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ABSTRACT
The University of North Carolina passive aerosol sampler (UNC sampler) could be an alterna-
tive when measuring occupational dust exposure, but the time required for microscopic
imaging of the sampler needs to be reduced to make it more attractive. The aims of this
study were to (1) characterize the effect on precision when reducing imaging, in order to
shorten analysis time and (2) assess if the position of the images makes a difference. Eighty-
eight samplers were deployed in different locations of an open pit mine. Sixty images were
captured for each UNC sampler, covering 51% of its collection surface, using scanning elec-
tron microscopy. Bootstrapped samples were generated with different image combinations,
to assess the within-sampler coefficient of variation (CVws) for different numbers of images.
In addition, the particle concentration relative to the distance from the center of the sam-
pler was studied. Reducing the number of images collected from the UNC sampler led to
up to 8.3% CVws for 10 images when calculating respirable fraction. As the overall CV has
previously been assessed to 36%, the additional contribution becomes minimal, increasing
the overall CV to 37%. The mean concentrations of the images were modestly related to
distance from the center of the sampler. The CVws changed from 8.26% to 8.13% for 10
images when applying rules for the image collection based on distance. Thus, the benefit of
these rules on the precision is small and the images can therefore be chosen at random. In
conclusion, reducing the number of images analyzed from 60 to 10, corresponding to a
reduction of the imaged sampling area from 51% to 8.5%, results in a negligible loss in pre-
cision for respirable fraction dust measurements in occupational environments.
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Introduction

Sampling of dust exposure in working environments can
be done with both active and passive sampling. Active
sampling often requires the expertise of occupational
hygienists and at times there are complications with
pumps, while passive sampling reduces labor cost and is
less intrusive.[1] A passive sampler for dust exposure is
the Wagner and Leith University of North Carolina pas-
sive aerosol sampler (UNC sampler).[2–4]

In a previous study, the UNC sampler was com-
pared with commonly used aerosol sampling methods
in a working environment and was found useful but
one of the drawbacks was the analysis time.[5]

Imaging the collection surface of one sampler with a
manual scanning electron microscope (SEM) takes
about 1.5 hr with �500 magnification.[5]

Computer-controlled SEM with energy dispersive
spectroscopy (EDS) of the UNC sampler with x600
magnification has been reported to take about 1 hr.[6]

Previous studies have focused on the effect of particle
count on precision.[6–9] Limiting imaging by collecting
a sufficient count of particles will lead to a variation
in the fractional area covered between samplers
depending on the number of particles attained in each
image. Instead, systemizing the process to a specific
fractional area, i.e., in practice, a specific number of
images collected from each sampler, without having to
first count the number of particles collected on each
image and then decide on the need of further imag-
ing, enables straightforward analysis. To minimize
analysis time and cost for occupational hygienists and
to be able to use easy and relatively cheap analysis
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instruments, e.g., tabletop SEM,[10] it is important to
reduce the imaging time used for the UNC sampler.
In this article, data from UNC samplers previously
analyzed for dust from an open pit mine were used to
clarify how precision is affected by such a reduction
in imaging.

The aim of this study was to characterize the effect
on precision when a reduction of imaging was applied,
in order to shorten analysis time, and to assess if the
location of the analyzed areas is important. First, the
within-sampler coefficient of variation (CVws) for differ-
ent numbers of images was studied. The second part
was a study of whether the image position resulted in a
difference in mean concentration for the UNC samplers.
A third part characterized to what extent CVws was
decreased by specifically choosing where on the sampler
the images were collected.

Materials and methods

Data for this study came from UNC sampler analyses
made previously,[5] analyzing 60 images covering an
area of 16.2mm2. Brief descriptions of sampling and
analysis are given below. More details are provided in
the previous article.[5]

Sampling

Stationary sampling was made at four locations in an
open pit mine: crushing station, drive station, concentra-
tor, and concentrate terminal. The sampling time at
each location was 8hr in the evening, night, and morn-
ing respectively to follow the workers’ shifts. For each
sampling interval at every location, 10 UNC samplers
were used. Wind speed was measured at 20min inter-
vals with a weather station (V€aderstation med peksk€arm,
36-3242, Clas Ohlson, Sweden) containing a cup
anemometer. Temperature was measured with three
ACR SmartButtons at 5-min intervals.

Passive samplers

The setup, storage, handling, and concentration calcu-
lations have previously been described by Shirdel
et al.[5] In short, the UNC samplers were placed in
shelters (RJ Lee Group, Monroeville, PA), which were
grounded. Before and after sampling, the UNC sam-
plers were kept in protective holders. The analysis
method of the UNC sampler consisted of two parts:
the microscopic imaging of the deposited particles
and the analysis model for mass concentration calcu-
lations. The UNC samplers were analyzed with a

scanning electron microscope (SEM) and resulted in
60 greyscale images, five columns of 12 images each,
450 lm� 600lm with �500 magnification and 1.71
pixels lm�1, resulting in an area of a pixel of
0.34 lm�1, which is thus the minimum area consid-
ered a particle. The microscopic imaging covered 51%
of the surface in a rectangular shape (grid). The grid
was centered in the middle of the sampler, and the
grid’s edges were inside the edges of the collection
surface. The top left corner of the grid was image 1
and the last image was at the bottom right corner.
The sequence of the images was collected col-
umn-wise.

In this study the modified analysis model, area fac-
tor,[5] for the UNC sampler calculations was the only
analysis model used. In total, data from 88 UNC sam-
plers were used. Thirty samplers were placed at each
location, but the samplers from the crushing station
were not analyzed due to interference by snow, and of
the remaining samplers two were compromised and
therefore disregarded. Field blank samplers were not
analyzed nor subtracted in this study, as the focus in
this study was on how reduced imaging affects preci-
sion of analyses of samplers from an occupational
environment. Precise characterization of the low num-
ber of particles of a blank sample may, of course,
require coverage of a larger area than is necessary for
actual samples.

The focus of this study was respirable fraction,
which is commonly studied in the working environ-
ment. Results for PM10 and PM2.5 can be found in the
online Supplementary material.

Reducing the microscopic imaging time

The reduction of the number of microscopic images
and image position was carried out in three steps.
The first step was to study the within-sampler coef-
ficient of variation (CVws) in relation to the number
of images. The second step was to establish if the
mean concentration differed between images at dif-
ferent distances to the center of the UNC sampler.
The third step followed steps 1 and 2 and intro-
duced rules for the image collection to characterize
if the CVws was lowered by specifically choosing
where on the sampler the images were taken. The
algorithms can be found in the online
Supplementary material. All analyses were made in
R (R Core Team, 2017, version 3.3.3, R Foundation
for Statistical Computing, Vienna, Austria) and the
seed for bootstrapping was set to 13.
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Part one: Number of images
The true particle mass concentration on the substrate
for respirable fraction, PM10, and PM2.5 was the par-
ticle mass concentration obtained when all 60 images
were considered. For each sampler, the number of
images considered was varied between 1 and 59 to
evaluate how CVws changed. For all the individual
UNC samplers and for the different number of images
selected, bootstrapping was made with 1,000 different
combinations and for each combination sampled
without replacement. Mass concentrations for each
particle size fraction were calculated based on these
bootstrapped image sequences.

Part two: Position of images
Each collected image had a specific set of coordinates
in relation to the center of the sampler. The distance
from the center was calculated for each image. The
mean concentration relative to the distance from the
center of the sampler was calculated.

Part three: Combining number of images with
specific positions
It became evident from parts 1 and 2 that images
closest to the edge showed somewhat lower particle
concentration; part 1 was repeated to evaluate the

change in CVws by sampling of images based on con-
ditions derived from part 2. A fraction (1/9) of the
images were then chosen from the eight images with
the largest distance from the center, while 8/9 were
chosen from the remaining surface.

Results

Visual inspection of the entire imaged surface of a
subset of 27 different UNC samplers, three samplers
from each combination of the three locations and
three shifts, gave no indications of heterogeneous par-
ticle deposition on the surfaces (Figure 1).

For respirable fraction, the CVws of the 1,000 boot-
strapped samples was approximately the same for all
samplers regardless of the different concentrations
(Figure 2a). Therefore, no dependence of concentra-
tion was taken into account (Figure 2b). As expected,
CVws decreased with an increasing number of images.
Two to four samplers had higher CVws than the other
samplers (circles in Figure 2b).

Limiting the number of images to 10 gave a mean
CVws of 8.26%. Table 1 shows the statistics of 5, 10,
15, and 20 images. The four samplers with higher
CVws observed in Figure 2b were identified as sam-
plers from the concentrator at morning and

Figure 1. Visual inspection of the imaged UNC sampler collection surface of three UNC samplers. One sampler from each location
and time have been picked out to represent the 27 samplers. (a) Concentrator at night, (b) drive station at morning, (c) concen-
trate terminal at evening.
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concentrate terminal at afternoon. The concentrations
were neither the lowest nor the highest, and visually
the samplers did not differ from the other samplers at
the same time and place.

To investigate if distance to the center of the sam-
pler influenced the concentration for each image, the
concentration versus the distance to the center of the
sampler was plotted (Figure 3). The plot shows that
the two furthest image distances from the center devi-
ated in mean concentration from the rest of the
images (Figure 3).

When studying the mean concentrations for each
sampler individually vs. the distance from the center,
the four samplers with higher CVws detected in
Figure 2b, differed from the rest of the samplers. They
showed heterogeneity in the form of one or two
images with higher concentrations not detected on
visual inspection. The position of the images with

higher concentration were different for the
four samplers.

Performing the selection of images so that 1/9th of
them were sampled from the two furthest distances
(2.55 and 2.75mm from the center) and 8/9ths of the
images from the rest of the substrate surface, changed
the mean CVws from 8.26% to 8.13% for 10 images
(Table 1).

For corresponding figures and tables for PM10 and
PM2.5 please see the online Supplementary material.

Discussion

In this study the within-sampler coefficient of vari-
ation (CVws), when reducing microscope imaging of
the UNC sampler, was examined. A reduction of the
number of microscopic images without any large
increase in the variation could make the UNC sampler
an attractive alternative for occupational assessment.
The results indicated that the CVws of the 1,000 boot-
strapped samples was 8.3% for 10 images for respir-
able fraction. The attained concentrations were
modestly related to distance from the center of the
sampler: Accounting for this, CVws changed from
8.26% to 8.13% for 10 images when using rules for
the image collection based on distance. The reduction
of imaging from 60 to 10 images corresponds to a
reduction of the imaged sampler area from 51%
to 8.5%.

To be able to use the UNC sampler stationary or
for personal sampling of respirable fraction in the
working environment, the UNC sampler’s perform-
ance should be similar to or better than that of the
respirable cyclone. The respirable cyclone is the meas-
urement device used by occupational hygienists to
measure occupational respirable dust. As this study
concerns precision of the image analysis of the UNC
sampler, that precision is the aspect of performance
evaluated here. An increase in variance for the UNC
sampler by reducing the number of images can only
be justified if variance is small and not considerably
higher in comparison to the respirable cyclone. In the
previous study done by Shirdel et al.,[5] on the same
measurement campaign as in the present study, the
respirable cyclone had mean 0.21mg/m3 and within
occasion variance (parallel stationary sampling at the
same occasion and location) 0.014 (mg/m3)2, which
would correspond to a standard deviation of 0.12mg/m3

and a CV of 56%. The UNC sampler had mean
0.29mg/m3 and within occasion variance 0.011 (mg/m3)2,
which would correspond to a standard deviation of
0.10mg/m3 and a CV of 36%. The increase from the

Figure 2. (a) Dependence between within-sampler CV, respirable
fraction concentration based on the whole substrate (60 images),
and number of images selected. For each of the 88 UNC sam-
plers and selected number of images, 1,000 bootstrapped sam-
ples were generated. For each bootstrapped sample the within-
sampler CV was calculated (in total 88�59�1,000¼ 5,192,000
estimates). As concentrations did not affect CV, the presentation
can be reduced to (b) two-dimensional representation of the
same data. Boxes show the quartile limits and the whiskers
extend to the most extreme point within 1.5 interquartile ranges
from the limits of the box. Circles represent observations outside
this range.
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UNC sampler’s overall CV of 36% when adding the
variation (CVws) of 8.3% for 10 images, results in a
new overall CV of 37%. Furthermore, one could
reduce the images to five for a very large sample set,
but for a small sample set the gain in time would be
small. The added variation (CVws) of 12.2% for five
images results in a new overall CV of 38%. Thus, the
increase in CV by reducing the collected images, to 10
or five, results in a negligible loss in precision.

The comparison with the cyclone’s CV at 56%
may be questionable. However, data on parallel
measurements with the respirable cyclone are sur-
prisingly scarce in the literature, but other data have
previously shown CV of ca. 30%.[11] This is consid-
erably lower than 56%, but still close to the UNC
sampler’s 36%.

No studies have been performed on the UNC sam-
pler precision when measuring respirable dust, but in
a previous study for PM10-2.5,

[6] conducted at outdoor
sites, the UNC sampler precision (parallel sampling in
triplicates) varied 2.1–91% and the higher variation
was associated with low particle counts. For the tripli-
cate UNC samplers the median CV was 20%.[6] If one
would worsen the median CV with the added vari-
ation of 8.3% for 10 images the new total CV for the
triplicates would change from 20% to 22%, which is
also acceptable.

The present study has a limitation in that only
data from one occupational environment were

analyzed. This limits the generalizability to other
occupational environments. It should however be
noted that the dust levels were modest, ca. 100–800
mg/m3, and that CVws did not show concentration
dependency in this range. Therefore, it appears that
the modest effects of a reduction of imaging
observed herein is to be expected also in many other
occupational environments. Therefore, evaluations
of the UNC sampler both in other occupational
environments and with use of other microscope set-
ups are warranted.

The study is based only on one microscope setting,
chosen to fit for the purpose of analyzing the respir-
able fraction, which is the dust fraction regulated in
most occupational environments. For fine particulate
matter higher magnification and improved particle
counting are needed to avoid underestimation due to
magnification limitations.[5,7,9] Reducing the number
of images leads to less microscopic imaging costs and
faster analysis. Thus, instead of using less time for
imaging, it is possible to use the gained time from
reduction of the fractional area covered to collect
images with higher magnifications, in order to span a
larger particle diameter range, without introducing
even longer analyses times.

Conclusions

Reducing the number of images collected from the
UNC sampler led up to 8.3% within-sampler CV for
10 images when calculating respirable fraction. As
the overall CV has previously been assessed to 36%,
the addition to that becomes minimal, increasing the
overall CV to 37%. In conclusion, reducing the num-
ber of images analyzed from 60 to 10, thus reducing
the sampler area covered from 51% to 8.5%, led to a
negligible loss in precision and is recommended for
respirable fraction dust measurements in occupational
environments.

Table 1. Descriptive statistics of within-sampler CV for 5, 10, 15, and 20 images for images sampled randomly (equal probability)
and with 1/9th of the images selected from the two furthest distances and 8/9th from the rest of the surface (rules for the
image collection).

Images sampled with equal probability With rules for the image collection

Number of images Number of images

CVws (%) 5 10 15 20 5 10 15 20

Min 4.70 3.20 2.50 2.00 5.08 3.21 2.53 2.04
1st quartile 8.50 5.70 4.30 3.60 8.57 5.67 4.38 3.52
Median 11.1 7.75 5.75 4.75 11.6 7.40 5.88 4.70
Mean 12.2 8.26 6.38 5.21 12.4 8.13 6.34 5.16
3rd quartile 14.1 9.53 7.30 6.10 14.6 9.29 7.36 6.01
Max 40.7 27.8 21.9 17.7 40.8 28.6 21.5 18.1

Figure 3. Mean concentrations and 95% confidence intervals
for the 88 samplers vs. each image’s distance from the center
of the sampler.
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