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Abstract. The National Institute for Occupational Safety and Health (NIOSH)
conducted a head-and-face anthropometric survey of diverse, civilian respirator
users. Of the 3,997 subjects measured using traditional anthropometric tech-
niques, surface scans and 26 three-dimensional (3-D) landmark locations were
collected for 953 subjects. The objective of this study was to analyze the size
and shape variation of the survey participants using 3-D Generalized Procrustes
Analysis (GPA) in order to quantify those facial features that may be relevant to
respirator fit using Principal Component Analysis (PCA). The first four princi-
pal components (PC) account for 49% of the total sample variation. The first
PC indicates that overall size is an important component of facial variability.
The second PC accounts for long and narrow or short and wide faces. Longer
narrow orbits versus shorter wider orbits can be described by PC3, and PC4
represents variation in the degree of ortho/prognathism with positively scoring
individuals having longer, wider, and more projecting lower jaws than nega-
tively scoring individuals. Further study will investigate the correlation be-
tween respirator fit and these PCs.
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1 Introduction

Given an array of respirator styles and sizes, it is important to determine their fit and
efficacy with respect to their intended user population and to quantify those facial
features relevant to these parameters. Standard practice for assessing respirator fit for
many years has been based on fit-test panels derived from studies of the facial mor-
phology of U.S. Air Force personnel in the 1970s [1,2]. It is largely recognized that
data based on a population of young, fit military personnel from the 1970s does not
likely reflect the age, sex, ethnic, and fitness diversity of the contemporary workforce
the test procedures are required to target [3]. To address this deficiency, the
National Institute for Occupational Safety and Health (NIOSH) conducted a facial
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morphological survey of contemporary workers that require the use of a respirator in
the course of their work [4, 5].

Besides being based on a group not likely to be completely representative of the
contemporary respirator-user population, previous studies focused on the association
between linear facial dimensions in the development of test panels to capture facial
variation. In the field of anthropometrics, from which the facial measurements were
borrowed, there has been considerable recent innovation in the quantification and statis-
tical analysis of shapes based on the study of the Cartesian coordinates of the landmarks
that usually serve as the basis for traditional measurement definitions [6, 7]. These new
methods, collectively referred to as Geometric Morphometrics (GM), have proven more
powerful and efficient than traditional approaches in many cases, and it is worthwhile to
determine the extent to which they can advance the goal of respirator fit assessment.
Such studies, in turn, could feed back into respirator design to achieve more efficient
and comfortable product style and sizing. In anticipation of this, the NIOSH study in-
cluded the collection of both facial surface scans and three-dimensional landmark loca-
tions for a large subset (~25%) of their surveyed individuals [4].

The dependence of respirator fit assessment standards on a base population mor-
phologically distinct from the target population and the reliance of the development of
those standards on a limited and somewhat arbitrary suite of traditional, (curvi-) linear
anthropometric measurements were some of the problems identified by an independ-
ent review committee that examined the current state of respirator-fit assessment [8].
It was the purpose of this study to address some of these concerns by further investi-
gating the nature of facial shape variation in the latest data assembled.

2 Materials and Methods

2.1 Data

Data for this study were collected by the NIOSH National Personal Protective Technol-
ogy Laboratory (NPPTL) an anthropometric survey [4]. The main body of data con-
sisted of 953 data files in the format of a Unix-based, 3D package called INTEGRATE
[9]. Each file contained three-dimensional coordinate locations of anatomical landmarks
(Figure 1) for one individual. In addition, demographic information including sex, age
group, racial group, and traditional anthropometric measures were collected. All data
were visually inspected using morphometrics software to identify mislabeled or obvi-
ously erroneous coordinate values. These were marked as missing data.

The proper handling of missing data is a complicated endeavor [10]. One possible
course of action would be to eliminate all individuals with any missing landmarks.
That would call for the removal of over 25% of the sample, which seems extreme.
Several other cut points would be defensible, e.g., removing individuals with more
than 3 missing landmarks, 5, etc. It was decided, instead, to retain all 953 individuals.
Most individuals (72%) had no missing landmark coordinates, and less than 1% had
six or more missing landmarks out of the twenty-eight with missing data. If the occur-
rence of missing data is not random with respect to the morphology of the individuals,
then removing individuals will reduce the variability that this study is seeking to quan-
tify. Missing data were estimated by simply substituting mean coordinate values.
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Fig. 1. Location and identification of the 26 landmarks used for the PCA: Tragion (1, 19), Zy-
gion (2, 17), gonion (3, 18), Frontotemporale (4, 15), Zygofrontale (5, 16), Infraorbitale (6, 14),
Glabella (7), Sellion (8), Pronasale (9), Subnasale (10), Menton (11), Chelion (12, 13), Pupil
(20, 21), Nasal root point (22, 23), Alare (24, 25), Chin (26)

2.2 Generalized Procrustes Analysis

Landmark coordinates are not directly comparable as quantitative measures of shape
because they are (usually) recorded with respect to an arbitrary set of orthogonal ref-
erence axes. In its simplest case, irrelevant variation is introduced into the coordinate
values by the position and orientation of the specimen relative to the digitizing appa-
ratus or scanning device. To address these problems and issues, geometric mor-
phometric methods include a data processing step that standardizes configurations of
landmarks associated with individuals into a common coordinate system and, further,
usually standardizes these configurations to a common size. The scale factor used in
the latter standardization can be saved as a size measure for further investigation of
the relationship between shape and size in the sample.

The way the required standardization is usually done is through Generalized Pro-
crustes Analysis (GPA) [6, 11, 12]. In GPA, landmark configurations are mean-
centered so that their average coordinate location for all landmarks is the origin. They
are then scaled so that the square root of the sum of squared distances of each land-
mark in a configuration to their joint average location (the origin after mean-centering)
is 1.0. This measure is called centroid size and has the desirable property that it is the
only size measure that is independent of shape variation in the presence of small, iso-
metric random variation in landmark location around a mean configuration [13]. Next,
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an arbitrary configuration of landmarks from the mean-centered and size-standardized
data set (usually the first specimen) is used as a reference configuration. All specimens
in the data are rotated so that the sum of squared distances between individual configu-
ration landmarks and corresponding landmarks on the reference is minimized. Once
so rotated, a mean configuration is estimated as the arithmetic averages of landmark
coordinates in the superimposed data set. The average configuration is then scaled to
unit centroid size and the sample refit to the new estimated mean. This process is
guaranteed to monotonically converge on a mean estimate for the sample [11] and
is not substantively affected by the initial choice of reference. After little or no change
is seen due to the rotation and mean estimation steps, the process is deemed complete
and the superimposed coordinates for each individual can be used as commensurate
variables that describe individual shape and can be subjected to multivariate analyses,
such as principal components analysis used here.

This approach, in its standard form, is not the best for the purpose of this study di-
rected at assessing variability that influences the fit and function of respirators. Here,
size variation is no less important to the ultimate goal than shape variation, and even
sequestering it in a separate variable for joint or separate analysis is, at least initially,
irrelevant. For this reason, scale was restored to the results of a standard GPA by mul-
tiplying the resulting shape variables by the inverse of the scale factor applied to them
in the course of the superimposition of individual configurations onto the grand mean.
These are the “form” (shape+size) data used in subsequent statistical analyses of
population variation.

2.3 Population Variation

Population variation for the data set, after GPA was analyzed by principal component
analysis (PCA) to identify patterns of covariation in the data. Major directions of
variation were compared and visualized using GM methods and software.

2.4 Software

All standard statistical analyses, such as PCA, were carried out in the open source R
package [14]. The matrix capabilities of R were also used for some custom data ma-
nipulation and testing. Where possible, new Java-based, cross-platform programs
(m_vis and the new morpheus et al.) currently under development by D. E. Slice were
used for visualization and data manipulation and analysis. A number of new routines
were added to these programs to facilitate the current study. When morphometric-
specific visualization or analytical routines were not available in the most recent ver-
sions of this software, an older Microsoft Windows © version of Morpheus et al.,
written in C++, was used [15]. Links to these and other morphometrics programs can
be found through http://www.morphometrics.org.

3 Results

Figure 2 shows the data set extracted from the GPA with size restoration described
above. Each cluster of symbols represents the scatter of individual landmark loca-
tions for the 953 individuals in this data set. The coordinates of the 26 landmarks per
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Fig. 2. Plot of the 953 individuals in the data set after GPA and size restoration. The coordi-
nates of the 26 landmarks represented for each specimen are form variables that describe the
shape and size of each specimen.

individual represented in Figure 2 are a slightly redundant set of 78 (26 points x 3
coordinates per point) form variables that characterize the size and shape of individual
faces within a coordinate system common to all.

PCA of the 953 superimposed configurations in the space of the 78 form variables
showed a substantial proportion of the total sample variability in the first three PCs
(26%, 10%, and 8%, respectively). The variance on PCs beyond the third (all 5% or
less of the total) trails off gradually suggesting no strong patterns of intercorrelation
amongst the variables. It requires the first 27 PCs as a group to account for 90% of
total sample variation.

The projections of the form data for the 953 individual configurations onto PCs 1
through 4 are shown in Figure 3. Each point represents a linear combination of 78
coordinates for a single subject. As commonly seen with PCA results, most of the
scatter in the data is along the first PC and somewhat less along the second. Variation
on higher PCs is reduced, but nonetheless substantial.

Since PCA is based on mean-centered data, and the PCs, themselves, are linear
combinations of the original coordinate variables, one can construct the configuration
at a specific point in PC space by simply multiplying the coefficients for the linear
combination of coordinates represented by each PC of interest by the coordinate of
the point of interest on that PC. Landmark configurations representing patterns of
variation along PC1 magnified by a factor of 100 are shown in Figure 4. The coeffi-
cients are scaled so the sum of their squares equals 1.0.

The pattern of variation specified by PC1 and shown graphically in Figure 4 shows
a general movement of landmarks away from their joint center of gravity in the posi-
tive direction along the PC. Shape change in the negative direction is, of course, the
compliment of this with landmarks all moving more-or-less toward the configuration's
center at approximately the same rate (distance per unit change along the axis). It is
important to note that the polarity of these axes is arbitrary and positive and negative
directions can be exchanged without impacting the variance of the projections, which
is the only criterion by which they are constructed.
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Fig. 3. Projections of 953 landmark configurations onto PCs 1 and 2 (left) and PCs 3 and 4
(right)

Fig. 4. Visualization of PC1. Left figure shows frontal view of transformation determined by
PC1. The right figure is the same, but for the right lateral view. Green circles represent the av-
erage location of landmarks in the entire, superimposed data set. The black lines are links to aid
visualization. The red line segments represent the coefficients for each coordinate of each
landmark specified by the first PC magnified by a factor of 100 to emphasize the pattern of
variation. That is, the red lines indicate the path (direction and relative magnitude) of the land-
marks as they change location as one moves along the specified PC in the positive direction.
The ends of the line segments in the images indicate the positions of the landmarks at a point
100 units out in the positive direction on PC1.

Such a pattern clearly represents an overall increase or diminution of the configura-
tion as results from isometric size change. Indeed, the correlation of the scores of in-
dividuals on this axis with their centroid size is 0.99 (=Pearson's product moment cor-
relation, Kendall's tau = 0.92). Such a result indicates the overall size is an important
component of facial variability in the studied population and is likely an important
component of respirator fit assessment, but would not be captured by a standard GM
analysis that focuses more on pure shape change. The relatively low proportion of
variation (0.26) suggests, however, that size is not the only important consideration.

Figure 5 shows a visualization of facial change in the positive direction of PC2. As
before, what represents positive versus negative change along this axis is arbitrary and
the negative change in this representation would simply be the reflection of the dis-
placements shown in red along their own axes.
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Fig. 5. Visualization of PC2. Left is frontal view. Right is lateral view. These are positive-

direction displacements. Negative direction is the reflection of all of the red vectors along their
own axes.

There is a general tendency for landmarks to be displaced medially. The landmarks
associated with the upper part of the face, especially those of the eyes and the bridge
of the nose, tend to be displaced upwards. Those associated with the lower face — the
corners of the mouth, the angle of the jaw, and the chin, tend to be displaced down-
wards. This has a relatively simple interpretation as those individuals with more
positive scores on this axis having relatively narrower and longer faces. Conversely,
individuals with more negative scores would have shorter, wider faces. Given the
high correlation of the first PC with size, it is not surprising that there is a low asso-
ciation between size and this axis (Pearson's product-moment correlation = 0.09,
Kendall's tau = 0.05). What this represents is an independence between overall facial
shape (long/narrow vs. short/wide) with facial size. In traditional biological terms,
this is an indication of a lack of “allometry.” Furthermore, this result means that sim-
ple concepts of small, medium, and large with respect to respirators may not capture
much of this component of variation.

Figure 6 shows the pattern of variation specified by PC3 accounting for about 8%
of the total variation. The pattern here is more complicated and difficult to summarize
than those in lower PCs. Important features in the positive direction appear to be a
relative lateral displacement of the centers of the pupils and a larger lateral displace-
ment of the landmarks associated with the frontal bone, sides of the head, and angles
of the jaw (gonion). In contrast, the landmarks defining the tip and sides of the nose
and corners of the mouth are displaced upwards. In seeming contrast, right and left
infraorbitale appear medially displaced. In lateral view, gonion and frontotemporale
and zygofrontale are displaced posteriorly while zygion shifts anteriorly. This pattern
defies simple description, though the nose and mouth do appear to shift superiorly
relative to the rest of the face, while the face, itself, appears to widen. Projections on
more negative values of this axis, of course, are represented by the compliment of
these changes.

The pattern specified by PC4 (Figure 7), though accounting for only 5% of the to-
tal variation, is somewhat more clear. The pupils, nasal root points, the corners of the
mouth, and the chin landmarks are shifted inferiorly while gonion is shifted superi-
orly. Tragion, zygion, frontotemporale, and zygofrontale are shifted medially, and the
alare are displaced laterally in frontal view. In lateral view, gonion and the landmarks
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Fig. 6. Visualization of PC3. Left is frontal view. Right is lateral view. These are positive dis-
placements. Negative direction is the reflection of the red vectors along their own axes.
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Fig. 7. Visualization of PC4. Left is frontal view. Right is lateral view. These are positive-
direction displacements. Negative direction is the reflection of the red vectors along their own
axes.

of the nasal bridge and orbital rim are shifted posteriorly, while the mouth, chin,
tragion, and zygion are shifted anteriorly. Configurations projected to more negative
scores along this axis manifest the compliment of these changes. In general, there is
an impression that this component might represent variation in the degree of or-
tho/prognathism with positively scoring individuals having longer, wider, and more
projecting lower jaws than negatively scoring individuals.

4 Discussion

The comprehensive assessment of morphological variation in users is a vital factor in
understanding how differences in facial form can affect the fit and efficacy of
commercial respirators. Such knowledge can facilitate the optimal design of these
products and can inform the development of standards and protocols by which such
devices are evaluated and certified. Recent advances in the quantitative analysis of
anatomical variation, called geometric morphometric methods, have the potential to
provide more powerful and complete descriptions of morphological diversity in a tar-
get population than the traditional anthropometric measurements upon which current
respirator standards are based. Furthermore, it is important that emerging standards be
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reflective of an ever-changing workforce that is not likely represented by the military-
based standards currently used.

Principal components analysis of variation in the form (size+shape) variables of
the data revealed that approximately 26% of total sample variance could be expressed
as a single linear combination of the original variables — PC1. Inspection of the results
revealed the first PC reflected largely isometric size variation. That is, variation in the
overall size of faces in the population was the single greatest source of variability
within the studied group. While expressing the greatest amount of variation, PC1 does
not express most of the variation in the sample and higher PCs may be important in
respirator fit research. Visualization of PC2 (expressing about 10% of sample varia-
tion) revealed a contrast between longer, narrower, shallower heads/faces versus
shorter, wider, deeper heads/faces that is statistically independent of overall head size.
More complex, but still interpretable and potentially relevant, variation was identified
on PC3 (~8% of sample variation) and PC4 (~5%).

Nonetheless, the first two PCs together only represent 36% of total sample vari-
ability and the first three only 44%. This suggests the bivariate approach used in con-
structing fit panels may be ignoring a substantial and important aspect of total sample
variability as previously reported [5].

5 Conclusions

In all, these analyses show the geometric morphometric-based approach to morpho-
logical variation provides a detailed and interpretable assessment of morphological
variation in the provided sample that should be very useful in assessing the function
of commercial respirators and devising new test and certification standards. A sig-
nificant amount of this variation is contained in the first few PCs, but a substantial
portion remains that could be important in respirator fit. Principal component analysis
is not designed to optimize or take into account the results of the respirator fit testing.
The relationship between this measure and the results reported here will be the subject
of subsequent analyses.

6 Disclaimer

The findings and conclusions in this report are those of the authors and do not neces-
sarily represent the views of the National Institute for Occupational Safety and
Health.
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