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Most of the fundamental ideas of science are essentially simple, and may, as a rule, 
be expressed in a language comprehensible to everyone.

Albert Einstein
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1The function of the Royal Netherlands Air Force in-flight oxygen mask

At altitudes above 8.000 to 10.000 feet above sea level, the atmospheric pressure is too 
low to maintain a sufficient alveolar partial pressure of oxygen. Under these circumstances 
hypoxia may become a potential danger. The adverse effects of hypoxia include concen-
tration disorders, visual impairment, working memory impairment, cognitive impairment, 
lack of coordination, and loss of consciousness [1-4]. Therefore, in-flight hypoxia and its 
potential incapacitating effects on the performance of pilots need to be prevented. Preven-
tion can be achieved by increasing the pressure in the cabin of the aircraft, by increasing 
the concentration of inhaled oxygen, by applying positive pressure breathing or straining 
maneuvers, and by wearing anti-G suits [3, 5, 6-9]. These measures increase the partial 
pressure of oxygen in the lungs and alveoli and maintain the systemic arterial blood pres-
sure at the required level to maintain cerebral perfusion and pilot consciousness [5].

The air mixture for the prevention of hypoxia at high altitude is supplied by a gas source 
via an oxygen mask and its connective hose, which serves as the conduit between the 
two [3]. The oxygen facemask consists of a flexible inner softshell and an outer (semi-)rigid 
exoskeleton. The inner shell seals the oxygen mask against the face. The outer shell allows 
the oxygen mask to be attached to the protective helmet. The seal needs to be maintained 
to prevent air leakage during flights. The tightness of fit of the oxygen mask is therefore 
important [3, 10].

The Royal Netherlands Air Force F-16 pilots use an oxygen facemask that connects to 
the helmet via a bayonet-receiver assembly. The bayonet can be pushed on a deeper notch 
in the receiver to tighten the fit and improve the seal. The current oxygen mask’s predeces-
sors differed from the current oxygen mask. One difference is the stiffness of the softshell. 
The introduction of helmet mounted devices (HMD), including visors and night vision gog-
gles (NVG), was not accompanied by ergonomic updates of the oxygen mask, the attach-
ment between the oxygen mask and helmet, or the fit of the helmet, even though these 
devices may have changed the level of comfort of the oxygen mask [11, 12]. Other flight 
conditions, like the exposure to high G-forces, may also change the fit and comfort of the 
oxygen mask.
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14  |  Chapter 1

The association between adverse effects of the oxygen mask on the soft 
and osseous tissue of the nose

Up to 80% of the RNLAF F-16 pilots experience irritation or pain, may develop temporary 
or persistent redness, abrasions, hematomas, blistering and thickening of the skin and the 
subcutaneous tissue of the nose due to wearing the oxygen mask [13]. In rare cases, the 
nasal bone may thicken in this area [14]. These adverse effects are located on the nasal 
bridge in the contact area with the oxygen mask [13, 15]. From our viewpoint, this is a 
strong indication that these adverse effects are due to a suboptimal fit of the oxygen mask.

In people who wear spectacles and in athletes, similar symptoms are observed when 
the fit of devices and sports gear is suboptimal. A suboptimal fit may lead to mechani-
cal injury, especially when exposure to the device is chronic. Spectacle frame acanthoma 
fissuratum of the nose, for example, arises when the fit of spectacles is suboptimal. It is 
located where the spectacles’ frame rests on the skin of the nasal bridge, where the frame 
exerts pressure and friction. Improvement of the spectacles’ fit usually leads to a com-
pletely healed acanthoma fissuratum and prevents recurrence of symptoms [16]. In ath-
letes it is also acknowledged that a suboptimal fit of sports gear, like ice skates, leads to 
mechanical injury that may inflict cutaneous and subcutaneous symptoms. An improved 
fit and soft padding between the rigid parts of the skate and the foot solves these issues, 
and simultaneously prevents recurrence of symptoms [17, 18]. Like in athletes, work-gear 
should not cause discomfort or inflict injury in pilots. The contribution of the rigid external 
hardshell’s protruding parts may need to be evaluated when potential alterations to the 
oxygen mask are considered. This may be of particular importance in pilots that have an 
abnormally shaped nose, such as a nose with a prominent dorsal hump, or a nose with a 
protruding bony ridge. These pilots may be at risk to develop nasal symptoms, since the 
pressure and friction exerted on protruding parts, such as a ridge, are higher than the pres-
sure and friction exerted on larger, less protruding surfaces. Alterations to the ergonomics 
of the oxygen mask may improve its fit and comfort, and thereby contribute to the preven-
tion of nasal complaints.

Adverse effects associated with the oxygen mask are caused by exerted 
pressure and friction

Like in acanthoma fissuratum and mechanical dermatoses in ice-skating athletes, the 
combination of chronic exposure to (peak) pressure and friction is probably what leads 
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1to the development of the soft tissue and osseous symptoms of the nose. This has also 
been  demonstrated in patients that receive noninvasive positive pressure ventilation via 
an oxygen mask that only covers the nose and mouth. The adverse pressure effects cause 
similar symptoms, including redness and pressure ulcers of the nasal bridge [10, 19]. Ern-
sting et al. previously reported that when pilots don the oxygen mask, a pressure of up to 
40 mmHg is exerted on the nose [3]. Also, others provided indirect evidence that dynamic 
in-flight conditions further influence the exerted pressure of the oxygen mask on the noses 
of F-16 pilots [20, 21]. We hypothesized that pressure changes and the presence of friction 
under static conditions may adversely affect the noses of F-16 pilots. Moreover, dynamic 
in-flight conditions may further increase the impact of the oxygen mask. Adaptations to the 
oxygen mask-helmet assembly that can reduce the impact of exerted pressure and friction 
under different conditions may offer suitable preventive measures.

Aim of the thesis

In this thesis we aimed to gain insight in the symptoms of the noses of Royal Netherlands 
Air Force F-16 fighter pilots that are caused by their in-flight oxygen masks. We addressed 
the nasal soft tissue and bony tissue response to the chronically inflicted repetitive trauma 
caused by pressure and friction by the oxygen mask of the pilot. We also assessed the ergo-
nometry of the oxygen mask, and the impact of static conditions and flight conditions on 
the oxygen mask-exerted pressure and friction on the nose.

Chapter 1 introduces the thesis and objectives of the studies presented in the subsequent 
chapters. The reason why in-flight oxygen masks are used, the associated medical com-
plaints of the nose, and how similar issues are prevented are discussed.

Chapter 2 explains the pathophysiology of acquired exostoses of the nasal bone by discuss-
ing the formation of new bone through the process of mechanotransduction.

Chapter 3 presents acquired nasal skin symptoms and exostoses of the nasal bone.

Chapter 4 assesses the ergonomics of the oxygen mask using 3D analysis.

Chapter 5 presents the entire spectrum of the oxygen mask-induced nasal symptoms in 
RNLAF F-16 pilots and conditions that have an effect on these symptoms.
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Chapter 6 evaluates the pressure changes on the nose and chin under static conditions.

Chapter 7 evaluates the effect of pressure changes on the nose and chin under dynamic 
conditions inside the human centrifuge, and evaluates the presence of friction on the nose.

Chapter 8 discusses the main conclusions of this thesis, and strategies to develop preven-
tive measures.
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Abstract

This review addresses thickening of the bony pyramid of the nose, a condition that is 
caused by in-flight oxygen masks in otherwise healthy Royal Netherlands Air Force (RNLAF) 
F-16 pilots. The overlying skin may show temporary or permanent reddening, irritation, 
thickening, and may become painful. Both in vitro and in vivo animal research has shown 
that mechanical stimuli are converted into a biochemical response through a process called 
mechanotransduction. Examination of the RNLAF F-16 pilots showed that the oxygen mask 
exerts pressure and friction on the nose. The biochemical response to chronic exposure 
to these stimuli results in the development of skin conditions and eventually exostoses of 
the bony pyramid of the nose. Painful skin conditions are most frequently observed, while 
the development of exostoses is rare. It lies at the extreme end of the spectrum of the 
pilots’ nasal conditions. The suboptimal fit of their work-gear probably contributes to the 
pilots’ soft and bony tissue nasal conditions. Explaining the pathogenesis of the develop-
ment of exostoses may aid in the development of preventive measures. Also, the obtained 
 knowledge may be of use in similar occupational health issues that involve mechanical 
loading. Our conclusions are that areas containing osteocyte precursors and covered by a 
relatively thin cushioning layer are prone to develop a soft tissue and bony tissue response 
when they are chronically exposed to intermittently exerted, mechanical stimuli of suf-
ficiently high magnitude. Modification of the suboptimally fitting oxygen mask-helmet 
assembly is needed to prevent symptoms associated with its use.

Schreinemakers.indd   23 4-8-2014   14:23:44



24  |  Chapter 2

Background

Oxygen mask-induced manifestations on the noses of Royal Netherlands Air Force (RNLAF) 
F-16 pilots comprise skin, subcutaneous and osseous symptoms. Until recently, these 
symptoms received little attention [1], because these are regarded as part of the job. The 
spectrum of symptoms comprises several manifestations, such as redness, abrasions, 
hematomas, blistering and thickening of the nasal skin. Temporary redness of the nose 
due to the impression of the mask will gradually disappear. It may take up to an hour or 
several days, depending on the exposure and afflicted skin damage. Persistent erythema 
of nasal skin may disappear gradually in a couple of months time when the exposure stops, 
e.g. when a pilot becomes a reservist and no longer wears an in-flight oxygen mask. Thick-
ening of the skin is caused by temporary swelling due to edema, or by a more persistent 
adaptive response of the nasal soft tissue to the chronically exerted contact pressure and 
friction by the oxygen mask. The osseous symptom is the development of a bony deform-
ity (i.e. exostosis, Figure 1) [1]. Pilots rarely request rhinoplasties because of the disturbing 
bony deformity of the nasal pyramid [1]. The nasal exostoses can be distinguished from 
other acquired exostoses as they only arise in the contact area with the oxygen mask. Other 
causes of acquired exostoses like myositis ossificans, metastatic calcifications in the pres-
ence of hypercalcaemia, dystrophic calcifications in the presence of tumours, myositis ossi-
ficans, ectopic calcification of soft tissue, or hereditary multiple exostoses, fibrodysplasia 
ossificans progressiva and progressive osseous heteroplasia can therefore be excluded. 
Explaining the pathogenesis of the nasal exostoses and showing that it is a general concept 
that needs to be reckoned with will help to acknowledge, analyze and solve the nasal com-
plaints.
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Figure 1 Exostosis on the bony pyramid of the nose. In response to years of exposure to repeat-
edly exerted dynamic pressure and friction by an in-flight oxygen mask, this F-16 pilot 
has developed an exostosis on the lateral side of the bony pyramid of the nose (arrow). 
The exostosis is localized thickening of the bone (i.e. local new bone formation). The red 
marks on the overlying skin indicate where the oxygen mask is in contact with the nose.

Aetiology and risk factors

Acquired exostoses of the bony pyramid of the nose are not only observed in RNLAF 
F-16 pilots, but also in swimmers [2]. The latter develop a dorsolateral rigid bony swelling 
on one side of the nose. The side that enters the water first after each breast crawl stroke 
is the side where a swimmer develops thickening of the nasal bone. Photographs of profes-
sional swimmers show that after two years of intense training this deformity is often not 
yet visible. However, photographs taken after ten and twenty years of intense training, not 
only show an acquired unilateral nasal hump, but also progression of its size. A CT-scan 
showed unilateral additional bone on the bony pyramid of the nose and thickening of the 
overlying soft tissue [2]. A survey of forty professional swimmers with a career length of 
eleven years and an average training time of five hours per day showed that fifty percent 
had developed a bony deformity together with chronic irritation of the overlying skin. The 
causative mechanisms in swimmers and RNLAF F-16 pilots are similar, e.g. chronic exposure 
to repetitive trauma. In the pilots the trauma is inflicted by the in-flight oxygen mask, that 
a pilot already starts to wear in military flying school. The pilots also have a long history 
of exposure before they develop nasal bone deformities. The RNLAF F-16 flying careers 
of the pilots who had exostoses or skin and subcutaneous symptoms was roughly five to 
eight years with an average of 1456 flying hours [3].

When the ergonomics of work gear is suboptimal, it may inflict mechanical injury, espe-
cially since the work gear is worn frequently. In athletes this is an acknowledged issue, 
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e.g.  ill-fitting skates cause cutaneous and subcutaneous symptoms in ice-skating athletes. 
Space around the heel instead of a closely fitting skate allows for vertical movement of the 
heel and subsequent development of friction symptoms. The skin conditions in ice-skating 
athletes are called mechanical dermatoses [4]. These include friction bullae, skater’s pads, 
and skater’s nodules which are caused by chronic pressure and collision with the inside 
of the skates (i.e. friction) during landings, and also by abrupt starts and stops. Skater’s 
pads are callus-like, hyperkeratotic epidermal thickenings over the Achilles tendon. Skat-
er’s nodules are swellings of the skin located on the lateral malleoli, sides of the feet, or 
the Achilles tendon [5]. Acanthoma fissuratum of the nose, also called spectacle frame 
acanthoma, also tends to arise when the fit of spectacles is suboptimal. Acanthoma fis-
suratum is located in the contact area between the spectacles’ frame and the skin of the 
nasal bridge, where the frame exerts pressure and friction. MacDonald et al. [6] presented 
several cases illustrating that acanthoma fissuratum had developed either on one or on 
both sides of the nasal bridge [6]. Over the course of weeks to months or even years, a 
firm pink nodule with a central fissure, or a firm lump with central ulceration developed in 
several cases. Histology revealed acanthosis of the epidermis with a central depression that 
was either attenuated or ulcerated, hyperkeratosis and oedema of the epidermis bordering 
the fissure, dilated dermal capillaries, hyalinized collagen around the fissure, and in some 
cases the presence of a dermal infiltrate of lymphocytes, plasma cells and histiocytes [6]. 
The acanthoma fissuratum presented after wearing new glasses that slid down the nose 
frequently or were heavier than the old spectacles. Like in ice-skating athletes, the lesions 
healed after adjustments were made to the spectacles that prevented the spectacles from 
slipping (i.e.  exerting friction) or replacing the heavier spectacle frame by a lighter one 
(i.e. exerting less pressure) [6].

Examination of the fit of the in-flight oxygen mask in the RNLAF F-16 pilots revealed that 
there was room for movement of the oxygen mask rather than a close fit to the face, par-
ticularly in the nasal bridge area [7]. This entailed that during accelerative forces, the mask 
may have gained momentum and exerted peak pressures and friction on the nose, thereby 
likely contributing to the development of nasal symptoms [7]. The ergonomics of flying 
gear should not cause discomfort or worse. Notably, irritation and pain can be a distraction 
in pilots and hence interfere with their performance. In addition to a suboptimal fit, the 
gear should also not contain rigid protruding parts. The oxygen mask, however, has a rigid 
hardshell that protrudes through the softshell. The softshell is a rubber layer between the 
rigid hardshell and the skin of the pilot that ensures an airtight seal is maintained. The skin 
and subcutaneous tissue overlying the nasal pyramid is thinner than elsewhere in the face, 
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yet one of the functions of these tissues is to cushion external pressures and friction [8]. 
Therefore, the nasal skin is less able to absorb the exerted pressure and friction without 
being injured. It is also less able to protect the subcutaneous tissue and bone from pressure 
effects [9, 10]. Consequently, the exerted pressure and friction have a relatively high impact 
in the nasal area compared to other areas. Flight conditions that tend to worsen the pres-
sure and friction effects of the oxygen mask in the nasal area are the duration of exposure, 
the tightness of fit of the mask [11], flights with helmet-mounted devices such as night 
vision goggles, flights with many turns (i.e. many movements of the head), and exposure to 
high accelerative forces [3]. Helmet-mounted devices cause forward rotation of the helmet 
as these displace the helmet’s point of gravitation [12]. This increases the exerted pressure 
and friction by the oxygen mask on the nose. Head movements increase as well as decrease 
the pressure changes [3, 13]. The pressure on the nose, therefore, varies throughout flights.

Pathophysiology

Mechanotransduction
In order to bear the forces to which bone is exposed, bone adjusts its architecture and 
mass [14, 15]. Bone is formed in response to mechanical demands [15, 16] and is resorbed 
when the demands decrease, e.g. by immobility [15, 17, 18]. Mechanotransduction entails 
that external, mechanical stimuli or the lack thereof are converted by cells into biochemical 
responses. In bones this results in new bone formation, or resorption, depending on the 
mechanical loading conditions. In the RNLAF F-16 pilots the oxygen mask exerts pressure 
and friction on the nose. The biochemical response to these stimuli results in the rapid 
development of nasal soft tissue hyperplasia and formation of exostoses in the long run. 
How mechanotransduction causes the adaptive responses of the tissues is subsequently 
discussed.

Several cell types are involved in mechanically induced bone formation, including 
osteoblasts (i.e. bone forming cells), osteocytes (i.e. mature bone cells embedded in the 
calcified matrix), and stem cells [14, 15]. Mesenchymal stem cells are located in the bone 
marrow and in the periosteum. The periosteum surrounds the outer surface of all bones, 
including the bony pyramid of the nose. It contains an inner cellular layer and an outer 
fibrous layer [19]. Stimulation of the periosteum and the endocortical surfaces guaran-
tees the recruitment and activity of osteoblasts, and the generation of new osteoblasts 
through stem cell differentiation [20, 21]. It has been shown that a single period of dynamic 
mechanical loading transforms unactive periosteum into periosteum that actively forms 
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bone [19]. Compressive forces, including external mechanical loading or simply external 
pressure [15], is known to stimulate mesenchymal stem cell differentiation along the osteo-
genic pathway [14, 22, 23], which also occurs in the periosteum [24]. This is important, 
since mesenchymal stem cells are also able to differentiate along other pathways including 
chondrogenic, adipogenic, myogenic and neurogenic ones. Hence, mechanical stimulation 
is necessary for stem cell differentiation into osteoblasts [24].

Osteocytes are the mechanosensors of bone, and regulate the biomechanical response 
of bone formation or resorption to increased or decreased mechanical demand. Mechano-
sensors are key to mechanically induced bone formation [14, 15, 21]. Osteocytes and their 
cell bodies are located in lacunae. Parts of the osteocyte that are crucial in sensing mechan-
ical stimuli are the osteocyte’s cell processes (i.e. approximately sixty elongated, radiat-
ing tentacles) that run through canaliculi in the mineralized matrix, and the osteocyte’s 
single primary cilia, which is an antenna-like process that radiates into the matrix [14, 15, 
26-29]. The lacunae and canaliculi form a lacuno-canalicular network containing the osteo-
cytes [30, 31]. It connects the cells that line the bone surface with the cells within the bone 
marrow [15, 32, 33]. A mechanical load on bone generates or increases interstitial fluid 
flow through the unmineralized matrix around the osteocytes [34, 35]. The primary cilia of 
osteocytes signalize this (increased) fluid flow [14]. Subsequently, the osteocytes initiate 
the appropriate biochemical signaling cascade that recruits osteoblasts or osteoclasts. It 
has also been described how this fluid flow is generated [15]. When a mechanical load is 
exerted on bone, bone is pressurized, including the interstitial fluid around the osteocytes. 
This propels the fluid through the pericellular matrix [36, 37]. Besides (increased) interstitial 
fluid flow, direct cell strain also seems to be a signal that can be registered by mechano-
sensors [15]. Another physiological function of interstitial fluid flow is to transport meta-
bolites, and maintain homeostasis of the cell’s environment [38].

External mechanical loading
In the RNLAF F-16 pilots the required stimuli to develop nasal bone exostoses are present. 
The pilots’ noses are chronically exposed to the repetitively exerted pressure and shearing 
forces (i.e. friction) by the oxygen mask [2]. Also, the skin overlying the nasal pyramid is 
relatively thin and less able to absorb the exerted pressure [9]. Since the skin and subcuta-
neous tissue are relatively thin, it is highly likely that more pressure is transduced to under-
lying structures (i.e. bone) than elsewhere in the face. Several studies have shown that 
the response to mechanical loading, including external pressure, is bone formation [15, 
19, 21]. External loading causes stem cells to differentiate into the osteogenic lineage [22, 
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23]. Pead et al. [19] showed with an animal model that one short period of bone loading 
already results in new bone formation in the periosteum [39-41]. Other studies confirmed 
that external loading models cause periosteal bone formation [42-44]. The sequence of 
events after external mechanical stimulation is as follows. The pathways that transduce 
the mechanical signals are activated directly. Within the first few minutes of mechanical 
loading, the prostaglandin signalling pathway, for example, is initiated [45]. The periosteum 
itself is also directly activated after mechanical loading [44]. Within two hours of applica-
tion of an external load, genes involved in bone formation are expressed, and the amount 
of bone forming-stimulating proteins that these genes encode increases rapidly [46]. The 
periosteal response consists of cell proliferation (i.e. osteoblast differentiation) and synthe-
sis of growth factors that reach peak heights within four hours after loading [44, 46]. Rapid 
new bone formation is apparent after five to seven days after mechanical stimulation [47, 
19]. In the second week of mechanical loading, loose woven-fibered bone continues to be 
generated [48]. The response is initiated by loads that lie within the normal physiologic 
range, and which only need to be exerted for a couple of minutes [19]. Histologically, a 
proliferative periosteum and new bone formation is seen. The periosteum is no longer flat-
tened, but has become hypertrophied instead and contains (pre-)osteoblasts and osteo-
blasts. The osteoblasts are active, as is apparent from the presence of an osteoid seam 
and newly woven bone. The mineralization of the new bone starts in the third and fourth 
weeks after the first loading [49]. After six to seven weeks of exposure to loading, woven 
bone is replaced by lamellar bone [50]. After fourteen weeks, the new bone is even more 
consolidated and mineralization is near to complete [47].

Figure 2 illustrates that mechanical loading on the nose by an in-flight oxygen mask 
leads to thickening of the skin, the subcutaneous tissue and the nasal bone.
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Figure 2 Adaptation of skin, subcutaneous tissue and bone in response to mechanical stimuli 
exerted by an oxygen mask. An in-flight oxygen mask exerts pressure and friction on 
the skin, subcutaneous tissue and bone of the nose. These mechanical stimuli are trans-
formed into a biochemical response, which is a process called mechanotransduction. 
The biochemical response leads to adaptation of these tissues to the repeatedly exerted 
pressure and friction by an in-flight oxygen mask, e.g. the skin, subcutaneous tissue and 
bone may thicken (i.e. inflammation, edema, and new bone formation, respectively). 
This figure has been reproduced and extensively modified with the permission of its 
creator P. Juffer.

Loading pattern
As long as the RNLAF F-16 pilots wear the oxygen mask in the aircraft, they are exposed to 
pressure and friction. The exposure is chronic, since the pilot frequently wears the oxygen 
mask for years in a row. The exposure is also repetitive and intermittent, i.e. the pilot is only 
exposed to pressure during flights, and flight schedules vary [2, 4, 12]. Finally, the loading 
pattern in the pilots is also dynamic, as the pressure exerted by the oxygen mask varies 
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 during flights [2]. The loading pattern of a sufficiently strong mechanical stimulus is key to 
maximize new bone formation [20, 35, 51-53]. Forwood et al. [19] have shown that one bout 
of mechanical loading (i.e. a compressive load) increased the percentage of the periosteal 
surface that actively formed woven bone to forty percent. Four additional bouts of load-
ing on days two to four continued recruiting periosteum that actively participated in bone 
formation up to eighty percent of the entire periosteal surface [19]. Other in vivo animal 
studies have also shown that repeated, intermittent, dynamic loading results in enhanced 
new bone formation compared to bone formation after a single loading event [54]. Chow 
et al [53], for example, showed that bone formation increased four-fold after several load-
ing sessions divided over nine days compared to bone formation after one loading session 
with the same mechanical load exerted continuously on one day ten times longer in dura-
tion than each of the single sessions (i.e. 300 cycles at 150 N in one session vs. 30 cycles at 
150 N in one session) [19, 53]. The reason why intermittent mechanical loading generates 
a greater response than static loading is that bone cells need a recovery period [51]. When 
cells are exposed to a relevant, unrelapsing stimulus for an extended period, the mecha-
nosensing cells desensitize. The suggested hypothetical molecular mechanisms behind cel-
lular desensitization are uncoupling of the G-protein from its receptor, internalization of 
the receptor from the cell surface and downregulation of the receptor [55, 56]. Uncoupling 
and recoupling of the G-proteins occurs within seconds to minutes following the appro-
priate signalling, downregulation or upregulation of a receptor takes hours to days [51, 
57]. Desensitization entails a lowered bone formation response to an unaltered mechani-
cal stimulus. Turner et al. [51] described this decreased response to mechanical loading 
cycles at the end of a loading bout as ‘diminishing returns’ [52]. If the entire period of 
mechanical loading is uninterrupted, the bone formation response reaches a saturated, 
steady state [51]. Several studies have shown that intermittent, short mechanical loading 
sessions maximize bone formation [51, 52]. Poignantly, extending loading sessions beyond 
a couple of minutes does not enhance the bone formation response [49, 51, 58]. Yet, when 
a sufficiently long recovery period is installed, the bone formation response returns in full. 
A short, once per day loading session for a couple of days in a row showed that on the 
subsequent days the mounted response was equal to the response on day one [19, 53]. It 
has also been demonstrated that resting periods of several hours and even minutes ensure 
a maximal response [51]. A resting period of seconds ensures that the response does not 
disappear entirely, but that it is maintained, albeit suboptimally [51]. There are probably 
multiple circumstances that influence the required length of the recovery period. The con-
cept of intermittent dynamic loading, irrespective of how short the recovery  periods are, 
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entails that the mounted response is maintained and larger than the response to a single, 
continuous uninterrupted bout of mechanical loading [59]. The pressure exerted by the 
oxygen mask is comparable to intermittent, dynamic pressure loading. It is, therefore, fea-
sible, that receptive pilots develop exostoses of the bony pyramid of the nose during their 
flying careers.

Prevention of work-gear associated issues
Not only pilots, but also athletes and musicians experience contact pressure and friction-
associated complaints. For example, mechanical dermatoses may arise on the feet of ice-
skating athletes due to chronic collision with the inner surface of the skate [5]. Swimmers 
may develop soft tissue hyperplasia underneath their goggles in response to the pressure 
and friction exerted by these goggles [3]. Violin and viola players may develop a skin con-
dition called a ‘fiddler’s neck’ [60]. In athletes and musicians it is acknowledged that the 
skin disorders that arise in response to pressure exerted by sports gear or musical instru-
ments can be prevented by padding the vulnerable areas [5]. Violin players, for example, 
can replace the violin’s rigid wooden chin rest by a pliable foam chinrest. This significantly 
decreases the symptoms of the ‘fiddler’s neck’ [60]. Insertion of padding between the nose 
and the oxygen mask in pilots has not revealed symptom relief [61]. The optimization of the 
fit of an athlete’s sports gear is another known preventive measure of adverse mechani-
cal pressure effects in athletes. In ice-skaters, an improved fit of the skates proved to be 
a low-cost, highly efficient preventive measure [5]. A close fit instead of a loose fit with 
less room for movement of the heel in the skate resolved most of the symptoms. From 
our perspective, the flying-gear related symptoms of the nose need attention, as in ath-
letes, musicians, and other occupations. Not in the least because suboptimal ergonomics of 
the oxygen mask-helmet assembly contributes to the injury sustained by the noses of the 
pilots. The issue should also be addressed, because the irritation and pain that accompa-
nies the symptoms can be a distraction to the concentration of the pilot and may interfere 
with pilot performance.

We have illustrated that the development of exostoses in F-16 pilots is an occupational 
health issue that is not merely applicable to this occupation. In addition, we believe that 
other areas like the nose, which contain osteocyte precursors and are covered by a rela-
tively thin cushioning layer, may also be prone to develop adaptive responses such as soft 
tissue hyperplasia and bony exostoses when these areas are chronically exposed to inter-
mittently exerted mechanical stimuli of sufficiently high magnitude. Hence, the knowledge 
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that is obtained by explaining the pathophysiology of the nasal complaints in this group of 
pilots may be relevant in many other occupational issues.

Conclusions

In recent years the role of mechanical stimulation in generating new bone by the perios-
teum and the endosteum surface has been elucidated further. A single, sufficiently large 
mechanical stimulus is able to activate the periosteum and the endosteum. The loading 
pattern of the stimulus has been shown to contribute significantly to the bone forming 
response as well. Intermittent dynamic loading, regardless of the duration of the recovery 
periods, generates a larger response than a single uninterrupted bout of loading.

The role of osteocytes as the mechanosensors of bone has also become more clear. The 
network of osteocytes allows the cells to register whether bone needs to be resorbed or 
generated and mount the appropriate response. Mechanical stimuli activate the pathways 
that transduce the mechanical signals within minutes. Within hours of application of an 
external load, genes involved in bone formation are expressed and the amount of proteins 
they encode increases.

RNLAF F-16 pilots exhibit the required conditions to develop exostoses on the bony pyr-
amid of the nose. Their noses are chronically exposed to repetitive, intermittently exerted 
dynamic pressure and friction by the oxygen mask. Also, the skin and subcutaneous tissue 
overlying the nasal pyramid is relatively thin and, therefore, less able to absorb the exerted 
pressure and protect the nasal bone. In order to prevent these exostoses in the future, sev-
eral issues including the oxyen mask’s fit, the composition of its components, the fit of the 
helmet, and the attachment between the oxygen mask and helmet need to be evaluated.

From the development of a soft tissue response and exostoses of the nasal bone in 
RNLAF F-16 pilots it can be deduced that chronically and dynamically exerted mechanical 
stimulation of an area with osteocyte precursors and a relatively thin cushioning layer, offer 
the right conditions for the development of exostoses. From our perspective, it is unac-
ceptable that suboptimally fitting work-gear is not adjusted in order to prevent symptoms 
associated with its use. Modifying the pilots’ work gear is key to prevent the symptoms.
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Summary

Fighter pilots may develop slowly progressive deformities of their noses during their flying 
careers. The spectrum of deformities that may be acquired ranges from soft tissue to osse-
ous changes. The main cause is the varying pressure exerted by the oxygen mask on the 
skin and bony pyramid of the nose during flying.

Introduction

In the summer of 2007 two F-16 fighter pilots of the Royal Netherlands Air Force (RNLAF) 
were referred to the plastic surgery department of the University Medical Centre in  Utrecht 
with a request for a rhinoplasty. The two pilots came to the department unaware of each 
other’s request, yet they had similar complaints. Both of them indicated they experienced 
pain where the oxygen mask pressed on their noses, which could persist for several hours. 
In addition, they had developed slowly progressive, permanent changes in these areas (Fig-
ures 1 and 2).

Figure 1 This pre-operative photograph of 
pilot A shows the permanent ery-
thema in the area where the mask 
presses on the nose.

Figure 3 This post-operative photograph 
of pilot A shows the decrease 
in erythema. Also, he no longer 
experienced pain.
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Figure 2 Pilot A’s pre-operative side view 
photograph shows the dorsal 
hump which had in creased in size 
during his flying career, and also 
the erythematous overlying skin.

Figure 4 Pilot A’s post-operative side view 
photograph shows the dorsal 
hump has been removed.

Case reports

Pilot A underwent a closed rhinoplasty to remove the disturbing dorsal hump. The open 
roof was closed by performing lateral osteotomies and infractions.

In pilot B the bony exostoses on both sides of the bony pyramid were removed by rasp-
ing.

Pilot A resumed flying after 3 months and continued for several months before switch-
ing to flying for a commercial airliner. He no longer has any complaints and the erythema 
was no longer prominently visible (Figures 3 and 4). Pilot B resumed flying after 7 weeks. 
After 18 months he reported that the mask still induced temporary erythema and pain, yet 
to a lesser degree than prior to surgery.

Discussion

The hypothesis is that the oxygen mask plays a pivotal role in the development of these 
deformities. Even though these deformities may be present and accompanied by pain, 
it is not surprising that this phenomenon has been left unreported, because F-16 fighter 
pilots do not complain easily. They go through extensive selection and training before being 
admitted to this elite flying squad. In general, they consider discomfort that  accompanies 
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flying as part of the job. However, these two pilots had developed complaints severe 
enough to request treatment.

To find out whether other F-16 pilots also experienced pain during and after flying or 
had noticed similar changes to their noses a screening questionnaire was compiled. Thirty 
pilots filled it out at a meeting in September 2008. The results showed that 50% experi-
enced pain during or after flying and that 20% had developed permanent changes to their 
noses. It also revealed the spectrum of nasal deformities that may be acquired, ranging 
from mere skin to osseous changes, and which type of flight was likely to induce pain.

An oxygen mask should be airtight (i.e., prevent air leakage) to supply the required 
percentage of oxygen in sufficient amounts. A snug fit is a prerequisite. By attaching the 
mask to the helmet the mask is pressed against the face. Even though the snugness can be 
adjusted manually, a basic pressure is always exerted on the nose. The length of a flight, 
sustained G-forces, and flying with night vision goggles may also influence the exerted 
pressure. Night vision goggles, for instance, add 736 grams to the weight of the helmet and 
tilt the balance of the helm forwards, increasing the pressure on the nose. Figures 5 and 6 
illustrate the acute trauma to the soft tissue.

Figure 5 This pilot was photographed directly after flying. His nose shows the typical erythema-
tous changes in the area where the mask presses on the nose.
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Figure 6 This pilot was photographed after flying several flights with night vision goggles for two 
nights in a row. The photograph was taken approximately 12 hours after the last flight. 
It shows localised erythema and swelling. Both this photograph and Figure 5 show the 
soft tissue trauma that the oxygen mask inflicts.

The photographs illustrate that the nose of an F-16 fighter pilot is exposed to chronic, repet-
itive trauma, which may induce a soft and bony tissue response. A similar conclusion was 
drawn by the authors who reported the Swimmer’s nose deformity. They suggested that 
the characteristic asymmetric, dorsolateral hump on the nose was the result of bone and 
soft tissue remodelling in response to the trauma inflicted by swimmer’s goggles during 
the water re-entry phase of breathing [1]. They explained the pathophysiology behind the 
osseous changes by referring to animal studies in which cyclic fatigue loading resulted in 
microdamage of bones with subsequent new bone formation [2, 3]. The permanent ery-
thema seen in Figures 1 and 2, which was caused by repeated local friction, may be similar 
in nature as the post-rhinoplasty telangiectasias that may be seen in patients who have 
undergone repeated rhinoplasties [4, 5]. There may also be a cartilaginous response com-
parable to the pathophysiology underlying the cauliflower ear. The cauliflower ear is exces-
sive formation of fibrocartilage caused by subperichondrial haematoma after stretching 
trauma or a direct blow on the ear [6].

With the exception of acquired deformities of the nose, disorders associated with flying 
F-16 aircraft are well studied and described [7]. The sample of 30 pilots is too small to draw 
definitive conclusions, but is a sufficient basis for additional research that may clarify the 
phenomenon presented here for the first time and may in the long run lead to improve-
ment of the oxygen mask.
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Abstract

Background: The majority of Dutch F-16 pilots experience in-flight oxygen mask related 
nasal discomfort and injury. We aimed to analyze the fit of the oxygen mask.

Methods: We successfully scanned 35 pilots with a 3D scanner to measure the distance 
between the contact area on the nose and the oxygen mask in seven points, and the dif-
ference (Δ) in angle between the nose and the mask relative to the facial midline. Ill fit was 
defined as ≥ 4 mm distance, or Δ ≥ 4° angle. Intraclass correlation coefficients were used to 
objectify the reproducibility of the measurements.

Results: There were 35 pilots who had ≥ 4 mm distance between the nasal dorsum and 
the mask and 14 pilots had Δ ≥ 4° angle. Reproducibility of the distance measurements was 
excellent (R ≥ 0.93, CI 95% 0.86-0.96), and of the angle measurements was good (R = 0.72, 
CI 95% 0.5-0.8).

Conclusion: The room for displacement that we found may be a contributor to the discom-
fort. It is indicative of an ill fit of the oxygen mask, since all subjects had complaints. We 
recommend evaluating whether improved fixation of the mask and simultaneous reduction 
of the pressure on the nose will improve comfort.
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Introduction

One of the requirements of the F-16 fighter pilot’s in-flight oxygen mask is comfort [1, 2]. 
Discomfort is undesirable as it might distract attention and lead to a decrement in pilot per-
formance [1]. A previous study showed that 80% of Royal Netherlands Air Force F-16 fighter 
pilots (RNLAF) reported discomfort consisting of nasal bridge skin irritation, erythema, 
bruising, pain, and skin lesions during or after wearing their oxygen mask [3]. Likewise, 
United States Air Force (USAF) pilots reported comfort problems with the same oxygen 
mask [4]. An ill-fitting mask is one of the causes of discomfort, and, hence, a potential cause 
of pain and other symptoms reported by pilots [3-5]. How well the oxygen mask used by 
most RNLAF F-16 pilots fits has not been studied. Recently, 3D imaging techniques have 
been used to analyze fit [6, 7]. In-flight protective helmets, for example, have been ana-
lyzed [8, 9]. We applied these 3D imaging techniques to analyze the fit of the oxygen mask, 
in particular whether it follows the nasal contour in the areas of discomfort.

Methods

Subjects
The requirement for Institutional Review Board (IRB) approval was waived by the Subjects 
Research Review Committee of TNO, which closely cooperates with the IRB of the Univer-
sity Medical Center Utrecht, The Netherlands. A member of the TNO Committee is author-
ized by the latter IRB to decide whether research requires IRB approval according to the 
Dutch Medical Research Involving Human Subjects Act (WMO).

Participation was on a voluntary basis and on the basis of availability of the pilots during 
a normal working day. Thirty-nine RNLAF F-16 fighter pilots participated. They either had 
complaints of the nose at the time we performed the study, or prior to the study at some 
time during their flying careers. All pilots used the helmet (HGU-55/p, GENTEX, Carbondale, 
PA) with display unit (Vision Systems International (VSI), LLC VSI, San Jose, CA) and oxygen 
mask (MBU-20/p, GENTEX, Carbondale, PA). None of them had a history of nasal trauma or 
surgery, or a family history of the nasal disorders.

Equipment
One portable 3-dimensional (3D) scanner (M scanner, Artec Group, San Diego, CA) with a 
flash bulb as its light source was used for all measurements. Prior to scanning, the handheld 
scanner was calibrated in accordance with the manufacturer’s instructions in the manual. 
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The field of view was 30˚ x 21˚ (H x W). The data acquisition speed was up to 500,000 points 
per second, the 3D resolution and accuracy multiframe mode was between 0.5 and 0.1 mm 
and the working distance (provided by the manufacturer) between the subject and the 
scanner was between 0.4 and 1 m.

Procedure
For the first scan, the subject sat in a chair and stabilized his head by gazing at a predeter-
mined point while the researcher walked around him and scanned the subject, keeping the 
distance between the subject and the scanner within the limits of the working distance. 
A second scan was made in the same way with the subject wearing the helmet with display 
unit and oxygen mask (Figure 1). Finally a third 360° scan of the oxygen mask, disconnected 
from the helmet, was made.

Figure 1 The second scan for which the subject wore the helmet with display unit and oxygen 
mask.

We chose seven points in the contact area between the nose and the mask as the points 
where we measured the distance between the outside of the oxygen mask and the nose 
(Figure 2). These seven points on the outside of the oxygen mask were identifiable points 
on the outer rim of the hardshell. They coincided with seven points on the nose, in the con-
tact area between the nose and the mask. These points were located in the problem areas 
where the pilots experienced discomfort, pain, et cetera [3-5].

The scanner software (Artec Studio version, Artec Group, San Diego, CA) was used to 
automatically align the scans made of each subject, so that each scan had the same 3D  spatial 
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orientation (x, y, z coordinates). If scans were misaligned, they were manually realigned. This 
reduced the difference in spatial orientation to maximally 1 mm.

Figure 2 The seven measurement points in the contact area between the nose and the oxygen 
mask.

Using the Vx CAD/CAM program version 14.5 (VX Corporation, Melbourne, FL), two research-
ers independently measured the distance between the outside of the oxygen mask and the 
nose in the seven points.

Additionally, the thickness of four new, unused masks (softshell and hardshell) with sizes 
ranging from small narrow to large wide was measured with a metal caliper rule (Mitutoyo, 
Veenendaal, The Netherlands). The thickness was measured three times per mask. Sub-
sequently, we deducted the mean minimal thickness and the mean maximal thickness of 
the oxygen mask from the mean distance in all seven measurement points. This produced 
the range of distances between the nose and the oxygen mask: 4 mm was deducted in 
measurement points 1 to 3 and 5 to 7 from the mean, minimum and maximum distances 
(not the SD), 3.5 mm and 4.5 mm were deducted from the mean, minimum and maximum 
distances (not the SD) in measurement point 4.

We considered a distance of 4 mm or more to be indicative of an ill fit on the dorsum of 
the nose in measurement points 3 to 5 or on the sides of the nose in measurement points 1, 
2, 6 and 7. These cut-off points were arbitrarily chosen, because standardized data are not 
available in the literature. Deviation of the nose was measured to exclude a lateral devia-
tion of the nose as a cause of an asymmetrically positioned mask. For this, we measured the 
angle between the nasal median line and the facial median line on the scans by using the 
CAD software tools. In the same way, we measured the angle between the facial midline 
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and the nasal dorsum area on the hardshell represented by an easily identifiable protruding 
area. The difference (Δ) between these two angles was regarded as a measure of difference 
in sideway deviation between the mask and the nose. We considered the mask to be devi-
ated relatively to the nose in cases where this difference was 4.0 degrees or more. Again, 
this was an arbitrarily chosen cut-off point.

In case of scanning artifacts in the second scans (pilots with helmets, display unit and 
oxygen mask) we would use the third scans (of the oxygen mask alone) to measure in the 
missing points.

Statistical analysis
All statistical analyses were carried out using SPSS version 18.0 (SPSS Inc., Chicago, IL, USA). 
We present the mean (SD) and minimum and maximum distances between the outside of 
the oxygen mask and the nose in the seven measurement points. Reproducibility of the 
measurements on the scans was analyzed by intraclass correlation coefficients (95% CI), 
using the two-way random effects model, type absolute agreement, single measures intra-
class correlation. A value of p < 0.05 was considered statistically significant.

Results

There were 39 pilots scanned. Data on 4 of the 39 subjects had to be excluded because 
of incompleteness (N = 3) or technical failure (N = 1). Hence, data on 35 subjects could be 
analyzed. The mean age of the 35 pilots was 32 yr (± 5.5, range 24-45). Their mean total F-16 
flying time was 1716 hours (± 874, range 398-4171).

In all 35 subjects the distance between the mask and the nose measured ≥ 4.0 mm 
(Table I, measurement points 2 to 6). The mean distance was largest on the dorsum of the 
nose in measurement point 4 (mean 11.9, SD 3.3, minimum-maximum 5.9-19.8, Table I).
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Table I Distance between the face and the outer rim of the oxygen mask in millimeter measu-
red in the seven measurement points in the 35 scans.

Measurement point Mean distance (sd) Minimum to maximum

1 5.2 (3.0) 0 – 11.6
2 8.2 (3.1) 1.5 – 15.6 
3 9.9 (3.1) 4.4 – 17.0 
4 11.9 (3.3) 5.9 – 19.8

10.9 (3.3) 4.9 – 18.8
5 10.1 (3.2) 4.8 – 18.4
6 8.0 (3.2) 2.7 – 16.2
7 4.5 (2.7) 0 – 10.8

Because of scanning artifacts in the second scans we used the third scans to take measure-
ments in several points in 11 of the 35 subjects.

In 14 of the subjects the difference in the angle between the nose and the mask meas-
ured at least 4°. The mean Δ of all 35 subjects was 3.3° (range 0–8°; SD 2.4°), the mean Δ 
of the 14 subjects was 5.8° (range 4-8°; SD 1.4°). In 9 of these 14 subjects the mask and the 
nose angled in opposite directions.

The reproducibility of measuring the distance in the seven measurement points is 
shown in Table II.

Table II Reproducibility of measuring the distance between the outside of the oxygen mask and 
the nose in the seven measurement points (P < 0.001).

Measurement point Intraclass correlation

1 0.96 (0.93 – 0.98)
2 0.97 (0.93 – 0.99)
3 0.98 (0.97 – 0.99)
4 0.99 (0.99 – 1.00)
5 0.98 (0.95 – 0.99)
6 0.93 (0.86 – 0.96)
7 0.97 (0.95 – 0.99)

Analysis of all seven points showed good intraclass correlation coefficients (lowest correla-
tion R = 0.93; P < 0.001). The reproducibility of measuring the angle between the nose and 
the oxygen mask was lower, but still good (R = 0.72, 95% CI 0.5-0.8; P <0.001).
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Discussion

Our results show how the oxygen mask fits in the nasal area in subjects that have com-
plaints. In all subjects the distance between the nose and the hardshell was ≥ 4 mm. This 
may be one of the elements of the oxygen mask that contributes to the discomfort during 
and after flying.

Before we discuss the implications of this observation, some potential limitations of 
our methodology need to be addressed. One potential limitation is our sample. We consid-
ered subjects to have complaints if they experienced discomfort at the time the study was 
performed or at any other time during their flying careers prior to the study. It is unlikely, 
however, that all subjects experienced complaints at the time the study was performed. 
We used the above definition, because the majority only had complaints under certain 
 circumstances, such as long flights [3]. These are also factors in noninvasive ventilation, 
where increased duration of wearing the facemask raises the incidence of facemask inflicted 
skin abrasion or necrosis [10-12]. Only a minority has chronic complaints or was free of 
complaints. We tried to minimize bias by including all pilots who were available during the 
normal working days when we carried out the study. Another potential limitation is the use 
of indirect methods to measure the distance and difference in angle. Direct measurements 
were impossible, because the 3D scan is a noninvasive imaging technique that cannot pen-
etrate the oxygen mask’s material. Because of the good to excellent ICC’s, we assume our 
methods to be reliable. Another limitation of our study is the arbitrary cut-off point for 
the difference of angulation. From our perspective, a difference of angulation of up to 4° 
seems irrelevant, whereas a difference of 5.8° cannot be overlooked as a potential source 
of discomfort, and as indicative of an ill-fit. The cut-off point of ≥ 4 mm in distance between 
the nose and the oxygen mask was chosen, because the softshell and hardshell together 
measured up to 4.5 mm. A distance of ≥ 4 mm on top of the 4.5 mm may indicate room for 
oxygen mask displacement. All subjects had ≥ 4 mm distance in one or more measurement 
points. Notably, exploring the data revealed that the majority of the subjects even had 
double or triple this distance between the nose and the oxygen mask, ≥ 8 mm and ≥ 12 mm 
respectively, in one or more measurement points. Our cut-off point, therefore, does not 
misrepresent the number of subjects that have room for mask displacement in the nasal 
area, but it remains difficult to determine the cut-off point that would represent a good fit. 
A snug fit of the oxygen mask on the nose and face is needed to prevent in-flight displace-
ment of the mask and to obtain an efficient, air-tight seal [1]. The difficulty is that, on the 
one hand, the rigid hardshell can exert a sustained pressure on the nose when the mask is 
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fastened tightly, a cause of discomfort that can even lead to pressure necrosis [10, 13]. On 
the other hand, distance between the mask and the nose allows for in-flight displacement 
of the mask [1], which may result in exertion of excessive pressure and friction on the nose 
during accelerative or decelerate forces if the mask gains momentum. In addition, it carries 
the risk of breaking the airtight seal [1]. Another potential limitation is that we measured 
the softshell and hardshell of new, unused oxygen masks. The oxygen masks of the pilots 
were exposed to wear and may have been somewhat thinner than we found, so the actual 
space between the mask and the face may have been somewhat larger. Another potential 
limitation is that we did not standardize or record how tightly the mask was fastened to the 
helmet. The mask is fastened to the helmet by a bayonet-receiver assembly. We knew that 
most pilots opt for 2 click tightening when they put on the mask, and fasten it more tightly 
for high-G flights. Retrospective enquiry confirmed this. Another potential  limitation is that 
we did not record which hardshells were cut. We know of two subjects whose hardshells 
were cut to relieve the complaints. After being cut the hardshells no longer constantly 
exerted pressure on the nose. Unfortunately, we were unable to reliably retrieve this infor-
mation retrospectively, since the RNLAF keeps no records of adjustments to masks and the 
subjects were unsure whether the masks were cut before or after the study.

We did not research the following potential contributing factors, for example, the com-
ponents of the oxygen mask. The mask has a rubber softshell that is deformable in order 
to provide a snug fit. The softshell is supported by an external rigid shell. Theoretically, 
the softshell’s flexibility allows for sufficient freedom of movement to compensate for in-
flight facial shape distortions (e.g. soft tissue displacement) due to accelerative and decel-
erate forces. The rigid hardshell prevents mask displacement and subsequent air-leakage, 
because it has a limited range of motion when it is connected to the suspension harness by 
which it is attached to the helmet [1]. The negative effect of friction on the nose’s skin may 
be reduced, if a more skin-friendly, softer rubber is used for the softshell. Another part of 
the softshell that may contribute to discomfort may be its inflected rim in the nasal area 
that was designed to maintain the airtight seal. A less rigid hardshell in the nasal area will 
reduce discomfort, pain, skin damage, et cetera [13]. The mask-helmet attachment (i.e. the 
bayonet-receiver assembly) is also a potential contributor. Ideally, the attachment should 
distribute the pressure mainly to facial parts that are sufficiently cushioned with soft tis-
sue such as the cheecks and chin, and divert it from the nose, also when head-mounted 
devices (HMDs) are attached to the helmet. Over the past years, in addition to being a head 
protection device and means of communication, the flying helmet has become the device 
on which night vision goggles and visual display units (HMDs) are mounted. In general, this 
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equipment is mounted on the front of the helmet. This shifts the point of gravity forwards 
and leads to forward rotation of the helmet [9, 14]. At the time the helmet and oxygen 
mask were designed, the helmet did not yet have these additional functions. Because the 
mask is held in position by its attachment to the helmet, this forward rotation of the helmet 
displaces the mask. Displacement may increase the pressure and friction of the mask on 
the nose. Counter balance weights as used in helicopter pilots to reduce helmet slippage 
by HMDs cannot be used in fighter pilots, because the latter are exposed to high gravity 
accelerations with the potential risk of cervical spine damage. G-forces also displace the 
mask. It seems apparent that the mask-helmet attachment needs to be updated, or that a 
different mask should be used with an attachment that distributes the pressure on the face 
differently (i.e. less on the nose). Another potential contributor to an ill-fit of the mask and 
discomfort is the attachment of the oxygen hose to one side of the mask instead of the mid-
dle, which may translate into an unequal distribution of the exerted pressure.

At present, there is no solution for the discomfort for the majority of pilots [3, 4]. The 
discomfort may (partially) be solved only in a minority of pilots by refitting the oxygen 
mask, by cutting the hardshell, by putting a blister plaster on the nose, by loosening the 
mask or by taking it off as soon as possible during a flight, or by continuing to wear the 
oxygen mask’s predecessor, i.e. the MBU-12/p (GENTEX, Carbondale, PA) [3]. One RNLAF 
pilot who participated in a previous study had a custom-designed mask, because of the 
deviating anatomy of his nose. He claimed the mask was more comfortable. Since there 
are all sorts of shapes of noses, it seems logical that the shape of the nose is also a factor 
at play. Unfortunately, a custom-designed mask is an expensive solution that will probably 
not become readily available. Strategies to increase comfort could focus on the following 
options. Filling the space between the nose and the mask with conformal padding has not 
yet satisfactorily relieved discomfort [4]. There is little subcutaneous tissue on the dorsum 
and lateral sides of the nose compared to the other parts in the contact area such as the 
cheeks and the chin [15, 16]. It is the reason why the incidence of pressure necrosis on the 
face caused by a noninvasive ventilation facemask is especially high around the bridge of 
the nose [13, 17, 18]. Pressure necrosis develops when a sustained pressure is exerted on 
an area of the body that has limited capacity to redistribute the pressure. This is the case 
in areas where the skin is very thin, such as on the bridge of the nose. Here, the pressure 
will be passed onto the skin and underlying tissue almost entirely. Whereas in areas with 
thicker skin, the soft tissue’s elastin and collagen will transfer and distribute > 70% of the 
external pressure [16, 19]. In spite of the negative results so far, it may be worthwhile to 
research whether other gel or foam materials can act as pressure-reducing external ‘soft 
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tissue’ between the nose and the oxygen mask, or between the soft- and the hardshell. It 
may fill up the space that is already present, simultaneously reducing pressure by prevent-
ing mask displacement, and by redistributing the pressure in this pressure-sensitive area 
with limited inherent ability to distribute the pressure [10, 16]. Adaptations to the mask 
(a softer softshell rubber), or another mask-helmet combination altogether (including dif-
ferent mask materials and a different mask-helmet attachment) may also increase comfort.

In conclusion, we found the space between the dorsum of the nose and the oxygen 
mask to be ≥ 4 mm in all analyzed subjects in our study. Since all subjects experience com-
plaints under certain circumstances, we consider the results indicative of an ill fit of the 
oxygen mask. The room for displacement may be a contributor to the discomfort and com-
plications of chronic exposure to discomfort. The development of mounting equipment on 
the helmet which displaces both helmet and oxygen mask is probably one of the causes of 
discomfort, yet it has not led to adaptations of the mask-helmet attachment. We recom-
mend evaluating whether improved fixation of the mask that also reduces pressure in the 
nasal area will improve comfort, decrease nasal complications, and improve flight safety.
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Abstract

Background: A preliminary survey showed half of the participating Royal Netherlands Air 
Force (RNLAF) F-16 fighter pilots to have nasal integument and osteocartilagenous dis-
orders related to wearing in-flight oxygen masks.

Aim: To make an inventory of these disorders and possible associated factors.

Methods: All RNLAF F-16 pilots were requested to fill out a semi-structured questionnaire 
for a cross-sectional survey. Additionally, one squadron in The Netherlands and pilots in 
operational theater were asked to participate in a prospective study that required filling 
out a pain score after each flight. Pilot- and flight-related variables on all participants were 
collected from the RNLAF database. A linear mixed model was built to identify associated 
factors with the post-flight pain score.

Results: The response rate to the survey was 83%. Ninety of the 108 participants (88%, 
6 missing) reported tenderness, irritation, pain, erythema, skin lesions, callous skin, or 
swelling of nasal bridge integument or architecture. Seventy-two participants (71%, 6 miss-
ing) reported their symptoms to be troublesome after a mean of 6 ± 3 out of 10 flights (0;10, 
54 missing). Sixty-six pilots participated in scoring post-flight pain. Pain scores were signifi-
cantly higher if a participant had ≥ 3 nasal disorders, after longer than average flights, after 
flying abroad, and after flying with night vision goggles (respectively + 2.7 points, p = 0.003; 
+ 0.2 points, p = 0.027; + 1.8 points, p = 0.001; + 1.2 points p = 0.005). Longer than average 
NVG flights and more than average NVG hours per annum decreased painscores (respec-
tively - 0.8 points, p = 0.017; - 0.04 points, p = 0.005).

Conclusions: The majority of the RNLAF F-16 fighter pilot community has nasal disorders in 
the contact area of the oxygen mask, including pain. Six pilot- or flight-related characteris-
tics influence the experienced level of pain.
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Introduction

In 2009, we reported on the external nasal deformities acquired by two F-16 fighter pilots 
during their flying careers [1]. One pilot’s nasal dorsal hump had increased and the over lying 
skin had become permanently erythematous. The other pilot had developed exostoses on 
both sides of the nasal bony pyramid. The deformities had been painful after wearing an 
oxygen mask and sufficiently disturbing to warrant surgery from the pilots’ point of view. 
Subsequent rhinoplasty relieved these symptoms [1].

We reckoned the in-flight oxygen mask to be the cause of the nasal deformities in both 
pilots as the oxygen mask may cause tissue trauma by exerting friction and pressure on the 
nose, each time it is worn, which is during each flight. The nasal problems, however, proved 
little known to flight surgeons and have, so far, not been reported in medical literature. 
Therefore, we organized a preliminary inquiry among F-16 fighter pilots in collaboration 
with the Royal Netherlands Air Force (RNLAF), in September 2008. Half of the thirty pilots 
who participated reported disorders related to wearing in-flight oxygen masks. To evaluate 
whether these pilots were a representative sample of the entire RNLAF F-16 pilot commu-
nity and to determine the spectrum of the nasal disorders, we conducted a cross-sectional 
survey among all Dutch RNLAF F-16 fighter pilots. To objectify the results of this survey, we 
additionally conducted a prospective follow-up study that consisted of scoring pain after 
flying.

Subjects and Methods

Ethics statement
We did not seek approval of an Institutional Review Board (IRB) to perform the two stud-
ies. At the time the studies were prepared (2008), this survey and the post-flight painscore 
follow-up study were not regarded as research that required IRB approval, because the 
research topic was about work-related minor health issues, the questionnaire was short 
and did not contain loaded or private questions, and scoring post-flight pain took only very 
little time and did not enforce a change in behavior. Since IRB approval was not required, 
we also did not obtain IRB approval for the informed consent procedure and we did not 
obtain verbal or written informed consent. We received permission from the head of oper-
ations of the Royal Netherlands Air Force (RNLAF) F-16 fighter pilots to perform both stud-
ies. It was granted provided that participation of all participants would be on a voluntary 
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basis, that all participants could stop at any time during the studies, and that the research 
burden would be limited.

Cross-sectional survey
Subjects and circumstances
All actively flying RNLAF F-16 pilots were considered potential participants for this study. 
This group included operational squadron pilots and guest pilots. Guest pilots were former 
operational squadron pilots who had taken on an additional function. All pilots either had 
the MBU-20/p oxygen mask (GENTEX, Carbondale, PA, U.S.A.), the MBU-12/p oxygen mask 
(GENTEX, Carbondale, PA, U.S.A.), or both. The majority of the pilots used the MBU-20/p. 
This oxygen mask consists of a hardshell and a softshell. The softshell is a silicone rubber 
facepiece. The inside of this facepiece incorporates a reflective edge designed to maintain 
an airtight seal [2]. The connection between the mask and helmet assembly allows a pilot 
to put on the mask, pull it more tightly against the face or loosen it. The fitting procedure 
of the oxygen mask occurs in accordance with the manufacturer’s instruction manual. The 
MBU-20/p oxygen mask is a component of the system that provides pressure breathing 
for G (PBG) in order to reduce the chance to G-induced loss of consciousness (G-LOCK) [2], 
but RNLAF F-16 pilots do not make use of PBG. They do receive positive pressure with each 
inspiration when they reach a cockpit altitude of 28.000 feet or higher from the oxygen 
regulator. A good fit, therefore, is essential. On the one hand an airtight seal needs to be 
maintained, on the other hand problems due to a suboptimal fit, such as symptoms of nasal 
structures and temporomandibular joint symptoms due to retraction of the  mandible, 
need to be prevented [1]. All pilots other than F-16 fighter pilots were excluded to make 
sure the participants were exposed to the same circumstances as the two F-16 pilots in our 
case report.

Operations officers requested all F-16 pilots in their squadrons to participate in the 
cross-sectional survey, but participation was on a voluntary basis. The pilots were informed 
that the data would be analyzed anonymously.

Questionnaire
The cross-sectional survey was executed by use of a semi-structured questionnaire. Because 
no validated questionnaire for external nasal problems existed, we composed one consist-
ing of a general part and a specific part. The input of the 30 pilots during the preliminary 
survey was used to fine-tune the questionnaire. The general part asked for demographic 
data, while the specific part asked for disorders of the nasal osteocartilagenous pyramid or 
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integument. The spectrum of nasal disorders was defined as any change that arises in the 
oxygen mask area during or following flying. Tenderness, irritation, pain, erythema, skin 
lesions, callous skin, or swelling of nasal bridge integument or architecture were asked to 
be reported, including their duration and frequency. We used the arbitrary cut-off point of 
one week to categorize the symptoms either as temporary or persistent. Additionally, the 
participants were asked for any steps that had been taken to relieve the disorders (i.e. refit-
ting or adjustment of the mask, in-flight adjustment of the position or removal of the mask, 
use of blister plasters in the contact area, switching to a different oxygen mask i.e. 12/p 
or 20/p) and for their willingness to participate in future research to minimize symptoms.

Because we did not want to miss any important, but unexpected information, we 
encouraged participants to report any information they deemed potentially relevant that 
was not covered by the questions.

RNLAF database information
For each of the participants, pilot-related data on his flying experience (total F-16 flight 
hours, F-16 flight hours per annum, total flight hours using night vision goggles (NVG), 
NVG flight hours per annum) were retrieved from the RNLAF database that is continuously 
updated. We used the arbitrary cut-off point of ≥ 1.5 hours to categorize flights as long. 
Flight experience with other aircraft was ignored.

Prospective study on post-flight pain scores
Subjects and circumstances
In addition to the questionnaire, a prospective follow-up study of post-flight pain scores was 
conducted. To limit the research burden, the RNLAF only allowed the operational squadron 
and guest pilots at base Leeuwarden in The Netherlands to participate. This part of the 
study ran for six months, from July 2009 through December 2009. We aimed to include 
a majority (85%) of the different types of missions flown during this period, which would 
guarantee exposure to nearly all circumstances that might influence the nasal disorders.

In operational theater in one country abroad, all RNLAF F-16 pilots were allowed to 
participate irrespective of the bases they were stationed at in The Netherlands. Participa-
tion was on a voluntary basis. Only two types of missions were flown in operational theater 
abroad, 10% of the various types of flights flown in The Netherlands. This part of the study 
ran from September 2009 through January 2010. Again, all participants were informed that 
the obtained data would be anonymized.
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Pain scales
After each flight, the participants indicated whether they had pain in the oxygen mask’s 
contact area with the nose during or after flying using a 0 to 10 numeric rating scale [3].

Additional RNLAF database and personal information
Again, the data on each of the participants’ flying experience, and also the characteristics of 
the flights flown (date of mission, country, duration of mission, duration of NVG use) were 
retrieved from the RNLAF database and flight experience with other aircraft was ignored. 
Additionally, we used the participants’ surveys to retrieve information about severity of 
nasal disorders, information about possible steps undertaken to relieve them (i.e. including 
refitting or adjustment of the mask, in-flight adjustment of the position or removal of the 
mask, use of blister plasters in the contact area, and switching to a different oxygen mask 
i.e. 12/p or 20/p), and that on the pilot’s willingness to participate in future research to 
minimize the symptoms. The data were assessed as possible associated factors for pain.

Data handling
On the basis of the average height of G-forces and the amount of procedural head-
movements during standard execution of the flight, two experienced F-16 fighter pilots 
jointly categorized all the flights flown by the participants in three G-force categories (low, 
medium, high) and two head movement categories (few, many). Possible disagreement on 
categorization was resolved by means of discussion until consensus was reached.

Statistical analysis
All statistical analyses were carried out using SPSS version 18.0 (SPSS Inc., Chicago, IL, 
USA). Values of the pilot characteristics are represented as mean (sd) and frequency (%). 
A multi variable analysis with stepwise model selection was performed in order to assess 
the optimal combinations of risk factors to explain the post-flight pain score. The whole set 
of possible risk factors was included. The variables age, total F-16 flight hours, F-16 flight 
hours per year, duration of a flight in hours, total NVG flight hours, NVG flight hours per 
year, duration of using NVG, and the number of scored flights in The Netherlands or abroad 
were assessed as continuous data. The variables operational squadron or guest pilot, using 
NVG, flights in The Netherlands or abroad in combination with the pilot’s base, few or many 
nasal disorders, low or high G forces during flying, few or many head movements during 
flying and attempts to reduce disorders were assessed as categorical data. Significance 
was set at a level of 0.05. To improve the interpretation of the resulting effects of the risk 
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factors and to reduce multicollinearity between the risk factors, the continuous variables 
(total F-16 flight hours, F-16 flight hours per year, duration of a flight in hours, et cetera) 
were centered around their mean (i.e. the mean was subtracted from each score). Mean 
centering does not change the quality of the model [4]. We assumed that the effects of the 
flight characteristics were the same for every pilot.

We were restricted by the RNLAF in reporting classified military information. Conse-
quently, some of the observations are reported without providing the available, but classi-
fied, statistical proof.

Results

Cross-sectional survey
Participants
One-hundred and eight out of 130 F-16 fighter pilots filled out the questionnaire of the 
cross-sectional survey, resulting in an over-all response rate of 83% (Table 1). The mean age 
was 34 (± 6), the mean total F-16 flight hours 1456 (± 795), the mean total NVG flight hours 
84 (± 55).

Disorders and their handling
Ninety of the 108 participants (88%, missing data on 6 participants) reported they had, or 
used to have, tenderness, irritation, pain, erythema, callous skin, or swelling of nasal bridge 
integument or underlying osteocartilagenous structures (Table 1, Figures 1-4). Thirty-two 
of them reported additional symptoms, most of which were skin lesions indicative of expo-
sure to friction and pressure (Figures 1-4). Their symptoms were located where the oxygen 
mask presses on the nose, in casu the dorsum and sides of the nasal bridge (Figures 1-4). 
Seventy-two out of 108 participants (71%, missing data on six participants) reported their 
symptoms to be troublesome. Fifty-four participants (missing data on 54 participants) 
reported they had symptoms during or after a mean of six (± 3) out of ten flights.
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Figure 1 Persistent erythema on the bridge of the nose in the contact area of the oxygen mask.

Figure 2 Temporary erythema on the bridge of the nose and an indentation after wearing the 
oxygen mask.
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Table 1 Characteristics of the 108 participating F-16 pilots in the cross-sectional survey.

Characteristic Subcategory mean ± sd (minimum;
maximum)

n (%) Missing

Age 34 ± 6 (24;53) n.a. 7
Pilot 0

Operational squa-
dron

n.a. 79 (73%)

Guest n.a. 29 (27%)
Base 2

Leeuwarden n.a. 54 (51%)
Volkel n.a. 52 (49%)

Total F-16 flight hours 1456 ± 795 (138;3502) n.a. 3

F-16 flight hours per year 122 ± 62 (0;224) n.a. 1
Total NVG flight hours1 84 ± 55 (0;253) n.a. 3
NVG flight hours per year 18 ± 14 (0;78) n.a. 3
Number of nasal disorders 6

Unknown number 
of disorders

n.a. 10 (10%)

≤ 2 n.a. 27 (26%)
≥ 3 n.a. 53 (52%)

Estimated number of flights 
after which nasal disorders 
were present

6 ± 3 (0;10) n.a. 54

Reported flights that brought 
about or worsened disorders2

11

Long flights (≥ 1.5 
hours)

n.a. 56 (64%)

NVG flights n.a. 61 (70%)
Flying abroad n.a. 17 (20%)
Flights with many 
turns

n.a. 18 (21%)

High G forces n.a. 9 (10%)
Pilots attempted to reduce 
symptoms

0

No n.a. 28 (26%)
Yes n.a. 80 (74%)

History of nasal trauma n.a. 3 (5%) 45
ENT nasal surgery n.a. 8 (13%) 44
No family history of the same 
nasal disorders

n.a. 99 (100%) 9

1 NVG: night vision goggles. n.a.: not applicable.
2 Several pilots reported more than one of the flight types or combinations such as long NVG flight abroad.
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Figure 3 Skin damage after flying with night vision goggles (NVG) for a couple of days in a row.

Figure 4 During an NVG-free period the nasal haematoma and swelling are absent in the same 
pilot (compare with Figure 3).

Temporary symptoms were estimated to linger after flying for a median of 12 hours 
(± 20 hours, 0-72 hours) and varied between pilots and between symptoms (missing data 
on 41 participants). Only 6 participants reported the duration of persistent symptoms, 
vary ing from weeks to years.

Eighty-seven participants (missing data on 11 participants) reported which flights gave 
rise to or worsened symptoms. Fifty-six participants reported long flights (64%), sixty-one 
reported NVG flights (70%), seventeen reported flying abroad (i.e. long flights, NVG flights; 
20%), eighteen flights with many turns (i.e. many head movements; 21%), nine exposure 
to high G forces (10%). Several pilots reported more than one of the aforementioned flight 
types or combinations such as a long NVG flight abroad.

Eighty of the ninety participants with disorders (88%) had taken steps to relieve the 
nasal disorders. Forty-two of them had the flight safety equipment personnel refit or adjust 
the mask (missing data on 21 participants), which completely relieved only twelve of these 
forty-two participants of their nasal disorders. Fifty-eight participants adjusted the mask’s 
position during flying, loosened it, or removed the mask when possible (missing data on 
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25 participants). Twenty-one of the eighty participants had put blister plasters on their 
noses (missing data on 43 participants). Five participants reported their complaints were 
resolved by switching from the MBU-12/p oxygen mask to the MBU-20/p or back to the 
12/p when the 12/p was being replaced by the 20/p. Eighty-seven of 102 participants (miss-
ing data on 6 participants) were willing to cooperate in research to minimize and prevent 
possible disorders, whereas one was not. Six additional participants indicated that they 
might participate, depending on what participation would entail. The eight remaining par-
ticipants did not have any symptoms.

Prospective study on post-flight pain scores
Participants
Sixty-six F-16 pilots participated in the prospective scoring of post-flight pain. The descrip-
tive characteristics of the participants and the flights were comparable to those of the 
participants and flights in the cross-sectional survey (Table 2). The mean age was 33 (± 6), 
the mean total F-16 flight hours 1859 (± 858), the mean total NVG flight hours 112 (± 162). 
The RNLAF informed us that the response rate for the pilots in The Netherlands was 65% 
and abroad 95%.

Table 2 Characteristics of the 66 participating F-16 pilots and the 934 flights in the prospective 
post-flight pain score study.

Variable Subcategory mean ± sd (minimum;
maximum)

n (%) Missing

Age 33 ± 6 (24;53) n.a. 7
Pilot 4
     Operational 

squadron
n.a. 48 (77%)

Guest n.a. 14 (23%)
Pilot 0

The Nether-
lands, from 
 Leeuwarden1

n.a. 42

Abroad, from 
Volkel

n.a. 13

Abroad, from 
Leeuwarden

n.a. 13

Flights in the Netherlands or 
abroad, pilot’s base

7

The Netherlands, 
Leeuwarden

n.a. 530 (57%)
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Variable Subcategory mean ± sd (minimum;
maximum)

n (%) Missing

Abroad, Volkel n.a. 228 (25%)
Abroad, Leeu-
warden

n.a. 169 (18%)

Number of scored flights per pilot 15 ± 14 (1;52) n.a. 0
Total F-16 flight hours 1859 ± 858 (398;4170) n.a. 7
F-16 flight hours per year 138 ± 87 (8;613) n.a. 7
Duration of a flight in hours 1.7 ± 0.8 (0.2;6.6) n.a. 9
Total NVG flight hours2 112 ± 162 (0;1253) n.a. 7
NVG flight hours per year 21 ± 12 (0;78) n.a. 7
Duration of using NVG in hours 0.2 ± 0.5 (0;4) n.a. 1
G forces during flying 0

Unknown n.a. 10 (1%)

Low n.a. 721 (77%)

Medium n.a. 119 (13%)

High n.a. 84 (9%)
Head movements 0

Unknown n.a. 9 (1%)

Few n.a. 613 (66%)

Many n.a. 312 (33%)
Mean of all recorded post-flight 
pain scores

1.8 ± 2.5 (0;10) n.a. 0

Number of nasal disorders 1.5 ± 2.6 (0;9) n.a. 9
Pilots attempted to reduce dis-
orders

21

No n.a. 5 (11%)
Yes n.a. 39 (89%)

1Two pilots participated in The Netherlands and abroad.
2 NVG: night vision goggles. n.a.: not applicable

Pain scores and associated factors
The higher the number of a participant’s nasal disorders, the higher the participant’s pain-
scores were (+1.8 points if ≤ 2 disorders, p = 0.068; +2.7 points if ≥ 3 disorders, p = 0.003, 
Table 3). For every hour that a flight was longer than the average flight duration of 1.7 hours 
(Table 2), the pain scores increased with 0.2 points (p = 0.027; Table 3). Participants who 
did not use night vision goggles had lower pain scores than those who did (-1.2 points, 
p = 0.005). Participants who used them longer than the average of 0.2 hours (Table 2), 
and flew more than the average of 21 NVG hours per year (Table 2) had lower pain scores 
(respectively -0.8 points, p = 0.017; -0.04 points, p = 0.005; Table 3). Participants from 
 Leeuwarden who flew in The Netherlands, had lower pain scores than participants from 
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Leeuwarden who flew abroad (-1.8 points, p = 0.001). The difference between the partici-
pants abroad was smaller and not significant (0.5 point, p = 0.290). Participants who had 
not attempted to reduce the disorders showed a trend of having lower pain scores than 
those who had (-1.5 points, p = 0.055).

All these factors together explained 56% of the variance in pain between the pilots.

Table 3 Effect size, its 95% confidence interval (95% CI) and its p-value of the potential risk fac-
tors for post-flight pain as calculated by stepwise multivariable analysis.

Category Subcategory Effect size P 95% CI of effect 
size

Flights in The Netherlands or 
abroad, pilot’s base

0.001

The Netherlands, 
Leeuwarden

-1.8 ± 0.3 0.001 (-2.29;-1.28)

Abroad, Volkel 0.5 ± 0.5 0.290 (-0.45;1.48)
Abroad, Leeuwar-
den

0 ± 0 n.a. n.a.

Duration of a flight 0.2 ± 0.1 0.027 (0.026;0.42)
NVG flight hours per year -0.04 ± 0.01 0.005 (-0.07;-0.01)
Using NVG1 0.005

No -1.2 ± 0.4 0.005 (-2.05;-0.36)
Yes 0 ± 0 n.a. n.a.

Duration of using NVG -0.8 ± 0.3 0.017 (-1.40;-0.14)
Nasal disorders 0.007

None 0 ± 0 n.a. n.a.
≤ 2 1.8 ± 10 0.068 (-0.14;3.68)
≥ 3 2.7 ± 0.9 0.003 (0.91;4.39)

No attempt to reduce disorders -1.5 ± 0.7 0.055 (-0.03;2.96)

1 NVG: night vision goggles. n.a.: not applicable

Discussion

Current observations
The cross-sectional survey revealed the spectrum of oxygen mask induced nasal disorders 
in the contact area of the oxygen mask. The vast majority (88%) of the 108 participants of 
our cross-sectional survey among F-16 fighter pilots had disorders in the nasal contact area 
of the oxygen mask. The majority of the participants indicated available measures do not 
relieve these disorders and reported they were willing to participate in future research. 
They also indicated several factors brought about or worsened the nasal disorders. Sub-
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sequently, the post-flight painscore study corroborated that indeed several of these factors 
including a longer duration of a flight than average, NVG flights and flying abroad induce or 
worsen pain.

As we expected, the results showed that the pilots with the highest number of nasal 
disorders, had the highest pain scores. Contrary to what we expected, longer NVG flights 
than average and a higher than average amount of NVG flight hours per year decreased 
pain scores. We explain this by regarding more frequent and longer NVG use as chronic 
exposure to friction and pressure in the nasal area. Pilots may grow accustomed to the pain 
or experience less pain due to reactive tissue formation, such as the callous skin, the swell-
ing of nasal bridge integument or architecture, and the humps that were reported [1]. We 
have elaborated on the pathophysiology of the nasal disorders further on in the discussion.

Methodologic limitations
Before we elaborate on the pathophysiology of these nasal disorders, some potential limi-
tations of our methodology need to be addressed. The cross-sectional design of the ques-
tionnaire hampered analyzing how the symptoms develop over time and whether they are 
correlated to other variables such as a pilot’s flying hours. Second, the response rate and 
the participants’ response may have been influenced by the lack of anonymity for the par-
ticipants. We have tried to minimize response bias by assuring the participants that the 
information obtained would remain classified and that the data they provided would be 
anonymized prior to analysis. Third, ours is not a validated questionnaire as it regards a yet 
non-researched topic. Hence, we are not able to estimate any degree of over- or under-
reporting by our participants. Still, we tried to minimize bias by using F-16 pilots’ prelimi-
nary feedback to rephrase ambiguous questions, and by repeating questions to increase 
reproducibility.

The prospective study after post-flight pain scores may have been biased as the scoring 
of pain after flying was part of debriefing and, hence, not always done in private. Another 
limitation is the unequal distribution of participants over the categories of the categori-
cal variables. We do not know how equal distribution over the categories may change the 
results. Also, we cannot conclude anything about the effect of using NVG for pilots who did 
score after NVG flights, but not after flights without NVG and vice versa.
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Pathophysiology of the nasal disorders
In our case-report we reported that the oxygen mask worn by F-16 fighter pilots from the 
RNLAF may inflict injury to external nasal soft and hard tissues [1]. All of the resulting dis-
orders have separately been reported previously, as such, the acute temporary soft tissue 
injury observed in F-16 fighter pilots is similar to the discomfort, pain, and skin lesions that 
have reportedly been caused by oxygen masks used for non-invasive pressure ventilation [5, 
6]. Likewise, the persistent erythema reported by our participants may be compared to the 
telangiectasies that can develop after repeated rhinoplasties [7, 8]. The persistent swellings 
in the dorsum and sides of the nose presumably caused by chronic exposure of osteocarti-
lagenous stuctures to oxygen mask exerted friction and pressure may be compared to the 
persistent hard tissue injury observed among swimmers. Swimmers’ goggles inflict repeti-
tive trauma during the water re-entry phase of breathing that may lead to development of 
an asymmetric dorsolateral hump on the nose [9]. The resulting pathophysiology of exces-
sive fibrocartilage formation is similar to that of a cauliflower ear arising from a subperi-
chondrial hematoma after stretching of, or direct trauma to, cartilaginous structures [10]. 
Finally, the pathophysiology of new bone formation induced by pressure has previously 
been illustrated in animal studies. Cyclic fatigue loading was shown to cause microdamage 
of bones with subsequent new bone formation [11, 12].

We feel that the disorders may easily arise in the nasal bridge area because the integ-
ument overlying the nasal osteocartilagenous pyramid is thinner than elsewhere in the 
face [13]. Consequently, the exerted friction and pressure have a relatively higher impact. 
The oxygen mask may cause soft tissue trauma by the friction between the mask and the 
nose that is caused by movement of the mask. Each time the mask moves over the skin 
due to G, a suboptimal fit, or movement of the mask-helmet assembly, friction may arise. 
The oxygen mask may also cause nasal trauma by the pressure it exerts. Even though we 
do not know when disorders tend to arise, it is clear that the nose is chronically exposed 
to friction and pressure, namely each time the oxygen mask is worn. Consequently, the 
exerted friction and pressure have a relatively higher impact. The oxygen mask may also 
cause nasal trauma by the pressure it exerts. Even though we do not know when disor-
ders tend to arise, it is clear that the nose is chronically exposed to friction and pressure, 
namely each time the oygen mask is worn. Since the pilots start wearing the same types 
of in-flight oxygen masks that are worn in an F-16 already in military flying school, and it 
takes about 375 hours of flight training, including 100 hours of flying an F-16, before one 
becomes an operational F-16 fighter pilot, it takes approximately 5 to 8 years after training 
to collect the participants’ mean number of 1456 flying hours. Therefore, the participants 
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were  chronically exposed and may have developed nasal symptoms, in some worsening 
up to the point of developing permanent disorders or deformities. In further research, we 
hope to elaborate on the trauma inflicted by the oxygen mask and the associated specific 
nasal disorders.

Implications of our observations
To date, little attention has been given to oxygen mask-induced external nasal symptoms 
in F-16 fighter pilots. One explanation may be that fighter pilots do not complain easily. 
Another reason may be that the majority of pilots grow accustomed to the irritation and 
pain, perhaps as a result of the integumental and osteocartilagenous changes in response 
to the friction and pressure. A third explanation may be that the types of missions that are 
frequently flown have changed over the years. The mounting of NVG on the front of the 
helmet, for example. This shifts the point of gravity forwards and leads to forward rota-
tion of the helmet [14, 15]. Because the mask is held in position by its bayonet-receiver 
connection to the helmet, this forward rotation of the helmet also changes the position of 
the mask on the face and probably increases the exerted pressure in the nasal area. Unfor-
tunately, counter balance weights as used in helicopter pilots to reduce helmet slippage 
cannot be used in fighter pilots, because the latter are exposed to high gravity acceleration. 
NVG flights are more frequently flown than a couple of years ago. Symptoms, therefore, 
may have worsened and become more widespread. Furthermore, the fact that our model 
explains 56% of the variance between the participants makes it highly likely that we have 
not uncovered all contributing, let alone causative, factors of the nasal disorders. Further 
research, therefore, is warranted.
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Conclusions and recommendations

We conclude that the majority of the RNLAF F-16 pilots have nasal integument and osteo-
cartilagenous injuries induced by in-flight oxygen masks. Several pilot- and flight-related 
characteristics are associated with post-flight pain. The oxygen mask induced nasal injuries 
are a relevant work-related health issue for RNLAF F-16 fighter pilots. We recommend that 
further research is initiated to learn how to prevent oxygen mask induced nasal problems.
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Abstract

Background: F-16 pilots wear an in-flight oxygen mask to prevent hypoxemia. In the con-
tact area with the mask, the pilots experience nasal discomfort and pain, and may even 
develop nasal deformities. A likely cause is the pressure exerted by the mask. In this study 
the hypothesis was that the change in pressure exerted on the nose would be higher than 
on the chin, an area free of symptoms.

Methods: Six F-16 pilots and five healthy former F-16 pilots volunteered to participate in 
this observational pilot study. At baseline the pilots donned mask and helmet. The median 
Δpressure (Δp) recordings at baseline were compared to the exerted Δp during the experi-
mental head movements.

Results: At baseline, there was no significant difference between the median Δp on the 
nose and chin (2 vs. 1.6 mmHg, T = 2). Head movements increased the median Δp on the 
nose by 50 mmHg (T = 0), and on the chin by 31 mmHg (T = 0) when compared to baseline. 
Head movements also decreased the pressure by -20 mmHg (T = 1.75) on the nose and 
-11 mmHg (T = 0) on the chin.

Conclusions: The data show that the baseline Δp is higher on the nose than on the chin. The 
head movements both increased and decreased the exerted pressure on the nose and the 
chin. These observations suggest that further evaluation of the effect of flight conditions on 
the exerted pressure is worthwhile to understand its contribution to the nasal symptoms.
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Introduction

F-16 fighter pilots need to use an in-flight oxygen mask to prevent hypoxemia and maintain 
consciousness [8, 17]. At high altitudes with a lower ambient pressure a higher inspired con-
centration of oxygen is required to prevent loss of consciousness. This is supplied through 
the oxygen mask. The mask is sealed against the face by attaching it to the helmet. An air-
tight seal between the mask and face is necessary to prevent air leakage. The tightness of the 
mask’s fit can be manually adjusted by the pilot. The oxygen mask is worn during all flights. 
In Royal Netherlands Air Force (RNLAF) F-16 pilots, the oxygen mask causes discomfort of 
the nose, pain, different degrees of nasal skin trauma, and osteocartilagenous trauma [23]. 
The other areas of the face that are part of the mask’s contact area are relatively symptom 
free compared to the nose. The nasal skin trauma and osteocartilagenous trauma consist 
of lacerations, bruising, and the development of humps and exostoses [22]. These symp-
toms are comparable with the injuries observed in patients that receive positive pressure 
ventilation via a noninvasive mask that covers the nose and mouth. Indications for noninva-
sive positive pressure ventilation include respiratory failure due to cardiogenic pulmonary 
edema [11], exacerbation of chronic obstructive pulmonary disease [20], flail chest [10], 
weaning failure [6], neuromuscular disease [26], and obstructive sleep apnea [13]. In these 
patients the pressure effects are mainly present on the bridge of the nose in the mask’s 
contact area. The symptoms range from redness of the skin to pressure ulcers [18]. The 
tightness of fit of the mask [22, 23] and the duration of wearing the mask are associated 
with these adverse pressure effects on the nasal bridge [18].

From the observations in patients that require noninvasive positive pressure mask ven-
tilation we postulated that the nasal skin and osteocartilagenous trauma in RNLAF F-16 
pilots is caused by the pressure exerted by the mask. The hypothesis of this pilot study 
was that the change in pressure exerted on the nose would be higher than the change in 
pressure on the chin. We investigated this hypothesis by comparing the pressure changes 
on the nose and chin when the mask and helmet were donned with the pressure changes 
during experimental head movements.

Methods

Subjects
The research was conducted in compliance with the regulations of the Institutional Review 
Board (IRB) of the University Medical Center Utrecht (UMCU). Subjects were recruited from 

Schreinemakers.indd   84 4-8-2014   14:23:57



Exerted pressure by an in-flight oxygen mask  |  85

6

the RNLAF F-16 fighter pilot community and from a pool of former F-16 fighter pilots. All 
subjects volunteered and were at least 18 yr old and healthy.

Equipment
Two sensors that measured pressure simultaneously were used (Custom DigiTacts by Pres-
sure Profile Systems (PPS), Los Angeles, CA). The sensors were 1 mm thick and contained 
10 measuring elements that had a full-scale range of 0 to 1551 mmHg. Their repeatability 
was less than 5% in the steady position. The sensors intermittently measured the pres-
sure every two-hundredth of a second. The software that was used to record pressure 
was supplied by PPS (Chameleon version 1.3.9.2, PPS Advanced Visualization & Acquisition 
Software customized for Custom DigiTacts; Fig. 1). PPS calibrated the sensors on a nose-like 
3D shaped plate in a standard 3D calibration chamber at room temperature.

Figure 1 The graph illustrates the pressure changes recorded during experimental head move-
ments. Each line depicts the pressure recorded by one of the 10 sensing elements in the 
sensor.
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Procedure
One sensor was applied to the bridge of the nose, the area where the mask causes discom-
fort, and one to the chin, where the mask causes little to no discomfort. Next, the in-flight 
oxygen mask (MBU-20/p, GENTEX, Carbondale, PA) and helmet were donned for baseline 
measurements. The tightness of fit was determined by the subjects. They were told to 
tighten it as they would normally do before flying. The tightness of fit was not included as 
a study parameter. The exerted pressure difference (Δp) was measured simultaneously on 
the nose and the chin.

After a couple of seconds, the participant made experimental head movements, move-
ments that were similar to the ones the pilots make in the cockpit. They consisted of moving 
from lateroflexion to the left (looking backward over the shoulder) to retroflexion (looking 
up through the roof of the cockpit), to lateroflexion to the opposite side and anteflexion. 
During execution of the head movements the subject was sitting on a chair. The protocol 
was practiced beforehand.

The baseline pressure differences were calculated for all 10 measurement elements in 
the sensor. To calculate the pressure difference, we used the five measurements recorded 
by each element during the first tenth of a second. Subsequently, we had 10 pressure dif-
ferences, 1 of each element. The pressure differences during the experimental head move-
ments were calculated in the same way.

To determine whether an element had recorded a pressure increase, the first recorded 
measurement was subtracted from the maximum recorded pressure. To determine whether 
an element had recorded a pressure decrease, the minimum recorded pressure was sub-
tracted from the first measurement. The pressure differences for each of the 10 elements 
in a given sensor were averaged for baseline conditions and for head movement condi-
tions. The median pressure differences retrieved from this analysis were used for statistical 
analysis.

The measurements did not have an exact zero point. It was impossible to re-zero the 
sensors or data. Negative values and pressures ≥ 200 mmHg were excluded from the analy-
sis. We chose the artificial cut-off point of 200 mmHg based on the assumption that this 
pressure level would lead to implausibly severe damage of the contact area.
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Statistical Analysis
Statistical analyses were carried out using SPSS (version 20, IBM, New York). Demographic 
data were represented as mean ± SD. The median with interquartile range was calculated 
for statistical evaluation of pressure differences, as the data were not normally distributed. 
The pressure changes between the nose and chin at baseline and during experimental head 
movements was statistically evaluated using a Wilcoxon signed rank tests for paired obser-
vations. Statistical significance was set at a level of 0.05.

Results

The study enrolled 12 male participants with an average age of 35 ± 13 yr. Five were former 
F-16 pilots, of whom two had experienced nasal discomfort during their F-16 careers. Six 
of the seven pilots had different degrees of nasal discomfort, two of them with persistent 
symptoms, the others either at the time the study was carried out or previously during their 
flying careers. Because of technical malfunctioning of the wireless connection between the 
computer and the chin sensor, pressure on the chin was only measured in 6 of the 12 par-
ticipants.

Fig. 2A shows the median Δp between the nose and on the chin at baseline. At base-
line, when the mask and helmet were donned, there was no difference in the median Δp 
between the nose and the chin (2 (1.6–5.2) vs. 1.6 (1.3–2.5) mmHg, T = 2, P = 0.141). The 
median negative and positive pressure changes on the nose and the chin that were observed 
during the experimental head movements are presented in Fig. 2B. The experimental head 
movements both increased and decreased the median Δp on the nose and chin. Compared 
to baseline, the Δp on the nose was increased by 50 mmHg (IQR = 29.4–78.4, T = 0, P = 
0.002), and on the chin by 31 mmHg (IQR = 11.5–53.3, T = 0, P = 0.028). The decrease in Δp 
was -20 mmHg on the nose (IQR = 9.0–60.9, T = 1.75, P = 0.005) and -11 mmHg on the chin 
(IQR = 7.0–44.6, T = 0, P = 0.028) when compared to baseline.
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Figure 2 A) Median pressure difference on the nose and chin observed at baseline and B) median 
pressure increase and decrease on the nose and chin during experimental head move-
ments.

Discussion

The results reveal that the in-flight oxygen mask employs a small pressure difference 
between the nose and the chin at baseline. During head movements, the mask exerts a 
substantial amount of additional pressure on the nose. The pressure increase appears to 
be higher on the nose than on the chin. However, we obtained chin pressure data of only 
a small subgroup due to technical difficulties. Besides the pressure increase, the data also 
revealed a pressure drop. A plausible explanation for the presence of this drop is move-
ment of the mask and helmet during the head movements [19]. Some positions of the head 
may increase or decrease the pressure exerted on the sensor, perhaps because the pilots 
increased or decreased the tightness of fit. In an area such as the nose, which has limited 
tissue tolerance for skin pressure, pressure effects due to sustained pressure of the mask 
on the skin tend to arise sooner. This increased pressure can easily lead to damage of the 
skin and underlying tissue [1, 5]. Tissue tolerance for pressure is limited in bony areas with a 
thin covering, such as the bridge of the nose where not only the skin but also the  underlying 
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tissue is relatively thin [16]. In areas where the subcutaneous tissue layer is thicker, such as 
the chin, the elastin and collagen can transfer and distribute more than 70% of the applied 
pressure [15, 18, 21], but in areas with limited tissue tolerance, the pressure will be passed 
on to the underlying tissue and the skin itself [4, 9, 14]. For these reasons, chronically 
exerted pressure may be one of the contributing factors that cause the complaints about 
the nasal bridge area. The complaints range from mild discomfort to the development of 
osteocartilagenous exostoses [2, 22]. Heterotopic exostoses tend to be caused by trauma. 
From our viewpoint, chronically intermittently exerted pressure may be viewed as such 
trauma [7, 23, 25].

This pilot study has several limitations. Firstly, the data were limited to relative changes, 
because the measurements did not have an exact zero point. Therefore, we could not 
establish whether the pressure on the nose was indeed higher than on the chin, as was 
shown in patients subjected to noninvasive ventilation, where the exerted pressure on the 
nose was higher than on the cheeks [18]. Secondly, our results might not be generalized to 
all other commercially available in-flight oxygen masks. In particular, the results may not 
be  applicable to masks that have a different mask-helmet connection, not the bayonet-
receiver type that the RNLAF mask has. Also, the mask used by the RNLAF can be used to 
apply positive pressure breathing. Positive pressure breathing can be useful at high alti-
tude (PBA). In combination with a high inspired concentration of oxygen, it can prevent 
loss of consciousness when a sudden loss of cabin pressurization occurs. Positive pressure 
breathing at a pressure of 70 mmHg guarantees a sufficient oxygen supply to remain con-
scious at altitudes well above 10.000 ft [12]. Positive pressure breathing is also used to 
prevent loss of consciousness during +G accelerations (PBG). Pressure breathing for G-tol-
erance is used in combination with anti-G trousers or suits and seat tilt-back angles [3]. The 
goal is to remain conscious by maintaining systemic arterial blood pressure and thereby 
cerebral perfusion. The breathing pressure increases by 12 mmHg with each +1 G increase 
to a maximum of 60 mmHg at +9 G [24]. In the RNLAF F-16, PBA is applied. Instead of PGB, 
RNLAF pilots use active straining maneuvers. The pressure exerted on the noses during PBA 
or PBG may be even higher than the pressures we found, since positive pressure breathing 
also increases the pressure exerted by the mask in patients who receive noninvasive posi-
tive pressure ventilation [18]. We did not research the effect of positive pressure ventilation 
on the exerted pressure by the mask in this study. The results of this study may also not be 
generalized to people from other ethnic backgrounds, since all volunteers were Caucasian 
men. Future studies with larger populations may reveal whether the inclusion of other eth-
nicities reveals the pressure changes are the same or different.
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Other factors that were not under investigation in this pilot study were the duration of 
mask use and the tightness of fit (which may differ between pilots). Both may  contribute to 
adverse pressure effects [18]. We did not control the tightness of fit in the present study. 
The pilot can manually adjust it by inserting the bayonets on each side of the mask more 
or less deeply into the receivers on the helmet. The pilot can choose between one-, two-, 
or three-click tightening. Although this was an unrecorded study parameter, most pilots 
usually apply the two-click position. They tend to tighten the fit before exposure to high +G 
and loosen it afterwards. During the majority of flights, the exposure to high +G is limited. 
So even  though the data do not reveal how much the tightness of fit contributes to the 
exerted pressure, we feel that the data accurately represent how much pressure is nor-
mally exerted in the absence of +G.

The present study was performed under static conditions to evaluate the study’s 
approach. Future analysis of data obtained during flights or simulation sessions may 
increase our insight in the actual exerted pressure on the nose and the chin during an 
F-16 flight. Despite the limitations, our study shows that the exerted pressure increase on 
the nose is higher during baseline conditions and during head movements when compared 
to the chin. The nose is typically the area where pilots tend to experience discomfort, pain, 
and skin trauma. Therefore, the pressure exerted on the skin and the underlying osteo-
cartilagenous structures may be one of the factors that contributes to the discomfort and 
the other symptoms [22, 23]. This observation suggests that further evaluation of pressure 
differences exerted by the oxygen mask on the nose under flight conditions may be worth-
while.
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Abstract

Background: Dutch F-16 fighter pilots experience oxygen mask related symptoms of 
the nose. Some experience discomfort, others have bruises, pain or osteocartilagenous 
responses. Pressure and shear forces may contribute to causing these adverse effects.

Purposes: To evaluate how flight conditions affect the exerted pressure on the nose, and to 
evaluate the presence of shear forces.

Methods: We measured the pressure exerted by the mask in twenty volunteers. A sensor 
was applied on the nose and chin underneath the mask. The effects of exerted pressure 
during 3G, 6G and 9G acceleration runs in the human centrifuge, the presence of a visor, 
of night vision goggles, and protocolized head movements were evaluated. The runs were 
recorded on video to evaluate if the mask’s position changed during the run, which would 
confirm the presence of shear forces.

Results: Head movements increased the median Δp on the nose by 50 mmHg, and on the 
chin by 37 mmHg. Night vision goggles, a visor and accelerative forces also increased the 
median Δp on the nose (49 (21-63) mmHg; 44 (30-68) mmHg; 44 (20-66) mmHg). Head 
movements when night vision goggles were worn further increased the Δp on the nose (56 
(44-71) mmHg). The video recordings showed movement of the mask, especially during the 
acceleration phase of the centrifuge run the mask slid downwards.

Conclusions: The exerted pressure by the oxygen mask increases and decreases under dif-
ferent flight conditions. Together with friction, the pressure changes probably contribute to 
inflicting the symptoms of the nose.
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Introduction

The Royal Netherlands Air Force (RNLAF) F-16 pilots use an oxygen mask during flying. 
The mask is sealed against the face by attaching it to the helmet and covers the nose and 
mouth. In this way an airtight seal is maintained to guarantee oxygen supply [1]. The tight-
ness of fit of the mask can be manually adjusted by the pilot.

We previously showed that the mask causes adverse effects on the nose’s skin and 
subcutaneous tissues in RNLAF F-16 pilots. The adverse effects included discomfort, pain, 
skin erythema, skin irritation, bruising and abrasions [2-4]. The other areas of the face in 
the contact area of the mask are relatively symptom free. The symptoms are compara-
ble with the symptoms of the nasal bridge observed in patients that receive noninvasive 
positive pressure ventilation via an oxygen mask that only covers the nose and mouth. The 
symptoms range from redness of the skin to pressure ulcers [3-6]. Observations in patients 
treated with noninvasive positive pressure ventilation showed that the tightness of fit of 
the mask and the duration of wearing the mask are associated with these symptoms, also 
called adverse pressure effects [3]. From these observations we postulated that the nasal 
skin and osteocartilagenous trauma in RNLAF F-16 pilots could also be caused by the pres-
sure exerted on the skin and underlying tissues by the oxygen mask. Unpublished data 
from our pilot study revealed that head movements increase the exerted pressure on the 
nose compared to baseline, but these observations were limited by static conditions, not 
taking into consideration, for example, the effects of accelerative forces and decelerative 
forces that are present during flights. Shear forces are generated by movement of the mask 
and may also be present due to movement of the mask by flight conditions. Shear forces 
are associated with the etiology of pressure ulcers, and may also contribute to inflicting 
the symptoms of the nose [7-9]. In this study we therefore aimed to compare the exerted 
pressure on the nose and the chin during simulation of flight conditions in the human cen-
trifuge. It was hypothesized that head movements, the type of mounted devices (i.e. night 
vision goggles or a visor) and different centrifugal accelerations would increase the exerted 
pressure by the oxygen mask on the nose, and less so on the chin. We further evaluated 
whether flight conditions were associated with movement of the mask, which would illus-
trate the presence of friction that contributes to oxygen mask inflicted nasal symptoms.
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Methods

Ethics statement
The research was conducted in compliance with the regulations of the Institutional Review 
Board (IRB) of the University Medical Center Utrecht (UMCU). The RNLAF did not grant 
permission to conduct measurements during flights. Therefore, we conducted the study in 
the human centrifuge in the Center for Man in Aviation in Soesterberg, The Netherlands.

Subjects
Participants were recruited from both the RNLAF F-16 fighter pilot community and from a 
pool of former F-16 fighter pilots. All participants volunteered and were at least 18 years 
old and healthy. Written informed consent prior to participation was obtained. During 
the experiment they wore their flying gear (oxygen mask MBU-20/p, flight suit, harness, 
G- trousers, HGU-55/p or JHMCS helmet with or without visor). A pair of night vision goggles 
(NVG) and accompanying attachment device was supplied by the RNLAF.

Procedure
The pressure on the nose and chin were simultaneously measured by two sensors (Custom 
DigiTacts by Pressure Profile Systems (PPS), Los Angeles, CA, U.S.A.). The sensors were one 
millimeter thick. Each sensor contained ten measuring elements. The elements had a range 
of zero to fifteen hundred and fifty-one mmHg. In the steady position, the repeatability was 
less than five percent. The elements measured the exerted pressure every two-hundredth 
of a second. The software that was used to control the sensors was supplied by PPS (Cha-
meleon version 1.3.9.2, PPS Advanced Visualization & Acquisition Software customized for 
Custom DigiTacts, Los Angeles, CA, U.S.A.).

PPS had calibrated the sensors at room temperature on a nose-like 3D shaped plate in 
a standard 3D calibration chamber. The preprogrammed runs consisted of either a 3G, 6G 
or 9G acceleration phase, a plateau phase, and a deceleration phase (Figures 1A and 1B, 
left lower panels).
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Throughout the experiment, one sensor was used to measure the exerted pressure on the 
nose of the participant. The other sensor was used to measure the exerted pressure on 
the chin. These two sensors were not interchanged. The sensors were applied before the 
oxygen mask was donned. Only operational pilots that had passed the obligatory medical 
examination and were exposed to 9G on a routine basis were allowed to undergo the 9G 
acceleration centrifuge run.

The participants determined which and how many centrifuge runs they would undergo. 
They also determined whether they would perform the protocolized head movements 
during the plateau phases of the 3G and 6G runs. The participants could take breaks in 
between runs. The researchers and participant communicated with one another via head-
phones and microphones. Wearing night vision goggles was allowed during all runs except 
for the 9G runs. This exception served to prevent cervical spine damage.

Protocolized head movements
The protocolized head movements were similar to the ones the pilots make in the cockpit. 
They consisted of moving from lateroflexion to the left (looking backwards over the shoul-
der) to retroflexion (looking up through the roof of the cockpit), to lateroflexion to the 
opposite side and anteflexion. The protocol was practiced beforehand. Execution of the 
head movements took place during the plateau phase of the centrifuge run.

Monitoring of participants
A flight surgeon was present during the 6G and 9G runs to monitor the participant’s heart 
rhythm in accordance with the standard operating procedures. The researchers had live 
view of the participant during the entire centrifuge run. The centrifuge cabin contained a 
built-in camera. We used this camera to record the view of the participant during the run. 
We used these recordings to determine whether the mask moved during the centrifuge 
run. Movement of the mask was established by visually comparing the mask’s position at 
the beginning of a run to its position at the end of a run. An altered position on the face 
was regarded as indicative of the presence of friction. On the recordings, the pilot as well 
as the course of the run were simultaneously on display (Figures 1A and 1B), enabling us to 
determine when mask movement occurred during the run.
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Figure 1A The left lower panel shows a graph. The blue line of the graph shows the course of the 
centrifuge runs. The first horizontal part is the warm-up phase. The ascending part is 
the acceleration phase. The second horizontal part is the plateau phase. The descend-
ing part is the deceleration phase. The green line indicates at what point during the run 
the still is taken. The green line in the left lower panel shows the still has been taken 
during the warm-up phase of the run. The left upper panel shows what the participant 
watches on his screen in the centrifuge cabin during the run. The right upper panel 
shows the view the researchers had of the participant. The right lower panel shows the 
centrifuge and the cabin.

Figure 1B The green line in the left lower panel shows that this still is taken near the end of the 
acceleration phase. When the position of the mask is compared to that in the right 
upper panel in Figure 1A during the warm-up phase, it is clear that the mask has slid 
downwards. A larger part of the white tape that was used to apply the sensor is exposed 
now that the mask has moved downwards.

Schreinemakers.indd   101 4-8-2014   14:23:58



102  |  Chapter 7

Pressure measurements
To establish the presence of more subtle displacement, we compared the pressure  gradients 
between the upper and lower rows of the sensing elements in the sensor at the beginning 
and end of a run. The delta pressure of the pressures measured in the last second of a cen-
trifuge run (i.e. five measurements) was subtracted from the pressures measured in the first 
second.

Our data did not have an exact zero point, because the sensors could not be zeroed 
before each run due to technical shortcoming. Therefore, we had to work with pressure 
differences. First, the baseline pressure differences were calculated (i.e. the pressure differ-
ences at the beginning of a run). They were calculated for all ten sensing elements in each 
sensor. For this, we used the measurements recorded during the first tenth of a second 
by each element. Whether a pressure increase had occurred during a run was determined 
by subtracting the first measurement from the maximum pressure measurement during a 
run. Whether a pressure decrease had occurred was determined by subtracting the mini-
mum pressure from the first pressure measurement. Lastly, the pressure difference for 
each element in a given sensor was averaged for baseline conditions, maximum pressure 
and minimum pressure conditions. The median pressure differences retrieved from these 
calculations were used for statistical analysis. Negative values and pressures exceeding two 
hundred mmHg were excluded from the analysis.

Statistical Analysis
Statistical analysis was carried out using SPSS (version 20, IBM, New York, U.S.A.). Data are 
represented as mean ± standard deviation or median with interquartile range (IQR).

Wilcoxon signed ranks tests were used to compare the pressure differences between 
the nose and chin at baseline and the different flight conditions. Statistical significance was 
set at a level of 0.05.

Results

Baseline characteristics
Twenty male participants were enrolled aged 33 ± 7 (Table 1). Fifteen were F-16 pilots, five 
were former F-16 pilots. Together they performed one hundred and seventeen centrifuge 
runs. The median number of centrifuge runs per subject was four (IQR 2-6). During the 
117 runs, the pressure on the nose was recorded and during twenty runs the pressure was 
simultaneously recorded on the chin.
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Table 1 The characteristics of the subjects and the centrifuge runs.

Characteristics Subjects Centrifuge runs Median (IQR)
F-16 Pilot 15
Reservist 5
Male 20
Female 0
Age 33 years (sd 7)
Total 20 117 4 runs (2-6)

3G  19 67
6G 19 39
9G 11 11
Visor 7 38
PHM1 17 55
NVG 18 34

Nose Sensor 20 117
Chin Sensor2 5 20 4 runs (3-16)

1Protocolised Head Movements (PHM).
2The nose and chin sensors were worn simultaneously.

Effects of simulated flight conditions on nose and chin pressure
Compared to baseline, the exerted Δpressure both increased (nose 44 (20-64) mmHg p = 
0.001, chin 16 (5-51) mmHg p = 0.017) and decreased during the runs (nose 64 (46-85) 
mmHg p = 0.001, chin 40 (31-54) mmHg p = 0.001). The median Δpressure increase on 
the nose was higher than on the chin during the centrifuge runs, but not significantly (p = 
0.315). The median Δpressure drop on the nose was significantly higher than on the chin 
(p = 0.004).

During higher accelerations, the pressure increase on the nose progressively became 
smaller (3G 46 (19-67) mmHg 6G 39 (20-68) mmHg, 9G 28 (18-50) mmHg, Figure 2 Panel 
A and C), whereas the pressure drop on the nose progressively increased (3G 55 (41-74) 
mmHg 6G 77 (59-97) mmHg, 9G 94 (56-109) mmHg, Figure 2 Panel B and D).
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Figure 2 Panels A to D show box plots that illustrate the median Δpressure increases in mmHg (A 
and C) and the median Δpressure drops (B and D) on the nose and chin during different 
flight conditions. Panels A and B show the effect of 3G, 6G and 9G acceleration forces. 
Panels C and D show the effects of protocolized head movements, mounted night vision 
goggles (NVG) or a visor, and of protocolized head movements when NVG or a visor are 
mounted on the helmet. Panels A and C show that there are pressure increases both on 
the nose and chin. Panels B and D show that the pressure drops on the nose are steeper 
than on the chin.

Changes during protocolized head movements
Protocolized head movements were associated with pressure increases and drops. Com-
pared to baseline, the median Δpressure increase on the nose was significant during proto-
colized head movements (50 (23-67) mmHg p = 0.001), mounted NVG (49 (21-63) mmHg p = 
0.001), mounted visor (44 (30-68) mmHg p = 0.001), or protocolized head movements when 
NVG (43 (20-65) mmHg p = 0.001) or visor (35 (17-63) mmHg p = 0.007) were mounted.

The median Δpressure increase on the nose was higher when NVG was mounted and 
head movements were not executed compared to the Δpressure increase when head 
movements were made when they were (49 mmHg vs. 43 mmHg p = 1), but not signifi-
cantly. The same goes for the median Δpressure increase on the nose when a visor was 
mounted and head movements were not made compared to when they were (44 mmHg 
vs. 35 mmHg p = 1).
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Pressure drops of note were the median Δpressure drop on the nose during mounted 
NVG (63 (41-78) mmHg, p = 0.001), and one of the steepest drops during protocolized head 
movements in the presence of a visor (-71 (47-98) mmHg p = 0.005).

Video recordings of mask movement
Eighty-five runs of sixteen of the twenty subjects were recorded on camera. During twenty-
one runs we could see clear vertical displacement of the oxygen mask, when its position 
at the beginning of a run was compared to its position at the end of a run. Figures 1A and 
1B illustrate that the facemask slid downwards over the nose. During 3G acceleration runs, 
there was obvious displacement during seven out of sixty-seven runs (10%), during 6G runs, 
there was displacement during ten out of thirty-nine runs (26%), and during 9G there was 
displacement during four out of eleven runs (36%). The displacement obviously occurred 
during the second half of the acceleration phase in eight out of ten 6G runs (80%), and in 
four out of four 9G runs (100%). This is also illustrated by Figures 1A and 1B. On sixty-four 
recordings we could not see obvious displacement. During thirty of the sixty-four runs, the 
presence of an NVG or a visor obscured the view of the mask and face which made it impos-
sible to determine whether displacement had occurred.

Pressure differences between upper and lower elements of the sensor
We evaluated the pressure changes in all sensing elements of the nasal sensor to estab-
lish whether there was also subtle displacement besides the obvious displacement on the 
camera recordings. This revealed the lowest sensing element in the sensor (i.e. Figure 3, 
element 0) located on the nasal dorsum recorded the lowest pressure drop. Moreover, this 
element recorded pressure increases when the other elements positioned higher on the 
nose recorded pressure drops. Subanalysis of the rounds without protocolized head move-
ments that could influence movement of the mask caused by acceleration forces revealed 
that the lowest element in the sensor (0) had a median pressure increase of 176 mmHg 
(IQR 62-200) whereas the highest element in the sensor (7) had a median increase of 
6 mmHg (IQR 1-19).
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Figure 3 This map of the sensor shows the locations of the ten sensing elements. Element 7 is 
the highest element, element 0 is the lowest element.

Discussion

In previous studies, the RNLAF F-16 pilots indicated that several flight conditions like mak-
ing a lot of head movements and wearing NVG caused nasal symptoms [2]. The results in 
the current study corroborate these findings. The conditions that were evaluated increased 
the exerted pressure in the problem area on the dorsum and sides of the nose.

Poignantly, the pressure increase during the 6G and 9G accelerations were progres-
sively lower compared to 3G, whereas we had expected these would become progressively 
higher. The recorded pressure changes, in particular the pressure drops, may not accurately 
reflect the actual exerted pressure on the nose. Our hypothesis is that the acceleration 
forces caused the mask to slide downwards, off of the majority of the sensing elements, 
exerting less pressure on the majority of the sensing elements, hereby causing the drop 
in the recorded pressure in most sensing elements of the sensor. This hypothesis explains 
the progressive lowering of the pressure increases and heightening of the pressure drops 
during higher acceleration runs. Visible movement of the oxygen mask on the video record-
ings confirmed the mask slid downwards, off of a part of the sensor. Moreover, downward 
movement of the mask tended to occur during the second half of the acceleration phase of 
the centrifuge run. During the acceleration phase accelerative forces increase the weight 
of the mask, pulling it downwards. The number of runs with obvious displacement is high-
est during the runs with higher accelerations. Several participants needed to reposition the 
mask in between runs, because it slid downwards, which is another confirmation that the 
oxygen mask moved.

The analysis of the pressure recordings to evaluate the presence of movement of 
the oxygen mask also confirmed that it moved. The lowest element in the sensor kept 
 recording increasing pressures while the more highly located elements recorded pressure 
drops. This suggests the oxygen mask slid off of the sensor, like we observed in the video 
recordings. The notion that a pressure drop signifies that the oxygen mask exerts less pres-
sure, because it has moved is confirmed by previous research [11]. In this research the 

Schreinemakers.indd   106 6-8-2014   11:09:44



Pressure effects on the nose by an in-flight oxygen mask during simulated flight conditions   |  107

7

recordings. The notion that a pressure drop signifies that the oxygen mask exerts less pres-
sure, because it has moved is confirmed by previous research [11]. In this research the 
contact area between a mask and the face is defined by the area in which positive pressure 
is recorded when there is contact between the two. The fact that the mask moved during 
the runs confirmed the presence of friction on the nose in the contact area with the oxygen 
mask.

That the procotolized head movements do not further increase the pressure when NVG 
or a visor is worn may be due to the fact that the oxygen mask moves almost immediately, 
which caused us to measure only part of the exerted pressure. It explains why the added 
effect of performing protocolized head movements during runs with NVG or visor was non-
existent, while the pressure drop during these rounds were among the highest, just like the 
drops during the 6G and 9G acceleration runs.

Chronic exposure to exerted pressure and friction in combination with the nasal skin’s 
limited tissue tolerance are essential components for the development of pressure necrosis 
in the nasal area during noninvasive ventilation [3, 7-9, 13]. Like Munckton et al. we found 
that the exerted pressure changes on the nose is near or above the systemic blood pres-
sure [3]. The normal tissue response is to increase the pressure in the blood vessels that 
perfuse tissue when an external pressure is applied. When the external pressure is near or 
above the diastolic pressure, the vessels are compressed and this compensatory mecha-
nism fails. The result is that blood supply temporarily fails to meet tissue demand [13]. The 
nasal area is more susceptible to these pressure effects. The reason is that the skin and 
subcutaneous layer overlying the bony and osteocartilagenous area is less able to redistrib-
ute exerted pressure as it is thinner than in other areas of the face [14]. We assume that 
the range of nasal symptoms found in the RNLAF F-16 pilots is caused by the chronic expo-
sure to the exerted pressure and friction by the in-flight oxygen mask. Like in noninvasive 
ventilation, the pilots experience discomfort, pain, and even have abrasions of the nasal 
skin [2]. There have been several cases in the RNLAF F-16 population that demonstrated the 
osteocartilagenous remodeling response to the chronic exposure to pressure and friction. 
Previously, we reported about the acquired exostoses on the dorsum and sides of the nose 
in two pilots. This phenomenon was also described in swimmers who develop exostoses 
on the nose in response to the pressure exerted by their swimmer’s goggles and may be 
viewed as acquired ossification [4, 15-17].

Besides exostoses the pilots also reported cutaneous and subcutaneous swellings, pre-
sumably this is soft tissue hyperplasia and oedema [15]. During the current study, one of the 
reservists illustrated with photographs that the soft tissue swelling that he had developed 

Schreinemakers.indd   107 4-8-2014   14:23:59



108  |  Chapter 7

during his F-16 flying career on the dorsum of his nose had regressed spontaneously within 
six months after becoming a reservist which entailed he no longer wore the in-flight mask.

The RNLAF pilots’ mask has an outer hardshell and an in inner rubber softshell. The soft-
shell has a reflective edge in the contact area with the nose. The ergonomics of the mask-
helmet combination, in particular the relatively sharp rim of the inflected softshell of the 
mask, are suboptimal [17]. In unpublished findings by Robinette, this rim is identified as the 
culprit, as it turns into a cut-edge knife on the nose when the mask moves. The helmet can 
displace relatively to the head, in part due to looseness of the skin. As the mask and helmet 
are attached to each other, movement of the helmet results in movement of the mask. Hel-
met displacement is greatest when the head is moved quickly and when larger movements 
are made [12]. Because of this, the mask’s ergonomics and how it is fastened to the hel-
met is key to minimizing the effects of helmet and mask movement on the oxygen mask’s 
exerted pressure. Notably, over the years the helmet has become the preferred location 
to attach devices, including NVG and a visor. In general, these are mounted on the front of 
the helmet, which leads to displacement of the helmet and the facemask. Our findings in 
this study confirm that the pressure and friction exerted on the nose by the facemask are 
increased by helmet mounted devices, especially in combination with higher acceleration 
forces. This makes sense, as higher acceleration forces were shown to displace the helmet-
mask combination relative to the head [12, 19]. The helmet mounted devices have signified 
an important development that is here to stay. Yet, an update of the facemask’s ergonom-
ics has not followed suit.

Our study has some limitations. Like in our pilot study, the data were limited to relative 
changes, because the measurements did not have an exact zero point. Therefore, we could 
not establish whether the pressure on the nose was indeed higher than on the chin, as was 
the case in noninvasive ventilation where exerted pressure on the nose was higher than 
on the cheeks [3]. In addition, our results may not be generalized to other commercially 
available in-flight oxygen masks. They may also not be applicable to people from other eth-
nic backgrounds, because all participants were Caucasian males. To conclude, we did not 
evaluate the contribution to the pressure changes of fastening the facemask more tightly 
to the helmet, or of repositioning the facemask, both of which was done by several of the 
pilots in between runs. The former is a factor known to increase the pressure in noninva-
sive ventilation [3]. About the latter we reported in a previous study that it has a pressure 
relief effect [2]. We hope to have provided a basis for the development of effective preven-
tive measures against the spectrum of oxygen mask inflicted nasal symptoms.
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Conclusions

The exerted pressure and friction by the oxygen mask are increased under different flight 
conditions, such as wearing night vision goggles. The oxygen mask seems to displace easily, 
which contributes to the experienced discomfort, pain and other symptoms. The adverse 
effects on the nose’s skin and underlying tissues are illustrative of the mask’s suboptimal 
ergonomics.
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Overview of the thesis

In this dissertation we addressed the nasal soft tissue and bony tissue response to chroni-
cally inflicted repetitive trauma by the in-flight oxygen mask of RNLAF F-16 pilots. We also 
assessed flight conditions that might have an effect on the symptoms of the nose, as well as 
the ergonometry of the oxygen mask.

In chapter 1 we explained the use of an in-flight oxygen mask, and addressed the symp-
toms of the nose that are inflicted by the oxygen mask. We elaborated on the pathophysi-
ology of similar symptoms in athletes in order to gain insight into the pathophysiology of 
the symptoms of the nose. How these similar symptoms are successfully prevented is also 
addressed [1, 2].

In chapter 2 we presented a review that studied how mechanotransduction explains 
the formation of exostoses of the nasal bone. Through mechanotransduction the exerted 
pressure is converted into a biochemical response that results in formation of new bone [3]. 
Firstly, the skin and subcutaneous tissue normally cushion exerted pressure, diminishing 
the impact on underlying tissue such as bone. In the nasal area, however, the skin and sub-
cutaneous tissue are relatively thin [4]. Secondly, osteocyte precursors are present in the 
periosteum and the endocortical surface [5, 6]. A single, uninterrupted period of mechani-
cal loading on these structures can already generate new bone formation [7]. Since the 
nasal bone is exposed to pressure each time the oxygen mask is worn, the loading pattern is 
cyclic. Intermittent, dynamic mechanical loading with recovery periods in between gener-
ates a much stronger bone formation response [7-10]. Hence, the right conditions are met 
with in the pilots to develop exostoses of the nasal bone.

In chapter 3 we presented for the first time nasal symptoms of the RNLAF F-16 fighter 
pilots induced by the in-flight oxygen mask they use. The discussed symptoms comprised 
cutaneous and osseous manifestations of the nose.

In patients who receive noninvasive positive pressure ventilation, adverse pressure 
effects of the oxygen mask occur [11, 12]. One factor that contributes to inflicting or wors-
ening adverse pressure effects of oxygen masks in patients who receive noninvasive venti-
lation is a suboptimal fit of the oxygen mask. In ice-skating athletes, for example, ill-fitting 
skates also cause adverse pressure effects. These pressure effects on the feet are called 
mechanical dermatoses [1]. In chapter 4 we researched the fit of the in-flight oxygen mask 
used by the RNLAF F-16 pilots. Like a non-close fitting skate in ice-skating athletes, a non-
close fitting oxygen mask will allow the mask to move. We hypothesized in this study that 
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this allows the mask to gain momentum and move during accelerative forces, hereby exert-
ing peak pressures and friction. We investigated this hypothesis further in chapter 7.

In chapter 5 we presented an inventory of the spectrum of nasal symptoms. The spec-
trum comprised the symptoms discussed as follows. At the one extreme end of the spec-
trum, the skin may become erythematous where the mask presses on the nose. If it is 
merely the slowly vanishing impression of the mask, the redness will gradually disappear. 
Yet, some RNLAF F-16 pilots have persistent erythema of the nasal skin. This redness is simi-
lar to the persistent rim of erythema that is seen on the dorsum of the nose in swimmers 
that wear swimmer’s goggles [13]. The pilots also have abrasions, hematomas, blistering, 
and thickening of the nasal skin. Thickening of the skin is indicative of an adaptive response 
of the skin and subcutaneous tissue to the exerted contact pressure and friction by the 
oxygen mask. This is similar to how mechanical dermatoses arise on the feet of ice-skating 
athletes. The mechanical dermatoses are caused by chronic pressure and collision with the 
inner surface of the skate [1]. Swimmers may develop soft tissue hyperplasia underneath 
their goggles as an adaptive response to pressure and friction [13]. Violin and viola players 
may also develop a similar skin condition called a ‘fiddler’s neck’ [14]. In pilots, the thick-
ened soft tissue is a firm swelling located on the bridge of the nose. In some cases, the skin 
can feel somewhat rougher than the skin elsewhere in the face, but it may remain smooth. 
Like swimmers, pilots acquire this skin condition gradually during their flying careers. Sun-
glasses, for example, no longer fit. The thickened soft tissue and the persistent erythema 
may gradually disappear over the course of several months after they stop flying in aircraft 
that require wearing an in-flight oxygen mask. At the other extreme end of the spectrum of 
symptoms of the nose is the subcutaneous rigid swelling on the middle of the nasal bridge 
or on the sides of the bony pyramid of the nose. Like the other symptoms of the nose, 
this bony hump arises during the flying career of a pilot. Similar to the soft tissue condi-
tions, these exostoses cause sunglasses to no longer fit well. The soft tissue overlying the 
exostoses can be painful, erythematous and thickened. Acquired exostoses on the bony 
pyramid of the nose are also seen in swimmers [13]. Swimmers develop a dorsolateral rigid 
hump on one side of the nose. The side that enters the water first after a swimmer has 
taken a breath is the side where a swimmer develops the hump. Bodor et al. present pic-
tures of a swimmer when he is 10 years old. At that point in time, he has been training for 
two years and does not yet have a nasal deformity. The pictures taken after 10 and 20 years 
of intensive training show progressive increase of an asymmetrical dorsal hump. A survey 
of forty swimmers with a previous career length of 11 years and an average training time 
of 5 hours per day showed fifty percent had developed a progressive dorsal hump which 
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was accompanied by chronic skin irritation. A CT scan confirmed one of these swimmers 
had developed an exostosis and thickening of the overlying soft tissue. It showed the nasal 
hump consisted of asymmetric reactive bone and soft tissue changes. The RNLAF F-16 pilots 
are also chronically exposed to repetitive trauma on the nose. The trauma is inflicted by 
the in-flight oxygen mask, which a pilot starts to wear in military flying school. The previous 
RNLAF F-16 flying career length of the pilots that had participated was roughly 5 to 8 years, 
excluding the training period prior to the operational F-16 flying hours.

In chapter 5 we also investigated which conditions bring about or worsen adverse pres-
sure and friction effects of the oxygen mask, besides the fit of the mask that was reviewed 
in chapter 4. In patients who receive positive pressure ventilation, the duration of ventila-
tion or in other words the duration of exposure to these adverse effects, and the tightness 
of fit of the mask contribute [12]. Flight conditions such as flights with night vision goggles, 
flights with many turns which entails that the pilot moves the head more frequently than in 
other flights, and exposure to high accelerative forces were included. We also investigated 
how pilots relieved the exerted pressure during flights.

Both in RNLAF F-16 pilots and in swimmers, the in-flight oxygen mask and goggles of 
swimmers exert pressure on the bony pyramid of the nose. The skin overlying the nasal pyr-
amid is thinner than elsewhere in the face [4]. Therefore, the skin is less able to cushion the 
exerted pressure. Consequently, the exerted pressure and friction have a relatively higher 
impact in this more vulnerable area. In chapter 6, we showed that the exerted pressure 
changes on the nose are higher than on the chin, adding to the relatively higher impact of 
pressure and friction effects on the nose. This explains why the pilots only have symptoms 
in this area of the face.

In chapter 2 we found that intermittent loading is essential in developing new bone. 
Poignantly, the loading pattern on the noses of RNLAF F-16 pilots is intermittent. Firstly, 
they are only exposed to the exerted pressure and friction during flights, and only for as 
long as they wear the oxygen mask in the aircraft. Secondly, we assumed there are varia-
tions in the amount of exerted pressure during different flight conditions. The results of 
the study presented in chapter 7 showed that this assumption is plausible. Moreover, our 
findings supported the hypothesis in chapter 4, which stated that the mask moves, mainly 
due to accelerative forces, hereby exerting peak pressures and friction.

Schreinemakers.indd   117 4-8-2014   14:24:00



118  |  Chapter 8

Future directions

The majority of the pilots considered the nasal symptoms part of the job, yet they also 
indicated they would appreciate adjustments to the oxygen mask that would offer relief or 
prevention of the symptoms [15]. From our viewpoint, flying-gear related symptoms of the 
nose should be addressed. Not in the least because suboptimal ergonomics of the oxygen 
mask-helmet combination contribute to the injury sustained by the noses of the pilots. In 
the Introduction of this thesis, we mentioned that suboptimal ergonomics contribute to 
adverse pressure effects. This has been demonstrated, for example, with research among 
ice skating athletes [1]. Not only does the oxygen mask cause nasal symptoms, the irritation 
and pain that accompanies the symptoms can also be a distraction to the concentration 
of the pilot and may interfere with pilot performance. The pilots may benefit from our 
research if the proposed solutions will reduce or prevent the nasal symptoms. It has been 
shown that rhinoplasties during which exostoses were removed from the bony pyramid 
of the nose relieved symptoms, including pain, in two pilots [16]. Following rhinoplasty, 
only one of the pilots continued to be exposed to the adverse pressure and friction effects 
of the oxygen mask for a couple of years. The second pilot ended his career as F-16 pilot 
shortly after the procedure. It is therefore unknown whether the symptom relief following 
rhinoplasty will be maintained in the long run in a larger group of pilots. Yet, at present, 
the available noninvasive measures are only effective in a minority of the pilots [15]. In this 
final chapter, therefore, we will discuss potential contributing factors that we did not (fully) 
investigate, but which might be of interest for the development of noninvasive preventive 
measures. Simultaneously we will discuss potential preventive noninvasive solutions.

Preventive strategies

Refitting the oxygen mask
A snugly fitting oxygen mask is a prerequisite to maintain an airtight seal. The seal prevents 
air leakage and guarantees the necessary supply of the oxygen-air mixture [17, 18]. The 
snug fit is obtained by pressing the oxygen mask against the face and attaching the mask to 
the helmet via the mask-helmet attachment. Hence, a basic pressure is always exerted on 
the nose [17]. Flight safety equipment personnel assembles the oxygen mask and helmet. 
They ensure that the oxygen mask is positioned correctly on the face before fastening the 
receivers in the right angle on the helmet. They use the manufacturer’s manual as a guide-
line. The pilot can adjust the tightness of fit manually. The pilot needs to insert the bayonets 
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on each side of the oxygen mask more or less deeply into the receivers on each side of the 
helmet. The pilot can choose between, for example, one- or two-click tightening. From 
retrospective enquiry it became clear that the pilots tend to use two-click tightening in 
general, and that some fasten it more tightly before exposure to high G-forces.

One cause of discomfort is when the oxygen mask is fastened tightly and presses hard 
on the nose through the rubber softshell. Another cause is movement of the oxygen mask. 
When the softshell moves over the nasal dorsum the friction causes irritated skin or worse. 
Also, the softshell’s reflective edge may become a knife-edge rim that dives into the nasal 
skin according to unpublished data by K.M. Robinette. Also, in some pilots there is space 
between the nose and the shell. This space allows for in-flight movement of the oxygen 
mask. During accelerative forces when the oxygen mask gains momentum and becomes 
heavier due to gravitational forces, during head movements and when night vision goggles 
are mounted, movement of the oxygen mask may result in exertion of excessive pressure 
and friction on the nose as the rigid hardshell lands hard on the softshell pressing into the 
nose. Therefore, the basic fit of the oxygen mask when the pilot dons it, should be as opti-
mal as possible. The angles of the helmet’s receivers should be correct, the position of the 
softshell on the face should be such that the inverted edge remains inverted throughout 
flights, and the hardshell should neither press too lightly, nor too heavily on the softshell. 
The optimal fit is determined by using the manufacturer’s manual as a guideline and by 
discussing with the pilot which position of the oxygen mask is most comfortable. Yet, what 
is comfortable on the ground may not be comfortable in the aircraft. Refitting the oxygen 
mask may offer relief [15]. However, only a third of all pilots that had undertaken to relieve 
the pressure by having equipment personnel refit the oxygen mask experienced symptom 
relief. Yet, in athletes ill-fitting gear is an acknowledged cause of adverse mechanical pres-
sure effects. In ice-skaters, for example, improving the fit of the skates proved to be a 
low-cost, efficient preventive measure against mechanical dermatoses [1]. Unpublished 
data of our group to determine whether personnel followed the instruction manual of the 
manufacturer for the fitting procedure revealed that they deviated from it. One of the given 
reasons was that the manual was not always entirely clear. Another reason was that by 
deviating from the manual better results were achieved. Unfortunately, no records were 
kept of adjustments to the oxygen masks or helmets. Also no records were kept of whether 
these adjustments improved pilot comfort. Poignantly, execution of part of the fitting pro-
cess and some applied solutions to specific oxygen mask problems differed between the 
two RNLAF airbases. From our viewpoint, it may be worthwhile to have the manufacturer 
organize a refresher course, to ask the manufacturer to clarify unclear points in the  manual, 
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and to organize a meeting between the personnel of both airbases to discuss each  other’s 
way of working and to determine which method should be adhered to because better 
results are achieved. Perhaps, the latter should be performed by prospectively evaluating 
refitting data, pilot comfort and satisfaction.

Adaptations to the softshell and hardshell
The reasons why the pilots endure the nasal symptoms, in particular the discomfort, irrita-
tion and pain, may be because they grow accustomed to their presence. Another reason 
may be that they experience less irritation and pain due to reactive tissue formation, such 
as callous skin, or soft tissue swelling (hyperplasia and edema) of the nasal bridge integu-
ment. When a pilot stops wearing the oxygen mask, the issue of the soft tissue nasal symp-
toms may be entirely resolved. A reservist reported that the soft tissue swelling that he had 
developed on the dorsum of the nose during his F-16 flying career had regressed within 
six months after becoming a reservist until it had completely disappeared [19]. This is a 
strong indication that cushioning the pressure and reducing friction are crucial to prevent 
the oxygen mask-inflicted nasal symptoms. Normally, the skin cushions externally exerted 
pressure and friction. Because the skin overlying the nasal pyramid is relatively thin, the 
exerted pressure and friction have a higher impact. One strategy to reduce the adverse 
pressure and friction effects in this vulnerable area is to alter the composition of the oxygen 
mask’s rubber softshell. If the composition of rubber is such that the pressure is maximally 
absorbed, a significant reduction of the exerted pressure on the skin and underlying tis-
sues is achieved. Friction reduction may be achieved if the rubber becomes more skin-
friendly: softer, less stiff, and a bit fatty rather than dry. The pilots themselves have already 
demonstrated the beneficial effect of using skin-friendly material. Several pilots apply blis-
ter plasters designed for the feet on their noses to protect the skin against blistering and 
hereby increase comfort. Unfortunately, the cushioning power of these blister plasters is 
limited [15].

Another part of the softshell that may require improvement is the inflected rim in the 
nasal area. The rim was designed to maintain the airtight seal. Yet, as we discussed above, 
its current shape aids in inflicting pressure and friction effects when the oxygen mask is 
displaced.

In athletes and musicians it is acknowledged that the skin disorders that arise in 
response to mechanical forces exerted by sports gear or musical instruments can be pre-
vented by padding the vulnerable areas [1]. In violin players, for example, a pliable foam 
chinrest can be attached to the violin to replace the violin’s rigid wooden chin rest. This 
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significantly decreases the symptoms of the so called ‘fiddler’s neck’ [14]. In ice-skating ath-
letes  padding of the heel in combination with good, closely fitting skates prevents mechani-
cal dermatoses [1]. Research with padding between the nose and an oxygen mask has not 
yet satisfactorily relieved discomfort [20]. In spite of these findings, it may be worthwhile to 
research the effect of padding between the nose and oxygen mask or between the softshell 
and hardshell, since the skin is thin and there is few subcutaneous tissue in the nasal area 
to absorb the pressure.

An adjustment to the oxygen mask that is currently applied is to cut the hardshell in the 
nasal area. Removing a rounded indentation offers pressure relief as the hardshell is no 
longer able to press as hard into the vulnerable area of the nose. A more permanent solu-
tion might be to have the manufacturer adapt the design of the hardshell in the nasal area 
by cutting out a rounded indentation, or by using more flexible material in the nasal area.

Adjustments to the oxygen mask-helmet assembly
Movement of the helmet results in movement of the oxygen mask, because the two are 
attached to each other. The helmet moves when the head is moved quickly, when large 
movements are made, when it is exposed to accelerative and decelerative forces, and 
when helmet mounted devices are put on the front of the helmet [21-23]. Mounting helmet 
mounted devices in particular, including night vision goggles and visors, cause pronounced 
forward rotation of the helmet, displacing its point of gravitation [21]. In helicopter pilots 
counter balance weights were used to reduce helmet slippage by helmet mounted devices. 
These are unsuitable for F-16 pilots, because they are exposed to high gravity accelerations 
which carries the risk of cervical spine damage [24].

The fit of the oxygen mask and the helmet, and the attachment between the oxygen 
mask and the helmet are key to minimize the effects on the nose. Since the introduction of 
helmet mounted devices, neither the fit of the oxygen mask and the helmet, nor the oxy-
gen mask-helmet attachment have been updated. The attachment consists of a bayonet-
receiver assembly, which is made of metal. The receiver’s position on the helmet is fixed. 
The angle between the receiver and the bayonet is oblique. These aspects entail that move-
ment of the helmet alters the position of the oxygen mask as well. Ideally, the attachment 
diverts the exerted pressure away from the nose and distributes it over facial parts that 
are sufficiently cushioned with thick skin and plenty of subcutaneous soft tissue such as 
the cheeks and the chin. The manufacturer of the oxygen mask has recently introduced a 
lightweight rotatable receiver. It is promoted as allowing for an improved fit of the oxygen 
mask. This is plausible, since a rotatable receiver permits the helmet to move relative to the 
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oxygen mask, contrary to the currently used non-rotatable receiver. Hence, the rotatable 
receiver is an appealing adjustment to evaluate. In addition to replacing the receiver, it may 
also be necessary to alter the oxygen mask or helmet, or use other ones, in order to achieve 
symptom relief. For example, in one of our studies several pilots reported their complaints 
vanished once they started reusing the current oxygen mask’s predecessor [15]. Aside from 
the predecessor of the current oxygen mask, there are other oxygen masks available made 
by different manufacturers which are quite different from the current one and are not 
known to inflict nasal complaints. Another strategy is to make custom-designed oxygen 
masks. In the past these were manufactured for pilots with uncommon nasal anatomy, for 
example a very large nose. However, the production method that was used is unattractive 
as it was highly expensive and time-consuming [15].

Recently, it was observed that the oxygen mask-induced nasal complaints may have 
been reduced by the introduction of the new helmet designed for the F-35. We suggest 
that this is the result of several differences between the new helmet and the one used in 
the F-16. The adjustments that have been made stem from an important design goal for the 
new helmet. Movement of the helmet relative to the head had to be minimized, because 
important information is displayed on the helmet’s visor and needs to remain in view. Dis-
placement of the helmet, for example due to head movements or forward rotation due 
to mounting night vision goggles, was deemed unacceptable. To ensure a stable position, 
the helmet’s inner, foam lining, which fills the space between the head and the helmet, is 
custom-made based on a 3D scan of a pilot’s head. Hereby, the helmet closely fits a pilot’s 
head. Furthermore, the weight of the new helmet is better balanced, and its point of gravi-
tation is no longer displaced when the visor is lowered, or when night optics are used. Night 
vision goggles no longer need to be mounted, since a night vision camera is integrated in 
the optics system. The stability of the helmet’s position can easily be further enhanced by 
manually adjusting the tightness of fit of the napestrap. Another important difference is the 
altered oxygen mask-helmet attachment. The shape of the bayonet has been modified, the 
bayonet’s position relative to the receiver has almost become horizontal. The new angle 
between the bayonet and the receiver is comparable to that seen in another commercially 
available in-flight oxygen mask that is not known for inflicting nasal complaints. Moreover, 
the old receiver has been replaced by the new rotatable receiver that further minimizes 
oxygen mask movement due to helmet movement.

To conclude, the new F-35 helmet and attachment that have been designed to guar-
antee the use of the information displayed on the visor may simultaneously reduce the 
nasal complaints. In the nearby future, the currently used second generation helmet will be 
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replaced by a third generation helmet. Meanwhile, more F-16 pilots will be trained on the 
F-35. This offers a window of opportunity to evaluate whether the nasal complaints are also 
reduced in the other pilots when they start using the F-35 helmet, or whether additional 
changes to the oxygen mask are required.

Concluding remarks

The proposed, low-cost solutions may relieve the F-16 pilots’ nasal complaints. In addition, 
training F-16 pilots in F-35s offers an outstanding opportunity to evaluate whether the new, 
improved helmet and attachment suffice to prevent the nasal symptoms from occurring, or 
whether additional adaptations to the oxygen mask, or an entirely different oxygen mask, 
are required. An evaluation should incorporate pilot comfort and satisfaction, especially 
during flight conditions that are known to inflict or worsen the nasal symptoms.
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Summary

In the present dissertation we investigated the effect of in-flight oxygen masks on the noses 
of Royal Netherlands Air Force (RNLAF) F-16 pilots. We made an inventory of the soft tis-
sue and osseous symptoms of the nose. We addressed how the oxygen mask inflicts these 
symptoms and evaluated conditions that were likely to influence the oxygen mask’s impact 
on the nose.

In Chapter 1 we introduced the thesis and the objectives of the studies that are presented 
in the subsequent chapters. We explained the use of an in-flight oxygen mask by RNLAF 
F-16 pilots, and presented the medical complaints of the nose associated with its usage. 
The pathophysiology and prevention of similar symptoms observed in athletes, such as 
swimmers and ice skaters, were discussed to help explain the pathophysiology of the oxy-
gen mask-induced symptoms and to propose potential preventive measures.

In Chapter 2 we presented a review of the literature that focused on explaining the patho-
physiology of the adaptive response of the nasal bone to the exerted contact pressure and 
friction by the oxygen mask. The adaptive response of the nasal bone consists of forming 
new bone. The nose’s skin and subcutaneous tissue are thin and less able to cushion the 
exerted pressure. Due to the higher impact of the exerted pressure than in other areas of 
the face, a biochemical response is mounted by the nasal bone through mechanotransduc-
tion. Intermittent dynamic mechanical loading with recovery periods generates a much 
stronger bone formation response than one continuous loading period. This review chapter 
demonstrated how exostoses can arise on the nasal bone in F-16 pilots.

In Chapter 3 we presented the relatively unknown acquired skin and osseous deformities 
of the noses of F-16 pilots. The deformities were located in the contact area of the oxygen 
mask. The deformities consisted of an exostosis in the middle of the dorsum of the nose, or 
on the sides of the bony pyramid of the nose.

In Chapter 4 the findings of an analysis of the fit of the oxygen mask were presented. A sub-
optimal fit of the oxygen mask was regarded as a potential contributing factor to inflicting 
the symptoms of the nose. A 3D analysis of the fit of the oxygen mask allowed us to evalu-
ate how closely the oxygen mask fit the face. As the main finding we observed that there 
was space for movement in the nasal area, which may allow for in-flight displacement of 
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the oxygen mask. In-flight displacement may result in exertion of excessive pressure and 
friction on the nose, for example during accelerative forces when the mask gains momen-
tum. We concluded that a suboptimal fit of the oxygen mask may contribute to the oxygen 
mask-inflicted nasal symptoms of F-16 pilots.

In Chapter 5 the findings of a cross-sectional questionnaire among the RNLAF F-16 pilots 
and a prospective post-flight pain score study were presented. The results of the question-
naire allowed us to make an inventory of the nasal symptoms and the locations of these 
symptoms. It also revealed which conditions worsened and lessened the symptoms accord-
ing to the pilots. We objectified the latter findings by prospectively collecting pain scores 
after each flight for several months in a row both in The Netherlands and in operational 
theater. The conditions that were reported to worsen the symptoms correlated to certain 
types of missions that received high pain scores. This chapter revealed that nasal discom-
fort is common among RNLAF F-16 pilots. It also presented the spectrum of nasal symp-
toms, and the conditions that brought about these symptoms or influenced the intensity of 
the reported complaints.

In Chapter 6 the results of a pilot study about how much pressure the oxygen mask exerted 
during static conditions were presented. The pressure was measured on the nose and chin 
when the oxygen mask and the helmet were donned. The baseline exerted pressure was 
compared to the exerted pressure while the pilot made protocolized head movements. This 
chapter demonstrated that the pressure changes on the nose were higher than on the chin, 
and may help explain the development of nasal injury.

In Chapter 7 we presented the results of a study that evaluated the effect of dynamic con-
ditions on the exerted contact pressure on the nose by the oxygen mask. Similar to the 
results obtained during static conditions, the results during centrifuge training also showed 
that the pressure changes on the nose were higher than on the chin. High accelerative 
forces, for example, increased the pressure changes. Another main finding was that shear 
stress and friction were present: during the acceleration phase the mask moved. This chap-
ter demonstrated that pressure and friction are exerted chronically and are, therefore, 
potential contributors to the nasal symptoms.

In Chapter 8 the main conclusions of the thesis and strategies for future preventive meas-
ures were discussed.
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Samenvatting

In deze dissertatie hebben we het effect van het dragen van het zuurstofmasker op de 
neus van Koninklijke Nederlandse Luchtmacht (KLu) F-16 vliegers onderzocht. We hebben 
de symptomen van de weke en ossale delen van de neus geïnventariseerd. Er is aan de 
orde gekomen hoe het zuurstofmasker deze symptomen veroorzaakt en er zijn factoren 
bestudeerd die mogelijk de impact beïnvloeden die het zuurstofmasker heeft op de neus.

In Hoofdstuk 1 presenteerden we de thesis en bespraken we de doelen van de uitgevoerde 
studies die in de erop volgende hoofdstukken aan de orde kwamen. We bespraken het 
gebruik van het zuurstofmasker door de F-16 vliegers, en presenteerden de medische 
klachten aan de neus die geassocieerd waren met het dragen van het masker. De patho-
fysiologie en preventie van vergelijkbare symptomen die geobserveerd zijn bij sporters, 
zoals zwemmers en schaatsers, werden besproken om de pathofysiologie van de zuurstof-
masker gerelateerde symptomen te verklaren en voorstellen te kunnen doen ten aanzien 
van potentiële preventieve maatregelen.

In Hoofdstuk 2 bespraken we de resultaten van een overzicht van de literatuur over de 
pathofysiologie van de adaptieve reactie van de benige structuren van de neus op de druk 
en frictie die door het zuurstofmasker uitgeoefend worden. De adaptieve respons van het 
neusbot bestaat uit vorming van nieuw bot. De huid en het subcutane weefsel van de neus 
zijn dun en daardoor minder goed in staat de uitgeoefende druk in dit gebied te absorberen. 
Door de hogere impact van de uitgeoefende druk in dit gebied kan er een biochemische 
respons gegenereerd worden door het neusbot via mechanotransductie. Intermitterende 
mechanische drukbelasting afgewisseld door periodes van herstel genereren een veel ster-
kere botvorming respons dan een continue periode van drukbelasting. Dit literatuur over-
zicht demonstreerde hoe exostosen kunnen ontstaan aan het neusbot van F-16 vliegers.

In Hoofdstuk 3 presenteerden we voor het eerst de deformiteiten van de huid en ossale 
structuren van de neus bij F-16 vliegers. Deze ontstonden daar waar het zuurstofmasker 
contact maakte met de neus. De deformiteiten bestonden uit een exostose midden op de 
neusrug en aan weerszijden van de benige pyramide van de neus.

In Hoofdstuk 4 evalueerden we de bevindingen van een analyse van de pasvorm van het 
zuurstofmasker. Het suboptimaal passen van het zuurstofmasker werd beschouwd als 
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mede veroorzaker van de klachten aan de neus. 3D analyse maakte het mogelijk te evalu-
eren hoe nauw het masker aansloot op het gezicht. De voornaamste bevinding was dat er 
ruimte was voor verplaatsing ter hoogte van de neus. Hierdoor kon er verplaatsing optre-
den van het masker tijdens een vlucht. Verplaatsing vertaalt zich mogelijk in het uitoefenen 
van excessieve drukken en frictie op de neus, bijvoorbeeld tijdens acceleratie of deceleratie 
krachten wanneer het masker in beweging gebracht wordt. Onze conclusie luidde dat een 
suboptimale pasvorm van het zuurstofmasker mogelijk bijdraagt aan het veroorzaken van 
de symptomen aan de neus die de vliegers hebben.

In Hoofdstuk 5 werden de bevindingen van een vragenlijst onder F-16 vliegers en van een 
prospectieve post-vlucht pijn score studie gepresenteerd. De resultaten van de vragenlijst 
stelden ons in staat om de symptomen aan de neus en de locaties te inventariseren. Er 
bleek ook uit welke omstandigheden volgens de vliegers de symptomen verergerden of 
verminderden. Deze bevindingen werden geobjectiveerd door prospectief, enkele maan-
den lang de pijn scores na elke vlucht in Nederland en in uitzendgebied te laten bijhouden. 
De omstandigheden die de symptomen verergerden correleerden met bepaalde soorten 
vluchten die hogere pijnscores hadden gekregen. Dit hoofdstuk liet zien dat discomfort aan 
de neus veelvuldig voorkwam bij KLu F-16 vliegers. Het presenteerde ook het spectrum van 
symptomen en de omstandigheden die de symptomen deden opkomen of de intensiteit 
ervan beïnvloedden.

In Hoofdstuk 6 werden de resultaten gepresenteerd van een pilot studie waarin geëvalu-
eerd werd hoeveel druk het zuurstof masker uitoefende op het gezicht tijdens statische 
omstandigheden, dat wil zeggen buiten het vliegtuig en de centrifuge. De druk werd geme-
ten op de neus en de kin terwijl de vlieger het masker en de helm droeg. De drukken bij 
aanvang van het meten werden vergeleken met de drukken die gemeten werden terwijl de 
vlieger geprotocolleerde hoofdbewegingen maakte. Dit hoofdstuk demonstreerde dat de 
druk veranderingen op de neus groter waren dan die op de kin. Dit gegeven kan bijdragen 
aan het verklaren van het ontstaan van de symptomen aan de neus.

In Hoofdstuk 7 presenteerden we de resultaten van een studie waarin het effect geëva-
lueerd werd dat dynamische omstandigheden tijdens centrifuge trainingen hadden op de 
door het zuurstofmasker uitgeoefende druk op de neus. Wederom waren de drukveran-
deringen groter op de neus dan op de kin. Grote acceleratie krachten, bijvoorbeeld, ver-
grootten de druk veranderingen. Een andere bevinding was dat er ‘shear stress’ en frictie 
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aanwezig waren, aangezien het masker verplaatste tijdens de acceleratie fase. Dit hoofd-
stuk demonstreerde dat druk en frictie chronisch uitgeoefend werden en daardoor poten-
tieel bijdragen aan de symptomen aan de neus.

In Hoofdstuk 8 werden de voornaamste conclusies van de thesis en strategieën voor toe-
komstige, preventieve maatregelen besproken.
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List of Abbreviations

CMH Centraal Militair Hospitaal
CML Centrum voor Mens en Luchtvaart
CT-scan Computed Tomography-scan
G-trousers Gravitational-trousers
G-force Gravitational-force
JHMCS Joint Helmet-Mounted Cueing System
HMD Helmet Mounted Device
KLu Koninklijke Nederlandse Luchtmacht
NVG Night Vision Goggles
PHM Protocolized Head Movements
RNLAF Royal Netherlands Air Force
US Ultrasound
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Dankwoord

Als er een hoofdstuk is dat gelezen wordt, is het wel het Dankwoord. Dat is terecht. 
Ondanks dat promoveren regelmatig voelt als een solotocht, is het dit allesbehalve. Zonder 
de inspanningen van vele anderen komt het simpelweg niet tot stand. Het moment is aan-
gebroken om in dit slotakkoord kennis te maken met de stille krachten die betrokken zijn 
geweest bij de voltooiing van dit proefschrift.

Beste Moshe, jij stelde de vraag die aan de wieg staat van dit proefschrift. Onderweg naar 
onze immer korte, maar krachtige besprekingen wierp ik vaak een blik op de muur van 
de gang van de stafkamers. Wat opviel aan de kaften van jouw promovendi die daar hin-
gen, was de diversiteit aan onderwerpen. Je bereidheid om je wat dit betreft buiten de 
gebaande paden te begeven maakt je de positieve uitzondering op de regel. Je hebt niet 
alleen dit proefschrift begeleid, maar er ook zorg voor gedragen dat ik in staat ben om ver-
volg onderzoek te doen en intensief samen te werken met anderen aan vakoverschrijdende 
materie. Inmiddels ben je met emeritaat. Het was me een genoegen om bij de afscheids-
rede aanwezig te zijn. De titel sprak tot de verbeelding. Hoe mooi je de rede rondom deze 
rode draad geweven had, illustreerde voor mij dat het in een groter kader zetten van je 
werkzaamheden verbreding en verdieping brengt van je vakgebied. Hopelijk wordt het 
emeritaat even mooi als het hoogleraarschap. Er is een einde gekomen aan onze samen-
werking. Heel veel dank.

Beste Pieter, doordat de beschikbare literatuur van destijds de vraag niet kon beantwoor-
den, kwam ik alweer enkele jaren geleden via het CMH bij jou in het CML terecht. Vanaf 
dat moment ben je betrokken geweest bij het onderzoek. Tijdens onze samenwerking vond 
ik je altijd bereid me de te bewandelen weg binnen het CMH te wijzen. Samen lunchen 
gebeurde op gezette tijden. Je genoot mee van de prachtige pieken en bleef stoïcijns onder 
de beruchte dalen. Veel dank voor al je hulp. Inmiddels werk je elders en zetten we onze 
gesprekken onder het genot van een hapje en een drankje buiten het CML voort, bij voor-
keur niet onder het toeziend oog van gele toekans. Er is altijd genoeg gespreksstof om sma-
kelijk over te lachen. Een bijzonder memorabel moment blijft toch wel de eerste en enige 
presentatie die we ooit samen gegeven hebben.
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Beste Peter, na afloop van die memorabele presentatie schudden wij elkaar de hand. Dat 
was de aftrap van onze samenwerking. Je enthousiasme van meet af aan over dit onder-
zoek was fantastisch. Te allen tijden mocht ik je lastig vallen, zowel over lastige zaken als 
over wissewasjes. Je merkte terecht op, toen ik laatst weer eens langskwam, dat het mede 
hierdoor gelukt is om het onderzoek te voltooien. Je hebt talloze deuren geopend die in 
eerste instantie potdicht leken. Daar ben ik je zeer erkentelijk voor. Wanneer we elkaar in 
levende lijve treffen komen er altijd talloze onderwerpen aan de orde. Dat er nog vele van 
zulke gesprekken mogen volgen.

Beste Christa, onbaatzuchtig bood je nog maar kort geleden je hulp aan en stapte je par-
does aan boord van dit onderzoeksbootje dat al een flink eind op weg was. Ik vond het 
heerlijk om met je samen te werken: doelgericht hebben we in ijltempo het leeuwendeel 
van de manuscripten afgerond. Ik bewonder aan jou dat je kunt zien wat er aan begeleiding 
nodig is en zo nodig bijstuurt zonder iemands enthousiasme te temperen. Veel dank voor 
alles tot dusver. Ik verheug me op wat er nog komen gaat.

Beste professor Loer, sinds de aanvang van de opleiding tot anesthesioloog uit u uw betrok-
kenheid bij het tot stand komen van dit proefschrift door telkens wanneer we elkaar treffen 
belangstellend te informeren naar de voortgang. Bij elke stap voorwaarts reageerde u ver-
heugd. Hartelijk dank dat u me de gelegenheid heeft geboden dit proefschrift af te ronden.

Beste Aernout, ik heb genoten van de periode bij TNO. Niet alleen omdat het een mooie 
zomer was en we vaak buiten lunchten met gezellige collega’s, maar ook omdat ik kennis 
heb mogen maken met de aanpak en kijk op zaken van het bedrijfsleven. Met een ‘zo-doen-
we-dat-gewoon’ attitude werden hobbels uit de weg geruimd. De andere insteek voor 
vergelijkbare projecten als in de academische wereld heeft mijn kijk op hoe wetenschap 
bedreven kan worden verruimd. Bedankt voor je hulp.

Beste Jenneke, bij onze kennismaking vond je het onderwerp zo apart, dat je niet anders 
kon dan er smakelijk om lachen. Het is bijzonder dat een gerenommeerd wetenschapper 
zoals jij zo aardig en toegankelijk is gebleven en open staat voor een totaal andere kijk op 
zaken. Je kunt heerlijk je gedachten de vrije loop laten gaan en hier ideeën uit laten voort-
vloeien. Vervolgens leg je een doortastende, precieze werkwijze aan de dag waarbij er geen 
enkel los eindje overblijft. Hopelijk zullen we nog een keer de handen ineen kunnen slaan 
ondanks dat onze vakgebieden nogal uiteen lopen.
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Beste vliegers, dit onderzoek is er dankzij jullie. Heel hartelijk bedankt voor jullie medewer-
king, spontane input, vele rondleidingen, en sterke verhalen.

Zonder de gastvrijheid, het enthousiasme en de medewerking van een aantal mensen die 
destijds werkzaam was in het CML zouden de onderzoeksresultaten van het onderzoek in 
de centrifuge er niet liggen. Bij deze bedank ik iedereen die op enige manier erbij betrokken 
is geweest, met in het bijzonder de toenmalige vliegerartsen Erik, Saskia, Roland, fysiologen 
Ted, Amanda, Hans, het ondersteunend personeel, waaronder Jan, het ICT personeel en de 
receptionisten.

Beste Paul Westers, ik ben je dank verschuldigd voor het meedenken en je hulp bij de sta-
tistische analyses. Je wist altijd raad. Met recht ben je trots op je werk als biostatisticus en 
is het niet geheel en al onterecht dat je kritisch bent op niet-statistici die menen bedreven 
te zijn in statistiek.

Beste Annemieke, Anouk, Casper, Dirk, Erik, Jan, Martijn, Rolf, Tim en Tony: bedankt voor 
een mooi jaar waarin het mogelijk was om mede dankzij de regelmatige diensten dit proef-
schrift af te ronden.

Lieve collega’s, bedankt voor de vele gezellige uren in het ziekenhuis, op feesten, in de 
kroeg en op de fiets.

Collega onderzoekers van de afdeling anesthesie in de VU, bedankt dat ik in de laatste fase 
bij jullie op de kamer wat onderzoekssmart met jullie mocht delen. Succes allemaal met het 
afronden van jullie eigen projecten.

Lieve vrienden, bedankt voor alle gezelligheid en mooie momenten die los stonden van het 
promotie traject. Ik verheug me erop deze mijlpaal met jullie te vieren.

Paranimfen Manon en Hedwig, ik vind het fantastisch dat jullie mij zullen flankeren tijdens 
de verdediging. Dank hiervoor.

Lieve mama, dank voor al het geduld dat je met ons drie eigengereide dames hebt, voor alle 
mogelijkheden die je ons geboden hebt en voor je onvoorwaardelijke steun. Ik waardeer 
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je humor, zelfspot en kritische geest. Papa is er niet meer. Het is me dierbaar dat jij erbij 
zult zijn.

Bedankt ook Lukas en René, voor jullie praktische tips. Tot slot mijn lieve zusjes, Brechje en 
Jen, wat heerlijk dat ook jullie erbij zullen zijn. Een half woord of een blik is voldoende om 
te weten wat er in de ander omgaat. Ik ben trots op jullie.
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Rieneke Schreinemakers was born on December 4th 1982 in Eindhoven. In 2001 she started 
studying English Language and Culture at Utrecht University in Utrecht. In the summer 
of 2003 she was accepted into the Honors Program of the Cambridge Literature Sum-
mer School. Upon returning, she started medical school at Utrecht University. During her 
rotations she started doing research with Prof.dr. Moshe Kon which developed into her 
PhD project. In September 2007 she received her Doctorate’s degree in English Language 
and Culture, and in September 2009 she graduated from medical school. From February 
2010 till August 2010 she worked full-time on her PhD research at the University Medi-
cal Center Utrecht in Utrecht. From November 2010 till December 2011 she worked as 
an intensive care resident at the Jeroen Bosch Hospital in Den Bosch. In January 2012 she 
started the anesthesiology residency training program at the VU University Medical Center 
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