caused by diaphragmatic dys- 
function. Various mechanisms of injury have been recognized, including hy- 
pothermia, mechanical trauma and possibly ischemia78. 

As reported in Study IV, we found a systematic phrenic nerve damage after 
bilateral lung transplantation43 and as consequence of this result; we decided 
to study in detail phrenic nerve injury and the relative diaphragmatic paralysis, 
by building a controlled porcine model. 

In addition, because during effective mechanical ventilation, surgically in- 
duced phrenic damage might be too subtle to be recognized immediately after 
surgery but it may subsequently complicate weaning from the ventilator, we 
have also tested the physiological response to different levels of pressure sup- 
port. 

Therefore, this pure physiological study elucidated the role of diaphrag- 
matic and non-diaphragmatic respiratory muscles in presence of uni- or bilat- 
eral phrenic nerve injury as a function of pressure support. 

As expected, we found physiological breathing to be predominantly dia- 
phragmatic (invariantly dependent on the adopted ventilatory mode), homo- 
geneously distributed between right and left sides and triggered by the dia-
phragm. 

After bilateral phrenic nerve damage, we found a dramatic thoraco-ab- 
dominal redistribution in terms of volume and asynchrony (paradoxical inspir- 
atory inward abdominal motion), with a reversal in the leading role of the res- 
piratory muscles. This result was somewhat expected too. New insights arose 
in the mechanics of breathing. The drive to and the work of breathing of rib- 
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cage and abdominal muscles increased, to compensate for diaphragmatic pa- 
ralysis. Indeed, in absence of pressure support, the loss of diaphragm contrac- 
tion power was efficiently compensated by the increased action of non-dia- 
phragmatic respiratory muscles: we quantified 12-fold augmentation of the 
drive to ribcage muscles during inspiration, while it almost doubled for ab- 
dominal muscles during expiration 

An important and novel result was the detailed description of the compen- 
satory mechanism occurring after unilateral phrenic nerve damage. When the 
ribcage muscles contracted, they elicited sub-atmospheric pleural swings that 
were partially transmitted to the ipsilateral abdominal side through the para- 
lyzed hemi-diaphragm. When the contralateral hemi-diaphragm contracted, it 
made abdominal pressure increase and this rise was transmitted to the zone of 
apposition of the contralateral (inactive) abdominal side. The volume varia- 
tion resulting from these pressure gradients was the ipsilateral abdominal to 
passively move inwardly at the beginning of inspiration, while the contrala- 
teral abdominal side expanded with a time delay; both quantified with the 
thoraco-abdominal phase shift angle analysis. To summarize, in this condi- 
tion, the paralyzed hemi-diaphragm was passively dragged by both the ipsi- 
lateral ribcage muscles and by the contralateral contracting hemi-diaphragm. 
In the past, other authors investigated the effect of phrenic nerve injury, but 
they used invasive methods, like exposure of ribcage muscles, to work directly 
(stimulation or measurement) on them79,80. In this way, the mechanical cou- 
pling of the chest wall was lost, while we kept its integrity by opening only 
the neck. In addition, the invasive methods used by previous researchers could 
not be applied in clinical practice on patients, whereas OEP is not invasive. 
Because our conclusions are in line with the previously published paper on 
canine model79,80, we can consider this a sort of “indirect” validation of the 
non-invasive assessment of thoraco-abdominal volume and phase shift angle 
according to invasive techniques. A detailed non-invasive analysis of thoraco- 
abdominal volumes and asynchrony, therefore, were responsive to the level of 
phrenic nerve damage and of ventilator assistance. 

Finally, we have also shown that increasing level of pressure support ven- 
tilation masked the respiratory muscles compensatory strategy. Indeed, the 
loss of diaphragm contraction power was fully compensated by pressure sup- 
port ventilation, with no important differences in terms of volumes or pressure 
changes. 

This model may provide useful knowledge to handle the follow-up of pa- 
tients experiencing surgery- or trauma-induced unilateral or bilateral phrenic 
damage. 
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Study IV 
Since the thoracic surgeons of this study noticed the complete paralysis of the 
diaphragm as side effect of bilateral lung transplantation, we implemented a 
multidisciplinary protocol to study the function of the diaphragm to try to 
understand this phenomenon. 

The proper functioning of the diaphragm depends on three factors: contrac- 
tile function, mechanical coupling to the chest wall, and innervation. Thus, the 
pathophysiologic mechanisms that may impair the function of the diaphragm 
after bilateral lung transplantation could be described along three pathways 
(geometric, mechanical, and neural81), each of them investigated separately in 
the protocol of measurements. 

No patients involved in the study developed complete paralysis of the dia- 
phragm; they all had a normal clinical course post transplantation character- 
ized by good spirometry and six-minute walking test. For these reasons, we 
thought to have failed our mission. However, the detailed analysis of the re- 
sults according to the three aforementioned pathways brought to interested 
unexpected conclusions. In detail: 
1. The new FRC of the transplanted lung may induce geometric changes in 

the length/tension relationship of the diaphragm, but the curvature radius 
of the right hemi-diaphragm did not change. 

2. Our data showed increased thoracic expansion after transplantation and 
therefore possible reduction of ribcage compliance did not rep- resent an 
increased mechanical respiratory load that attenuated diaphragmatic ac-
tion. 

3. An incidence of altered function of the phrenic nerve of 100%, in terms 
of higher latency, only at discharge, was found. 

Taken together with the other parameters these results indicated for the 
very first time that a subclinical diaphragmatic dysfunction after bilateral lung 
transplantation in terms of reduced force, activation and action, despite appro- 
priate clinical course and respiratory outcome was present at hospital dis- 
charge, it persisted for at least 3-6 months after surgery and then it slowly 
returned to normal function. This happened systematically in all patients in 
spite of uneventful clinical course and adequate spirometry. 

We demonstrated phrenic nerve neurapraxia to be the leading cause of such 
dysfunction, because neither change of geometry (point 1), nor mechanical 
load (point 2), nor drug toxicity were excluded by our data. Severe axonotme- 
sis or neurotmesis can be excluded because it would have implied continued 
augmented latency of the nerve during the complete follow-up period, and one 
or both hemi-diaphragms to appear elevated on chest X-ray (not the case in 
our patients). 

We hypothesized that the use of ice slurry during the transplantation in the 
pleural cavity could damage the distal end of the phrenic nerve at the neuro- 
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muscular junction on the diaphragm and/or mediastinal manipulation to im- 
pair the phrenic nerve. 

We arrived at these important conclusions only thanks to the multidiscipli- 
nary approach of our protocol that provided the different tiles of the mosaic to 
understand the pathophysiology of this unexpected problem. 

The awareness of such postoperative diaphragmatic dysfunction should 
lead physicians to undertake appropriate diagnostic, therapeutic and rehabili- 
tation measures, particularly in more severe patients. Because of the key role 
played by the diaphragm, indeed its dysfunction in the early post-operative 
phase could adversely affect the recovery in the most critical post-transplan- 
tation period, when the risk of infection or rejection is higher, particularly in 
patients with severe comorbidity. 

Study V 
This study was born after realizing how scant and outdated the knowledge of 
effect of pregnancy on the diaphragm was. Similarly to study IV, we built up 
a protocol that allowed us to study the respiratory system from different 
points of view, in spite of the delicate condition (both physical and psycho- 
logical) of the mothers-to-be that preclude an important portion of tests. 

In contrast with study III and IV, this condition alters two of the three path- 
ways: the geometry and the mechanical load of the diaphragm81. Although we 
have not measured phrenic nerve condition, it is reasonable to postulate the 
integrity of the innervation. 

Surprisingly, the geometrical changes of the ribcage, rather than of the ab- 
domen, played the most important role. A reorganization of the ribcage geom- 
etry, in shape but not in volume, occurred during pregnancy. This, combined 
with the progressively increased abdominal mechanical load, affects the ac- 
tion of respiratory muscles. 

The ribcage reshape was driven by the slow mechanical force developed 
by the growing uterus with the mediation of pregnancy-induced hormonal 
changes. An upward bucket handle shift centered in the xiphoidal process and 
a reduction of ribcage height occurred secondary to the joint relaxation, con- 
sequence of the collagen loss induced by the hormones82, combined with the 
mechanical effect of the growing uterus. The pro of this new thoracic shape 
was that it served as compensation for the growing uterus to accommodate 
space for the lung (to avoid restriction) and for the abdominal expansion. The 
con was that a 10% variation of the angle between ribs and vertebrae might lead 
to a 5% change in the force and work developed by intercostal muscles83. The 
new ribcage configuration presumably altered the orientation of the ribs that 
in turn shortened ribcage muscles length, thereby reducing their contractile 
force. The reduced contribution of ribcage expansion, that we have measured, 
suggested that the action of ribcage muscles reduced during pregnancy. 
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In contrast, abdominal muscles lengthen with pregnancy84 and our results 
showed that their contribution increased during maximal expiration in the 
upright position. 

The most interesting effect of pregnancy, driven by the combination of 
geometry and load changes, dealt with the diaphragm, that increased its 
contribution to breathing. The diaphragm is apposed on the ribcage, the new 
configuration of which stretched the diaphragm by enlarging the cross- sec-
tional area. In addition, also the growing uterus drives the pregnancy- 
induced changes in the diaphragm by affecting fiber length and abdominal 
pressure85,86. Despite the stretching effect of the cranial shift of viscera and of 
the increased transectional area, diaphragm thickness was not diminished and 
we believe that this was the most relevant results of the study because it 
opened the way to important conclusions and/or speculations. According to 
Poisson’s ratio, if a material is stretched, it decreases its dimension transverse 
to the direction of stretching, therefore becoming thinner87. We hypothesized 
the unchanged diaphragm thickness at end-expiration over pregnancy (i.e., 
under conditions of progressive diaphragm lengthening) to be associated with 
an increased end-expiratory thickness (if measured at the same length). The 
pregnancy-induced increase of PAB (not measured in this study, but reasonable 
to be assumed) represented an increased diaphragm inspiratory load and 
therefore, because the diaphragm is stretched, eccentric contraction occurred 
during inspiration88. Over time eccentric contraction of the diaphragm during 
tidal breathing would tend to increase diaphragm strength89,90, representing a 
form of muscle conditioning. 

These results suggest that during pregnancy the diaphragm is conditioned 
for a fundamental design: to optimize its active role during parturition. Indeed, 
the co-contraction of the diaphragm and abdominal muscles, a sort of “in-
spiratory-expulsive maneuver,” plays a fundamental role in the phase of 
baby expulsion. Although it is hard to think the diaphragm as a main actor 
during the expulsive phase, it does contribute to generate expulsive force, resist 
the upward displacement and minimize the rise in pleural pressure. 

This study has the merit to have identified such length-adaptive mechanism 
and/or conditioning effect established to preserve the diaphragm from preg-
nancy-induced changes in a way to have an active role during parturition. 

Knowledge of these normal physiological changes during pregnancy may 
be helpful for the clinician dealing with high-risk pregnancies. 

Ethics 
As stated in the methods section, all studies were approved by the respec- 
tive ethics committees. 

Invasiveness was the main issue in the definition of all the protocols of 
measurements, far before the submission to the ethics committee to decide. 
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By definition, pregnant women of study V could not be exposed to unneces- 
sary risks and we were very careful also in the logistic organization to avoid 
them to meet infective patients in the pneumologist ward. For the same reason, 
we tested no intervention, considering pregnancy per se a sufficient interven- 
tion. 

In all human studies, we opted for non-ionizing radiations (infrared light 
and ultrasound) to reduce the related risks, in spite of the important infor- 
mation a CT scan would have added in terms of lung morphology (study II) 
and diaphragm geometry (study V). Patients of study IV might undertake CT 
scan post transplantation, usually performed at one lung volume. However, 
for the porpoise of our aim we would have needed to scan two lung volumes 
4 times in a year. For this reason, we preferred to use the chest X-ray images, 
routinely performed in the clinical protocol, without asking additional scans. 

In all human studies, we decided not to measure trans-diaphragmatic pres- 
sures, although it is considered a minimally invasive procedure, with exces- 
sive vagal response as potential adverse effect. However, it may result un- 
pleasant and considering the longitudinal aspect of study IV and V, the risk of 
dropout was too high, in spite of the important knowledge on the forces de- 
veloped by the respiratory muscles it would have brought. There could have 
been the possibility to measure trans-diaphragmatic pressure on study II once 
the patients were anaesthetized, but in this case, we would have missed the 
baseline condition, being the reference point of the study. 

Some patients of study IV complained during phrenic and long nerves 
stimulation (one refused this test in the follow-up), but it was just an unpleas- 
ant sensation of pain while the procedure is not dangerous or invasive. For this 
reason and for the importance of its outcome we decided to maintain it. 

For all these reasons, I can be confident that we have not put patients at 
risk with our investigations and that we got important and innovative results 
even without the use of invasive techniques (being a strength of the imple- 
mented protocols). 

When the questions and the aims dealt with critical points (prolonged ap- 
neas and complete diaphragm paralysis), we necessary moved to animal mod- 
els. Because of the importance of the potential clinical implications (to reduce 
uncertainties in the delivery of dose in radiotherapy treatments due to respira-
tory-induced motion and to understand the mechanisms behind uni- and bilat-
eral paralysis of the diaphragm), we considered animal experiments ethically 
worthwhile. We choose porcine model because of the huge experience of the 
Hedenstierna Laboratory staff that made us work in the best conditions and 
the animal handled with the respect to ethical issues with animal testing and 
according to the principles of the 3Rs: Replacement, Reduction and Refine-
ment. 

The animal models allowed us to push a bit further with some conditions 
(extreme carbon dioxide values in study I and complete resection of phrenic 
nerves in study III) and to use ionizing radiation (fluoroscopy, with the mini- 
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mum dose for the security of researchers and technicians, in study I) or naso- 
gastric catheters for pressure measurements in study III. 

Since there was no porcine model of phrenic nerve injury assessed by neck, 
before starting study III we ran a pilot study on two animals to understand if 
we were able to access the nerve with minimal invasiveness for the neck of 
the animal in order to be as more conservative as possible (“Refinement”). In 
addition, we tested also the “best injury” for the nerve starting with the use of 
ice, being the possible cause of the post-transplantation neurapraxia found in 
study IV. However, we were not satisfied of the results: sometimes the dam- 
age seemed not adequate and we were not 100% sure that we would induce 
the same degree of in all animals, with the risk to be unsuccessful and to 
“waste” animals (“Reduction”). For this reason, we opted for the most drastic 
solution to cut the nerve. 

These considerations made me confident that we have minimized animal 
suffering and that we had appropriately designed our animal experiments to 
be robust and reproducible, and they truly add to the knowledge base (“Re- 
duction”). Indeed, we proposed a safe new method to optimize lung immobi- 
lization in patients during radiotherapy treatments and we have learned a lot 
of the mechanisms occurring to compensate for diaphragmatic paralysis. 

I also think that combining invasive with noninvasive techniques was an 
important strength, because the latter acted as validation of the former there- 
fore enhancing their translational value in clinical practice. 



63 

Limitations and Future Perspectives 

Study I 
Although the porcine lung is an excellent model of human lung due to an- 
atomical and histological similarities91, its use to investigate lung immobiliza- 
tion techniques intended for humans is a limitation. 

Another limitation is that no absolute position of the markers was recorded, 
but only the range of movement. Thus, effects of increasing atelectasis/lung 
recruitment on tumor position, which may occur during the different ventila- 
tion settings, were not determined. 

The study does not consider transnasal humidified rapid-insufflation ven- 
tilatory exchange (THRIVE), recently introduced as a technique to maintain 
adequate oxygenation, to provide positive airway pressure, and to improve 
CO2 removal92–96. However, THRIVE cannot be used in pigs due to the anat- 
omy of the snout, and it was not included in our study protocol. 

Finally, the specific movements of adjacent organs (liver, oesophagus etc.) 
was not tested, since fluoroscopy images cannot reliably track mediastinal or- 
gans. However, the increased thoraco-abdominal asynchrony indicates an off- 
set between thoracic and abdominal motion amplitudes. We can speculate that 
during HFJV, mediastinal and abdominal organs may be subjected to different 
and asynchronous motions according to their position inside the chest wall. 
Future studies could investigate this clinically relevant topic; explore new ap- 
neic oxygenation techniques, and focus on the development of atelectasis and 
the resulting movement of lung tissue in different modes of lung immobiliza- 
tion. 

Study II 
Opto-electronic plethysmography does not measure directly lung volume. 
However, the changes in chest wall volume are closely related to the changes 
in lung volume97–99. Another limitation of the study was that measurements 
ended up inside the operating room and were not continued in the recovery 
room to keep monitoring end-expiratory lung volume in perioperative time. 

Finally, only ASA I and II patients were studied. The results, therefore, 
may not be valid in obese patients and patients with respiratory disease in 
whom the potential negative effects of anesthesia and controlled ventilation 
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on respiratory function could be more pronounced. The results apply only 
to the combination of propofol and remifentanil. 

Future studies should study 1) different patients, 2) other anesthetic agents, 
which could influence the respiratory muscles in a different way, 3) the effect 
of different levels of CPAP during the emergence phase of anesthesia, and 4) 
monitoring end-expiratory lung volume after surgery to try to find possible 
correlation between lung recovery and post-operative complications. 

Study III 
The duration of each ventilatory mode of our acquisition was a limitation of 
our protocol, since it could be too short for non-diaphragmatic muscles to 
reach fatigue. We could have overestimated their potential to compensate for 
diaphragmatic dysfunction. 

Another limitation of the study was that we used otherwise healthy pigs. 
The findings may not be directly transferable to human patients experiencing 
phrenic nerve injuries who usually have important comorbidities and/or pro- 
longed use of mechanical ventilation. On the other hand, the use of otherwise 
healthy pigs and the methods used enabled us to observe the pure effect of 
phrenic nerve damage without other possible confounding factors. 

Future studies should investigate longer spontaneous breathing trials, to un- 
derstand the time course of action of the different respiratory muscles after 
phrenic nerve/s damage, with muscular fatigue playing a crucial role. It would 
be also important to repeat the protocol after inducing specific diseases in the 
animals. 

Study IV 
This study has some limitations: only 3 patients with COPD were enrolled 
(and this may explain why geometry was not a discriminating factor); no 
measurements of trans-diaphragmatic pressure were done (to assess the force 
and the work developed by the diaphragm); and all the patients enrolled had a 
relatively good diaphragmatic function and physical status (the pattern of di- 
aphragmatic dysfunction restored within 12 months may, thus, may not be 
valid for all patients undergoing lung transplantation). 

Future studies should address which set of physiologic tests would be suf- 
ficient for routine clinical practice (where the extensive testing used in this 
study may not be feasible); monitor the condition of the diaphragm in more 
severely deranged patients requiring continuous mechanical ventilation pre- 
operatively; to intraoperatively monitor the phrenic nerve to try to understand 
the most critical transplantation step/steps for nerve integrity to understand 
whether the damage is inevitable or whether it can be reduced by choice of 
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surgical technique; and to study the potential role of such diaphragmatic dys- 
function during sleep100. 

Study V 
Limitations of the study were: 1) not measuring trans-diaphragmatic pres- 
sure to quantify the force developed by the diaphragm; 2) considering only 
lean Caucasian pregnant women; and 3) the lack of follow-up after delivery. 

Further studies should be designed to deeply explore the diaphragm during 
pregnancy in terms of length, thickness, electrical activity, action, force, and 
their relationships to determine the preserved diaphragmatic thickness. 

In addition, future studies should include post-delivery measurements to 
address the duration of any observed changes and adaptations that we have 
found. 

It would be important to extend this study to obese pregnant women and to 
high-risk pregnancies. 

Finally, to study the respiratory muscles during the expulsive phase of de- 
livery would be of outstanding interest to better understand the dynamic of the 
most fascinating, but also risky, phase of our life. 
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Personal general conclusions 

Before closing this thesis, I think it is appropriate to sum up the course of my 
PhD study and studies. I put together five studies that might apparently seem 
unrelated among each other because of the diversities that characterized them. 
Indeed, they are different in terms of subjects, diseases and protocols. 

Only two elements are present in all the five studies: the diaphragm and 
opto-electronic plethysmography. The first is the protagonist of my PhD study 
and we have deliberately decided to “approach” it from different points of 
view: as protocol of measurements, but above all, as diseases/conditions, in 
order to get to a more comprehensive idea (within the limits of a PhD course 
of study). Opto-electronic plethysmography was chosen because of its non-
invasive- ness, that made it suitable for all kind of subjects, and of its spec-
ificity (we have shown in Study II abdominal volume variation to be a vali-
dated index of diaphragmatic motion), that made it an interesting potential tool 
to be exported in clinical practice. 

I truly think that all the five studies add knowledge to the respective areas. 
What I learned on the diaphragm was that it might be a disturbing element 

in some conditions; that it does not contribute to the emergence when propofol 
is the anesthetic agent; that it can be considered a redundant system made by 
two “stand-alone” twin parts able to take on the whole job; that it unexpectedly 
becomes a weak link after bilateral lung transplantation and that it has such a 
primary role during parturition to the point that mother nature used pregnancy 
to prepare it for this. 

I learned a lot also on non-diaphragmatic respiratory muscles: the most im- 
portant compensatory group of muscles for diaphragmatic weakness or pa-
ralysis are ribcage muscles. However, they are put in mechanical disad-
vantage during pregnancy, with this “sacrifice” being necessary for the lungs 
and for the “expulsive pump”.  

Expiratory muscles lead the delicate phase of breathing restoration during 
emergence from propofol anesthesia, with abdominal muscles being preserved 
during pregnancy for their active role during parturition. 

To conclude, the diaphragm and all respiratory muscles, also known as the 
ventilatory pump, are such a fascinating topic to investigate because they are 
not “only” involved in breathing, but they also play roles in other important 
functions (parturition, phonation, defecation, singing). 

I guess that more PhD students will explore other aspects of this subject: I 
am sure they will get to interesting findings! 
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Conclusions in a Tweet 
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