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Abstract 

Air sample data were collected during asbestos abate

ment of two buildings using area and personal sampling 

methods. Abatement involved removal of pipe insula

tion from crawl spaces. The two sampling methods were 

compared to determine if there was a relationship be

tween them. A relationship was observed between area 

and personal airborne samples in building 2 as deter

mined by correlation and regression but is most likely 

due to chance. One major outlier was detected for both 

area and personal measurement sample data sets in 

building 2. It.was concluded that any relationship be

tween area and personal sample measurements must be 

viewed with caution. Concentrations measured from 

personal sampling were statistically higher than those 

from area sampling. Also, the distributions of concentra

tions in the samples were calculated to be nonnormal 

(logarithmic form). It is proposed that area sampling 

under-estimates worker exposure compared to personal 

measurements and is not applicable for exposure and 
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hazard assessment. It is suggested that area and person

al samples measure two different population concentra

tions of airborne fibers. Use of area samples in lieu of 

personal measurements should only be employed with 

caution. 
Copyright©2001 S. Karger AG, Basel 

Introduction 

During asbestos abatement exposure to airborne asbes
tos fibers is determined by air sampling. These data are 
subsequently used for evaluating the potential degree of 
hazard [1-14]. A number of studies of airborne occupa
tional exposure [ 15-21] have suggested that personal air 
samples, as compared to area samples, exhibit a higher 
concentration which is not related to area (stationary or 
fixed location) samples [16-22]. Few studies have con
cluded that area and personal samples are comparable [8, 
23]. The concentration to which workers are exposed is 
used for establishing effectiveness of engineering controls, 
employment of personal protective equipment (PPE) and 
determination of exposure and hazard assessment [8, 24-
26]. Some specifications [27-30] and regulatory agencies 
[31] require employment of PPE without consideration of 
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likelihood of exposure or historical data. Use of area sam
pling as compared to personal sampling is often a result of 
convenience [8, 21, 32]. Consequently the evaluation of 
an association, if any, between area and personal samples 
is important for the abatement industry since area sam
ples are often used to estimate exposure to workers [8]. 
Several studies related to asbestos abatement [8, 33, 34] 
have evaluated an association between the two sampling 
methods (area and personal) and have suggested that 
there may be no difference in fiber concentrations [2, 8]. 
Other studies of airborne contaminants have suggested 
that a relationship may exist [15, 16, 18]. However, stud
ies which reported no association between area and per
sonal samples were conducted for nonabatement indus
tries [17-20]. 

Airborne concentration studies in the occupational en
vironment have been suggested to be nonnormal and are 
best represented by a logarithmic distribution [8, 19, 25, 
26, 34-37]. An understanding of distribution for occupa
tional contaminants, such as asbestos, is important since 
this will have a strong influence for evaluating exposure 
measurements, potential health effects, epidemiological 
findings, and variability of air samples [8, 36-40]. 

The present study collected matched area and personal 
air samples during asbestos abatement in two different 
buildings for the purposes of comparing concenti:ation 
data and evaluating sample concentration distribution. 
Data collected in this investigation were taken to evaluate 
the relationship between the two sampling methods. Dis
tribution of airborne asbestos was also evaluated. Com
parison studies of this nature will assist regulatory agen
cies, contractors, industrial hygienists, epidemiologists, 
toxicologists, and others in establishment of sampling 
strategies for abatement projects and exposure determina
tions (exposure and hazard assessment) [8, 33, 34, 41]. 

Materials and Methods 

Both area and personal samples were collected at the same time 
and from the same location (matched or paired samples, within the 
work area) and are represented as fibers per cubic centimeter 
(f·cm-3) (8]. All personal samples were collected from the breat11ing 
zone and reported as a time-weighted average (TWA) as described by 
the US Occupational Safety and Health Administration (OSHA) [6]. 
Area samples were collected from the work area, inside the contain
ment, using high-volume pumps that were 3-5 feet off the ground 
surface [42]. TWA met11odo!ogy was used for calculating a.rea sample 
concentration [6, 40, 43]. Area and personal samples were collected 
for 8 h a day, or as near as possible, using a flow rate of 10 and 
2 liters· min-1, respectively [3, 6]. All sampling was open face with 
the cassette in a downward facing position [1]. Flow rate was deter-
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mined with a calibrated rotameter at the beginning and end of each 
sample period [8, 34, 35, 44]. Samples were collected on a 0.8 µm 
pore size mixed cellulose ester membrane filter with a 25-mm electri
cally conductive extension cowl cassette [6, 8]. Analysis was per
formed using phase-contrast microscopy as described by the Na
tional Institute for Occupational Safety and Health 7400 method 
[6, 45]. 

The type of abatement work involved removal of friable pipe 
insulation, contaminated dirt, encapsulation, and cleanup of asbes
tos-containing material (ACM). Approximate quantity of work for 
each day of sampling was estimated by observation. The program of 
work involved abatement in two different buildings. Building 1 con
sisted mostly of air cell pipe insulation and building 2 was primarily a 
mag pipe in ulatio,n. Nine samples were collected from building I 
and 13 samples from building 2. Abatement procedures followed the 
OSHA and Environmental Protection Agency (Asbestos Hazard 
Emergency Response Act, AHERA) protocols [3, 6]. Tbe abatement 
time period for both buildings together was 22 days with one set of 
paired samples collected each day of work. Statistical analysis was 
conducted for each building separately. ALI samples were collected by 
one of the authors (B.D.K.). 

Summary airborne asbestos concentrations are reported as arith
metic (AM) and geometric means (GM) [8, 34, 46]. Variation of these 
data is provided as standard deviation (SD) [46], geometric standard 
deviation (GSD) [26, 34] and range [8, 25]. For statistical compari
son of matched area and personal samples, the Wilcoxon signed-rank 
and Z tests were employed for nontransformed and transformed 
data, respectively [ 4 7, 48]. Correlation coefficients were determined 
for sample values that were non-transformed and converted (trans
formed) to a logarithmic (common) value [34, 35]. For nontrans
formed and transformed data the Spearman rank order correlation 
and Pearson's product-moment correlation tests were used, respec
tively [ 48-51]. Regression analysis using ordinary Least squares was 
performed for both nontransformed [52] and transformed data [21, 
23, 53). Correlation tests (54] and AM, SD, Wilcoxon signed-rank 

and regression [55] were determined using computer programs. GM 
and GSD were determined by converting values to a common loga
rithmic number, obtaining a summary statistic with the computer 
program, and calculating the descriptive statistic using an exponen
tial conversion as described by Leidel et al. [40]. Statistical analysi 
was conducted with and without outliers. 

Confidence intervals (CI), 95%, were determined for summary 
data using a technique for nonnormal populations [56]. Evaluation 
for distribution of data was conducted using the Shapiro-Wilk W test 
[8, 37, 57, 58). For testing distribution, data were transformed using 
common logarithms (log-normality) [37, 58, 59, 60]. Determination 
of major outliers and coefficients of skewness and kurtosis was con
ducted for transformed and non-transformed (arithmetic concentra
tion values) data using a computer program [55]. Statistical signifi
cance for the Wilcoxon signed-rank test, correlation, regression, djs
tribution and outliers were determined at the 5% level. Bulk samples 
of the ACM were examined by polarized light microscopy and asbes
tos content reported as a percentage value [3]. 

The concentration detection limit was established as 0.01 f·cm-3. 
Sample concentrations that were reported as less than the detection 
limit were included in summary data and statistical calculations as 
0.01 f·cm-3 [8]. 
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Table 1. Building l descriptive data and 
Type AM SD GM GSD Range Sample summary statistics for results of f iber counts n 

(f·cnr3 TWA) distribution 

Area samples 9 0.03 0.02 0.02 2.03 0.01-0.07 1SD77.8% 
2 SD 88.9% 
3SD100% 

Personal samples 9 0.07 0.04 0.05 2.71 0.01-0.14 I SD77.8% 
2 SD 100% 
3 SD 100% 

n =Number of samples; range= arithmetic range. 

Table 2. Building 2 descriptive data and 
Type AM SD GM GSD Range Sample summary statistics for results of fiber counts n 

(f·cm-3-TWA) distribution 

Area samples 13 0.03 0.04 0.02 2.42 0.01-0.14 I SD 84.6% 
2 SD 92.3% 
3 SD 100% 

12+ 0.02 0.02 0.02 2.03 0.01-0.07 I SD 83.3% 
2 SD 91.7% 
3 SD 100% 

Personal samples 13 0.08 0.10 0.05 2.47 0.01-0.40 I SD 92.3% 
2SD 92.3% 
3 SD 92.3% 

12+ 0.05 0.03 0.04 2.00 0.01-0.13 1SD75% 
2 SD 91.7% 
3SD100% 

n =Number of samples; range= arithmetic range; +=samples without outlier. 

Results 

Asbestos abatement procedures in this study involved 
the removal of pipe insulation, contaminated dirt from a 
crawl space and encapsulation of surfaces and pipes. The 
location of this work was in central Pennsylvania, USA. 
Procedures followed the OSHA and EPA regulations for 
abatement of ACM [3, 6]. All samples were collected as 
matched pairs, one personal and one area, each work day 
in the same work (containment) location. Tables 1 and 2 
provide descriptive data and summary statistics for sam
ples collected and analyzed. Sample data, type and esti
mated quantity of work, at each building, for each day, in 
f. cm -3 TWA, for area and for personal measurements are 
shown in table 3. Confidence intervals of the AMs of 
buildings 1 and 2 for area and personal sample data were 
±0.01 (area building 1) and ±0.02 (personal building 1), 
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and ± 0.03 (area building 2) and ± 0.05 (personal build
ing 2), respectively. 

OSHA established a maximum exposure level of air
borne asbestos for abatement workers before they are 
required to employ respiratory devices and other PPE [6]. 
This airborne limit is defined as the permissible exposure 
limit (PEL) and is 0.1 f·cm-3 TWA for airborne asbestos 
[6, 43]. Most of the sample results were below the OSHA 
PEL. Both the AM and GM for area and personal samples 
were below the OSHA PEL for buildings 1 and 2. The 
approximate concentration of asbestos in both types of 
insulation was 40% as determined by polarized light 
microscopy. Soil samples had asbestos debris from the 
pipes and some samples had a concentration greater than 
1%. 

Both populations of area samples from buildings 1 and 
2 and personal samples from building 2 were determined 
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Table 3. Area and personal sample results 
(in f·cm-3 TWA) and type/quantity of work 
performed for each study day 

Area and Personal Airborne Asbestos 
Sampling 

Time 

Building I 
Day 1 

Day2 

Day3 

Day4 

Day 5 

Day6 

Day7 

Day8 

Day9 

Building 2 
Day 1 

Day2 

Day3 

Day4 

Day 5 

Day6 

Day7 

Day8 

Day9 

Day 10 

Day 11 

Day 12 

Day 13 

Fiber 
concentration 

Area 0.01 
Personal 0.01 
Area 0.02 
Personal 0.14 
Area0.02 
Personal 0.11 
Area0.07 
Personal 0.07 
Area 0.05 
Personal 0.10 
Area 0.03 
Personal 0.10 
Area 0.01 
Personal 0.06 
Area 0.02 
Personal 0.06 
Area 0.01 
Personal 0.01 

Area 0.01 
Personal 0.01 
Area 0.01 
Personal 0.02 
Area0.07 
Personal 0.08 
Area 0.05 
Personal 0.13 
Area 0.01 
Personal 0.04 
Area 0.01 
Personal 0.04 
Area 0.02 
Personal 0.04 
Area0.14 
Personal 0.40 
Area 0.03 
Personal 0.04 
Area 0.01 
Personal 0.05 
Area 0.02 
Personal 0.06 
Area0.03 
Personal 0.10 
Area0.01 
Personal 0.03 

Type of activity/quantity of material abated 

glove-bag 300 If 

glove-bag 800 lf 

glove-bag 700 lf, dirt removal 7,400 sf and bag-out 

glove-bag! ,200 If and dirt removal 4,800 sf 

glove-bag 500 lf and dirt removal 2,000 sf 

glove-bag 600 and dirt removal 2,400 sf 

Dirt removal 1,000 sf and bagging of material (double bagging) 

glove-bag 400 If, dirt removal l ,600 and bag-out 

encapsulation 

glove-bag 1,000 If and dirt removal 4,500 sf 

glove-bag 800 lf and dirt removal 3,200 sf 

glove-bag 400 lf, dirt removal 1,600 sf and bag-out 

glove-bag 300 If and dirt removal 1,200 sf 

dirt removal 900 sf 

glove-bag 400 lf and dirt removal 1,600 sf 

glove-bag 500 If and dirt removal 2,000 sf 

glove-bag 1,200 If 

glove-bag 500 If and dirt removal 2,000 sf 

dirt removal 2,000 sf, bag material (double bag) and bag-out 

dirt removal 2,000 sf and bag-out 

dirt removal 2,000 sf 

bag-out, final clean and encapsulation 

If = Linear feet; sf = square feet. 
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to be nonnormally (logarithmic) distributed. The popula
tion of personal samples from building 1 was normally 
distributed. If a 1 % level is employed both area and per
sonal sample data from building 1 were normally distrib
uted. Building 2 data remained nonnormally distributed 
at 1 %. These distributions for building 1 are supported by 
the percentage of values associated with the SD shown in 
table 1. 

One major outlier was identified for both area and per
sonal samples of building 2 when represented as non trans
formed values. No outliers were identified for building 1 
sample data. No outliers, in either building 1 or 2 samples, 
were identified when these data were transformed. Coeffi
cients of skewness and kurtosis for area and personal sam
ples for nontransformed values from building 1 were 1.20 
and 3.16, and -0.19 and 2.03, respectively. Personal sam
ple data from building 1 suggests normality based on skew
ness at a 5% probability level [60]. If this probability level 
is evaluated at 1 %, both area and personal samples are sug
gested to be normal in distribution. For building 2, skew
ness and kurtosis for area and personal samples for non
transformed values were 2.08 and 6.49, and 2.64 and 8.92, 
respectively. Using probability levels for skewness, both 
area (2.08) and personal (2.64) data are at a level of greater 
than 1 % from a normal distribution, suggesting nonnor
mality [ 61]. When these data are transformed, for skew
ness and kurtosis [62], area and personal data from build
ing 1 are 0.43 and i:o2, and -1.62 and 4.87, and building 2 
are 0.83 and 2.55, and 0.49 and 3.57, respectively. 

Data, with and without the outliers, represented as 
both nontransformed and transformed values, were statis
tically different as determined by the Wilcoxon signed
rank and Z tests. Both the arithmetic and geometric 
means were larger for personal samples than area samples. 
Personal sample data also have a larger range than area 
samples. GSD were similar for building 2, but descrip
tively different for building 1. GSD for area and personal 
sample data suggest a relatively high variation [8, 40], but 
within the range of variation reported for occupational 
exposure [8]. 

Building 1 nontransformed and transformed matched 
(paired) data were not statistically correlated as evaluated 
by the slope of the line. There were statistical correlations 
for matched samples with and without inclusion of the 
outliers for both the nontransformed and transformed 
data of building 2. For building 2 testing for the slope of 
the line was found not to be equal to zero (p < 0.05). Cor
relation coefficients (R2) for building 1 nontransformed 
and transformed data were 0.60 and 0.10, and for build
ing 2 were 0.82 and 0.88, respectively. 
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Regression analysis for building 1 nontransformed and 
transformed sample data had coefficient of determination 
values (R2) of 0.10 and 0.25, respectively, and both were 
statistically unrelated (significantly different). Building 2 
sample data, nontransformed and transformed, with and 
without an outlier, were statistically related. Coefficient 
of determination values of building 2 for non transformed 
and transformed data, with the outlier, were 0.49 and 
0. 71, respectively. 

Discussion 

This study evaluated the relationship between area and 
personal airborne fiber concentrations of matched sam
ples that were collected during an asbestos abatement pro
ject. Previous occupational publications have reported 
both a relationship [8, 23] and no relationship [ 15-18, 20, 
21, 34, 40] between these two sample collection methods. 
It has also been reported [8] that there is no statistical dif
ference for concentration values between asbestos air
borne area and personal measurements, although other 
studies have not supported such findings [16-18, 20, 34]. 
OSHA requires employers to collect personal samples for 
assessing potential exposure to workers of airborne asbes
tos [6]. There is no reference in the regulatory standards 
discussing use and application of area samples for deter
mining individual exposure or for supporting this method 
as a mechanism of occupational (personal) sampling for 
asbestos. However, area sample data are often used for 
determining exposure of workers in lieu of personal sam
ple data in the abatement industry [8]. Information 
regarding associations between area and personal air
borne asbestos samples is important for evaluating expo
sure criteria and determination of the hazard assessment, 
as well as the underlying sample distribution [8, 18, 20, 
21, 26, 37]. Generally, area samples are employed for 
environmental and public health protection, evaluation of 
emission controls and general concentrations of fibers in 
the work location, including inside and outside the regu
lated area (containment area) [2, 9]. Personal samples can 
also be used for decision criteria beside those of occupa
tional exposure [8, 34]. 

A previous study [8] found a relationship between the 
two sample collection methods, however, sample collec
tion in this published investigation did not evaluate con
centrations that were of a TWA. The investigation pre
sented here, which employs samples that are TWA mea
surements, does partially support an association between 
area and personal samples based on correlation coeffi-
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cients. However, any association between area and per
sonal samples must be viewed with caution since previous 
investigators have suggested a lack of association [ 17, 18, 
2 1, 34, 63]. Correlation for area and personal sample data 
from building 2 suggests that these results vary together. 
However, there was no correlation for building 1 data. 

Regression analysis suggests that a statistical relation
ship does exist for samples taken in building 2, but not for 
building 1. Building 2 nontransformed and transformed 
data suggest that approximately 49 and 71 % of the varia
tion, respectively, 'account for' variability of area or per
sonal samples [ 4 7, 48]. Data from building 2, particularly 
when transformed, suggested area and personal samples 
exhibited a relationship to each other and a possible 
regression equation could be developed. However, the 
lack of relationship for building 1 data, a statistical differ
ence for concentration values in both building samples, 
area vs. personal, and previous findings [ 18, 34] of no 
relationship must temper any reported association. When 
these factors are considered for this study data, there may 
be no true relationship between measurements; area and 
personal exposure concentrations [8, 34, 40]. 

The concentration means for the two sampling meth
ods, area vs. personal, for buildings 1 and 2 were both 
descriptively and statistically different. When CI values 
were evaluated for samples from both buildings, there was 
no overlap of the aritpmetic range of either area or per
sonal samples for building 1, but an overlap of range 
existed for building 2 (tables 1, 2). For building 2 the 
upper CI for area samples is 0.05 f·cm-3 and the lower CI 
for personal samples is 0.03 f·cm-3. These analyses sup
port the observation that personal samples show a higher 
airborne concentration than area samples as has been 
reported in other publications [17, 18, 20-22, 34, 40]. 

Since data reported in this investigation are TWA and 
matched, the confounders of workers leaving the general 
location, episodic releases, continuous operation of area 
samplers at a fixed location, and other related workplace 
practices are somewhat minimized. However, these var
ious work practice factors, the type of material abated, 
engineering controls, and variations of sample data must 
be considered in any reported relationship of area and 
personal measurements [8, 20, 21, 24, 43, 64, 65]. Such 
factors and activities may explain the previously reported 
relationship for area and personal samples [8], and the 
partial relationship observed in this study. 

Area samplers may give higher concentrations since 
these stationary devices can be placed at fixed locations 
where the highest 'exposure' levels are expected [8, 19, 
24]. Employment of this type of sampling is suggested by 
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the authors to be inappropriate since an overestimate of 
exposure would result when the data are compared to per
sonal measurements [8]. However, based on the data pre
sented in this study and the work of others [ 18, 20, 21] 
area samplers will more likely underestimate exposure 
and subsequent respiratory requirements [8, 15- 18, 20, 
21, 63]. 

The present investigation has determined, as had pre
vious studies [8, 20, 21,23-25, 34-36, 40, 66-69] of distri
bution for asbestos and other airborne dusts/contami
nants, that workplace (occupational) airborne concentra
tions are nonnormally distributed [70]. A difference in 
distribution upon transformation finds, as in previous 
studies [8, 34, 35], that asbestos airborne dust is best 
represented as a logarithmic form. As a result of this 
observed distribution, summary data would be best repre
sented as GM and GSD [34, 35, 40]. However, some stud
ies have suggested and reported data as the AM and SD 
rather than nonnormal summary data descrip�ors [ 46, 59, 
71]. 

It has been suggested that AM is more representative of 
the health outcome following long term and chronic expo
sure to occupational hazards [72]. Use of an arithmetic 
value may also better represent the average dose and pro
vide a less biased summary statistic that can be employed 
for occupational epidemiological studies [8, 73-75]. Re
porting data only in parametric descriptors does not pro
vide information of the underlying distribution and asso
ciated trends. Therefore, its has been suggested by some 
that both parametric and nonparametric descriptors 
should be included for representing sample location and 
dispersion [8]. 

The GSD and range suggest that the data are highly 
variable. Other studies (8, 15, 65, 76, 77] have also 
reported that occupational contaminants are highly vari
able. Personal sample measurements appear to have the 
largest variability in this study as evaluated by SD, GSD 
and range. 

Summarizing the air sample data, as evaluated by AM 
and GM, indicated that the work practices used generally 
maintained an airborne concentration of asbestos below 
the OSHA PEL. The range for personal samples taken in 
both buildings 1 and 2 suggests that numeric excursions 
above the OSHA PEL do occur. However, for compliance 
purposes, sample data from building 1 cannot be demon
strated to exceed the OSHA PEL [39]. When evaluation of 
individual sample CI, the largest value, and means (AM 
and GM) were considered for building 2, there appeared 
to be some sample values that exceeded the OSHA PEL. 
For building 2, when the summary CI value of± 0.05 was 
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considered, one value (0.40 f·cm-3 TWA) clearly ex
ceeded the OSHA PEL. This value is a major outlier war
ranting caution before concluding that the OSHA PEL 
had been exceeded, especially when compared to other 
exposure values collected that involved performing the 
same activity (glove-bag), mean (AM and GM) values, 
and sample variability [8,39]. Evaluation of outliers must 
also be viewed in regard to interpretation of regulatory 
compliance with the OSHA PEL, particularly as to wheth
er exceedance is determined by an individual measure
ment (single shift) or cumulative exposure [39]. Decisions 
regarding exposure based on the highest concentration 
value, especially when considering outliers, may result in 
'fallacious interpretation' and inappropriate actions, such 
as employment of respiratory protection [8]. When the 
outliers are removed summary and individual data sug
gest for building 2 that the exposure concentration is like
ly below the OSHA PEL. Thus, a hazard assessment of 
these data does not support a requirement for workers to 
use respirators for activities described, especially when 
the method of analysis (phase-contrast microscopy) for 
fibers is considered not to be specific for asbestos [2, 43]. 
Data presented could be considered historical in nature 
(historical data) [8], however, the variation reported for 
asbestos exposure concentrations must caution applica
tion of this information without additional site-specific 
monitoring data [8]. 

There does not appear to be a descriptive association 
with the amount df work performed and the exposure 
concentration. Level of exposure may be a function of 
engineering controls, condition of material, work area, 
mobility of the worker, work practices by the individual 
and variation of concentration day-to-day (within) and 
between workers [8, 21, 25, 26, 39, 43, 65, 78-82]. The 
lowest exposure concentration is associated with cleanup. 
Bag-out appears to be generally the second lowest activity 
for exposure with glove bag procedures being the highest. 

In evaluation and formation of a hazard assessment 
from exposure data, other factors such as the analysis 
methodology must be considered. The method recognized 
by OSHA for analysis of fiber concentration, PCM, is not 
specific to asbestos fibers, but rather is a measure of all 
airborne fibers [ 43, 80]. Since most ACM are usually less 
than half asbestos, the majority of fibers identified by 
phase-contrast microscopy are non-asbestos [2, 43]. The 
PEL as established by OSHA is designed to protect a 
majority of persons employed in the 'asbestos industry' 
for 45 years on the basis that their exposure is 40 h a  week, 
with 50 weeks of work per year [ 43]. If this scenario is 
extrapolated to asbestos abatement workers, most, if not 
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all, will not achieve the entire time period of exposure for 
the upper limit of the OSHA PEL. Much of the worker's 
time is spent in setup and teardown, which has been sug
gested to have exposure that is better represented by 
ambient concentrations of asbestos [2, 43]. Thus, periodic 
exceedances above the OSHA PEL may not be of critical 
importance to potential health outcomes [39], although 
they cannot be totally ignored or overlooked from an 
industrial hygiene and toxicological perspective. 

Primary questions related to occupational exposure 
and measurements are in regard to respiratory protection, 
other forms of PPE and applicability of engineering con
trols, including work practices. OSHA through this respi
rator standard has stated that respirators should not be 
employed if their use creates a hazard [2 9 CFR 1910.134 
(c)(2)(i)]. From the present investigation and other studies 
[l, 8, 34, 35, 43, 80, 81], if reasonable engineering controls 
are employed and appropriate work practices instituted 
fiber concentrations will most likely be below the OSHA 
PEL and so eliminate the regulatory requirements of res
pirator use. However, some have considered that respira
tors should be used regardless of airborne concentration 
[27-30]. This practice does not consider factors related to 
interpretation of the OSHA PEL [39], importance and 
applicability of engineering controls [8, 24, 25] and physi
ological stressors of respirator use [ 8 3]. Use of respirators 
at exposure concentrations below the OSHA PEL may 
actually be more harmful than beneficial when all factors 
are considered [34, 80, 83-85]. Physiological and related 
factors must be considered when conducting and formu
lating a hazard assessment and deciding respiratory re
quirements [80]. 

The value of the limit of detection was used for data 
values at or below the limit of detection for statistical cal
culations in this study [34, 70]. Some investigators [50, 
86] have suggested that one half of the detection limit val
ue should be used for statistical calculations. Use of the 
detection limit value provides the highest numerical ex
posure and may be more applicable for some studies as a 
method of incorporating a safety factor and in determin
ing exposure and hazard assessment criteria. 

Conclusion 

This study has provided data on area and personal 
samples that were collected during asbestos abatement. 
These data suggest that if engineering controls and appro
priate work practices are employed fiber levels of asbestos 
can be generally maintained below the OSHA PEL. Air-
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borne concentration of asbestos appears to differ accord
ing to the type of activity performed [8]. A previously sug
gested relationship between area and personal samples as 
associated with asbestos abatement [8] is not fully sup
ported by this study. Data presented in this investigation 
suggest that personal samples were statistically higher in 
concentration as compared to area samples. It is suggested 
that personal sampling gives the best measure for expo
sure evaluation and subsequent hazard assessment of the 

occupational environment [18, 2 1 , 24, 34, 63, 80]. Use of 
area sampling for predicting occupational exposure 
should be employed with caution. As reported in previous 
studies [8, 34, 35] airborne asbestos concentrations are 
nonnormally distributed and have high variability. Addi
tional studies are warranted for evaluating exposure of 
asbestos during abatement and concentration relation
ships between area and personal sample measurements. 

References 

Jaffrey SAMT, Burdett GJ, Rood AP: An in
vestigation of airborne asbestos concentrations 
in two U.K. buildings: Before, during and after 
removal of asbestos. Int J Environ Stud 1988; 

32:169-180. 
2 HE!: Asbestos in Public and Commercial 

Buildings: A Literature Review and Synthesis 
of Current Knowledge. Cambridge, Health Ef
fects Institute, Asbestos Research, 1 99 1 .  

3 U S  Environmental Protection Agency: Asbes
tos-Containing Materials in Schools: Final 
Rule and Notice. 40 CFR 763 appendix A to 
subpart E. Federal Register October 30. Wash
ington, 1987, vol 52, pp 4 1 825-41905.  

4 Pennsylvania Department o f  Labor and Indus
try: Occupations, Accreditation and Certifica
tions Act, No 1990- 194. Harrisburg, Bureau of 
Occupational Snfoty and Hea!Lh, Asbestos and 
Lead Section, 199 1 .  

Allegheny County Health Department: Toxic 
Hazardous Air Pollutants, Asbestos Abate
ment. Rules and Regulations, Article XX!, Air 
Pollution Control, Ordinance No 1 6782. Pitts
burgh, 1 996. 

6 Occupational Safety and Health Administra
tion: Occupational Safety and Health Stan
dards. Title 29 Code of Federal Regulations 
1 9 1 0  and 1 926. Washington, US Department 
of Labor, 1 999. 

7 Lange JH, Kaiser G, Thomulka KW: Environ
mental site assessments and audits: Building 
inspection requirements. Environ Manage
ment 1994; 1 8:15 1 - 1 60. 

8 Lange JH, Lange PR, Reinhard, TK, Thomul
ka KW: A study of personal and area airborne 
asbestos concentrations during asbestos abate
ment: A statistical evaluation of fibre concen
tration data. Ann Occup Hyg 1 996;40:449-
466. 

9 Lange JH, Thomulka KW, Lee RJ, Dunmyre 
GR: Evaluation of lift and passive sampling 
methods during asbestos abatement activities. 
Bull Environ Contam Toxicol 1995;55:325-

331. 

10 Selikoff !J, Hammond EC, Seidman H: Mortal
ity experience of insulation workers in the 
United States and Canada: 1 943- 1 976. Ann 
NY Acad Sci 1 979;330:91-1 16. 

Area and Personal Airborne Asbestos 
Sampling 

11 Sawyer RN: Asbestos exposure in a Yale build
ing, analysis and resolution. Environ Res 1 977; 

1 3: 1 46-1 69. 

12  Mossman BT, Gee JBL: Asbestos-related dis
eases. N Engl J Med 1 989;320:172 1 - 1 730. 

13 Mossman GT, Bignon J, Corn M, Seaton A, 
Gee, JBL: Asbestos: Scientific developments 
and implications for public policy. Science 
1 990;247:294-3 0 1 .  

1 4  Waage HP, Langard S ,  Anderson A :  The inci
dence of asbestos-related cancer in a popula
tion cross-section: Eight years of follow-up. In J 
Occup Med Toxicol 1993;2: 1 5-30. 

1 5  Sherwood RJ: On the interpretation of air sam
pling for radioactive particles. Am Ind Hyg 
Assoc J 1 966;32:840-846. 

16 Stevens DC: The particle size and mean con
centration of radioactive aerosols measured by 
personal and static air samples. Ann Occup 
Hyg 1969; 12:33-40. 

1 7  Linch AL, Weist EG, Carter MD: Evaluation of 
tetraethyl lead exposure by personal monitor
ing surveys. Am Ind Hyg Assoc J 1 970; 3 1 :  1 70-
1 79. 

18 Donaldson HM, Stringer WT: Beryllium sam
pling methods. Am Ind Hyg Assoc J 1980;41 :  

85-90. 
19 Scheeper B, Kromhout H, Boleij SM: Wood

dust exposure during wood-working processes. 
Ann Occup Hyg 1 995;39: 1 4 1 - 1 54. 

20 Seixas NS, Heyer NJ, Welp EAE, Checkoway 
H: Quantification of historical dust exposures 
in the diatomaceous earth industry. Ann Occup 
Hyg 1997;41 :591 -604. 

21 Niven RMcL, Fishwick D, Pickering CAC, 
Fletcher, AM, Warburton CJ, Crank P: A study 
of the performance and comparability of the 
sampling response to cotton dust of work area 
and personal sampling techniques. Ann Occup 
Hyg l 992;36:349-362. 

22 Zock J, Heederik D, Kromhout H: Exposure to 
dust, endotoxin and micro-organisms in the 
potato processing industry. Ann Occup Hyg 
l 995;39:84 1-854. 

23 Breslin AJ, Ong L, Glauberman H, George AC, 
LeClare P: The accuracy of dust exposure esti
mates obtained from conventional air sam
pling. Am Ind Hyg Assoc J 1 967;28:56-61. 

24 Corn M: Assessment and control of environ
mental exposure. J Allergy Clin lmmunol 1983; 

72:231-24 1 .  

2 5  Lange JH, Sites SLM, Thomulka KW: Personal 
sample measurements of airborne lead during 
abatement procedures. Bull Environ Contam 
Toxicol 1997;58:659-666. 

26 Lange JH, Sites SLM, Thomulka KW: Air
borne lead exposure to workers during activity 
as part of a building demolition project. Indoor 
Built Environ 1 998;7:2 1 0-2 1 6. 

27 Bullskin Township Elementary School: Reno
vation, Additions and Asbestos Abatement for 
Bullskin Township Elementary School. Con
nellsville Area School District, Connellsville, 
Pa., 1 997. 

28 Southern Tioga School District: Bidding and 
Contract Documents, Technical Specifications 
for Aasbestos Abatement at North Penn Jr/Sr 
High School, Liberty Jr/Sr High School, Mans
field Jr/Sr High School for Southern Tioga 
School District. Blossburg, Pa., 1 997. 

29 North East School District: Asbestos Removal 
Project, North East School District, Earl C. 
Davis Elementary School and Fieldhouse, 
North East, Pa., 1 998. 

30 Peters Township School District: Asbestos 
Abatement in Peters Township High School, 
McMurray, Pa., 1 999. 

3 1  Maryland Department of the Environment: 
Control of Asbestos, COMAR 26. 1 1 .21. Balti
more, Air and Radiation Management Admin
istration, 1 998. 

32 Cherrie JW, Lynch G, Bord BS, Heathfield P, 
Cowie H, Robertson A: Does wearing of sam
ple pumps affect exposure. Ann Occup Hyg 
l 994;38:827-838. 

33 Corn M, Crump K, Farrar DB, Lee RJ, Mcfee 
DR: Airborne concentrations of asbestos in 7 1  

buildings. Regul Toxixol Pharmacol 1 99 1 ; 1 3: 
99-114. 

34 Lange JH: A statistical evaluation of asbestos 
air concentrations. Indoor Built Environ 1 999; 

8:293-303. 

35 Paik NW, Walcott RJ, Brogan PA: Worker 
exposure to asbestos during removal of sprayed 
materials and renovating activity in building 
containing sprayed material. Am Ind Hyg As
soc J 1983;44:428-432. 

Indoor Built Environ 2Q00;9: 192-200 199 



36 Waters MA, Selvin S, Rappaport SM: A mea
sure of goodness-of-fit for the lognormal model 
applied to occupational exposures. Am Ind 
Hyg Assoc J l 991 ;52:493-502. 

37 Kumagai S, Kusaka Y, Goto S: Log-normality 
of distribution of occupational exposure con
centration to cobalt. Ann Occup Hyg 1 997;4 1 :  

2 8 1 -286. 

38 Lyles RH, Kupper LL, Rappaport SM: A log
normal distribution-based exposure assess
ment method for unbalanced bias. Ann Occup 
Hyg 1 977;41 :63-76. 

39 Letters to the Editor: A log-normal distribu
tion-based exposure assessment method for un
balanced bias. Ann Occup Hyg 1 998;42:4 1 3-

422. 
40 Leidel NA, Busch KA, Lynch JR: Occupational 

Exposure Sampling Strategy Manual. DEHW 
(NIOSH) Publication No 77-173, National 
Technical Information Service No PB-274-
792. Cincinnati, National Institute for Occupa
tional Safety and Health, 1 977. 

41 Corn M: Strategies of air sampling. Scand J 
Work Environ Health 1 985; 1 1 : 1 73-1 80. 

42 Bozzelli JW, Russell JF: Airborne asbestos lev
els in several schools before and after bulk 
asbestos removal. Int J Environ Stud 1 982;20: 
27-30. 

43 Mlynarek S, Corn M, Blake C: Asbestos expo
sure of building maintenance personnel. Regul 
Toxicol Pharmacol l 996;23:2 1 3-224. 

44 Hall GS, Rice CH, Lockey JE, Lemasters GK, 
Gartside PS: A comparison of exposures to 
refractory ceramic fibers over multiple work 
shifts. Ann Occup Hyg 1 997;4 1 :555-560. 

45 National Institute for Occupational Safety and 
Health: Manual of analytical methods, Cincin
nati, National Institute for Occupational Safety 
and Health, 1 977. 

46 Sawyer RN, Rohl AN, Langer AM: Airborne 
fiber control in buildings during asbestos mate
rial removal by amended water methodology. 
Environ Res 1985;36:46-55. 

47 Sokal RR, Rohlf FJ: Biometry: The Principles 
and Practices of Statistics in Biological Science. 
New York, Freeman, 1 995. 

48 Sheskin DJ: Handbook of Parametric and 
Non-Parametric Statistical Procedures. Boca 
Raton, CRC Press, 1 997. 

49 Nieuwenhuijsen MJ, Lawson D, Venables KM, 
Taylor AJN: Correlation between different 
measures of exposure in a cohort of bakery 
workers and flour millers. Ann Occp Hyg 1 99 5; 
39:29 1-298. 

50 Nieuwenhuijsen MJ, Schenker MB: Determi
nants of personal dust exposure during field 
crop operations in California agriculture. Am 
Ind Hyg Assoc J 1 998;59:9-l 3.  

51 Chen M, Mao I, Chen J, Ho C, Smith TJ, Wypij 
D, Christiani DC: Assessment of coke oven 
emissions exposure among coking workers. Am 
Ind Hyg Assoc J 1 999;60: 1 05-1 1 0. 

I 

52 Kelly WD, Ratcliff TA, Nenadic C: Basic Sta
tistics for laboratories. New York, Van Nos
trand Reinhold, 1 992. 

53 Timko J, Downie J: Statistics on Software. 
Culver City, Software labs, 1 992. 

54 Niven RMcL, Fletcher AM, Pickering CAC, 
Fishwick D, Francis HC, Warburton CJ, Old
ham LA: A comparison of performance of two 
personal sampling heads for cotton dust. Ann 
Occup Hyg 1 998;42:253-258. 

55  McMillan College Software: ASP Student 
Copy: A Statistical Package for Business, Eco
nomics and Social Sciences. New York, Dellen/ 
McMillan College, 1 994. 

56 Daniel WW: Biostatistics: A Foundation for 
Analysis in the Health Sciences. New York, 
Wiley & Sons, 1 99 1 .  

5 7  Shapiro SS, Wilk MB: An analysis o f  variance 
test for normality. Biometrika 1 965;52:59 1 -

6 1  I .  
5 8  Gilbert RO:Statistical Methods for Environ

mental Pollution Monitoring. New York, Van 
Nostrand Reinhold, 1987. 

59 Keyes DL, Chesson J, Ewing WM, Faac JC, 
Hatfield RL, Hays SM, Longo WE, Millette JR: 
Exposure to airborne asbestos associated with 
simulated insulation above a suspended ceil
ing. Am Ind Hyg Assoc J 1 9 9 1  ;52:479-484. 

60 Environmental Protection Agency: Statistical 
Analysis of Ground-Water Monitoring Data at 
RCRA Facilities (draft). Washington, Office of 
Solid Waste, Permits and State Programs Divi
sion, 1 992. 

61 Taylor JK: Statistical Techniques for Data 
Analysis. Boca Raton, Lewis, 1 990. 

62 Arkin H, Colton RR: Statistical Methods. New 
York, Harper & Row, 1 970. 

63 Tebbens BD: Personal dosimetry versus envi
ronmental monitoring. J Occup Med 1 973; 1 5 : 

639-641 .  
6 4  Gressel MG, Heitbrink WA, McGlothlin JD, 

Fischbach TJ: Advantages of real-time data 
acquisition for exposure measurements. Appl 
Ind Hyg 1 988;3 : 3 1 6-320. 

65 Buringh E, Lanting R: Exposure variability in 
the workplace: Its implications for the assess
ment of compliance. Am Ind Hyg Assoc J 1 99 1 ;  
52:6- 1 3. 

66 Cohen BS, Harley NH, Lippman M: Bias in air 
sampling techniques used to measure inhala
tion exposure. Am Ind Hyg Assoc J 1 984;45: 

1 87-1 92. 

67 Esmen NA, Hammad Y: log-normality of en
vironmental sampling data. J Environ Sci 
Health. 1 977;Al2:29-4 1 .  

68 Peretz C ,  Goldberg P, Kahan E ,  Goren A: The 
variability of exposure over time: a prospective 
longitudinal study. Ann Occp Hyg 1 997;4 1 :  
485-500. 

69 Teschke K, Hertzman C, Morrison B :  Level 
and distribution of employee exposures to total 
and respirable wood dust in two Canadian saw
mills. Am Ind Hyg Assoc J 1 994;55:245-250. 

70 Burstyn I, Teschke K: Studying the determi
nants of exposure: a review of methods. Am 
Ind Hyg Assoc J l 999;60:57-72. 

200 Indoor Built Environ 2000;9: 192-200 

71 Parkhurst DF: Arithmetic versus geometric 
means for environmental concentration date. 
Environ Sci Technol l 998;32:92A-98A. 

72 Armstrong BG: Confidence intervals for arith
metic means of log-normally distributed expo
sures. Am Ind Hyg Assoc J 1 992;53:481-485. 

73 Seixas NS, Robins TG, Moulton LH: Use of 
geometric and arithmetic mean exposures in 
occupational epidemiology. Am J Ind Med 
1 988; 1 4:465-477. 

74 Roach SA: Most rational basis for air sampling 
programs. Ann Occup Hyg l 977;20:65-80. 

75 Rappaport SM, Selvin S, Spear RC, Keil C: 
Sampling in the assessment of continuous ex
posures to acutely toxic chemicals. Part I: Strat
egy. Am Ind Hyg Assoc J 1 9 8 1 ;54:654-6 6 1 .  

7 6  Baretta ED, Steward RD, Mutchler JE: Moni
toring exposure to vinyl chloride vapor: breath 
analysis and continuous air sampling. Am Ind 
Hyg Ass J 1 969;30:537-544. 

77 Esmen NA: Exposure estimation in four major 
epidemiological studies in the acrylonitrile in
dustry. Scand J Work Environ Health 1998;24: 

63-70. 

78 Kromhout H, Symanski E, Rappaport SM: A 
comparison evaluation of within- and between
worker components of occupational exposure 
to chemical agents. Ann Occup Hyg 1 993; 17 :  

253-270. 

79 Rappaport SM, Kromhout H, Symanski E: 
Variation of exposure between workers in ho
mogenous exposure groups. Am Ind Hyg Assoc 
J 1 993;54:654-66 1 .  

8 0  Seixas NS, Sheppard L: Maximizing accuracy 
and precision using individual and grouped 
exposure assessments. Scand J Work Environ 
Health 1 996;22:94-10  I .  

8 1  Lange JH, Thomulka KW: An evaluation of 
personal airborne asbestos exposure measure
ments during abatement of drywall and floor 
tile/mastic. Int J Environ Health Res 1 999;10:  

5-1 9. 

82 Crossman RN, Williams MG, Lauderdale J, 
Schosek K, Dodson RF: Quantification of fiber 
releases for various floor tile removal methods. 
Appl Occup Environ Hyg 1 996; 1 l : 1 1 1 3-1 1 24. 

83 Raven PB, Dodson AT, Davis TO: The physio
logical consequences of wearing industrial res
pirators: A review. Am Ind Hyg Assoc J 1 979; 

40:5 1 7-534. 

84 Seliga R, Bhattacharya A, Succop P, Wick
strom R, Smith D, Willeke K: Effect of work 
load and respirator wear on postural stability, 
heart rate, and perceived exertion. Am Ind Hyg 
Assoc J 1 99 1 ;52:41 7-422. 

85 Hodous TK, Hankinson Jl, Stark GP: Work
place measurement of respirator effects using 
respiratory inductive plethysmography. Am 
Ind Hyg Assoc J 1 989;50:372-378. 

86 Oehlert GW, Lee RJ, Van Orden DR: Statisti
cal analysis of fiber counts. Environmentrics 
1 995;6: 1 1 5-126 .  

Lange/Kuhn/Thomulka/Sites 


