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ABSTRACT
Respiratory masks are used to deliver non-invasive ventilation for cardiorespiratory pathologies. Masks must minimize skin tissue compression while maintaining a seal at the interface. Ill- fitting masks or those applied too tightly are implicated in pressure ulcer formation. This study aimed to analyse respiratory mask goodness of fit in a cohort of face shapes. A number of parameters were identified and analysed with a novel registration protocol. In the majority of cases, mask indentation exceeded the thickness of the interface material and significant gapping was observed. The size range was most appropriate for males, with only one size suitable for females.
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1. Introduction

In 2010, a study by Black et al. reported that over 30% of the Hospital-Acquired Pressure Ulcers were caused by the application of medical devices (Black et al. 2010). This was a find- ing that changed the historical view that pressure ulcers were predominantly associated with prolonged lying or sitting postures. Subsequently, other studies have described these Medical Device-Related Pressure Ulcers (MDRPUs) in a variety of clinical settings (Jackson et al. 2019; Blom-Ham et al. 2017; Alves et al. 2017; Jaul 2014; Tayyib et al. 2016). As an example, a detailed consensus on MDRPUs has recently been published (Gefen et al. 2020) and the re- cent International pressure ulcer guidelines have dedicated a major section to the topic, which now forms part of their official definition (European Pressure Ulcer Advisory Panel, National Pressure Injury Advisory Panel and Pan Pacific Pressure Injury Alliance 2019). Following these international drivers the importance of developing safer medical devices incorporating prophy- lactic strategies to reduce skin damage has become a key objective for clinicians, academics and industrialists (Gefen et al.  2020).
One of the major classes of medical devices implicated in skin damage is non-invasive venti- lation (NIV) masks (Gefen et al. 2020; Clay et al. 2018; Kayser et al. 2018). A respiratory mask is typically attached to an individual, often presenting with complex comorbidities and acute illness, using a strap to seal its contact with the face. It is important for efficient device function that there is no loss of seal to deliver positive airway pressure and pharmacological agents such as nebulizers. Creating an effective seal between the device and the face is challenging due to the variability in face shape and the limited number of mask geometries and sizes. Accordingly masks are regularly over-tightened resulting in high non-uniform pressures (Brill et al. 2017), particularly at bony locations of the face e.g. the bridge of the nose. These high pressures, which are often prolonged for many hours can result in skin damage in the form of pressure ulcers

(Visscher et al. 2015; Brill 2014; Maruccia et al. 2015; Sleilati et al. 2008). This highlights the importance of an effective fitting process prior to use, although this is limited by the design specification of the masks, with many devices unable to accommodate specific facial shapes and asymmetry. This is particularly the case for those of black and Asian ethnicities, as masks are traditionally designed according to the anthropometrics of an average white male face shape (Zhuang and Bradtmiller 2005).
The recent COVID-19 pandemic with the associated increase in MDRPUs presenting in hospitals has highlighted the importance of this area of research. Indeed, these events have not been limited to patients, as health professionals have been required to use respiratory protective equipment (RPE) for prolonged daily periods to manage vulnerable patients, resulting in MDRPUs. Indeed, Jiang et al. (2020) reported that 59.4% of Device-Related Pressure Injuries detected in medical staff were located on respiratory mask contact sites, i.e. the bridge of the nose and the cheeks.  Such  events  can  be particularly  hazardous  if  they  are  associated with an increased risk of a foreign body invasion, e.g. SARS-Cov-2, entering the blood stream and endangering the professionals’ life (Gefen and Ousey 2020; Jiang et al.   2020).
CAD image registration and analysis has been used to design and evaluate bespoke medical device manufacture. The most common application to  date  has  been  for  socket  designs  to treat individuals with amputations (Dickinson et al. 2016). This method provides the means to evaluate both the shape of the residual limb and design sockets to optimise the conditions at the interface for load transfer and to protect vulnerable skin sites (Steer et al. 2020). A similar approach has been used by Visscher et al. (2015) to evaluate the fit of NIV respiratory masks in a cohort of paediatric patients. Their results indicated a strong need for further investigations into mask flexibility, material properties as well as the interface pressures during mask wear.
This provides a motivation for the present study, which is designed to provide an analysis of goodness of fit of a commercial respiratory mask, in three sizes, on a cohort of individuals incorporating a range of ages and gender. A novel image registration process was required to establish parameters reflecting goodness of fit, in terms of both deformation of facial soft tissues as well as gapping at the mask-skin interface. This provided the means to identify factors that affect respiratory mask fitting and make recommendations for future design considerations.


2. Materials & Methods

2.1. Face Shape Database
A freely available dataset of face scans was utilized from a large database, involving UK resi- dents.(Dai et al. 2020) Of the 1519 scans, the following individual data sets were excluded from the subsequent analysis,  namely:
· Individuals under the age of 18 at the time of the scans.
· Individuals with facial hair or spectacles, as both features could interfere with alignment.
· Poor quality scans which included missing data (significant gaps in the geometry).
· Individuals with a non-neutral facial expression.
· Individuals from a non-Caucasian background. (due to a limited number of non-Caucasian scans available)
The remaining 798 face scans were divided into 4 age groups, which   included:
· ’young’ group, consisting of subjects between 18 and 40 years old.
· ’lower middle-aged’ group ranging from 40-55 years old.
· ’upper middle-aged’ group ranging from 55-70 years old.
· ’elderly’ group consisting of subjects older than 70 years.
In each age group there were 5 males and 5 females, who were randomly selected from the cohort of 798 scans. The 3D mesh files of the 40 scans were converted to binary .stl files using Meshlab (Cignoni et al. 2008). CAD geometries of a commercially available respiratory mask
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with small, medium and large sizes were used in the study (FaceFit NiV, Intersurgical Ltd., Wokingham, UK). The 3D models were edited using FreeCAD (Riegel et al. 2002-2019) by removing all fixtures to leave the contact surfaces. The edited mask was subsequently meshed, ensuring that the distribution of vertices was uniform, with a maximum edge length of 2 mm for the small and medium mask, and 3 mm for the large mask. The meshes were subsequently converted to binary .stl files so that they could be imported into a python script where image registration was  performed (Figure  1).
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Figure 1. The processes involved in analysing each face/mask combination. This included a multi-step alignment and mesh cropping procedure.


2.2. Processing the face/mask combinations
A modified version of the python module Ampscan (Steer et al. 2020) was used to register and align the face and mask, providing the means to analyse the goodness of fit. As this module had originally been designed to evaluate the fit of a prosthetic socket to a lower limb, it was adapted to accommodate the process associated with aligning and analysing each face/mask combination, illustrated in Figure   1.

To review briefly, both the face and the mask models were loaded into Ampscan with the
.stl files. The following steps were then taken to align and register the mask onto the face; i) An initial rough alignment was performed using four points that were manually selected on the face (nasal bridge, cheeks and chin), corresponding to key reference points on the mask. ii) An Iterative Closest Point (ICP) algorithm was used to align the points to each other. Any of the face vertices that were at a distance of more than 20 mm from the mask were automatically removed to reduce the effective computational time. iii) An ICP algorithm was subsequently run to align the face to the entire mask interface. This algorithm was designed to minimize the mean absolute distance between all mask vertices and their nearest neighbour on the face. The mask was translated and rotated in each plane to achieve the closest fit. iv) A registration shape was generated depicting the distance between each mask vertex and its nearest neighbour on the face, using a colour contour plot. If the mask was displaced into the face, the distance value was multiplied by -1.


2.3. Goodness of fit Parameters
All parameters discussed below were derived from the distances between the mask vertices and their nearest neighbour on the face, henceforth referred to as d. The best fit was determined by four primary parameters, and two secondary parameters. The latter of which was used if the primary parameters did not provide a clear choice of the most appropriately sized mask.
The percentage of surface area on the mask where the distance value is negative and exceeds 3 mm, reflecting compression of the skin, was defined as HParea. In this case the cushioning material is compressed to a high degree potentially impinging vulnerable skin and soft tissue sites. This represents a primary parameter, with a low value corresponding to a better fit.

Nd<−3
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HParea =

(1)
N


The percentage of surface area on the mask where the distance value is greater than 0 mm, is defined as Gaparea. In this area of the mask, there is a gap at the interface between the face and the mask, which can allow air to escape, potentially diminishing the delivery of the therapy e.g. positive air pressure. This is a primary parameter, and a low value is equivalent to a better fit.


Gaparea =

Nd>0	(2)
N


The sum of the distance values at areas where the distance is negative and exceeds 3 mm, divided by the total number of mask vertices, is defined as HPint. This primary parameter

represents the degree to which the mask is displaced into the face geometry, normalised by the total number of mask vertices. This normalization enables direct comparison of the differently sized masks, with a low value representing a better    fit.

),	di

HPint =        di <−3 	
N

(3)


The minimum distance value is defined by HPmax. The negative value indicates the magnitude in which the mask has been displaced into the face geometry. This is a primary parameter, and a higher value is equivalent to a better fit.

HPmax = min(d)	(4)

The percentage of surface area where the distance value is between -3 mm and 0 mm is defined by GFarea. The skin comes into contact with the mask in these areas, with a displacement into the face that can be accommodated by the cushioning material on the mask, ensuring a safe fitting. This represents a secondary parameter, with a higher percentage indicative of a better fit.


GFarea =

N−3<d<0	(5)
N


The standard deviation of the distance values is referred to as SD. A higher standard devia- tion indicates that the mask fit is less uniformly distributed across the face. This represents a secondary parameter, with a lower value equivalent to a better fit.
/),N

SD =|


i=1 |di − d¯ 2

(6)
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2.4. Identifying the locations of high mask displacement into the face
The spatial distribution of gapping and mask displacement into the face was visualized using a contour plot of the registration objects (bottom right in Figure 1). This, as well as the    face/mask combination images (bottom left in Figure 1), were used to identify locations of high mask displacement, which were identified by a dark blue colour surrounded by a black line. These black lines are located at the thresholds of high displacement areas and gap areas, representing values below -3 mm and greater than 0 mm, respectively. These colour contours on the mask were subsequently cross-referenced with the face/mask combination images to identify the location on the face.


2.5. Defining an asymmetry index
In addition to the parameters associated with high mask displacement and uniformity, it was proposed that asymmetry could play a role in goodness of fit. This required the definition of an asymmetry index, using distance values that were extracted from the analysis. A minimum and a maximum distance point was found on the face. These points were subsequently compared to a similarly located minimum and maximum distance point on the other side of the face. The asymmetry index is defined as the mean of the ratio of the two minimums and maximums, where the lowest minimum and the highest maximum are the denominators.(Equation 7) The asymmetry index value ranged between 0 and 1, with a perfectly symmetrical face yielding a value of 1.



dmax,lowest

+ dmin,highest

asymmetryindex =

dmax,highest	dmin,lowest 	
2

(7)



3. Results

3.1. The mask aligned to the face
A typical face shape (#895 from the young female group), aligned to the small mask, is shown in Figure 2a, from both an anterior and a posterior perspective. The mean absolute distance of this face/mask combination was 1.3 mm, with a standard deviation of 1.0 mm. The corresponding registration objects and associated histograms are illustrated for each of the three mask sizes in Figure 2b. For the small mask, it is evident that the distribution is fairly uniform with approx- imately equal positive and negative distances. There is a small area of high mask displacement into the face, indicated by dark blue, corresponding to the sides of the nostrils. The histogram shows that this HParea (distance less than -3 mm) only represented approximately 1.5% of the mask-face vertices. By contrast, there are three regions, corresponding to the bridge of the nose and beneath both cheeks, where the distance values are positive indicating a gap from the inside to the outside of the mask. On closer inspection, the HParea and HPmax parameters revealed that both the magnitude and percentage areas of high displacement were much higher when the face shape was matched to the medium and large mask sizes, compared to the small design.
Figure 2b also indicates the distance values on both sides of the face as a function of the radial coordinates of the mask vertices from nose to chin. The horizontal lines represent either a maximum or minimum point on the mask, and the vertical lines indicate the threshold distance between 0 mm and -3 mm where mask displacement is considered to result in a comfortable seal. This representation revealed distinct differences in the location of both gapping and dis- placement, between the three sizes of mask designs. Indeed, the medium and large variants were identified to be too large with, for example, the top of the large mask pressed against the forehead. The histograms also reveal that the distance values have a much wider distribution in the medium and large masks, with a higher proportion of mask vertices displaced into the face geometry below the -3 mm threshold.


[image: ]A [image: ]B

Figure 2A. The face of subject #895 aligned to the small mask. On the left, from an anterior perspective and on the right a posterior perspective. (B) The registration objects are displayed on the left images, with the distance values represented by colours superimposed on the mask shapes. A negative displacement value corresponds to the mask vertex
compressing the contour of the face. In the middle images, a histogram of the distance values is displayed, with the vertical line representing the thresholds of the high displacement areas. The right image is a radial representation of the distance value of each vertex. The blue vertical lines represent the same distance thresholds as the contour lines in the left images. The horizontal red lines are at the locations of a maximum or minimum vertex.


3.2. The selection protocol
In order to demonstrate the effects of mask size on goodness of fit, the parameter values are presented for one sub-cohort in figure 3 (lower middle-aged female group). It is evident that for all primary and secondary parameters considered to represent the best fit, the best mask option was the small size. This is indicated in Table 1, which summarises values for the six parameters for each subject in the eight groups corresponding to the best fitting mask. Indeed, it is evident that for all 20 female face scans, the small mask is the preferred option. By contrast, the preferred option for the four groups of male face scans varies considerably between the small mask (5/20 cases), the medium mask (8/20 cases), or the large mask (7/20).


[image: ]
Figure 3. Histograms of the parametric values for all face/mask combinations for the five face shapes from the lower middle-aged female group. Each subject in this group is represented by a unique bar colour.









Table 1. A summary of the estimated values of the six parameters corresponding to the preferred size of the mask for each of the eight groups of face scans. The row highlighted in bold corresponds to the face scan (#895) illustrated in Figure 2.

	optimal mask
	HP max [mm]
	Gap area [%]
	HP area [%]
	HP int [mm]
	GF area [%]
	SD [mm]
	

	small
	-3.72
	45.6
	1.67
	-0.06
	52.8
	1.12
	

	small
	-4.78
	53.7
	1.54
	-0.06
	44.8
	1.15
	

	medium
	-5.47
	40.8
	6.59
	-0.25
	52.6
	1.94
	Young Male

	medium
	-4.84
	47.5
	2.49
	-0.09
	50.0
	1.45
	

	large
	-4.56
	50.6
	4.97
	-0.17
	44.4
	1.74
	

	small
	-3.28
	48.9
	1.54
	-0.05
	49.6
	1.22
	Young Female

	small
	-4.10
	47.2
	8.47
	-0.29
	44.3
	2.29
	

	small
	-3.34
	50.1
	0.32
	-0.01
	49.6
	1.34
	

	small
	-4.21
	48.0
	1.54
	    -0.05
	50.5
	1.66
	

	small
	-3.25
	43.0
	0.06
	0.00
	56.9
	1.17
	

	small
	-4.41
	46.4
	5.07
	-0.18
	48.5
	1.54
	Lower Middle-Aged Male

	large
	-5.23
	25.6
	4.39
	-0.17
	70.0
	1.35
	

	large
	-4.14
	50.9
	3.46
	-0.12
	45.7
	1.37
	

	large
	-3.69
	58.1
	0.94
	-0.03
	40.9
	1.24
	

	large
	-3.32
	48.9
	0.50
	-0.02
	50.6
	1.27
	

	small
	-4.00
	34.5
	0.58
	-0.02
	64.9
	1.60
	

	small
	-2.33
	39.0
	0.00
	0.00
	61.0
	1.35
	Lower Middle-Aged Female

	small
	-5.24
	39.5
	4.69
	-0.17
	55.8
	1.98
	

	small
	-3.62
	42.1
	1.93
	-0.06
	56.0
	1.45
	

	small
	-3.58
	39.9
	0.64
	-0.02
	59.5
	1.49
	

	large
	-5.36
	36.0
	9.29
	-0.37
	54.8
	1.66
	Upper  Middle-Aged Male

	medium
	-6.18
	26.0
	8.95
	-0.35
	65.0
	1.59
	

	small
	-6.10
	39.3
	8.73
	-0.33
	52.0
	2.17
	

	medium
	-5.49
	45.9
	3.16
	-0.13
	50.9
	1.79
	

	medium
	-4.92
	52.0
	3.36
	-0.13
	44.7
	1.52
	

	small
	-4.47
	43.4
	3.79
	-0.13
	52.8
	1.69
	Upper  Middle-Aged Female

	small
	-4.67
	35.2
	4.30
	-0.16
	60.5
	1.55
	

	small
	-4.22
	45.1
	3.21
	-0.11
	51.7
	2.15
	

	small
	-4.75
	47.1
	3.59
	-0.13
	49.4
	1.45
	

	small
	-7.02
	55.3
	9.18
	-0.42
	35.5
	2.22
	

	medium
	-5.39
	34.9
	4.85
	-0.18
	60.3
	2.03
	Elderly Male

	large
	-3.39
	50.1
	1.44
	-0.05
	48.5
	1.55
	

	small
	-4.65
	39.9
	     11.23
	-0.39
	48.9
	2.07
	

	medium
	-6.82
	29.4
	     12.85
	-0.54
	57.7
	1.77
	

	medium
	-5.39
	42.5
	8.95
	-0.36
	48.6
	2.22
	

	small
	-6.33
	39.9
	9.82
	-0.40
	50.3
	2.47
	Elderly Female

	small
	-3.81
	48.4
	2.37
	-0.08
	49.2
	1.59
	

	small
	-3.18
	40.7
	0.26
	-0.01
	59.1
	1.49
	

	small
	-3.55
	48.5
	1.41
	-0.05
	50.1
	1.50
	

	small
	-3.17
	40.7
	0.32
	-0.01
	59.0
	1.22
	




3.3. The locations of high displacement
Analysis of the registration objects revealed that there were four specific locations on the face where high mask displacement occurred, equivalent to distances which were lower than -3 mm. For each group, the number of face shapes which yielded high displacements in the four locations was estimated for both the best fitting mask option and the medium mask (Table 2). As an example, high displacements were particularly prevalent over the nose, where even with the best fitting mask, 75% of cases were predicted, compared with 93% with the medium mask. Other locations such as cheeks revealed a proportion of cases with high mask displacements of 20% and 60% for best fitting and medium masks, respectively. It is clear that for each of the four female groups the percentage of high displacement locations was generally increased when the simulation involved the medium masks.

Table 2. The number of face scans with high displacement areas in four locations of the face for each group when using the best fitting mask (top left value) and the medium mask (bottom right value). Total percentage values are indicated for each location in the bottom row. The row highlighted in bold corresponds to the group containing the face scan (#895) illustrated in Figure 2.
	   Best Fit
 
                                          Medium Fit
	Nose
	Mouth Corner
	Cheeks
	Chin

	Young Male (n/5)

	5
                                      5
	1
                             0
	0
                          2
	2
                          2

	Young Female (n/5)

	2
                             4
	2
                             2
	1
                          5
	0
                          0

	Lower Middle-Aged Male (n/5)
	4
                             5
	1
                             1
	0
                          0
	2
                          0

	Lower Middle-Aged Female (n/5)
	3
                             5
	0
                             0
	1
                          5
	0
                          4

	Upper Middle-Aged Male (n/5)

	5
                             5
	2
                             2
	0
                          1
	2
                          3

	Upper Middle-Aged Female (n/5)

	4
                             4
	1
                             1
	3
                          5
	1
                          3

	Elderly Male (n/5)

	5
                             5
	0
                             0
	1
                          2
	1
                          0

	Elderly Female (n/5)

	3
                             4
	0
                             0
	2
                          4
	0
                          1

	Total (%)

	78
                           93
	18
                            15
	20
                          60
	20
                        33





3.4. The asymmetry index
In the typical face scan associated with #895, the asymmetry index was estimated as 0.9, with an associated HParea value of 1.54. When the values for each of the face shapes are plotted, as illustrated in Figure 4, it is clear that there is no correlation between asymmetry index and the primary best fit parameter, HParea. There were no significant correlations apparent for all the other primary and secondary goodness of fit parameters (data not shown).

[image: ]

Figure 4. The asymmetry index of each face scan, plotted against the corresponding values of HParea. Different colours indicate individual face scans in each of these groups.

4. Discussion

The present study represents a distinctive analysis of goodness of fit of a commercial respiratory mask in three sizes using a cohort of 3D face shapes of different ages and genders from a national database. An adapted alignment and registration process was utilised to analyse 3D face scans and mask geometries (Figure 1). An optimal fitting mask was identified for each individual scan based on distinct goodness-of-fit parameters. These included mask gapping and displacements into the geometry of the face. The latter corresponds to areas where the mask is impinging on vulnerable skin and soft tissue sites. A threshold of -3 mm was used to indicate potential sites of excess displacement at the mask-skin interface, associated with the thickness of the silicone material used to provide a deformable contact surface of the mask. The parameters proved sensitive to identify critical trends in the mask fitting, including differences between genders. In addition, key regions of interest associated with high mask displacements corresponded with locations associated with skin damage from prolonged mask application. The novel mask fitting analysis indicates that better mask designs and thicker interface materials may be required to accommodate the range of face geometries that present across the varied clinical population requiring use of this critical medical  device.
One of the primary parameters, HPmax reveals that all subjects in combination with their best fitting mask size, demonstrated a maximum displacement into the face geometry of over 3 mm, with some cases exceeding 7 mm (Table 1). This suggests the currently available mask sizes of the specific design could potentially cause skin damage, as the cushioning material is insufficient to accommodate the mismatch between geometries of the face and the mask. The predicted displacements could lead to skin impingement on the hard polymer outer material of the mask, creating high pressure gradients at the skin interface. This situation would indeed be exacerbated in the clinical situation where masks are often over-tightened using straps to minimize sites of gapping (Brill et al. 2017). Indeed in the cohort of scans the value for Gaparea ranged from 26% to 58% (Table 1). Large air leaks interfere with the effectiveness of the treat- ment, while small air leaks can irritate the patient, cause conjunctivitis or create unacceptable noise (Brill 2014; Brill et al. 2018).
Analysis of the registration objects showed that there were four main locations on the
 face in which mask displacement exceeded 3 mm, namely, the nose, the cheeks, the corners of the mouth and the chin. Indeed, when the medium mask was used, over 90% of the subject scans demonstrated high displacements located on the nose, and 60% on one of the cheeks (Table 2). These locations of damage are associated with bony prominences and have been identified as sites of skin damage in clinical studies (Sleilati et al. 2008; Maruccia et al. 2015). Experimental studies have identified the bridge of the nose as a site most exposed to the highest interface pressures (Worsley et al. 2016; Brill et al. 2018). with its underlying cartilaginous and bony structures, creating a relatively rigid interface with the mask. By contrast, Visscher et al. (2015) found pressure ulcers occurring on the cheeks and chin of children wearing full face masks. The differences in damage locations are likely to result from the different geometries of young faces and mask designs, the latter of which are often based on scaled-down adult shapes. In addition, Visscher and colleagues hypothesised that some of the displacements could have resulted from face asymmetries. However, our present study revealed that none of the goodness of fit parameters were associated with a face asymmetry index (Figure 4). It is of note, that the present study included face shapes with no known significant asymmetries and thus further research is required to evaluate the effects of facial deformity or asymmetry on mask fitting.
The range of mask sizes from a single supplier were found to accommodate male face shapes better than females. In the latter case, only the small size was shown to be optimum, limiting the opportunity to create an optimum fit. This is an indication that the anthropometric standards by which these masks were manufactured might be insufficient in describing the female face shapes across the population. This issue has been previously addressed in studies analysing the goodness of fit for respiratory protective equipment (Zhuang and Bradtmiller 2005; Zhuang et al. 2010). Indeed the current use of limited anthropometric standards e.g. EN149 (single large male head), appears to disadvantage a large proportion of the patients requiring well-fitting masks, namely females and those of black or Asian ethnicity.
The present study is limited by its analysis of only one type of mask which does not nec- essarily represent other oral-nasal mask designs. Nonetheless the findings revealing problems in both gapping and excess displacements provide a strong indication for more widespread geom- etry issues in respiratory mask designs. In addition, this study was restricted to computational analysis and would have benefited from validation with experimental data, in a similar manner to that reported by the authors (Worsley et al. 2016). These involved measurements of pres- sures, micro-climate and skin physiology at the mask interface, which could be used to support the predictions of potential damage from the present model. Indeed, the 3D rigid shape analysis conducted in the present study does not represent the dynamic deformable mask-skin interac- tion, which can be simulated to some extent using advanced finite element models (Peko Cohen et al. 2019; Worsley et al. 2018. ). When masks are applied to the face, there can be movement during intra-mask  pressure  cycles,  where  positive  and  negative  air  pressures  are  applied  for  non-invasive ventilation  support.  This  model  did  not  account  for  this  dynamic  scenario  and  further  research  is required to assess the eﬀects of airﬂow, with evidence suggesting inspiration pressures may contribute to mask leakage (Rabec et al. 2009)

A further limitation was the use of Caucasian face shapes dictated, in part, by the available data. This clearly does not represent the ethnic diversity appropriate to patients requiring non- invasive ventilation masks in either hospital or community settings. To examine whether the developed computational strategy was generalizable, the registration and analysis process was applied to a face scan of one young Chinese female, as illustrated in Figure 5. As indicated previously with the female cohort, a small mask was observed to provide the best fit, according to the primary fitting parameters. I t is also evident that high displacement areas are present corresponding to the sides of the nose and the cheeks, similar to those previously found (Table 2). However, in contrast to the analysis described in Table 2, a full-length gap is evident at the bridge of the nose, corresponding to a nasal bridge that is lower in height when compared with a Caucasian geometry characteristic of Asian face shapes (Park et al. 2015). This is indicative that more research is required to establish specific mask fitting issues for individuals of black and Asian ethnicity.
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Figure 5. The registration object, the accompanying histogram and the radial graph of the small mask fit to a young female face shape of Chinese ethnicity.


The present study has identified a number of relevant parameters that can be derived from a
computationally efficient process of mask-face alignment. Subsequently, a choice can be made regarding the best option for an individual patient. I n this study, six parameters were identified, although a simplified metric might provide the best translation to support healthcare workers decision-making in a clinical setting. It is therefore proposed that HParea and Gaparea represent the most appropriate parameters, providing relevant information on excess displacement into the face and gapping. In addition, HPmax could be used as a potential indicator of the risk to skin damage in specific regions of interest. Indeed, it was found that by using these three parameters alone, the same mask sizes would be selected for all face shapes in the cohort (Table 1). The goodness of fit tool could also be used to support the optimisation of future mask design. For example, it could be used to identify the thickness of material required to accommodate mask application whilst minimizing the risk of skin damage. Indeed, if the interface material exceeded 3mm, a smaller proportion of the mask would be associated with the HParea parameter. The analysis could also be used to support novel mask designs, with matched personalised geometries. Additive manufacturing has already been proposed to address the issues associated with respiratory protective equipment through bespoke designs (Liu et al. 2020).


Future research is required to develop more bioengineering tools which can inform respi-ratory
mask   design.   These   could   include   physical   models,   where   prescribed   mask   loading   and microclimate conditions can be interrogated to assess the boundary conditions between the mask and  the  face.  I nformed  by  these  boundary  conditions,  computational  models  could  be  used  to accurately represent the 3D geometry of the face and the material properties of skin, soft tissues and  mask  designs  to  perform  sensitivity  analysis  of  device  features  which  aim  to  protect  skin health  whilst  maintaining  functionality  (Peko  Cohen  et  al.  2019).  These  computational  models could  also  incorporate  statistical  models  of  population  face  shapes  e.g.  NIOSH  Anthropometric Data, informing mask geometries and size options which fit a wider proportion of the population (Steer et al. 2019).


4.1. Conclusion
An analysis has been described to estimate the goodness of fit of three different mask sizes using a representative sample of face shapes derived from both genders and different ages. I t was found that the geometry of these masks did not conform to face shapes, and that the internal cushioning of these masks is not sufficient to account for the mismatch between mask and face geometries. The locations of high displacement areas on the face were similar to those locations where device- related pressure ulcers regularly occur, namely, the bridge of the nose, cheeks and the chin, indicating a problem in geometry and cushioning thickness. The small mask was estimated to be the best-fitting option for all females in the cohort, which suggests that more size options specifically in the small range, or gender-specific options could be beneficial.
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