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Abstract

Context: US EPA proposed a Reference Concentration for Libby amphibole asbestos based on
the premise that pleural plaques are adverse and cause lung function deficits.

Objective: We conducted a systematic review to evaluate whether there is an association
between pleural plaques and lung function and ascertain whether results were dependent on
the method used to identify plaques.

Methods: Using the PubMed database, we identified studies that evaluated pleural plaques and
lung function. We assessed each study for quality, then integrated evidence and assessed
associations based on the Bradford Hill guidelines. We also compared the results of HRCT
studies to those of X-ray studies.

Results: We identified 16 HRCT and 36 X-ray studies. We rated six HRCT and 16 X-ray studies as
higher quality based on a risk-of-bias analysis. Half of the higher quality studies reported small
but statistically significant mean lung function decrements associated with plaques. None of
the differences were clinically significant. Many studies had limitations, such as inappropriate
controls and/or insufficient adjustment for confounders. There was little consistency in the
direction of effect for the most commonly reported measurements. X-ray results were more
variable than HRCT results. Pleural plaques were not associated with changes in lung function
over time in longitudinal studies.

Conclusion: The weight of evidence indicates that pleural plaques do not impact lung function.

Keywords

Asbestos, FEV, FVC, high-resolution computed
tomography, lung function, pleural
plaques, X-ray

History

Received 26 September 2014
Revised 22 October 2014

Accepted 23 October 2014
Published online 16 December 2014

Observed associations are most likely due to unidentified abnormalities or other factors.

Introduction

Exposure to asbestos can cause lung inflammation and
fibrotic conditions, such as asbestosis and diffuse pleural
thickening (DPT). These conditions are associated with lung
function decrements, which are typically restrictive but may
be obstructive or both (Antonescu-Turcu & Schapira, 2010;
Currie et al., 2009; Craighead, 2008; Miles et al., 2008; Weill,
2008). Asbestos exposure is also associated with pleural
plaques, which may be present on the lateral chest wall or on
the pleural surface of the diaphragm (ATS, 2004; Craighead,
2008; Weill, 2008). Pleural plaques (sometimes called
localized pleural thickening or circumscribed pleural thicken-
ing) are comprised of collagen fibers in an open basket-weave
pattern and covered by a layer of mesothelial cells, and they
may or may not be calcified (ATS, 2004). They correlate with
time from first asbestos exposure and are typically seen
20 years after first exposure (Weill, 2008). Pleural plaques are
distinct from DPT, which consists of extensive fibrosis of the
visceral pleura, often presenting as fibrous strands that extend
into the lung parenchyma (Miles et al., 2008). Whether
pleural plaques cause deficits in lung function or are simply
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markers of asbestos exposure is controversial. While the
American Thoracic Society (ATS, 2004) and the British
Thoracic Society (BTS, 2011) consider pleural plaques
markers of asbestos exposure, a few epidemiology studies
have reported that they are associated with reduced lung
function (Bourbeau et al., 1990; Larson et al., 2012; Miller
et al., 2013).

In 2011, the United States Environmental Protection
Agency (US EPA, 2011) released a draft Toxicological
Review of Libby Amphibole Asbestos that included a
Reference Concentration (RfC) calculation. An RfC is the
concentration of a substance for which continuous inhalation
exposure over a lifetime is likely to be without an appreciable
risk of deleterious effects. US EPA based its proposed RfC on
pleural plaques. As the presence of pleural plaques is
considered by many to be a biomarker of exposure, rather
than an established adverse health effect per se, US EPA’s
decision to base the RfC on pleural plaques is controversial.

Historically, pleural plaques were identified by X-ray
radiography (ILO, 2000). Some limitations of this method
include the inability to detect some plaques and early lung
parenchymal fibrosis and pleural thickening, as well as the
misdiagnosis of extrapleural fat pads as pleural plaques (ATS,
2004). High resolution computed tomography (HRCT), a
more sensitive tool for identification of pleural plaques and
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other lung abnormalities, has come into use in the last 25
years or so as a state-of-the-art method for lung imaging
(ATS, 2004). It has been suggested that studies using X-ray
radiography to identify pleural plaques lack sensitivity
because lung function decrements observed in these studies
may actually be attributable to the presence of other pleural or
parenchymal fibrosis that was undetected by the radiographs
(Schwartz et al., 1990a; Weill, 2008). Studies using HRCT to
identify pleural plaques are less likely to suffer from this
potential limitation and may be more reliable for the purpose
of determining whether pleural plaques affect lung function.’

We identified and critically reviewed studies that used
either HRCT or X-ray radiography to identify people with and
without pleural plaques to determine whether the weight of
evidence indicates pleural plaques are associated with lung
function decrements and hence biomarkers of effect or are
more likely markers of asbestos exposure. We also compared
the findings of HRCT studies with those of X-ray studies to
ascertain whether the results were dependent on the method
used to identify pleural plaques.

Methods
Literature search strategy and study selection

We searched the PubMed database for studies published
through May 2014 that evaluated pleural plaques and lung
function using several search terms: (lung function tests OR
pulmonary function tests OR spirometry OR fev OR fevl OR
fvc OR residual volume OR rv OR total lung capacity OR tlc
OR erv OR expiratory reserve volume OR DLCO OR gas
diffusion) AND (pleural plaques OR pleural thickening OR
asbestos). In addition, we checked references in review
articles of pleural plaques and asbestos effects to identify any
studies that may not have been identified by our literature
search.

We included peer-reviewed observational studies of adult
humans, with pleural plaques as the potential risk factor of
interest and lung function tests as the outcomes of interest.
We did not consider studies that met any of our exclusion
criteria: animal or in vitro studies; observational studies
conducted in children; studies that did not have either subjects
with pleural plaques alone (i.e. with no other abnormalities)
or a regression analysis for pleural plaques adjusting for
other abnormalities; studies that did not report lung function
test or regression results for individuals with pleural plaques
alone; studies that investigated pleural plaques resulting
from a disease, a medication or a medical intervention; or
review articles. Two investigators independently reviewed
each study for inclusion, first by reviewing study titles and
abstracts, and then the full text. When there was a disagree-
ment, a third investigator was consulted to resolve the
discrepancy. Figure 1 details the literature search and study
selection process.

! Although HRCT scans are preferred for this purpose, X-rays may be
more appropriate in the clinical setting. This is because HRCT scans are
more costly and may identify benign nodules that then require repeated
testing, causing unnecessary radiation exposure (Maxim et al., 2014).
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Data extraction

One investigator extracted data from each study using a
standardized data extraction form, and a second investigator
independently reviewed each entry. When there was a
disagreement regarding a particular entry, a third investigator
was consulted to resolve the disagreement. The data we
extracted included study design (i.e. cross-sectional or
longitudinal), study size (including the number of subjects
with no lung abnormalities and pleural plaques alone) and
location, population from which subjects were drawn,
participation rate, number of image readers, number of
measures of lung function, standards for conducting lung
function tests, number of times lung function tests were
conducted, results of lung function tests, whether there was an
association of lung function with extent of plaques and
whether analyses were adjusted for exposure, smoking or
body mass index (BMI).

Assessment of study quality and risk of bias

Two investigators independently evaluated study quality and
risk of bias for each study. When there was a disagreement, a
third investigator was consulted to resolve the disagreement.
The characteristics we evaluated included study design, study
size, participation rate, whether or not the referents were
exposed to asbestos, whether the study included an exposure
assessment, imaging method, number of image readers,
standards used for lung function testing, number of lung
function trials, number of lung function parameters tested,
statistical methods and whether the analyses were adjusted for
confounders (BMI, smoking and asbestos exposure).

We conducted risk of bias analyses separately for HRCT
and X-ray studies based on study quality characteristics that
may have impacted the validity of the study findings
(Figure 2). We first considered whether control subjects
were exposed to asbestos (Tier 1). Because non-exposed
subjects do not appropriately represent the source population
subjects with pleural plaques are selected from, studies that
have non-exposed controls have a high risk of bias (likely
away from the null) and are of lower quality. We next
evaluated whether studies (with asbestos-exposed controls)
adjusted for asbestos exposure and/or smoking (Tier 2). If a
study did not adjust for either of these factors, we considered
it to have a high risk of bias and to be of lower quality. If a
study adjusted for one or both of these factors, we assessed six
factors that can potentially bias results: cross-sectional study
design (versus longitudinal study), small study size (below the
median of 120 subjects), use of a single person reading
images (versus two or three), examination of a single
pulmonary function test (PFT) parameter, no reported statis-
tical methods and/or no adjustment for BMI (Tier 3). Cross-
sectional studies have higher risk of bias than longitudinal
studies as the former does not take into account within-person
variation in measured lung function parameters. Smaller
studies are less precise and more prone to chance findings
than larger studies. A single reader of all imaging results may
introduce systematic error in identification of pleural plaques,
thus increasing the risk of bias. A single type of spirometry
measure [e.g. forced vital capacity (FVC) or forced expiratory
volume in one second (FEV)] does not give a complete
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Figure 1. Literature identification and screen-
ing process.
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Figure 2. Risk of bias evaluation process.
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only one or none of these criteria, it had a low risk of bias and
was considered of higher quality. We also concluded that
studies with asbestos-exposed controls that adjusted for
asbestos exposure or smoking (but not both) had high risk
of bias (and were of lower quality) if they satisfied three or
more Tier 3 criteria, and a low risk of bias and higher quality
otherwise.

Evidence integration

HRCT and X-ray studies were first analyzed separately. We
focused on spirometry, gas diffusion, and lung volume



18 L. E. Kerper et al.

findings. Because FVC (or VC [vital capacity]), FEV,, the
FEV,/FVC (or FEV/VC) ratio and total lung capacity (TLC)
are the basic parameters needed to identify a functional deficit
(i.e. restriction or obstruction; Pellegrino et al., 2005), we
primarily focused on these, along with diffusing capacity of
carbon monoxide (DLc(), for our analysis. We looked at each
endpoint separately and in combination to determine whether
there was an indication of restriction, obstruction, mixed
effect or gas diffusion effect in each study. We focused on
differences between individuals with pleural plaques and
those with no lung abnormalities.

We considered both the statistical and clinical significance
of lung function results. According to ATS (1986), clinical
respiratory function impairment is defined as a reduction in
the capacity to exercise or work. Clinical significance is
usually evaluated on an individual level by a clinician; thus,
the general guidelines for what constitutes clinical signifi-
cance cannot be directly applied to a population. The ‘‘gold
standard’’ approach to define individual clinical significance
is based on the lower limit of normal (LLN), i.e. normal
spirometric values falling between the population mean and
+2.5 standard deviations. Some clinicians and researches use
an arbitrary cutoff point (e.g. <80% of predicted) to define
functional deficits; however, the LLN is considered more
accurate because what defines ‘‘normal’’ varies within
populations based on the age, ethnicity and sex distributions.
In studies that reported the mean FVC, FEV, and other
spirometric values in each population, it is impossible to
know how much decline or improvement any one member of
the population experienced.

When evaluating results across studies, we placed more
weight on higher quality studies and, consistent with the
recommendations of the National Research Council (NRC,
2014), focused on strength of association, consistency,
directness (the extent to which the study directly addresses
the study question), precision, magnitude of effect, possible
confounding, population or study consistency, plausibility and
coherence. We then compared the integrated results of X-ray
and HRCT studies to determine whether the two different
diagnostic methods for pleural plaques provided differing
results.

To evaluate consistency of results across studies, we
tabulated the effects in the higher quality studies, and whether
patterns of effects were evident across studies, regardless of
magnitude or statistical significance. If no pattern was
observed, then a causal association is unlikely. If a pattern
was observed, it could mean either a causal association or a
consistent bias or confounding factor across studies. We also
looked at magnitude of effect, to determine whether any
observed changes in lung function were large enough to likely
signify a clinically relevant effect.

We also tabulated the longitudinal studies in a separate
table to evaluate whether there was any effect of pleural
plaques on lung function over time.

Results

Literature search and study selection

We identified 695 studies from the initial literature search
(Figure 1). Based on a review of titles and abstracts, we
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narrowed the list down to 228 studies for full text review.
Fifty-two studies met our inclusion criteria and were included
in the final analysis. Tables 1 and 2 describe the character-
istics of included studies, and Tables 3 and 4 present the
results of each study.

Study quality and risk of bias

We evaluated study quality separately for the 16 HRCT and
36 X-ray studies we identified. Many of the studies were
limited by characteristics such as small study size, inappro-
priate referents, incomplete reporting of methods and lack of
adjustments for confounding factors. Based on our criteria, we
identified six and 16 higher quality HRCT and X-ray studies,
respectively (Table 5). Most of the analyses discussed below
and in Tables 2 and 3 are focused on these 22 studies.

HRCT studies

Sixteen studies used HRCT to identify pleural plaques. Two
were longitudinal, with mean follow-up times of 3.7 years
(Rui et al.,, 2004) and 5 years (Damian et al., 2007),
respectively; the rest were cross-sectional. Study sizes
ranged from 31 to 2743 participants. In most studies, the
participation rate of eligible subjects was not reported.
Participation rates ranged from 42% to 95% in three studies
that either reported the information or gave enough data for
the rate to be calculated. Two studies assessed the effect of
pleural plaques in regression analyses only (Copley et al.,
2001; Valkila et al., 1995) and evaluated pleural plaques as an
independent variable for all participants regardless of the
presence or absence of other lung abnormalities. In the other
14 studies, lung function measurements in a group of pleural-
plaques-only participants were compared with those of a
reference population. Because all participants with pleural
plaques were exposed to asbestos, the most appropriate
reference populations are asbestos-exposed participants with-
out lung abnormalities. Thirteen of the studies included
asbestos-exposed reference populations, and one included
only unexposed controls (Sandrini et al., 2006).

In eight of the HRCT studies, two or more readers
interpreted the results of the HRCT scans. A single reader was
employed in four of the studies, and the number of readers
was not reported in the remaining four. In six studies,
investigators assessed the effects of increasing number,
thickness or area of plaques on lung function. Fourteen of
the 16 studies reported some measure of asbestos exposure,
most often duration of employment. Thirteen of the studies
reported the standard protocols by which the lung function
measurements were taken, most often ATS or European
Respiratory Society standards. All except one of the studies
included testing of multiple lung function parameters (Sette
et al., 2004 reported only gas exchange).

Body mass index, smoking status and asbestos exposure
can all impact lung function. Only two of the studies (Clin
et al., 2011; Rui et al., 2004) adjusted for BMI in their
statistical evaluations. Adjustment for smoking was more
common (10 studies), while five (Clark et al., 2014; Clin
et al,, 2011; Rui et al., 2004; Spyratos et al., 2012; Van
Cleemput et al., 2001) included adjustments for asbestos
exposure (Table 1).
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X-ray studies

We identified 36 studies that used X-ray to identify pleural
plaques. Four were longitudinal, with mean follow-up times
of 2 (Schwartz et al.,, 1994), 4 (Ohlson et al., 1985), 7
(Ostiguy et al., 1995) and 10 years (Glencross et al., 1997).
The remaining 32 were cross-sectional. Study sizes ranged
from 23 to 6476 participants. In 20 studies, participation rate
was not reported. In the 16 studies that either reported it or
gave enough data for the rate to be calculated, the
participation rate ranged from 3.4% to 97%. Four studies
assessed pleural plaques by regression analysis only
(Broderick et al., 1992; Kennedy et al., 1991; Larson
et al., 2012; Schwartz et al., 1994), evaluating pleural
plaques as an independent variable for all participants
regardless of the presence or absence of other Ilung
abnormalities. In the other 32 studies, lung function
measurements in a group of pleural-plaques-only partici-
pants were compared with those of a reference population.
Thirty-one of the studies included asbestos-exposed refer-
ence populations, and five did not.

In 22 of the X-ray studies, at least two readers interpreted
the results of the X-ray films. In the other 14 studies, either
some or all of the films were read by one reader, or the
number of readers was not reported. In seven studies,
investigators assessed the effects of increasing number,
thickness or area of plaques on lung function. Thirty-one of
the studies included some measure of exposure, usually
duration. Standard protocols for measurements of lung
function (most often ATS standards) were reported in 19
studies. Four studies reported measurements for only one lung
function parameter (FVC); all other studies included multiple
parameters.

Six studies included adjustments for BMI in their statistical
analyses, most (29 of 36) adjusted for smoking, and 13
adjusted for exposure to asbestos.

Evidence integration

Table 3 shows lung function measurements reported in the
HRCT studies, and Table 4 lists those reported in the X-ray
studies. Spirometry measurements (FVC or VC, FEV, and
FEV,/FVC or FEV,/VC) can indicate restriction or obstruc-
tion, while TLC, residual volume (RV) and DLco measure-
ments can help confirm a diagnosis and determine the
severity of a functional deficit (Pellegrino et al., 2005).
Evaluating whether there is a decline in pulmonary function
involves comparing the mean test results in a population of
interest to the average values for asymptomatic, non-smoking
individuals of a comparable age, height, race/ethnicity and
sex. Typically, characterizing a functional deficit (i.e. restric-
tion or obstruction) requires an evaluation of FEV/FVC first,
followed by FVC and/or TLC to confirm whether lung
function is abnormal in an individual or the result of normal
variation or possible test error (Pellegrino et al., 2005).
Measures of lung function such as maximal expiratory flow
(MEF), peak expiratory flow (PEF) and maximal voluntary
ventilation (MVV) can help diagnose specific disorders when
other measurements give abnormal results, but these are not
generally used for initial determinations of function
(Pellegrino et al., 2005).
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HRCT studies

Spirometry. All but one of the HRCT studies reported
measurements for some or all of the following spirometric
parameters: FVC or VC; FEV,; FEV,/FVC or FEV,/VC
(Table 3). Most studies (11/15) did not report any statistically
significant differences in any of these parameters between
populations with and without pleural plaques. In addition, the
magnitude and direction of effect varied among all the
studies. Of the six higher quality studies, three reported
statistically significant but very small (3—-7%) mean decre-
ments and three did not (Table 6). In the three studies that did
not, there was no consistent pattern in direction of effect for
FVC (or VC) or for FEV,, although the ratio of these two
measurements was consistently lower.

Lung volumes. Of eight HRCT studies that reported TLC
measurements, three reported statistically significant differ-
ences between populations with and without pleural plaques.
Three of the eight did not report values, only significance
levels. Each of the other five showed a slight decrement in
TLC for the pleural plaques group. All of these were among
the higher quality studies. Of four studies that measured RV,
two did not report values, one reported a slight increase, and
one reported a slight decrease. The latter two were in the
higher quality study category. None of the differences were
statistically significant.

DLco. Nine HRCT studies reported DLco. Of the five
reported values, three showed small increases and two showed
small decreases in populations with pleural plaques compared
to referents. One of the increases was statistically significant.
Among the higher quality studies, one reported an increase
and two reported decreases in DLco in pleural plaques
groups.

Other. Among various other types of lung function meas-
urements reported in the HRCT studies (e.g. MEF, FEF
[forced expiratory flow]), there were no consistent findings,
and no statistically significant results were reported.

X-ray studies

Spirometry. Thirty-three of 36 X-ray studies reported meas-
urements for some or all of the following spirometric
parameters: FVC or VC; FEVy; FEV,/FVC or FEV,/VC
(Table 4). Just over half (17/33) of these reported a
statistically significant decrement in one or more of these
measures in populations with pleural plaques. Although most
of the differences were small, overall, they tended to be larger
than the differences reported in the HRCT studies. Among the
14 higher quality studies, seven reported statistically signifi-
cant differences in one or more of these parameters. The
general pattern across all higher quality studies was a
decrease for each of these parameters.

Lung volumes. Seven studies measured TLC. Three of these
reported small, statistically significant decreases. The other
four studies did not report statistically significant differences.
Among the higher quality studies, one reported a significant
decrease and two reported slight decreases that were not
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significant. Of five studies that measured RV, only one
reported a statistically significant difference (decrease) in the
pleural plaque group compared to the referents. One reported
a slight non-significant decrease, two a slight increase, and
one did not report the direction of effect. Among the higher
quality studies, neither of two RV measurements was
significantly different from controls, with one small increase
and one small decrease.

DLco. Eleven studies measured DLco (also called carbon
monoxide transfer factor, or TLp). Four reported significant
decreases in the pleural plaques groups. The seven remaining
non-significant results included two decreases and five
increases in DLco. Among the higher quality studies, there
was a more consistent pattern. Five studies reported small
decreases; two were statistically significant. One non-signifi-
cant increase was also reported.

Obstruction/restriction. Five — X-ray  studies evaluated
whether pleural plaques were associated with restrictive or
obstructive effects, either by calculating odds ratios or the
percentage of participants who fit the criteria for these
conditions. In each of these studies, restriction and obstruc-
tion were defined by measurements of FVC, FEV,, FEV
and/or FEV|/FVC. Of four higher quality studies, three
reported a significant increase in restriction among popula-
tions with pleural plaques and one reported an increase in
mixed restriction/obstruction (Dujic et al., 1993; Garcia-
Closas & Christiani, 1995; Larson et al., 2012; Oliver et al.,
1988). One lower quality study did not report any associ-
ations (Kennedy et al., 1991).

Other. Several other parameters were measured in one or
more studies but not reported frequently enough to display
patterns of significance, direction of effect or magnitude of
effect (Table 4).

Longitudinal studies

Longitudinal studies are the optimal way to determine
whether pleural plaques cause a greater loss of lung function
over time than would be anticipated from aging alone. Thus, if
plaques are associated with lung function decrements, we
would expect to see a greater loss of lung function over time
in individuals with plaques compared to those without
plaques. We identified six longitudinal studies of pleural
plaques and lung function. Two of these were HRCT studies
(Damian et al., 2007; Rui et al., 2004) and four were X-ray
studies (Glencross et al., 1997; Ohlson et al., 1985; Ostiguy
et al., 1995; Schwartz et al., 1994). All of these studies were
higher quality, and follow-up times ranged from 2 to 10 years.
None of these six studies showed a significantly greater
reduction in lung function values over time in participants
with pleural plaques compared to participants with normal
lung scans (Table 7). Although not significant, the direction
of effect was toward slightly lower lung function in the pleural
plaques groups over time compared to the referents in five of
these studies. The exception, Ohlson et al. (1985), showed
slightly less lung function loss in the pleural plaques group
compared to the referents.



100°0> 0y1F¥T— Qouale)ey uoneIAdp % 1L
UONBIAD
100°0> 8'ECTFOE— 9ouRIRIY % ‘O1LASD
100°0> 00CF0v— QULIYAY  UOHBIAID % ISD
uoneIAdp
100°0> 8 LTFTTH QoURIRJY % “(xew)nsq
UOTIBIADD
S00< TEIFI+ QoUIY % “OTLIDD
uoneIAdp
100°0> LyeF i+ QoULIRJY % DAIAD
S0°0< 00€+9— QOUARJAY  UONBIAP % ‘AD
UONRIASD
100°0> 919 F 05+ 9ouaIRgY % ‘III dseud
UONIBIADD
So0< 9YLF9— QOUAIAJY % ‘A/meD
uonerAdp
100°0> I'Ic+€et— QOUDIRJY % “"AAN
100°0> Syl FoL+ Q0UQIRJAY  UONBIAJD 9 ‘Mmey
uoneIAdp
100> SYEFvi— QOUARPY % 0¢0ddd
100°0> €61 FSI— Q0UDIYYY  UONEBIASD % ‘JHIN eresddn 1e
100°0> TYCFSI— Q0URIRRY  UONEIAJD % ‘AY Kaans yieay
100°0> STIF9I— QOURIRJY  UONRIAID % ‘DL oy ur sonb
uonerAdp -erd Temord
$0°0> 96 F €~ NUAIRJY % ‘ON/"AFA JO BLIDILID
DLLASD ‘(xew)isq UONRIASD (s1eok owydeagorper
‘A/meD ‘mey AY 100°0> 98I F¥I— dUAIJY % ‘AT ueaur) Yy pafry (1861)
OIL WM pale[aLIo) 100°0> 6STFSI— QUIYAY  UOHRIAID % ‘DA Py1FTT uonencg uopam§ £9¢ uow Ayijeay Sy -Iny oym o[doad  ‘[e 12 UOSSYLIPLL]
SN ‘dd YT :dd paydED
PaYdED 10°0> 9T dd % "HA e
:dd PAYId[eI-UON PAYId[BI-UON 0z xopuy d10udsAq
SN ‘dd 8¥'1 :dd PeyIded
PRUIdIED T00°0> el
‘dd PIYI[Ed-UON  :dd PIYId[ed-UON €C'1 IO OFTA
SN ‘dd €T :dd PRYPIED
paydE) S0°0> ¥'9T «dd
dd PayId[ed-UON PayId[ed-UON ey urwy/s1any TgA
SN dd 1¥°6 *dd PayId[e)
paydE) S0°0> 80°6 dd ey utw
:dd PayId[EI-UON PALId[EI-UON S8'6 /loww 03
SN ‘dd TT'9 :dd payEd
PayIdED $0°0> L0°9 :dd
dd payid[ed-uoN paljIo[ed-uoN ce9 SN DL
9L :dd paydEd
SN :dd paywIE) SL:dd
SN :dd PRId[es-UON PaYId[ed-UON LL % DAA/AFA
SN :dd 1€°€ :dd payd[E) (senbed
PaydED 100> 90°¢ [emoyd
:dd PAYId[EI-UON  :dd PILId[eI-UON 6€'¢ ST ‘AT [ouuosad payoed Touuosiad
LEY :dd PRYId[ED [eAeN 10§ (O ‘senb [eABN
SN ‘dd L0 :sonb [ekoy pue -erd remnord [ekoy pue
PaYIdED 10°0> -eqd peinord soakodwa payIoNed sookorduwo
Passasse JON :dd PAYId[eI-UON PAYId[eI-UON 1+ SIN DA VN Possasse 10N pue[Sug 182 prefypoq -uou I0j 94) 98 predypoq (LL6T) Aoqun-g
109130 onep d Apuo 0IU0D 01U0D uonoun aimsodxa QInseaw uoredo SIUQIRJ uonerndod Auo sonbeyd uonendod $SOOUDIDJ
2t qPNIBA 1 I I puonouny nes07] Jod ey 1 1 ney Jod
sanbeyd jo juaixyg sonbeyd [emalg pasodxy pasodxaun) 3uny jo amseay PARWNSI “FAY aimsodxa Jo "'oN QOUIRYY reanard ym "oN  pasodxa-s0isaqsy
S0182qSy
Jnsoy

‘uonouny sun| pue sonbeyd [emord 1oy synsar Apms Aer-x 4 9[qe],



(panuiuod)

PIssasse JON

Passa

Passasse 10N

Passasse JON

Passasse 10N

Passasse 10N

Passasse 10N

Passasse JON

Passasse JON

Passasse JON

S0'0<
$0°0>

10°0>

$0°0>

£0°0>
100>
S00<

S0'0<
100°0>
1100
9SY 0>
870°0>
110°0>

S00<
S00<
S0'0<

100°0>
100°0>

S00<

S00<

AN

AN

S0'0<

SN

SN
100°0>
100°0>
10°0>
S00<

10°0>
S0'0<
100>
100>

€SI +8°L01
SOIFt'v6

66F0¢6

7’8 F 196

80F0C
Sy F el
6'8F0°8C

¥TF 66
LF901
01 6
8IEF 68
0v1+L06
TEIF0TO

STL
geo
Ts6

8 ST F6701
0CIFLT6

€9

€9
$'T6
8'66
€86
16
TS0l
€'L6
6'0L
6'¢9
L'69
9 1L
9L

AN
AN
oFECT
SSOFo6eT
STIFSSE
9ETFL

0LF9°ST
COFIEL
SO0FIIE
¥80FSTY

€YIF 1601
0TI FL96

121 +8'86

811+986

L'6TFSS6
¥'SI+866
0yIFLT01

€eL
€16
8°L6

PYIFSOIT
8T F966

6€L

L9
18
16

8°001
6'¢8

6'16

6'86

878

€¢8
68
€8

9T8

AN
AN
YTOF8I'I
LYOFTST
II'TF601
98 TFSEL

SLFEIT
68F6°¢CL
89°0FLTE
ILOF 1Ty

AN
AN
AN

AN
AN
AN

LIL
1'L6
S0l

AN
AN
STOF80I
89°0F 18T
PETFYEY
LLTFILL

89F 6T
S9OF6SL
ELOFYSE
8L0F99Y

(sIyjowsuou)

% “TAFd

(s1ay0uss) % DA

(s1ovows
Jowioy) % DA

(s1ayowsuou)

% DA

JTLDLA
DIA
AOM

AY
DA/ AT
% ‘0N

& ,mh\mwnﬁmhm
% “TAFd

% ‘DAL

DAL/ AT
% ‘'AFA
% DAd

% ‘' Add

% DAL
% sIk 1
1980 TATY
% sk
1940 DALV

% ‘'AFd

% DAL
% “SFAAN
% “OSAAN
% “SCSIHN

% ‘Add

% ‘'AFA

% ‘'AFA

% ‘DA

(D AD

(998/1) I

(238/1) OJHIN

(998/1) *tHIN
(84 ww

Juru/fur) 09,

% A

(D 'A"d

(D DAL

VIN

(uerpaw) g

(uerpaw) Og

99F¢TE dd
001 +8'LT

[eULION

8e+9¢

092 :dd
67T ‘[ewIoN

L6 UBSU [[BIOAQ
€<

=<1

1>

€T<

TSI

1>

6'6S ‘dd
8'61 :[PULION

AN

6'L1 :dd
€] [EULION

Passasse JON udpamg 1601
(s1eok
ueowr)
uonen( uspamg 9
(s1eak
ueowr)
uonem(
(s1eak
ueowr)
uonean(y sn SL

uspamg 00T

(s1eok

ueowr)
uoneIn(y KemioN 86

(s1eok

ueowr)

uonem( uopams ST

(s1eak
-1q1)
amsodxa

QATIR[NWIND uopamg 9g

a3y eLsny SL
(sreok
~12q1)
amsodxo

aAne[WN uopoms 9L

(s1eok
ueowr)

uoneIn(y uopamg SS

SIOYI0M

pasodxa-s01saqsy
sooe[dyTom
10
wolj 1oy

-ows-uou Ayeoy
sooe[dyzom
10
wolj SIeyows

-uou Ayj[eoq
SI9YI0M
pasodxa-s0)

-SOQSE JO SOATA\
amsodxa
snoraaxd ou
[N BRI
pue sSurpury
[euwiIouqe ou
pue amsodxo
so1saqse
snoraaid

PIm s100lqng

s1oj10m prekdiyg

s1j10m pasod
-xoun pue
SIO[IOM S0ISAQSY

NUBRLRN
[eIUSWUOITAUD
M UMO)

® JO SJUIPISIY
SIOYIOM
pasodxoun
pue SIIoM

JUAUID S01SAGSY

SIdIOM

pasodxoun

puB SIIOM
uonoNNSuo))

SIyIoM
+21  pasodxa-so1saqsy
(s1ayyows
-IoAQU
¢ oy Qe
UMOYS SI[NSAY) £§  SIONIOM PrOI[Iey
(s1oxyows
-IoAU
7C 10j oI
umoys SINSAY) L8  SINHIOM peOI[IRy
SIOIoM
pasodxa-soy
81 -$9qSE JO SOATAM
ssuIpuyy
Ke1-x pojeor
-S01S9qs®
pajoadsns

Yim uone|
-ndod [erouad
€9€ 9} JO SIQUIdIA

18 sIoyiom preddiys

T SIOYIOM S01SAQSY

S01s9qse
[E)USWUOIIAUD
PIM UMO)

¥ ® JO SIUAPISIY

s1oyIom Juerd
Th  IUAWAD SOISAqSY

s01s2qse
0) pasodxa
s paIa)
-SI30I SIOYIoM

<9 uonodNNSU0)

(8861)
uossIe|

% WlOYAIR]

(98861)
‘Te 30 S10qsy1ofH

(e8861)
Te 10 S10qs110([

(L861) "Te 19 19p1§

(£861) T2 10 IH
(9861)
uspues

29 WoyAIRf

($861)
Te 19 uos[yO

($861)
yosoIqury
29 Io319qnaN

#861)
‘e 19 UoS[yO

(1861) T8 12
BUIONSUSPIH



Passasse JON SN 811 F096 L9F 6701 % DA SN UINSIMPIN L 6
JUDIO1JJI0D
uoISSAATAI
€00 (AS) TO0FYET QOURIRYY ‘%INA/ AT
JUDIOLJJI0D
Tro (as) s00F90°0— 90URIRIY uoissaIsar ' AHq
JUIDIJJO0D (s1eok
£00°0 (4S) SO0F 10— ERlGIEIEN | uoISsaI3aI ‘DAL ueow) SIIOM SIOIOM (®0661)
Passasse 10N 520000 (S) ¥'E1 F €06 891 FL¥6 % “OAd L9FLTE uoneIn( SN WIRSIMPIN LL8 [BIoW 194§ 09¢ [BIoW 194§ T8 19 Z3MYDS
1000°0 8'9% £0¢ HADL/NY
6000°0 8011 1001 % ‘ADL
¥100°0 €L 1201 % “¥eLaad
0 126 1°001 9% LAY sIjows-uou s1yows
810°0 S9L 008 %INA/ AT — UeSIYOIN -uou —
S10°0 126 766 % ‘'AFd Jo drdures uon SIayI0M uoIUN
€0 096 066 % DA 611  -e[ndod wopuey 1T pasodxa-s01saqsy
1000°0 09 0ve HADL/INL
1000°0 0801 €101 % ‘ADL
1000°0 Tes 8901 % ¥ eLaad
€100°0 L'C8 1"s6 % LA stoxyows
1000°0 €TL Y'LL %N/ AT - UeSIPIN sioyows - 0661)
0 1'¢€6 56 % ‘TATA Jo odures uon SIOyI0M uoIun MBUSIEA
Passasse JON 0 S'¢6 866 % ‘OAd V/N  Possasse J0N sn 191  -e[ndod wopuey ¢y pasodxe-s01saqsy 29 wmnqqry
$0°0> I1+16 AN % ‘NAN
S0°0> LTF8I1 AN % a4/ TN
S0°0< TTFS6 AN % ‘0444 aisodxa 5o
S0'0< 8+96 AN % ‘O1L -$oqse [euon
S0'0< L¥86 AN DA/'AFA (sreak -ednooo gim
S0'0< 01¥86 AN % ‘TAFA 621 :dd ueaur) o[doad pasod syuaned A 0661)
199JJ0 ON S00< 11¥.6 AN % DA 0 :[eULION uonein(g uopoms AN -xaun ‘Ayyreoy ¢1  -uownd [endsoyq ‘Te 19 [epId[TH
POURIAJIP
ueawr
paziprep
§0°0> (dS) 60'0F0T0— QoURIIY -ueys ‘SIN TAHS
POURIAJIP
ueawr YL F €L dd Am.—mu%
pazipIep TOI+681 ueou) 0661)
Passasse JON S0°0> (dS)01'0FSE0— Q0URIJY -ue)s ‘I ‘DA JeuLION uoneIn(g epeue)) 9% sIoje[nsug 6F sIoje[nsug ‘Te 10 neaqInog
SN L'LTF8801 8T F 101 TSIF 101 % ‘0O
SN LTTF Y01 SITF 01 0T F¥01 % 021a (s1eak) (6861)
Passasse JON SN SLFECI0L SEIFH01 LIFYIT % DA €T uoneIn(g SN ‘uopuo] 11 SIIOM S0ISAQSy $ SIONIOM S0ISAQSY ‘Te 10 uonug
(s1eak
ueour) siontyadid sroniyadid (8861)
Passasse JON SN uNmO uﬁw@ ,\WNQ .U>Hm T'LT uonend SN J-Ou%—-qzmma 081 pue sqund b3 pue squn[d Te 39 }O0ISuUasoy
(s102[qns
L10°0 S8l 06 Jo %) uondLIsay
uonoLIsaI pue §S0°0 €ITFOLE L'61F6'101 % “021a (s1eak
OAA Ul syuowar 6+00°0 €ITFE08 61'0F €LY % ‘'AF ¥'6¢ «dd ugow) (8861)
-O9p M PIIBIOOSSY 1000°0 LT'0F098 YI'0FLT6 % DAL ¥'LT JeUION uoneIn SN ‘BruBA[AsuUR 8LT  SIoYIOm peol[ley 18 sIojiom peol[rey Te 19 1PATIO
(s1ayows)
€00< PETF 101 9YIF97201 % ‘'AF
(sxaxows
100> YYIFTT01 SYIFT801 Jounioy) 9 ‘AT
109730 (oA d KJuo [onuod [onuod Luonouny amsodxa aInseaw uoneoo | BURIEIEN| uonendod Auo sonberd uonerndod SOOUQIAJOY
sanbeyd jo juoixyg sanbeyd [emorq pasodxq pasodxaun 3uny Jo amseay parewnsa “SAy asodxa Jo 'oN 0UIYY remard yim ‘oN  pasodxa-soiseqsy
$01$9qQsy
Jnsoy

panupuo) “ AqeL



( panuguod)

LOO
€00°0

700
) o
7900

80°0
200000

100
501>

SN
P10

€00

5 01>
SN
SN
SN
Passasse JON SN

Passasse JON

Passasse JON AN

Quofe
dd 10§ passasse JON

$0°0>

SN

SN

Passasse JON SN

SN

SN

Passasse JON L0

SN

SN

90°0
SN
SN
SN
SN
SN

ON
8 TIF906
Sox
9IIF668
8TIF616

SOX
801 F€68

SOk
L6FSYIT

ON

901 898
SO
LTIF8SL
00vFL06
LLFS6L
8TIFE98
901 +868

¥'z8

HES) SO0F¥1'0—

(S'1-9°0) 6'0

@0 ST

Tz oDST

(SL+0) 19T

(0°01-L'0) 65T

1Tr—
LO0

HS) 98F €L~
HS) 99FS'1—
=) €SFOTI—
€OIFQIII
STrF 91T
6'CTFLIIT
6'LFIGL
TLIF 1001

LTI F896

9TI+886
8CIFL'G6

I'CIFTL6

8'8F 596

0TIF068

66FTT6
[ NASNY
9TIF¥9L
L'6IF198
TIIF 168

QouIYY

Q0UIAJY

QOURIJY

ADUAIRJY

Q0URIAJY

ADUAIRJY

Q0URIJY
Q0uRIJY
Q0URIJY
Q0URIAJY
Q0URIJY
TECFIIII
6'1CFL0C1
STIF6' 1Tl
P9FI9L
I'6F 011

oy PRI Oy
OU]—Q
ur H:uEm._omﬁ—
% “°°1d
% ‘A
1L
Ul JuaWwaIdd(
% ‘1L
% ‘OAA/' AdA
ur H:MEM.—QCH
% ‘ONA/' AT
'Add
Ul JuawaIdR(
% ‘'AHA
JAd
Ul JUAWRAINRJ
% DAL
w&q *wwwwmmm—m
BN/ AHA
% ‘'AdA
% ‘OAd

% DA

JUIIDIFJO00

Jrqeoridde JoN|  uoIssaISar ‘DA

(1D %$6)

0 ‘%06> %AAA
(1D %56)

O ‘%08> 'Ad
(ID %S6)

0 ‘%08> DAL
(1D %56)

FO ‘uonoinsay
(ID %S6)

MO ‘uononnsqO
JUQIDIJJR0D
uoISSaIax

‘%IAA/ AT
JUQIOIJJR0D

uorssaIdar ‘DAL
JUAIOIJFO09

UoISSaISAI ‘OO
JUQIDIJJR0D

uorssaigar ‘)L
JUAIOIJFO0

uorssaIsar ‘DA

% *°>1d

% ‘A

% 1L

DAA/' AT

% “'Add

€TIF9°6¢ dd
SLIFTIE
RULION

8CFI'LT
0LF8¥E
k10181

Suryows 9ANISOJ
LLFTIE

ISIOWS JOAIN

PSFOTE

8YF LTI ‘dd
0°9F S euIoN

69FS6T 'dd
I'LF9'LT
RULION

TLFE0E dd
99F¢ee
RULION

(s1eak
-1oq1y)
amsodxa
aAnIE[IWND) eneor)
(s1eak
ueow)
uoneIn SN ‘erueAjAsuusd ‘erydiopermyq

(s1eak
ugaw)
uoneing
(s1eak
ueow)
uonen(

epRUR) U SN UT SN 6]

S ISOMPIA
(s1eak
ueaw)
¥L61
—8661
Surmnp
Juow
-Kordwa

Jo uonen( SN ‘er0sauuIy

(s1eak
ueow)

uone(y epeue)

(s1eak
ueow)
uonein(y

st

1L

L

LL8

SvL

K10108]

JUQUID

S01s9qse
ue ul SIIOA

SIONIOM
pasodxa-s01saqsy

SIOI0M
pasodxo-5015aqsy

SIONIOM
[e1oW 129YS

SIOYIOM
pasodxa-s0)saqsy

s10)R[NSUL
uorINNSUOD)

SIIOM
[e0W 199YS

0t

¢88

09¢

Bigt

€C

K1oy08)
U
S01s9qse

ue Ut SIIOM  (€661) T8 19 91

SIONIOM
pasodxa-s01saqsy

SII0M
pasodxo-s015aqsy

SIOYIOM
[e1ow 199yS

SIONIOM
pasodxa-501saqsy

sIoje[nsur
uonoNISuU0)

SIIOM
[e10W 199YS

(€661)
‘Te 19 Zitusarg

(T661)
Te 32 I9[[IN

(T661)

‘e 19 YouepoIg

(1661)
‘e 19 Snoy|

(1661)
‘Te 32 Apauuay]

(q0661)

Te 10 ZIRMYIS



SN €TIFL98 91 F €06 ILFOECO6 % c0ona
SN €61 FS18 SYIF098 0°LF0501 % “ond
SN 0TF¥ oy PIFLO0Y TIFIOF  SH ww §TOdRd
SN T9FIE] 9YF€8 P IF676 SH ww <Oeqd
SN 6STFE8Y SYTF TS ILFE6'S9 % “TAdA
SN L'6TF €65 191+9L9 6CIFEEL % ‘09
SN 8'LTF9'99 891 F8'6L 9LIFI68 % “SHddd
SN P8IFECCL 0v+698 1'9FL96 % ‘ddd
SN 6LIFTER LOTF098 'SF6°101 % POOTL K10108§
SN 80l FvvL LSF6LL 0SFILL %INA/' AFA ¥'LFGET dd (seak JUAWID
00> EYIFSIL 96F698 €8F668 % ‘'AIA 6LF6IT ueaw) Sloaunjo SOIsaqse ue Jo (9661)
PIssasse JON SN TTIFTES PEIFYT6 901 FT16 % ‘OAd JeWLION uoneIn( Aerr 6 pasodxaun o1 SIIOM IOWIO  '[B 19 0ZUdI0T 1]
Teak /[
PIssasse JON SN ES) TIF1¢ (HS) 9F <1 DA Jo $507]
SN (dS) $F901 Es) tFyil % AN (steak
21008 [enard SN ("S) TF L0T ES) TFI11 9% “TATd ueour) SIIOM SIO[IOM (S66T)
PIM JUEDLIUSIS JON SN =S) TF 01 3S) 1¥901 % “OAd S0F90T uoneInq epeue) LyT  pasodxa-soisaqsy $$  pasodxa-so1saqsy Te 10 AngusQ
(%) u]
$0°0> ((SO)RY €19 wroned paxIAL
[(%) U]
uNed
S0°0< 8L ¢ (6°¢) 81 SAOLISIY
[(%) u]
ued
S00< [CES 0 To6) T 2AndNISqO
100> TSFIYL TLFOLL %IAA/ AT $'8F0'8C dd (s1eak (S661)
10°0> POIFEL8 9EIF V6 % ‘'AFA 86+ 181 ueaur) SIaIOM SIIOM Tuensuyd
Passasse JON 100> LYIFTH6 0ZIF 166 % ‘DA JeWION uoneIn( S ‘SNOSNUIBSSEJA UId)SeH LSy pasodxe-so)seqsy +9  posodxe-soisaqsy 29 SesO[)-eIoIen)
JUDIDIJJ20D
uors
ST0  (dS) SOTFSTT AOUAIFY -s13a1 0> qy (sxeak
JUDIDLJJI0D ueaur) SIIOM SII0M 661)
Passasse JON SI'0 (AS) SI'0F9T0— ERIRIRIEN | uoIssaIgal Y ILV CIIFLIE uonen( SN I€ Pposodxa-so1saqsy AN pasodxa-s01saqsy Te 12 Z1eMYIS
TITF108 ILIFEEY % “SLIHN
CLIFETS 1'CC+818 % OSIHN
TEIFTIL TRTFESL % “STIIN
SCHN AR 0TIFTI6 TIIFI06 oo1a
DA4 U uondnpar TIIFYE6 9LIFIV6 DA/ AT I'PIF61T 'dd (sreak (€661)
PpIemo) pusn 8YIF¢98 TLIF098 % ‘TAFA TIIF¢LI ueaur) areg-pesog
uedlIUSIS-uou Y31 S0°0< JF8IFCLY TITF6'06 % ‘OAd ‘[ewioN uoneinq eneo1) 101 stopom prefdiyg L9 s1yiom prekdiyg % dleAeZ
oFejuoorad
2900 L 6 ‘uononnsqo
aejuoorad
200070 6’11 91 ‘UondLISIY
1000°0 TSIFTSS TOIFI'L6 % “SEEtEd
2000 8SIFSC6 891 FT201 % ‘VA:O21d
po1o1102 0D
ur JUSWAINA(
109J)9 JonIeA d Kuo [01nu0d [01nu0d Luonouny amsodxa QInseawt uones0| SJUAIJOY uone[ndod Kquo sonbeyd uone[ndod SQOURIRYY
sonberd jo juaixg sonberd [emoq pasodxg pasodxoup Sun[ Jo aIsea pajewnss “SAy amsodxa Jo "oN QouQIJIY Temord |Im "oN  pasodxa-soisaqsy
S01S9qSy
Jnsay

panunuo)  alqeL,



‘dd ou ‘pasodxa 01 paredwoo dd 10J anfep d,

'1°0 uey) a1ow Aq senjea ueaw 2y} Jo Aue a3ueyd jou pip D dnoid ur 109[qns duo Y} JO UOISN[OU] "USAIS JoU ATk §9 [[B JOJ s}BIS asnedoq (s102[qns 89//9) v dnoid ‘G 9[qe], Wwoij uaye) SQO

‘[enbaun a1e sdnoi3 om) oy Jo saoueLIRA SY) FUNWUNSSE pue 1s3) 7 dY) Juisn sioyine Juasaid ay) £q paje[no[ed sem anfep dy

"oseasIp [ewAyouared pue Surjows ySiey ‘o3e I0j parsnipe ‘VAONV WOL],

‘aremijos 1ozmi31p ydeis v woiy pear sanfea ‘uonesrqnd oy ur s[qeqreae sydeis AjuQ,

"Ldd sey Lieuwsouqe [emdfd yim 1 Ay Jo dUQ,
'sonuod pasodxaun 0) uostredwod 10j are sanfep d

‘(A19an0adsar ‘GG/¢ sns1oa ¢6/17) dnoid [onuod uey) (SIBIK SANNIISUOD OM) JOJ SYIUOW 3IY) ISBI[ 1B) SHIYOU0Iq druoIyd parodar axow pey dnoid siyy inq ¢, saseasip Sunesrdwoos ou,, Juiaey se paquiosap dnoid Kjuo dd,

JuedyIuSIs A[[EONSHeIs dIe San[eA paplod,

"PAJOU ISTMISYIO SSI[UN UONRIASD pIepur)s F (% © St pajudsald 10 ssapjun Ioyiia st yorgm oner DA/ AFA a1 Jo uondaoxa ayy yiim) pajorpaid 9, uesw se pajussald are s)nsai [y,
‘TOA Jnoysem = AQA ‘Se3 paddern oA =D A Ut/ (¢ JO UONR[NIUA dnurw =98 A Surwy[ ()] Jo oyerdn uadAxo je parndxe awnjoa 9nurw = IgA
(Kyoeded [eIA=DA OWN[OA IBJOIA[R = YA :I0JOB] I9JSUBI] IPIXOUOW UOQIed = 0D :I10)ov] Iojsuel) 9pIXOUOW uoqied = Oy :Aoeded Jun| [L10) = )] ‘OPIXOUOW UOQIED IOJ IOJOBJ I9JSURI) =[], :QWN[OA SB3
JI0RIOY) = AD L, {IOLID PIBPUR)S =S ‘OUIN[OA [BNPISAI= AY ‘QJUBISISAI SAeMmIIe = mey ‘aInssaid [100a1 onse[o [ewixew = (xeuwn)lsq <sonbeyd [einojd = g4 591 uadoniu yeaiq a[3urs ayy jo neaje[d rejoaae ay jo adofs = 1
aseyq morj A1ojeridxs yeod = Jg ‘UOISUD) UAFAXO [RLID)IE = QB ‘UOISUD) IPIXOIP UOGIED [BLIDMIER UBIW = CQDEB ‘0Nl Sppo = YO Juedyrugis jou = SN ‘partodar jou = YN o[qeoridde jou = yN Ioquinu = u {uru/syieaiq
Ot Aouonbaiy Suryiealq je uone[uUoA AIRIUN[OA [RWIXBW = OYA AN SUONR[NUAA AIRJUN[OA WNWIXBW = A AJA SO[OWI[[IW = [oww ‘MO[} A10jeridxa-pru wnwixew = JHNJA 2inssaid yinow Arojendsur [ewrxew = JIA
‘ourw = urw ainssaxd yinow Arojendxe ewirxew = JHIN DA JO %SL 18 JHIN = SLAFIN DAL %0S 18 mo[J Atojeridxe-pru = 0SJHIA ‘mo[j Alorenidxo [ewrxew = STIHIA ([eosedo[n] = edy JU101jjo00 Jursnyjip pajorpaid
9% = QD3 2oUBIONPUOD SABMIIE JIUNJOA = A/MBD) ‘A1oeded [BIIA PAdIO) = DA S | Ul awnjoa A1ojelrdxa pasioy = A ownjoa K1ojendxa pasio} = AF DA Ul JO %G8—G/ 18 MmO} A10jelidxa padioy = S8SLygq ‘DA]
Y JO %G/ e molj Atojenidxe paooy = SLggy A1oeded [eI1A PadI0) AY) JO %()G I8 MO[J K10jeaidxd pad1o) = 0S4g DA U JO %G L—GT I8 mo[) A10je11dX padio) = SLsTqq ‘Aioeded [eiia paoloy ay) Jo %67 18 mo[j K1ojeaidxa
Ppad10} = Sty ‘Aroeded [eia pad1og oyl Jo %06 18 Mo K1ojendxd paoroy = 0047, ‘ourionp uadAx0 =Qn( @dourlonp IPIXOIP U0QILd =QIN(] DWNOA JB[OIATE 0] OO (T JO onel = YA 027 ‘uiqoj3owayAxoqred 10y

PR3021109 OD( = PHO> 0D (7 ‘oprxouowl uoqgred jo Ayoeded Jursnyjip = 09 ‘oprxouow UoqIed Iealq 3uls = O3] ownjoA 3urso[do = A D oouerdwod Fun| one)s =Is) {[BAIUI dUIPIJUOD = [ {Adeded Jursop =D

10°0> 69°0CF 016 60'61 F9'86 % 021a
(sreak
ueour) SIOI0M SIYIOM (€102)
Ppassasse JON 10°0> SYCIFS06 L8'STF996 % ‘OAd 901 F0'8C uoneinq SN 9601  pasodxa-sojsagsy 067  PIsodxa-s01saqsy ‘Te 39 W[
()
Passasse JON SN 1oL Qoua1pey %S6) MO ‘PXIN
(1D %56)
UOIIBIOOSSE ON SN O10¢0) 80 Q0UQIAJOY MO ‘uononnsqO
() = Xopul SnsIoA skemyyed
uBIpaw < Xopul 1D %S6) amsodxa SJuapISAL SJuAPISAI (T102)
10§ (S'T-C'D 6'T=¥0 yuedyusig @1-1'D ¥'1 AOUDIFY YO ‘uondMmsay 9< -0 Jo JoquinN SN ‘euwILO “Aqqry VN Anmunuwwods qqry 80L Avunwwod Aqqry Te 1o uosIe]
€S'0F LO'09 :dd sonIewIouqe BURIUOIA
9L'0FCI'6h Sun| ‘Kqqry
Ppassasse JON S0°0> (dS) 9L'0F€9°S6 (AS) STOFST'€01 % OAd euioN a3y SN ‘BUBIUON ‘4qqr] G900t OU IM SHUSPISY 44 Jo SwapIsay  (1107) T8 12 [MPoM
SN (dS) LOTF0€ST  (AS) STTF ST O°H wo ‘JdIN
SN (ES) vOIFET6 ("S) S9F Y6 O wo dIN
SN @S vSFTIIL  (dS) 8TF 1801 % ‘VAPIL
SN (@S) 8'vFLT01 (dS) TSF1'96 % “OVIL
SN (ES) 9LFS901 =S) I'LF6'S6 % ‘A
SN (ES) €€FT9% =S) ¥'SF9€6 % 1L S[enplatput s[enpiarput (6661)
Ppassasse JON SN 3S) S¥F0'86 @S 0¥ FT101 % DA AN pIssasse JON BIRNSNY L pasodxa-soisaqsy 71 pasodxa-soisaqsy Te 12 ysurg
(s1eak dd
ueowr) O/M SINIOM SIYI0M (L661)

Passasse JON LI0 (1800~ =) AN AN OAd 98 F G¢ uonemq sn 9 [e1oU 109 09 [E9W 193YS  [B 19 SSOIOUI[D



34 L. E. Kerper et al.

Table 5. Risk of bias.

Inhal Toxicol, 2015; 27(1): 15-44

No adjustment for

Single
No asbestos Cross- pulmonary  Inappropriate
-exposed Asbestos  sectional Small  Single reader function test  statistical ~ No adjustment Risk
References controls ~ Smoking exposure study design study size for imaging  parameter approach for BMI of bias
HRCT studies
Staples et al. (1989) Vv Vv Vv vV High
Valkila et al. (1995) vV VvV Vv Vv vV High
Kee et al. (1996) vV Vv Vv Vv vV vV High
Neri et al. (1996) VvV Vv vV vV High
Soulat et al. (1999) vV Y Y% v vV High
Copley et al. (2001) V VvV vV VvV Vv VvV High
Oldenburg et al. (2001) Vv Vv vV vV vV High
Van Cleemput et al. (2001) Vv vV vV Low
Mazziotti et al. (2004) vV V VvV Vv vV High
Rui et al. (2004) vV Low
Sette et al. (2004) \ % Y% % vV vV High
Sandrini et al. (2006) vV vV vV vV % Y% High
Damian et al. (2007) Vv Vv vV Low
Clin et al. (2011) Vv Low
Spyratos et al. (2012) Y% % \ Low
Clark et al. (2014) Vv v v Low
X-ray studies
Lumley (1977) vV Vv Vv Vv vV High
Fridriksson et al. (1981) Vv V Vv Vv High
Hedenstierna et al. (1981) vV vV vV vV vV High
Sider et al. (1981) vV VvV vV vV vV vV vV High
Ohlson et al. (1984) Vv Vv Vv vV High
Neuberger & Ambrosch (1985) vV Vv vV vV High
Ohlson et al. (1985) Vv vV vV vV Low
Jarvholm & Sanden (1986) VvV VvV Vv Vv High
Hilt et al. (1987) vV VvV vV Low
Hjortsberg et al. (1988) Vv vV vV VvV High
Hjortsberg et al. (1988) v Y v Y High
Jarvholm & Larsson (1988) Vv vV vV Vv High
Oliver et al. (1988) VvV vV Low
Rosenstock et al. (1988) vV Vv Vv Vv vV High
Britton et al. (1989) Vv Vv Vv Vv vV High
Bourbeau et al. (1990) vV vV Vv Low
Hillerdal et al. (1990) VvV vV VvV V V vV High
Kilburn & Warshaw (1990) Vv Vv vV Vv Vv High
Schwartz et al. (1990a) Vv v Vv Vv High
Schwartz et al. (1990b) Vv Vv Vv vV Low
Kouris et al. (1991) vV Vv Vv vV High
Kennedy et al. (1991) VvV VvV Vv Vv High
Bresnitz et al. (1992) VvV vV Low
Broderick et al. (1992) Vv vV Vv Vv Low
Miller et al. (2012) vV Vv Vv vV vV High
Dujic et al. (1993) vV V Low
Zavalic & Bogadi-Sare (1993) vV VvV VvV vV High
Schwartz et al. (1994) vV vV vV Low
Garcia-Closas & Christiani (1995) VvV Vv Low
Ostiguy et al. (1995) VvV Low
Di Lorenzo et al. (1996) Vv vV vV Low
Glencross et al. (1997) Vv vV Low
Singh et al. (1999) Vv Vv Vv Vv Vv vV High
Weill et al. (2011) Y% v Low
Larson et al. (2012) Vv Low
Miller et al. (2013) vV Vv vV Low

Each study was assessed for characteristics that could lead to bias.

Extent of pleural plaques and lung function

If pleural plaques can impact lung function, there should be a
clear relationship between extent of plaques (in terms of
number or size) and lung function. This association was
assessed in six HRCT studies. Five of these (Clark et al.,
2014; Copley et al., 2001; Oldenburg et al., 2001; Sette et al.,
2004; Van Cleemput et al., 2001) reported no significant
effect of the extent of plaques, measured in number or size, on
lung function. One study (Clin et al., 2011) reported
statistically significant associations between the sum of
circumferences of plaques, but not thickness, and FVC and

TLC. Directions of effect were mixed, but the values for FVC
and FEV; were slightly lower with increasing extent of
pleural plaques (about 4% difference between greatest- and
smallest-extent groups) in the two higher quality HRCT
studies with reported values (Clark et al., 2014; Clin et al.,
2011).

Three X-ray studies showed no effect of extent of pleural
plaques on lung function (Hillerdal et al., 1990; Ostiguy et al.,
1995; Zavalic & Bogadi-Sare, 1993), while three reported
associations. Fridriksson et al. (1981) observed an association
with the extent of plaques and TLC, RV, airways resistance
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Table 6. Differences in spirometry, gas diffusion, and lung volume in participants with pleural plauges compared to controls in higher quality HRCT

and X-ray studies®.

FEV,/FVC
FVC or VC FEV| mean or FEV,/VC TLC mean
mean difference difference mean difference difference RV mean DL¢o (TLco) mean

References (95% CI) (95% CI) (95% CI) (95% CI) difference (95% CI)  difference (95% CI)
HRCT

Van Cleemput et al. +0.7 (—7.6, 9.0) +0.3 (—7.6, 8.2) 0(—4.2,42) +4.8 (—4.9, 14.5)

(2001)

Rui et al. (2004) -6 (—10.7, —1.3) -7 (-13.2, —0.8) —1(—4.0, 2.0) —6 (—10.2, —1.8)

Damian et al. (2007)° —5 (8.6, —1.5) —5.3 (—-10.0, —0.6) —1.5(-3.6,0.7) —6.1 (9.3, -3.0)

Clin et al. (2011) -3.8 (5.9, -1.7) —4 (—6.4, —1.6) —0.8 (—1.8,0.2) -3.1 (-5.0, —-1.2) —2.6 (—6.8, 1.6)

Spyratos et al. (2012) +3 (—6.7, 12.7) +3.2 (=54, 11.7) -3 (-85, 2.6) —0.1 (=7.3,7.1) —1.1 (-12.1,9.9)

Clark et al. (2014) —5.3(-15.0,4.4) —5.7 (—18.0, 6.6) —0.1 (—64, 6.2) —4.1 (—154,7.1) +5.9 (—18.4, 30.2) —6(19.5,7.5)
X-ray

Ohlson et al. (1985)

Avg. exposure <14 —-1.6 -25

fiber-years

Avg. exposure 15-22 +13.3 +8.8

fiber-years

Avg. exposure >23 +5.3 +11.5

fiber-years

Hilt et al. (1987) —2.6 —0.8 -0.8

Oliver et al. (1988) —6.7 (—6.7, —6.7) -7 (-9.9, —4.1) —4.9 (—10.6, 0.8)

Bourbeau et al. (1990) —0.35° —0.2¢

Schwartz et al. (1990b) —8.9 (-20.7, 2.9) —10.3 (-27.2, 6.6) —1(-9.6,7.6) —5.2 (=21, 10.6) +0.9 (—40.7, 42.5) +0.2 (—22.9, 23.3)

Bresnitz et al. (1992) —3.6 (—12.3,5.1) +0.2 (—10.2, 10.6) +3.1 (-3.1,9.3)

Broderick et al. (1992) —0.14¢

Dujic et al. (1993) —16.4 (—19.9, 129) 22 (-6.1, 1.7) +18 (15, 21) -7.9 (-11.9, -3.9) 3.8 (-84,0.8) —8.9 (—13.1, —4.7)

Schwartz et al. (1994) —0.26¢ +1.25¢

Garcia-Closas & —4.9 (-8.6, —1.2) -7.1 (-11.3, -2.9) 3.8 (—6.0, —1.6)

Christiani (1995)

Ostiguy et al. (1995) —-2(-7232) —4(-9.2,1.2)

Di Lorenzo et al. (1996)  —9.2 (—22.9, 4.5) —10.4 (-23.6, 2.8) —3.5(-12.9,5.9) —2.8 (—18.8, 13.2)

Glencross et al. (1997) —0.0844

Weill et al. (2011) -7.5(-9.2, —5.8)

Larson et al. (2012) Not reported Not reported

Miller et al. (2013) —6.1 (—8.4, —3.8) —7.6 (—10.5, —4.7)

CI = confidence interval; DLco = diffusing capacity of carbon monoxide; FEV, = forced expiratory volume in 1 second; FVC = forced vital capacity;
HRCT = high resolution computed tomography; RV =residual volume; TLC = total lung capacity; TLco = diffusing capacity of carbon monoxide;

VC = vital capacity.

“Statistically significant results are in bold type; high quality studies are defined in text. For studies that did not report the 95% CI of the mean

difference, the 95% CI was calculated by the present authors.
"Direction of effect was consistent for baseline and follow-up.
“Changes in liters.
YEstimates of regression coefficients.

(R.w), volumetric airways conductance (G,y/V), maximal
elastic recoil pressure [Py(max)] and the ratio of static lung
compliance (Cy) to TLC. Oliver et al. (1988) reported that
FVC and the occurrence of pulmonary restriction were
associated with quantitative pleural score. Larson et al.
(2012) found an association between the presence of
pulmonary restriction and degree of extent and width of
plaques.

Direction and magnitude of effect

Table 6 shows the direction and magnitude of effects
associated with pleural plaques in the higher quality HRCT
and X-ray studies. Some studies reported the difference
between the group with pleural plaques compared with the
controls, whereas others only reported the predicted value for
each group; for the latter, we calculated the difference in
values. In addition, we calculated the confidence interval
using the sample mean, standard deviation and sample size
provided in the study.

Among the six higher quality HRCT studies, there were
no consistent patterns for effects on FVC (or VC) or FEV,.

The differences in mean FEV; between pleural plaques
groups and normal groups ranged from —7% to +3.2%
predicted; for FVC (or VO), the differences ranged from —6%
to +3% predicted. For FEV{/FVC (or FEV,/VC), there is a
pattern of very slight decreases in the pleural plaques groups,
with a range of differences in mean predicted values from —3
to 0. Figure 3A—C depicts the differences in FVC, FEV, and
FEV /FVC, respectively, in the five higher quality HRCT
studies that reported spirometric values in groups (Spyratos
et al., 2014, the sixth higher quality HRCT study, reported
only the differences between groups, but not predicted values
for each group). Three of these studies (Clin et al., 2001;
Damian et al., 2007; Rui et al., 2004) reported statistically
significant differences for both FVC and FEV,, but the
differences are small and not clinically significant. For TLC,
there is also a pattern of decrease in the pleural plaques
groups, with values ranging from —6.1% to —0.1% predicted.
These values may not be comparable across studies, however,
because the methods used to measure lung volumes were not
consistent across studies. There are no consistent patterns
among the few studies that reported values for RV and DLo.
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Table 7. Differences in lung function in participants with pleural plaques compared to those with no abnormalities in higher quality longitudinal HRCT

and X-ray studies.

Follow-up
(Mean
References Years) Units FvC vC FEV, FEV,/VC TLC DLco
HRCT
Rui et al. (2004) 3.7 %lyear (95% CI) - —34(=79,10) —-15(-74,40) +03(-2.7,32) -36(-74,02) -
Damian et al. (2007) 5 ml/year - —8.47 —3.18 - —13.81 -
X-ray
Ohlson et al. (1985) 4 %4 years +0.4 - +0.96 - - -
Schwartz et al. (1994) 2 Regression coeffi- - - —0.26+0.18 +1.25+1.08
cient for change
over 2
years + SE
Ostiguy et al. (1995) 7 ml/year —16 - - - - -
Glencross et al. (1997) 10 Regression coeffi- —-0.084 - - - - -

cient for change
over 10 years

—=Parameters not measured; CI=confidence interval; DLco = diffusing capacity of carbon monoxide; FEV, =forced expiratory volume in 1s;
FVC = forced vital capacity; HRCT = high resolution computed tomography; SE = standard error; TLC = total lung capacity; VC = vital capacity.
None of the results are significant at p <0.05. Results reported in % or ml/time are presented as change over time in group with pleural plaques

compared to exposed referents.

The patterns and magnitudes of effect in the 16 higher
quality X-ray studies are somewhat different from those in the
HRCT studies. With the exception of Ohlson et al. (1985), the
X-ray studies show patterns of decrease in the pleural plaques
groups, with wider variations, for both the FVC (or VC) and
FEV, parameters. For FVC (or VC), the differences in mean
percent predicted values compared to referents range from
—16.4 to +13.3; for FEV,, they range from —10.4 to +11.5
(note that some of the reported values are regression values
rather than percent predicted; these are not included in these
ranges). Six studies included FEV,/FVC (or FEV,/VC)
measurements with no consistency and a very wide range of
differences; there are not enough reported RV values to
determine any patterns. For DLco, four of five studies
reported decreases in the pleural plaques groups, with
differences in mean values ranging from —7.6 to +0.2.

Figure 3D-F depicts the differences in FVC, FEV,, and
FEV,/FVC, respectively, in the 10 higher quality X-ray
studies that reported predicted values; other higher quality
studies (Bourbeau et al., 1990; Glencross et al., 1997; Larson
et al., 2012; Ohlson et al., 1985; Schwartz et al., 1994) were
not included because the predicted values were not reported.
Comparing Figure 3D-F to Figure 3A—C illustrates the higher
variability in results across the X-ray studies versus HRCT
studies.

Opverall, there are clear differences between the HRCT and
X-ray study results. The magnitude of differences in the
HRCT studies has a much smaller range than in the X-ray
studies, indicating that X-ray studies are less reliable for
estimating the effects of pleural plaques.

HRCT results showed fewer consistent patterns regarding
associations between pleural plaques and lung function, with
inconsistent associations for FVC (or VC) and FEV,.
Although the findings were more consistent for FEV,/FVC
(or FEV{/VC) among studies, the changes were primarily
non-significant decreases in the ratio; if pleural plaques were
causing a reduction in volume, as in restrictive changes, one
would expect the ratio to increase. Thus, the biological
significance of the small reduction in the ratio should be

questioned as the changes go in the direction opposite to that
expected. The more clinically important findings are the
observation that the changes in both parameters of lung
volume, FVC and FEV,, are small and inconsistent.

Interpretation of lung function measurements

As the X-ray study results are less reliable, this section
focuses on the higher quality HRCT studies. While the PFT
results for these studies were mixed, some patterns were
evident. For example, although there were both increases and
decreases in mean FVC (or VC) and FEV; values in the
pleural plaques groups, the ratios of the two measurements
showed a pattern of decrease. When FVC (or VC) and FEV,
are both increased, a decrease in the ratio between them is
uninterpretable. In the four studies in which all the parameters
were decreased, the mean changes were very small (<1.5%)
and generally either not statistically significant or not
considered clinically significant by the study authors. The
pattern of reduction in TLC for this group of studies indicated
a trend toward restriction but, again, the results were too small
to be clinically significant and more likely indicative of
normal variation or a consistent bias among studies. It is also
important to note that in each of the three studies that reported
statistically significant decreases in TLC, the asbestos expos-
ures for the groups with pleural plaques were substantially
higher than for the referent groups. While two of these studies
(Clin et al.,, 2011; Rui et al., 2004) adjusted for asbestos
exposure, the substantial exposure differences indicate the
decreases may have been at least in part due to residual
confounding. There were not enough RV and DL results in
this group of studies to allow for interpretation of effects, but
the reported differences were also very small.

Longitudinal studies showed that lung function in individ-
uals with pleural plaques did not decrease over time at a
greater rate than lung function in those without plaques. This
indicates that plaques have no effect on lung function
independent of aging or other lung conditions. Similarly,
there were no consistent findings regarding the effect of
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Figure 3 Spirometry results in high quality HRCT and X-ray studies. Percent predicted FVC and FEV, and FVC/FEV ratio, among individuals with
no lung lesions (light gray bars) or pleural plaques (dark gray bars). Error bars indicate standard deviations, except for Hilt et al. (1987), where no
standard deviations were reported. (A, B and C) show the results of higher quality HRCT studies and (D, E and F) show the results of the higher quality

X-ray studies.

extent of plaques. The lack of a clear relationship between the
extent of pleural plaques and lung function indicates that the
very small associations observed in some of the studies may
not be indicative of causation.

Most studies did not report FVC, FEV; and other
spirometric values at the individual level. Because an
evaluation of these factors together is necessary to determine
whether a particular individual has abnormal lung function, it
is not possible to know how many, if any, individuals actually
had abnormal lung function. A mean deficit seen in a group
may be not be clinically relevant for some individuals, but it

could correspond to a considerable increase in the proportion
of the population that falls into the category of abnormal
(i.e. below the LLN). It could also mean there is a reduction in
the proportion of individuals on the higher end of the
pulmonary function spectrum, but all individuals could still
have normal lung function. However, without looking at the
data on an individual level, one cannot know whether and, if
so, how many people in the group (e.g. the group of people
with pleural plaques) actually fall below the LLN. As stated in
the previous section, in general, the studies evaluated showed
mean declines of around 3-5% in the pleural plaque groups.
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Abnormal lung function is generally defined as below 80% of
predicted values, depending on the age and ethnic makeup of
the population, so it is unlikely that a 3—-5% population change
would shift any individuals within the population below 80%
of predicted.

One way to remove some of the uncertainty surrounding
the question of whether there is a true, clinically significant
functional decline in a group is through categorical analysis of
restrictive and obstructive effects. Several of the available
studies (Dujic et al., 1993; Garcia-Closas & Christiani, 1995;
Kennedy et al., 1991; Oliver et al., 1988) categorized each
study participant as having either obstructive, restrictive or
mixed effects based on individual lung function test results.
The authors then compared the prevalence of such conditions
between groups (e.g. between those with pleural plaques and
those with no lung abnormalities). Kennedy et al. (1991) and
Garcia-Closas & Christiani (1995) found no significant
increase in restrictive lung function in pleural-plaque-only
groups compared to normal exposed controls. Larson et al.
(2012) reported that the prevalence of restriction was higher
in the group with pleural plaques compared to the normal
group. These investigators used X-ray to identify pleural
plaques, however, so undetected DPT and/or other fibrosis
may have been responsible for the observed decrease in lung
function. Alternatively, the differences between the groups
might be accounted for by residual confounding. For example,
in the Larson et al. (2012) study, results were adjusted for
exposure group (occupational, household contact or resident)
and number of non-occupational exposure pathways but not
duration of or cumulative exposure. Moreover, few studies
adjusted for BMI, and differences in mean BMIs between the
groups with pleural plaques and those without could account
for small differences in lung function.

Discussion

We identified 16 studies that used HRCT to identify lung
lesions (six were of higher quality). These studies showed no
or very little change in lung function among people with
pleural plaques versus those with no pulmonary abnormalities
and, relative to controls, lung function in those with pleural
plaques was generally well within the normal range. These
studies also showed a smaller range of effects than the 36 X-
ray studies (15 higher qualities) we identified, indicating that
X-ray studies were less accurate. Longitudinal studies (using
both HRCT and X-ray) indicated that pleural plaques do not
cause longitudinal changes in lung function. Overall, the
weight of evidence indicates that pleural plaques do not
impact lung function.

Some researchers suggest that studies using X-ray radiog-
raphy to identify pleural plaques are not reliable because lung
function decrements observed with pleural plaques in these
studies may be attributable to the presence of parenchymal
fibrosis that was undetected in radiographs (Schwartz et al.,
1990b; Weill, 2008). Indeed, ATS (2004) stated:

Although pleural plaques have long been considered
inconsequential markers of asbestos exposure, studies of
large cohorts have shown a significant reduction in
pulmonary function attributable to the plaques, averaging
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about 5% of FVC, even when interstitial fibrosis (asbestos)
is absent radiographically. . . This has not been a consistent
finding and longitudinal studies have not shown a more
rapid decrement in pulmonary function in subjects with
pleural plaques. Decrements, when they occur, are prob-
ably related to early subclinical fibrosis.

HRCT may miss some early subclinical fibrosis, but not to
the extent that X-ray does (McGavin & Sheers, 1984; Paris
et al., 2008; Staples et al., 1989). In general, HRCT is
considered more sensitive and specific for the detection of
pleural plaques, DPT and asbestosis (Miles et al., 2008). The
sensitivity of the HRCT method is particularly important
because, while they can co-occur, pleural plaques, other types
of pleural thickening and interstitial fibrosis each have
different  etiologies and  functional  consequences.
Physiologically, pleural plaques are different from other
forms of pleural thickening; they have a distinct shape,
whereas other forms are less distinct in pattern and shape. In
general, plaques are specific to asbestos exposure, whereas
other forms of pleural thickening can be caused by a wide
range of previous or underlying illness and injury (e.g.
pneumonia and chest trauma). Other forms of pleural
thickening are sometimes associated with a functional
decline, but evidence does not indicate that pleural plaques
can cause this. DPT and interstitial fibrosis are more extensive
lesions that are located on the interior of the lung, in addition
to other locations. These conditions are strongly associated
with decreased lung function (Miles et al., 2008; Schwartz
et al., 1993). The proposed modes of action (MoAs) for lung
function decrements with these latter conditions are the
narrowing of the airways from the lesions causing reduced air
flow (i.e. obstruction) or, for DPT, the ability to cause
adherence of the parietal and visceral pleura to each another,
restricting how far the lung can expand. Considering that
other asbestos-related conditions (besides pleural plaques) are
more accurately identified by HRCT than X-ray, and HRCT
studies as a group show a smaller range of lung function
decrements than X-ray studies, it is evident that even higher
quality X-ray studies may not be as reliable as higher quality
HRCT studies for conducting research on pleural plaques
(versus individual screening).

Individuals with decrements in only one lung function
parameter may not fall below the lower limit of normal lung
function, and studies that evaluated these parameters inde-
pendently (e.g. by comparing mean FVC across groups and
then mean FEV, across groups) did not address whether any
individual actually fell below the lower limit of normal lung
function. A few studies categorized each participant as having
obstructive, restrictive or mixed effects based on clinical
definitions that consider several parameters [i.e. FVC (or VC),
FEV,, the FEV/FVC (or FEV,/VC) ratio and TLC]
(Pellegrino et al., 2005). In general, the results were
inconsistent, with half of the studies reporting null results
and half reporting a significant difference in function effects.
It should be noted, however, that all of the available
categorical analysis studies were conducted using X-ray. In
general, as discussed in the ‘‘Results’’ section, studies with
categorical comparisons reduce some of the uncertainty
surrounding whether pleural plaques can cause clinically
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relevant lung function deficits. In these types of studies, each
person in the study is assessed individually for the clinical
relevance of his or her lung function changes, and one can
then make a comparison between the group with plaques and
the group with no lung abnormalities to determine if there is a
higher prevalence of individuals with clinically significant
lung function in either group.

The reference value equations used to calculate the percent
predicted values for each of the lung function measures varied
across studies and may be responsible for some of the
variability in results. Of the 16 HRCT studies, two did not
report the reference equations they used, and, among the
remaining 14, eight different equations were used. Three of
the 36 X-ray studies did not report reference equations, and it
appears that 18 different reference equations were used
among the other studies. Some of the variation is due to
changes in equipment, software and measurement techniques,
and population characteristics over time (Kuster et al., 2008;
Stanojevic et al., 2010). Even now, however, there are
different reference equations available for different popula-
tions, including for specific countries such as China and
Brazil, or specific groups such as children and the elderly
(Garcia-Rio et al.,, 2004). As each of these reference
populations and corresponding equations are different, the
definition of what is ‘‘normal’’ in a healthy population may
vary quite substantially (Stanojevic et al., 2010). The same
absolute decline in lung function could correspond to a much
lower percent predicted value in one study compared to
another that used different reference equations. As stated by
Stanojevic et al. (2010), ‘“The use of inappropriate reference
equations and misinterpretation, even when potentially appro-
priate equations are used, can lead to serious errors in both
over- and under-diagnosis’’. Unfortunately, the implications
surrounding the choice of reference equations has often been
overlooked in the literature (Crapo, 2004).

Many study results were not adjusted for asbestos expos-
ure, age, BMI or smoking. All of these factors can impact
lung function. Asbestos exposure is of particular concern
because in almost every study where separate exposures were
reported for both groups, the pleural plaques group exposure
was higher than the referent group exposure. In some cases,
the differences were quite striking. For example, in the Clin
et al. (2011) study, mean exposure for the pleural plaques
group was more than twice as high as for the control group.
With respect to BMI, Lee et al. (2001) found that
BMI>30kg/m? was associated with a higher prevalence of
DPT on X-ray when compared to people with no pleural
abnormalities in a group of almost 700 former asbestos
workers. This suggests that BMI may vary between groups
with radiological abnormalities, even within a cohort that is
fairly homogenous. Finally, the ratio of smokers to non-
smokers was not measured in all studies; however, several
studies show substantial differences in smoking habits
between the pleural plaques groups and referents (Clark
et al., 2014; Clin et al., 2011; Ohlson et al., 1984, 1985;
Oliver et al., 1988; Weill et al., 2011). Even studies that
adjusted for these factors may have been impacted by residual
confounding.

Moreover, even if one were to assume that the mean lung
function deficits reported in these studies were caused by
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pleural plaques and not underlying subclinical fibrosis, the
deficits reported in the studies — whether statistically signifi-
cant or not — were small enough that they would likely not
result in clinically significant lung function changes for most
participants. This is reflected in the conclusions of many of
the studies. For example, Clin et al. (2011), the largest HRCT
study, stated that while there was a statistically significant
relationship between isolated plaques and restrictive pattern,
“‘[t]he observed decrease in FVC and TLC is unlikely to be of
real clinical relevance for the majority of subjects in this
series’’.

In one of the two higher quality HRCT studies that
adjusted for confounders, Spyratos et al. (2012) found that,
while FVC and FEV, were lower in those with pleural plaques
(n=29) than those with no abnormalities (n=37), when
results were adjusted for age, smoking, and duration of
asbestos exposure, FVC and FEV,| were non-statistically
increased in individuals with pleural plaques. In the other, Rui
et al. (2004) found non-significant slight decreases in lung
function over time in people with pleural plaques compared to
people without. (Note that Clin et al. (2011) did not report
adjusted lung function estimates, only adjusted p values.) In
addition, two HRCT studies were longitudinal (Damian et al.,
2007; Rui et al., 2004). Neither of these studies showed a
significantly greater reduction in lung function values over
time in subjects with pleural plaques compared to subjects
with normal lung scans. Four X-ray studies were also
longitudinal (Glencross et al., 1997; Ohlson et al., 1985;
Ostiguy et al., 1995; Schwartz et al., 1994), with follow-up
times of 2—10 years. None of these studies reported signifi-
cant reductions in lung function over time in people with
pleural plaques compared to people without lung abnormal-
ities. Collectively, these studies indicated that pleural plaques
do not impact lung function.

We considered conducting a meta-analysis of these studies
but concluded that it would be inappropriate for several
reasons. First and foremost, these studies are highly hetero-
geneous, likely due to differences in the participants, past
exposures, reference equations and the way that studies were
conducted (most notably, using HRCT versus X-ray to
identify pleural plaques and the varying quality of individual
studies). While the use of random-effects models helps to
consider the heterogeneity in the effect estimates, it does not
eliminate the heterogeneity. Second, there is a substantial
amount of reporting bias among these studies (US EPA, 2014;
National Toxicology Program, 2013). Several studies did not
report data necessary for calculating mean difference and
standard error of lung function parameters. For example,
Ohlson et al. (1985) did not report the numbers of individuals
with and without pleural plaques within each category of
exposure, and three studies (Hilt et al., 1987; Miller et al.,
1992; Ohlson et al., 1985) did not report standard deviations
or standard errors for respiratory measures. In addition, four
studies reported there were no significant differences between
pleural plaque groups and referents, but they did not provide
any values (Copley et al., 2001; Neri et al., 1996; Ohlson
et al., 1984; Staples et al., 1989). Furthermore, it is possible
that in some studies with negative results for pleural plaques,
the focus was on other lung conditions and the results for
pleural plaques were never reported. Third, because pleural
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plaques typically do not cause functional effects, there is
potential for publication bias in the body of literature on
pleural plaques and lung function. Research has shown that
studies with negative results are less frequently published than
studies with positive associations, and this can present a major
obstacle in drawing valid conclusions from a systematic
review or meta-analysis (National Toxicology Program, 2013;
Shea et al., 2007). Fourth, potential confounding by past
asbestos exposure, smoking and BMI were not accounted for
in the majority of studies. Therefore, although some individ-
ual studies may have adjusted for confounders when
comparing lung function between groups with and without
pleural plaques, it would have been impossible for us to do so
in a meta-analysis based on published study results. Finally, a
meta-analysis could not capture all of the relevant evidence
that bears on the question of whether pleural plaques cause
lung function decrements (e.g. by evaluating several lung
function parameters together for each study, or considering all
relevant studies).

Evaluation of evidence

US EPA calculated a draft RfC for Libby amphibole asbestos
based on the premise that the presence of pleural plaques is an
adverse health effect that causes lung function deficits.
We conducted a weight-of-evidence evaluation regarding
the effects of pleural plaques on lung function by applying
the Bradford Hill guidelines for evaluating causation:
strength of association, consistency, magnitude of effect,
possible confounding, biological gradient, plausibility and
coherence (Hill, 1965). We also considered study quality, the
adversity of reported effects and alternate explanations of the
evidence.

Strength of association/magnitude of effect

Reported findings of effects that are large and precise increase
the confidence that an association is causal and not likely
attributable to chance, bias, error or other factors. In the
higher quality studies that reported statistically significant
effects of pleural plaques and lung function, the sizes of the
effects were generally quite small, especially in the more
accurate HRCT studies (<7%). Both the positive and negative
effects were close to the null value in the vast majority of
higher quality HRCT and X-ray studies. In many of the
studies, including the higher quality studies, effects were in
the opposite direction of adversity and often of similar
magnitude as those findings that indicate adverse effects. As it
is unlikely that pleural plaques are beneficial in some studies
and harmful in others, this indicates that even the stronger,
positive associations may not be indicative of causation. In
addition, in six longitudinal studies (two higher quality HRCT
and four higher quality X-ray), no associations were found
between pleural plaques and any lung function parameter
changes over time. Overall, because the vast majority of
positive results for effects of pleural plaques are small in
magnitude (and some are even in the opposite direction of
adversity) and there is no evidence of longitudinal effects, the
results are not particularly supportive of a causal relation-
ship and indicate associations are likely due to a consistent
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bias among studies (e.g. confounding by early subclinical
fibrosis).

Consistency and coherence

The strength of an inference of causality is greater when a
consistent pattern of effects is observed across several
independent studies. We assessed the consistency of results
across studies for each of the most commonly reported
endpoints. When results were discordant among studies, we
considered the possible reasons for these discrepancies.
Because an inference of causality for each lung function
endpoint is stronger when other endpoints also support a
causal interpretation of the association, we assessed the
coherence of the results among the studies for all endpoints
together.

Results were inconsistent for FVC or VC among the six
higher quality HRCT studies. Three studies reported a
statistically significant, but very small, decrease in the pleural
plaques groups compared to the referents, one study reported
a non-significant small decrease and two reported small
increases. There was more consistency within the higher
quality X-ray studies, with 11 of 12 reporting decreases in the
pleural plaques groups (five of those were statistically
significant), and one study reporting increases, but the
X-ray results were not consistent with the HRCT results.

For FEV,, among the six higher quality HRCT studies,
results were also inconsistent. As with the FVC measure-
ments, three studies reported a statistically significant, but
very small, decrease in the pleural plaques groups compared
to the referents. One study reported a non-significant small
decrease, and two studies reported small increases. Among
the eight higher quality X-ray studies that measured FEV,,
only two reported statistically significant decreases in the
pleural plaques groups. Five others reported non-significant
decreases ranging from 0.8% to 10%, and one study reported
increases. Thus, the HRCT results showed inconsistent FEV
effects, and again, the X-ray results were not consistent with
the HRCT results.

Measurements of FEV,/FVC or FEV,/VC were more
consistent across all studies. None of six higher quality HRCT
studies or four higher quality X-ray studies reported signifi-
cant decreases in the pleural plaques groups. All except one
reported very small, non-significant decreases, and one higher
quality X-ray study reported a large (18%), statistically
significant increase.

An evaluation of the three different endpoints within each
study, FEV,; FVC (or VC) and FEV,/FVC (or FEV,/VC),
shows that, generally, the endpoints within a given study were
coherent with each other. In most studies, particularly the
HRCT studies, the measures of FVC or VC and FEV,
increased or decreased in the pleural plaques groups by the
same approximate magnitudes, resulting in little or no effect
in the FEV/FVC or FEV/VC ratios. This is consistent with
normal lung function. If pleural plaques caused restrictive
changes, the FEV/FVC or FEV/VC ratios would increase,
which is the opposite of what we found.

The effects of pleural plaques on TLC were also consistent
across studies, with all eight that reported measurements
showing a very small decrease. Four of these were significant
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(three HRCT and one X-ray) and four were not (two HRCT
and two X-ray). Few studies reported RV measurements and,
among these, results were inconsistent. None of the RV results
for pleural plaques were significantly different from controls,
with two reporting increases (one HRCT and one X-ray) and
two reporting decreases (one HRCT and one X-ray). DL
measurements were also inconsistent across studies, with
HRCT studies reporting no significant differences (one mean
increase and two mean decreases); two of five X-ray studies
reported significant decreases, two reported non-significant
decreases and two reported increases.

Overall, the effects of pleural plaques on lung function
were not coherent across studies, especially across the most
reliable higher quality HRCT studies. Some of this may be
due to the different reference equations used across studies, as
described previously. Still, if pleural plaques caused clinically
significant lung function deficits, coherent, substantial effects
within each of the studies and across endpoints would be
expected.

Confounding

As cofounders can be partially or fully responsible for
observed associations between an exposure and health
outcome, it is imperative that they are considered in
epidemiology studies. The reference equations used to
calculate predicted values of lung function incorporate the
impact of age, race and sex; however, the characteristics of
reference populations used in formulating these equations
may not always be truly representative of those in the
population of interest in each study. Further, the reference
equations cannot account for differences in other character-
istics between the population of interest and the reference
population, such as level of asbestos exposure, BMI and
smoking patterns, all of which are associated with reduced
lung function. We considered studies that accounted for these
confounders as higher quality than studies that did not.

Among epidemiology studies that accounted for confoun-
ders, we found that statistically significant effects were
generally reduced or no longer statistically significant when
confounding factors were controlled for. Furthermore, in
almost all studies that reported different asbestos exposures
for groups with pleural plaques compared to controls, higher
asbestos exposure was reported for the groups with plaques,
suggesting that residual confounding may have been present —
even when results were adjusted for exposure. Moreover, as
discussed previously, several studies reported substantial
differences in smoking habits between the pleural plaques
groups and referents (Clark et al., 2014; Clin et al., 2011;
Ohlson et al., 1984, 1985; Oliver et al., 1988; Weill et al.,
2011). Even those studies that adjusted for smoking often
asked only whether participants were smokers but did not
estimate smoking exposure using more precise measures, such
as pack-years of smoking. Thus, it is possible that studies that
adjusted for smoking may still have suffered from residual
confounding due to differences in the intensity and duration of
smoking between groups. Overall, our results indicate that
residual confounding could be responsible for the small
differences observed between the asbestos-exposed controls
and participants with pleural plaques.
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Biological gradient

If pleural plaques were causal for lung function deficits, we
would expect to see a larger decrease in lung function with
increasing size, area or number of plaques. Of two higher
quality HRCT studies that measured this, one reported a
significant effect of increasing extent of pleural plaques on
FVC and TLC and one reported no effect. The results for
X-ray studies were also mixed, with one higher quality study
reporting no effect and three reporting significant effects. The
mixed results in these studies do not support an association
between increasing extent of pleural plaques and decreased
lung function.

Biological plausibility

Although a known MoA 1is not necessary to conclude
causation, there is no evidence to support a biologically
plausible MoA for pleural plaques to impact lung function.
While there are no experimental animal studies that evaluate
whether pleural plaques could cause lung function decre-
ments, the location and extent of pleural plaques (typically
discrete areas on the outside of the pleura) indicate that they
are not likely to have any impacts (BTS, 2011). As they are
located on the exterior of the lung, if plaques could cause any
effect at all, they would have to be restrictive, as restriction
prevents the lungs from fully expanding and reduces one’s
ability to fully exhale. There is no consistent evidence from
the epidemiology literature that supports restriction caused by
pleural plaques.

Overall, our analysis was based on the methodology put
forth by NRC (2014) and considered the weight of evidence
regarding the effects of pleural plaques on lung function. We
applied the Bradford Hill guidelines for causation, consider-
ing study quality, the adversity of reported effects and
alternate explanations of the evidence, and found that studies
had a broad range of populations and study designs. In higher
quality HRCT studies, some associations were relatively
consistent but very small in magnitude, to the extent that they
were not clinically relevant. For the most part, results for the
different endpoints were coherent with each other. We
conclude the effects are not biologically plausible owing to
the physiology of pleural plaques, and these associations are
most likely due to residual confounding from early subclinical
fibrosis.

Our critical review has several strengths. We followed
NRC’s (2014) recommendations for systematic reviews,
conducted a thorough literature search, included all relevant
studies, conducted a formal study quality or risk-of-bias
analysis (and placed more weight on higher quality studies),
considered all relevant endpoints in studies evaluated and
considered the impact of confounders. The studies we
evaluated were quite broad and evaluated different popula-
tions from different countries that were exposed to different
types of asbestos, including Libby amphibole asbestos.
A major limitation of our study is that we could not overcome
the limitations of individual studies described above. Of most
concern is that studies did not provide information on
parameters for each individual. In several studies, lung
function measurements were not reported or were reported
as regression coefficients, therefore lung function values



42 L. E. Kerper et al.

could not be compared across all studies. For studies that
reported only p values but not lung function measurements,
we could not make any determinations about the direction of
effect; analysis may have been biased in either direction as
a result.

Conclusions

The epidemiology studies reviewed here can only evaluate
statistical associations. They cannot indicate whether lung
function reduction is caused by pleural plaques, only whether
they are associated with pleural plaques. It is expected that
lung function decrements could be associated with extensive
pleural plaques as they are associated with asbestos exposure,
which can cause pulmonary effects by other mechanisms.
Studies that show lung function decrements indicate that they
are very small and highly uncertain. Uncertainties due to
study limitations may be greater than the reported small
decrements in lung function (i.e. generally between ~3 and
7%) that, notably, are well within the normal range of lung
function for most people. Thus, it is more likely that reported
decrements are attributable to other factors as opposed to
pleural plaques. The weight of evidence indicates that pleural
plaques do not cause lung function decrements and are not
adverse.

US EPA is currently in the process of determining non-
cancer health hazards from exposure to Libby amphibole
asbestos. As discussed above, in its latest draft of the
toxicological review of Libby amphibole asbestos, US EPA
(2011) proposed to base the RfC on pleural plaques. Pleural
plaques are clinically relevant because they are biomarkers of
exposure. The presence of pleural plaques indicates that an
individual was likely exposed to asbestos and is therefore at
risk for asbestos-related disease. Because pleural plaques do
not cause lung function decrements themselves, the exposure
level at which they occur should not be used to define the
level of asbestos likely to cause adverse health effects. Pleural
plaques should continue to be used in a clinical setting, but
they should not be used in a regulatory setting to determine
levels that will protect the general population, including
sensitive individuals.
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