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Abstract

N95/FFP3 respirators have been critical to protect healthcare workers and their patients

from the transmission of COVID-19. However, these respirators are characterised by a lim-

ited range of size and geometry, which are often associated with fitting issues in particular

sub-groups of gender and ethnicities. This study describes a novel methodology which com-

bines magnetic resonance imaging (MRI) of a cohort of individuals (n = 8), with and without

a respirator in-situ, and 3D registration algorithm which predicted the goodness of fit of the

respirator. Sensitivity analysis was used to optimise a deformation value for the respirator-

face interactions and corroborate with the soft tissue displacements estimated from the MRI

images. An association between predicted respirator fitting and facial anthropometrics was

then assessed for the cohort.

Introduction

Since the outbreak of the COVID-19 pandemic, respirators of the N95/FFP3 type have been

widely used to protect healthcare workers and patients from the transmission of the virus.

Although their use minimises the risk of infection, clinical personnel have been required to

wear respirators for prolonged periods, with frequent reports of fitting issues and discomfort

being cited [1]. Indeed, as a consequence of the prolonged use of these respirators, adverse

skin reactions including redness, indentation, and pressure ulcers (PUs) have been docu-

mented [2].

In order for these devices to provide efficient filtration while minimising air leakage, it is

essential that FFP3 respirators fit tightly against the face, creating an airtight seal around the

nose and mouth. Respirators are often selected following either a qualitative or quantitative fit

testing procedure to identify the most appropriate device for the user [3]. However, current
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respirator designs rely on a panel of anthropometric features derived from a predominantly

white male cohort (e.g., EN-149 standards), providing a limited range of size, geometries and

materials. Accordingly, to compensate for a poor fit, respirators are typically over-tightened

resulting in high non-uniform pressures [4], particularly at bony locations of the face e.g. nasal

bridge and cheeks. In a recent study [5] the authors demonstrated an association between the

interface pressure exerted on the nasal bridge and facial anthropometrics, with narrow nose

shapes subjected to higher pressures. This highlights the importance of an effective fitting pro-

cess prior to use, and the potential issues where face geometry do not conform with the design

and material of the respirator.

To date, there is a paucity of technologies to support the fitting of medical devices, such as

respirators. However, Computer Aided Design (CAD) image analysis and registration has

been used for other devices such as prosthetic socket designs [6]. This has provided the means

to optimise the conditions at the interface at the residual limb for load transfer and to protect

vulnerable skin sites [7].

Adopting a modified algorithm [7], a number of distinct parameters indicative of the good-

ness of fit (GoF) for non-invasive ventilation (NIV) masks were previously identified, derived

from surface scans of faces and the CAD geometry of a commercial mask device [8]. However,

the authors restricted their analysis to Caucasian face shapes, using a rigid body registration. A

similar approach has been used by Visscher, White [9] to evaluate the fit of NIV respiratory

masks in a cohort of paediatric patients. The findings from both these studies were limited by

omitting the simulation of deformation in both the respirator and face, with the rigid body

assumptions restricting the known conformity when the device is in-situ. Indeed, most FFP3/

N95 respirators have a highly flexible materials to adapt to different face geometries, where

rigid body alignment would be inappropriate.

A recent study reported the development of a web-application for the prediction of respira-

tor size and model for the individual user [10]. However, this was performed against the facial

anthropometrics panel of the National Institute for Occupational safety and Health (NIOSH)

ISO digital head forms (NIOSH). Each head form is symmetric and represents the facial size

and shape distribution of a current US respirator user [11], which does not reflect the health-

care user population, with females showing the lowest prediction accuracy [12]. The prediction

of fit was also not corroborated with fit test outcomes from standard test methods, which limits

the translation of this approach. Recently, two studies have reported the development of intelli-

gent workflows, involving 3D imaging and numerical simulations to validate custom-fit respi-

rators [13, 14]. However, the fit of these devices was not validated in vivo and their

performance against commercial respirators is yet to be assessed. In addition, the methodolo-

gies used are based upon semi-automated modelling with manual input to align the respirator

geometry to the individual scan [13].

There is a critical need to develop intelligent platforms to support efficient respirator fitting

of current commercial respirators and characterise the goodness of fit in an objective manner.

This provides the motivation of the present study which aimed to develop an automatic meth-

odology to determine the GoF of a single use commercial respirator, using a combination of

3D magnetic resonance imaging (MRI), deformation, and registration algorithms. It will

incorporate a series of deformable respirator-face interactions and corroborate these interac-

tions with the soft tissue displacement as quantified with the MRI technique.

Materials andmethods

The study was conducted in three distinct phases. The first phase was to capture the geometry

of face shapes on a cohort of volunteers (n = 8) pre- and post-respirator application using
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MRI. In addition, micro-focus computed tomography (μCT) was used to image the internal

geometry of a deformed respirator, segmented using the image processing software, ScanIP

(Simpleware, Synopsys, USA). In the second phase, the MRI face data pre- and post-respirator

application were used to estimate the soft tissue deformation. In parallel, a sensitivity analysis

on a deformation factor for the respirator-face interactions predicted using a modified version

of the python module Ampscan was conducted [7, 8]. In the final phase, the optimal respirator

deformation was established, and the respirator predicted fitting was assessed against the par-

ticipant’s facial anthropometrics. The study follows the guidelines outlined in the Declaration

of Helsinki.

Participants

Eight healthy participants (four males and four females) were recruited from the local commu-

nity under institutional ethics (EC.21.01.12.6256A). They were aged between 22 and 36 years

(mean = 31) with an average height and weight of 1.70 ± 0.09 m and 74.5 ± 15.9 kg, respec-

tively. The corresponding BMIs ranged between 19.8 and 29.5 kg/m2. Six participants were

White Caucasian and the remaining two were Asian of mixed ethnic background.

Magnetic resonance imaging of tissue deformation during respirator
application

A high-resolution 3DMRI sequence [15] was used to identify the volunteers’ anatomical face

geometry in an unloaded (respirator not in situ) and loaded (respirator in situ) state. Each

individual was scanned in supine using a 3 Tesla system (Siemens Magnetom Prisma) with a

64-channel head and neck coil. A T1-weighted (MPRAGE) sequence was used for all scans

(0.7 mm iso, repetition time: 2100 ms, echo time 3.94 ms, flip angle 8˚, acquisition time: 9

mins 30 secs). Ethical approval was granted by the Cardiff University School of Psychology

Ethics Committee (EC.21.01.12.6356A). Written consent was obtained from each participant

prior to testing. They then donned a commercial respirator (Easimask FSM18, UK), according

to manufacture guidelines for application, and a facial scan was captured to characterise the

loaded tissue state. The respirator has been reported as “MRI safe”, with no ferromagnetic

components [16], and an MRI safety analysis was carried out prior the commencement of the

study [15].

The facial scans for each participant were segmented and the surface geometry was con-

verted to a binary.stl file. These were imported into Meshlab [17] where subjected to a cleans-

ing process to eliminate unnecessary elements, and 90˚ rotation to the x-y plane was

performed prior loading into the Ampscan module.

Respirator geometry

Amodel of a single use FFP3 respirator, characterised by an un-valved semi-rigid shell, was

purposely chosen as it represents a commonly procured model in the UK. Its internal geome-

try was captured following its application to a 3D printed head model corresponding to the

small NIOSH head form [11]. Briefly, a phantom model corresponding to the small NIOSH

head form was initially produced [15]. This contained an internal grid which would cause

imaging artefacts and a limited contrast between the respirator geometry and the head mate-

rial, limiting to capture the respirator seal geometry when in situ. The phantom head model

was then μCT scanned at the μ-VIS X-ray Imaging Centre, with a custom 225/450 kVp Hutch

scanner (Nikon Metrology, UK), and a surface mesh.stl file was generated. This was prepared

using Ultimaker Cura 3.7 software for fused filament fabrication 3D printing in black polylac-

tic acid (PLA), with 0.3 mm layer height, 0.4 mm line width, 0.8 mm wall thickness and no
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infill. The model was positioned with the coronal plane perpendicular to the print bed, and 3D

printed using a 3D printer Delta WASP 2040 (WASP, Italy).

The respirator was then placed on the printed head model according to the manufacturer

guidelines and subjected to a deformation against the rigid printed model (rigid state). The

model with and without the respirator were μCT scanned. Subsequently, the reconstructed

volume of the former was then segmented using ScanIP and the 3D mesh.stl files of the entire

geometry and the internal surface of the respirator were exported.

Ampscan module to predict respirator alignment and deformation

Amodified version of the python module Ampscan [7] was used to align, deform and register

the internal geometry of the respirator onto the face geometry of each participant. This module

was previously adapted to evaluate the goodness of fit of NIV [8], which was further modified

to accommodate the process associated with the deformable respirator-skin interface. This

consisted of a series of alignment and deformation processes as illustrated in Fig 1.

The sequence of alignment and registration steps are detailed below:

Fig 1. Modified Ampscan workflow. Schematic depicting the processes involved in predicting respirator alignment and deformation
using Ampscan. This included a multi-step alignment and registration procedures.

https://doi.org/10.1371/journal.pone.0277570.g001
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Step 1 –Face to face alignment. Orientation of participant’s facial scans in both unloaded

and loaded state with respect to the target NIOSH head through an Iterative Closest Point

(ICP) algorithm.

Step 2 –Respirator to face alignment. ICP algorithm was applied to achieve the orientation

of the respirator’s whole geometry with respect to the target NIOSH head with respirator in

situ. This created a rough alignment of the respirator onto the individual face.

Step 3 –Internal respirator alignment.Orientation of the respirator internal geometry was

achieved by using the reference model from Step 2.

Step 4 –Respirator- alignment and deformation to unloaded face. A combination of

rigid and non-rigid ICP algorithms [18] was applied to align and deform the internal respira-

tor geometry to the unloaded face. A sensitivity analysis was conducted on a range of deforma-

tion values (δ values), where δ1 results in a highly conformed surface of the respirator with

respect to the unloaded face whereas δ8 has a near rigid deformation.

Step 5 –Respirator alignment and registration onto the loaded face. The respirator inter-

nal geometry, in its rigid and deformed state from step 4, was then aligned and registered with

respect to the loaded face geometry. A registration shape was generated depicting the distance

between each respirator vertex and its nearest neighbour on the face, using a colour contour

plot and a histogram representing the probability density of these distances (Fig 1).

Quantification of soft tissue deformation fromMRI scans

The face geometries estimated from the MRI scans during both unloaded and loaded test con-

ditions were aligned and compared to quantify the tissue deformation during respirator appli-

cation. A registration shape was then produced and the distance between the vertices from

each scan was evaluated. This distance was depicted by a colour contour plot and represented

as histogram of probability distribution (Fig 2). Displacement values exceeding -3mm and

0mm represent the threshold for skin indentation and gapping, respectively. For all individu-

als, the lower and upper 95th percentile of the distribution were calculated, to represent the

positive and negative soft tissue displacements that occurred following respirator application.

Sensitivity analysis and corroboration of respirator deformation

The internal surface of the respirator was fitted to each volunteer’s face geometry using the fit-

ting algorithm (Section 2.3) for all levels δ of deformation. The resulting frequency

Fig 2. Loaded-to-unloaded face registration. Schematic depicting the alignment and registration processes involving facial scans in both loaded and
unloaded states, to quantify the tissue deformation during respirator application. Distances between the vertices from each scan is represented as colour
contour plot and histogram.

https://doi.org/10.1371/journal.pone.0277570.g002
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distributions of gapping and indentation were compared with those observed in the MRI

sequences for each individual. Corroboration was performed through a series of steps designed

to identify the respirator deformation (δ optimum) that conformed with the facial soft tissue

displacement. This was achieved by evaluating the 95th confidence interval (CI) of the respira-

tor-face distance distribution for all δ values and the percentage area of the respirator which
resulted in a face-to-face distance between -1 and 1 mm. δ optimum was considered to involve

a combination of low CI value and high percentage conformity with the MRI deformation.

Associations between GoF and anthropometric data

The respirator was then deformed with the optimum δ value on the unloaded facial scans. The

resulting goodness of fit (GoF) parameters were used to evaluate associations with facial

anthropometrics for all individuals. Three GoF parameters were then estimated which

included the percentage of respirator surface which gaps from the skin (>0mm), the area

which substantially indents the skin (<-3mm) and the corresponding remaining area which

provides an adequate seal (range -3 to 0mm) [8]. In the latter case, the face comes into contact

with the respirator, with a displacement that can be accommodated by the soft tissues, ensur-

ing a safe fitting. From each unloaded facial scan, five facial anthropometrics were estimated,

namely the lower 1/3 facial height, alar and bio-ocular width, and the dorsal nasal length

among those more frequently used in other studies [19]. For each anthropometric, point to

point distances were manually selected by the same investigator (SC), using corresponding

landmarks on the surface scans. These were used to evaluate associations with predicted GoF

values from optimised respirator fitting. Facial anthropometric data were examined for nor-

mality using Shapiro–Wilk tests, and parametric descriptors were found to be appropriate.

Subsequently, Pearson correlation was used to evaluate associations, with the statistical signifi-

cance level set at 5% level (p� 0.05).

Results

Soft tissue deformation fromMRI scans

An exemplar of loaded face to unloaded face registration and the distribution of distances are

presented in Fig 3, for two individuals. The extremes of the histogram represent the 95th per-

centile values, which indicate the positive and negative displacements of soft tissues that

occurred following respirator application. It is possible to observe that participant #1 (top)

showed a displacement of approximately ±5mm, indicating a high degree of indentation of the

respirator and a resulting positive soft tissue displacement. By contrast, participant #2 (bot-

tom) showed a CI ranging from -3.9 mm to 4.4mm.

Findings across the cohort revealed that the negative soft tissue displacement ranged

between -3.2 mm to -6.2 mm (mean = -4.59 ± 0.93 mm), indicating a high degree of indenta-

tion of the respirator onto the face of the individuals. By contrast, a positive displacement ran-

ged between 3.1 mm and 6 mm (mean = 4.39 ± 1.01 mm), which occurred in the majority of

the individuals on the lateral side of the face. Close examination of the individual data reveals

that those individuals with the highest negative displacement i.e., ID#3 and #8, also demon-

strated the highest positive displacement.

Sensitivity analysis to determine optimum respirator deformation

The sensitivity analysis revealed a high degree of inter-subject variability, depicted by the large

standard deviation for the 95% CI, for each of the δ deformation values (Fig 4). This was par-

ticular evident at the extreme deformations i.e., δ1 and δ8. The lowest variability was generally
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associated with the δ4 deformation (CI mean value = 4.9 mm, range 3.8–6.5 mm). By contrast,

the registration of the respirator in its rigid state had a CI value of 6.9 mm (range 5.7–9.7 mm).

Results on the percentage area of the respirator which resulted in a high degree of conform-

ability for each of the loaded participant face shapes (± 1 mm) are summarised in Table 1. It was

clear that for most of the participants (7/8) the respirator in its rigid state resulted in the lowest

conforming percentage area. The higher percentage area values were associated with δ2–4 values
(bold), although the degree of optimum conformability varied between subjects (53% and 78%).

Association between respirator fitting and anthropometric measures

A subject-specific δ optimum value (derived from Table 1) was used to deform the respirator

onto the unloaded face and examine the association between conformability and the individual

Fig 3. Characterisation of soft tissue deformation. Loaded to unloaded face registration and distribution of distances for two
participants.

https://doi.org/10.1371/journal.pone.0277570.g003
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facial anthropometric features. Results revealed that the percentage of respirator area which

provides an adequate seal ranged between 63% and 71%. When these values were compared

against the facial anthropometrics, a statistically significant association (p<0.05) was found

against the bio-ocular width and the 1/3 facial height of the participants, as presented in Fig 5.

Discussion

The present study describes a novel methodology which combines 3DMRI imaging, deforma-

tion, and registration algorithms to characterise deformable respirator-face interactions of a

single use commercial respirator of FFP3 type (Fig 1). μCT was used to capture the geometry

of the respirator, which allowed to have high resolution 3D image. The algorithm was

Fig 4. Sensitivity analysis on respirator deformation levels. 95% CI of the distance distributions resulted from the
respirator-loaded face registration, with the respirator deformed with different levels δ of deformation.

https://doi.org/10.1371/journal.pone.0277570.g004

Table 1. Percentage respirator area resulting in a high degree of conformability to loaded face shapes, for all deformation values.

Deformation values ID #1 ID #2 ID #3 ID #4 ID #5 ID #6 ID #7 ID #8

δ1 64.5 68.2 52.2 56.4 54.9 50.5 65.4 54.8

δ2 66.5 70.5 52.7 58.2 55.0 51.4 70.7 57.2

δ3 65.7 73.8 53.3 62.1 56.2 53.1 72.5 62.2

δ4 61.7 68.1 47.9 67.6 55.5 49.6 56.3 73.3

δ5 53.9 53.7 46.4 63.4 53.7 42.9 39.2 71.8

δ6 48.1 46.5 45.7 56.8 53.2 39.9 32.8 67.1

δ7 45.1 43.9 46.0 54.1 52.7 38.1 30.7 63.6

δ8 43.1 41.9 45.8 52.6 52.3 37.0 29.9 62.3

rigid 30.5 36.3 44.7 45.8 51.5 35.8 20.8 55.3

Percentage respirator area which resulted in a distance from the loaded face between -1 and 1 mm, for the deformations δ1–8. The highest percentage values for each

individual are in bold.

https://doi.org/10.1371/journal.pone.0277570.t001
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Fig 5. Effect of facial anthropometrics on respirator area providing an adequate seal. Relationship between the
percentage of respirator area which provides an adequate seal [%] and bi-ocular width (top) and 1/3 facial height (bottom).

https://doi.org/10.1371/journal.pone.0277570.g005
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optimised and corroborated against MRI data of eight volunteers who were scanned with and

without the respirator in-situ (Figs 2 and 4). To the best of the authors knowledge, no previous

studies have investigated and characterised the respirator deformation to support an intelligent

and efficient fitting process. Findings revealed a subject-specific δ optimum, which by implica-

tion highlight the diversity in the respirator fit against the individuals face. Goodness of fit

parameters derived from this optimum deformation then revealed significant associations

with facial anthropometrics, which require further investigation.

MRI analysis revealed a high degree of skin and soft tissue deformation with the respirator

in-situ (Fig 3), exceeding in all the cases 3mm from baseline unloaded images. This has previ-

ously been used as a threshold for skin indentation whereby tissue could be put at risk of dam-

age [8]. This is based on the established sigmoid curve of soft tissue deformation and exposure

time implicated in pressure ulcer development [20]. The deformation estimated in the MRI

data can be associated with the morphology of the skin and soft tissues of the face. Shah and

colleagues [21] used a mechanical indenter device on specific facial landmarks at threshold lev-

els of both discomfort and pain, on a cohort of healthy volunteers. The authors reported that

the cheeks were subjected to the highest deformation at both thresholds, as opposed to the

nasal bridge which was subjected to the lowest deformation [21]. Indeed, it is acknowledged

that this latter location has minimal soft tissue coverage where skin is overlying rigid bone and

cartilage sub-dermal structures. Accordingly, it represents a site of limited tolerance to

mechanical loads, commonly subjected to respirators-related facial injuries [22]. The facial col-

our contour plot showed darker tones of blue approximately at the cheeks’ location, indicating

a higher degree of respirator indentation, as opposed to the nasal bridge which was character-

ised by lighter tones (Fig 3).

Several studies have identified facial dimensions as predictors of fitting outcomes [23–26].

In particular, a few studies [23, 27] reported facial height, alar width and dorsal nasal length to

correlate to fit factors with these measures statistically significant different in individuals who

passed and failed the fit test [27]. However, there is a lack of reports which have correlated

facial measurements with objective GoF parameters.

The present study investigated the association between the percentage of respirator area

which provided an adequate seal and a range of facial measurements. Results revealed a statis-

tically significant correlation (p� 0.05) with bio-ocular width and 1/3 facial height (Fig 5),

with the higher percentage of adequate seal associated with narrower and longer faces. By con-

trast, no statistically significant association was observed when respirator’s adequate seal was

compared against, alar width, and dorsal nasal length. Choice of 1/3 facial height is justified by

the fact that 3D facial images of the participants did not include the total facial height (Fig 1).

A recent study [13] used the maximum distance measured at respirator-face interface as

objective indicator of GoF of a custom-fit device. Results reported a mean value of 2.03 mm

(±0.75) across the cohort of participants (n = 205), with females and individuals from ethnic

minority groups showing the lower distance. Although our findings revealed a similar mean

distance of 2.86 mm (±0.75), the limited number of volunteers in the present study limits com-

parisons between gender and ethnicity.

In a recent study the authors also demonstrated an association between the interface pres-

sure exerted on the nasal bridge and the alar width, with narrow noses shape subjected to

higher pressures [5]. This highlights the importance of integrating respirator-face biomechani-

cal interactions, intelligent algorithm for fitting prediction, and anthropometric measures to

support efficient respirator fitting and characterise the GoF to individual face shapes in an

objective manner.

Intelligent algorithms are increasingly being developed to characterise the interactions at

the face-respirator interface and customise the design of these devices [13, 14, 28, 29]. Recent
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studies [13, 14] reported the development of intelligent platforms to generate a custom-fit res-

pirator, across sub-categories of individuals demographics [13]. However, Degueldre, Borduas

[14] based the prediction of fit on the evaluation of the contact pressures, and used costly

computational numerical simulations, e.g., Final Element modelling. By contrast, Li, Tan [13]

reported the development of a semi-automatic process where 3D facial scans were combined

with a CADmodelling to evaluate the fit of a custom-based respirator. This implied a manual

alignment of the respirator geometry onto the face. In contrast to these studies, the present

analysis has included an optimisation and corroboration analysis to known tissue deforma-

tions estimated using MRI. This critical step provides additional confidence in the predicted

fitting and corresponding GoF values produced by the algorithm.

Despite optimisation of the fitting algorithm, the analysis still revealed a high degree of

inter-subject variability in fitting outcomes and a high probability of gapping and indentation

known to cause infection risk, and skin damage, respectively. Thus, collaboration with manu-

facturers is needed to identify new designs of respirators and create standards which accom-

modate face shapes of different genders and ethnicities. There is the need to support standard

fitting methods with intelligent algorithms and characterise the GoF in an objective manner to

provide individuals with safe and effective respiratory protective equipment.

Limitations

The present study is clearly limited by its analysis of only one type of FFP3 respirator, which

does not necessarily represent all respirator designs. The non-rigid ICP algorithm applied to

deform the internal respirator geometry was limited in its ability to discriminate between dif-

ferent sections of the respirator which might have been subjected to different degree of defor-

mation. Indeed, for each of the deformation values, all the respirator vertices were deformed

with the same δ. Nonetheless, the δ values were conveniently chosen to represent different

degree of respirator conformability with respect to the individuals face. A further limitation

was the use of a relatively small cohort of healthy volunteers (n = 8) recruited from the UK,

who were predominantly Caucasian and clearly do not represent the ethnic diversity reflective

of the healthcare worker population. Indeed, further research is needed to investigate the fit of

a wider range of respirator models on a larger and more diverse cohort [30]. In addition, indi-

viduals were scanned supine, a position which does not reflect postures adopted by healthcare

workers during a working shift, but which does allow the deformation of the soft tissues to be

captured.

Conclusion

This study used a combination of 3D imaging, deformation, and alignment algorithms to char-

acterise the fit of a single use commercial respirator. The respirator deformation was estimated

with respect to soft tissues displacements from a ‘loaded to unloaded face’ registration, using

3DMRI scans. The results revealed a high degree of indentation of the respirator on the facial

soft tissues. They also showed that specific facial features e.g., bio-ocular width and 1/3 facial

height, were related to goodness of fit parameters. The development of an intelligent fitting

software could be used to support respirator selection and identify new design features which

can accommodate a diverse range of face geometries.
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