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Abstract 

Objectives: Lung ﬁbre content was determined for 86 former chrysotile miners and millers in two Que´ bec mining regions: Thetford mines (TM) and the Asbestos region (AR). Methods: Fibres were assessed using transmission electron microscopy (TEM) and en​ergy dispersive X-ray spectrometry (EDS). Asbestos body (AB) concentrations were assessed by microscopy of tissue digests. Corresponding histological lung tissue sections were quantitatively graded for the severity of interstitial ﬁbrosis on a 12-point scale. Fibrosis score and its associations with (1) ﬁbre concentrations and ﬁbre dimensions within three ﬁbre length intervals (less than 5 um, 5–10 um, and over 10 um), and (2) several exposure variables were evaluated using correlation coeﬃcients and regression techniques. 

Results: Concen​tration of short (<5 um) tremolite ﬁbres was the best predictor of ﬁbrosis grade in both mining groups (r=0.44, P<0.01 and r=0.39, P<0.01 for TM and AR, respectively). Chrysotile ﬁbre concentration showed a lower correlation with the ﬁbrosis grade for subjects from TM only. Long (>10 um) amosite ﬁbre concen​tration showed a linear relationship with the ﬁbrosis score in miners and millers from AR. Exposure vari​ables, including smoking, had no predictive value for ﬁbrosis grade. Within ﬁbre length categories, ﬁbre dimension was not related to the ﬁbrosis score. 

Con​clusion: Lung ﬁbre concentration as measured by TEM/ EDS, especially that of short (<5 um) tremolite ﬁbres, is a better predictor of ﬁbrosis grade in these two groups of chrysotile miners than either the concentration of ABs or the duration of exposure. Due to the limitation of our counting method, almost all ﬁbres longer than 10 um observed in this study were shorter than 14 um. Thus, if length plays a role in ﬁbrogenesis, it may be related to ﬁbres of greater length than those covered in this study. 
Keywords: Tremolite, Chrysotile, Pulmonary ﬁbrosis, Asbestosis 

Introduction 

Asbestosis is a form of pulmonary interstitial ﬁbrosis having a distinct pattern and typically associated with the presence of asbestos bodies (ABs) in lung sections examined by light microscopy. In previous work, we showed that asbestosis deﬁned in this way may be sys​tematically underdiagnosed in chrysotile miners and millers (Case and Dufresne 1997). Speciﬁc mineral parameters such as type, dimension, and chemical composition can aﬀect the level of interstitial ﬁbrosis caused by asbestos exposure. 

Relationships of the level of interstitial ﬁbrosis, ﬁbre properties, and exposure parameters have been widely investigated in cement workers (Albin et al. 1990), dock yard workers (Wagner et al. 1986), chrysotile textile workers (Green et al. 1997), insulators (Churg et al. 1990), chrysotile miners and millers (Churg et al. 1989), and other cases of occupational exposure (Wagner et al. 1982, 1986; Warnock et al. 1983; Roggli et al. 1986; Roggli 1989). In most studies there was a correlation between the level of interstitial ﬁbrosis among patients with asbestosis and lung tissue mineral quantity. In most studies, amphiboles were better associated with level of asbestosis than chrysotile, owing to more rapid clear​ance of the latter. However, few studies (Wagner et al. 1986; Albin et al. 1990; Green et al. 1997) have ad​dressed the relationship between interstitial ﬁbrosis and retained lung ﬁbre concentration or dimension among workers exposed principally to chrysotile. 

Churg et al. (1989) found that tremolite mean ﬁbre length and aspect ratio were negatively correlated with ﬁbrosis grades in 21 former chrysotile miners and millers from Thetford Mines (TM). The authors suggested that the short ﬁbres might therefore be more ﬁbrogenic than were the long ﬁbres. This hypothesis was supported by the ﬁnding of a similar inverse relationship between ﬁbrosis grade and ﬁbre length among 20 former insula​tor workers exposed to amosite (Churg et al. 1990). A separate analysis of lung tissue in chrysotile miners and millers from the same area by Case (1994) came to an opposite conclusion; geometric mean concentration of ﬁbres longer than 8 um was higher among asbestosis cases than that among non-asbestosis cases (P<0.01). Later separate studies by Churg et al. (1993) and Churg and Vedal (1994) on 94 cases from TM and 144 former insulators and other trades showed that tremolite and chrysotile ﬁbre dimensions did not discriminate between cases with and without asbestosis (Churg et al. 1990, 1993). However, the latter studies did not investigate the correlation of ﬁbre type and dimension with the level of asbestosis as a continuous variable. 

Intensity, pattern, and duration of occupational exposure, ﬁbre type, and dimensions, and also ﬁbre chemistry vary in diﬀerent asbestos industries. This variation exists between the two chrysotile mining re​gions of Quebec and even within the TM agglomeration, one portion of which is apparently richer in content of tremolite and other minerals (Gibbs and Lachance 1972; McDonald et al. 1997). Morphology, especially length could also diﬀer from one mining region to another. One weakness of previous studies has been a failure to in​clude stratiﬁcation of analyses for diﬀerent ﬁbre length categories. If ﬁbres in a speciﬁc length category (whether ‘shorter’ or ‘longer’) have greatest ﬁbrogenic eﬀect, this would be masked by a study of all lung-retained ﬁbres without regard for length. Therefore, the longest ﬁbres would tend to be ignored due to the tendency for lung-retained ﬁbres to be skewed towards the shortest (Case et al. 2000). 

The present study aims to investigate relationships between ﬁbrosis and lung-retained concentration and dimension (including length, diameter, and aspect ra​tio) for two distinct groups of miners and millers from Quebec, using a 12-point scale for ﬁbrosis grading within three separate size categories of ﬁbres. In addition the relationship between ﬁbrosis grading with several exposure variables such as duration of expo​sure, time since ﬁrst and last exposure, and smoking is evaluated. 

Experimental procedures 

Subject selection 

To be included in the study deceased subjects had to meet each of the following criteria: 

1. Have been employed at either Asbestos region (AR) or TM (including mines, mills, and a small asbestos   products factory at AR), with a history of exposure to asbestos 

2. Have had an autopsy 

3. Have available suﬃcient lung tissue for mineralogical analysis and histological examination, and 

4. Have available either medical or employment records available to determine exposure variables and smoking habit 

TM subjects 
	Table 1 Subject selection procedure                                                                  Asbestos (n=41) 
	Thetford Mines (n=45) 

	Hospital from which subject autopsies were identiﬁed 
	Centre Hospitalier de 
	Centre Hospitalier de la 

	
	l’Universite´ de Sherbrooke 
	Re´ gion de l’Amiante 

	Years of death of subjects studied 
	1983–1992 
	1989–1991 

	Numbers of autopsies among miners and millers 
	100 
	95 

	Numbers of autopsies for which lung samples were available 
	41 
	95 

	Number of lung samples randomly selected initially 
	41 
	70 

	Number of subjects excluded 
	0 
	25 

	Final number of subjects included 
	41 
	45 

	Total number of subjects included in this study 
	86 
	


Among approximately 200 autopsies conducted during 1989–1991 at the Centre Hospitalier de la Région de l’Amiante (Table 1) 95 were former male chrysotile miners and millers. Forty-ﬁve tissue samples were in​cluded in this study. The rest of the samples were ex​cluded due to the presence of large tumours or dryness of the tissue specimen. 

AR subjects 

Approximately 100 eligible autopsies were conducted during 1983–1991, according to autopsy records from 1983 to 1991 in the Centre Hospitalier de l’Université de Sherbrooke (same criteria as above including both mine, mill and factory workers referred to as Jeﬀrey Mine in the literature). Lung tissue was available for only 45 cases; 41 of these subjects had complete occupational records and were included in the study (Table 1). Lung tissue available for 34 consisted of unselected formalin-ﬁxed sections from autopsy ‘stock’ bottles and therefore exact site selection was not pos​sible in the AR group. 

The total number of subjects from both regions was 86. Among the subjects from TM, 24 of the 45 were born prior to 1920, and were therefore, members of the Quebec birth cohort (1891–1920) of 11,000 workers constructed by McDonald et al. (1980, 1999). Among the subjects from AR, 24 of the 41 were members of the birth cohort (Table 1). 

Lung tissue specimens 

Forty-ﬁve formalin-ﬁxed lung tissue specimens belong​ing to subjects from TM were sagittal slices of either right or left lungs. Therefore, adequate lung tissue was available for all subjects for both histological examina​tion and mineralogical analysis. Forty-one formalin-ﬁxed wet lung tissue blocks were available for the sub​jects from AR. For 34 of these subjects, between six and eight tissue blocks (6–8 cm3 each) ﬁxed in ﬁltered 10% formalin were available, adequate for both histological examination and mineralogical analysis. A small number of ‘wet’ formalin-ﬁxed tissue samples was available for seven of the subjects, adequate for mineralogical anal​ysis only. Therefore, seven paraﬃn block sections were obtained for histological examination of these subjects (courtesy of Dr. J. Masse´ , Centre Hospitalier Rouyn-Noranda, QC, Canada). 

Six sections from various areas of the lung paren​chyma were selected for histological examination and two sections were used for ﬁbre analysis. To avoid sys​tematic error due to site-selection bias of sections, which are not anatomically identical, an established sectioning method was used (Craighead et al. 1982). The following sections were cut from sagittal slices of lung specimen from each of the subjects from TM: 

1. Upper lobe, mid parenchyma 

2. Upper lobe, peripheral sub-pleural 

3. Middle lobe, central 

4. Middle lobe, peri-hilar 

5. Lower lobe, mid-parenchyma 

6. Lower lobe, peripheral sub-pleural 

Two sections adjacent to the upper lobe, mid-parenchyma section (section 1) and the lower lobe, peripheral sub-pleural section (section 6) were cut for mineralogical analysis. For subjects from AR, having six to eight wet tissue blocks, six sections for each subject were selected randomly for histological examination. Among those blocks, a sub-pleural section and a parenchymal section were identiﬁable from their pathologic appearances and therefore selected for subsequent mineralogical exami​nation. 

Tissue blocks were embedded in the paraﬃn using an embedding machine (LEICA Inc. Model EG1160, Heidelberg, Germany) and then sectioned with an average thickness of 4 um by the use of a microtome (Microm lab. Model HM330. Walldrof, Germany). Three slides were prepared for each tissue block. Each slide had a diﬀerent stain; either haematoxylin and eosin, trichrome, or Prussian blue. A total number of 1,433 histology slides was prepared (Table 2). 

Histological grading of interstitial ﬁbrosis 

An evaluation of each slide was performed by one of us (J.M.) using an optical microscope (Carson group Inc. Olympus BX50 ON, Canada). Three diﬀerent magniﬁ​cations (100·, 250·, and 400·) were used for the examination of the slides. The pathologist was unaware of the geographical origin of the subjects and site of origin of the tissue blocks. The grading scheme used was adapted from that suggested for asbestosis by the Col​lege of American Pathologists and the National Institute of Occupational Safety and Health (NIOSH) as follows (Craighead et al. 1982):

– Grading scheme for the severity of interstitial ﬁbrosis: 

0. no ﬁbrosis is associated with bronchioles 

1.  ﬁbrosis involves wall of at least one bronchiole with or without extension to the septa of adjacent alveoli 

2.  ﬁbrosis appears as in grade 1, plus involvement of alveolar ducts or two or more layers of adjacent alveoli; there is still a non-ﬁbrotic septum between adjacent bronchioles. 

3. ﬁbrosis appears as in grade 2, but with coalescence of ﬁbrotic changes such that all alveoli between at least two adjacent bronchioles are thickened. Fibrotic septa; some alveoli may be obliterated completely 

4. ﬁbrosis appears as in grade 3, but with formation of new spaces of a size larger that alveoli, ranging up to 1 cm; this lesion is called ‘honeycombing’. Spaces may or may not be lined with epithelium. 

– Grading scheme for extent of interstitial ﬁbrosis: 
1. only occasional bronchioles are involved, most show no lesions 

2. more than occasional involvement is seen, but less than half of all bronchioles are involved 

3. more than half of all bronchioles are involved. 

In the current study, this scale was applied to all interstitial ﬁbrosis with or without the presence of ABs. For each slide, the grade of severity and extent were multiplied to obtain a ﬁbrosis score. The resulting products for each slide belonging to a subject were averaged as the ﬁbrosis score for that subject. 
A separate index for ABs seen on routine histology was estimated using one slide stained with haematoxylin and eosin and a second with Prussian blue. ABs were scored semi-quantitatively on a scale of 0–3 using the method reported by Wagner et al. (1982). A rating of 0 (no bodies present), 1+ (one or occasional ABs), 2+ (moderate number of ABs), and 3+ (numerous easily detectable ABs) was used. The individual scores for all slides from a subject were summed and the average AB score for each subject was obtained. 

Lung tissue preparation for counting 

Procedures of tissue digestion, analytical TEM, and optical microscopy are well-known operations, and have been previously described by Dufresne et al. (1994). In summary, tissues taken from both lung sections for each subject were digested in sodium hypochlorite (5%). After ﬁltration (Millipore25 mm, 0.8 um) the ﬁlters were ashed in a low temperature oxygen plasma asher (LFE Corp., Model LTA 505, Waltham, MA, USA) for 4 h. The ashes were then recovered with distilled and deionised water, and ﬁltered for the second time on a polycarbonate membrane ﬁlter (0.2 um pore size) Nucleopore, CA, USA). Four #200 copper mesh micro​scope grids were prepared from each sample using a carbon replica technique. 

A JEOL 100CX electron microscope (JEOL USA Inc., Model JEM-100CX II, MA, USA), in transmission mode, equipped with an X-ray energy dispersive spec​trometer (EDS, PGT System IV; Princeton Gamma-Tech Inc., Model 4000T, Rockyhill, NJ, USA) was used to enumerate, size, and chemically analyse ﬁbres on the specimen grid. An acceleration voltage of 80 kV with a magniﬁcation of 14,000·was used. Enumeration, size measurement, and analysis were conducted separately for three size categories of ﬁbres; ﬁbres<5 um (short ﬁbres), 5–10 um (intermediate), and ﬁbres>10 um (long ﬁbres). To reduce the limit of detection, at least 30 ﬁbres or 30 grid openings (whichever came ﬁrst) were identi​ﬁed and measured within each size category, separately, to a theoretical detection limit of 35 ﬁbres/mg of dry lung. Mineralogical identiﬁcation of each was made by comparing the EDS spectrum of each lung particle with EDS reference spectra. 

Asbestos body concentration of the lung digest was counted using a Carl Zeiss phase contrast microscope at magniﬁcation of 312·(Carl Zeiss Canada, Model G40​140, ON, Canada). Concentration of ABs in lung digest was expressed as ﬁbres/g dry lung. 

Using available autopsy reports and work histories for each subject, several exposure parameters were ex​tracted. Information was available for each subject on sex, date of birth, date of death, age, year of start of exposure, age at start of exposure, year of end of exposure, age at the end of exposure, cause of death, duration of exposure, time since last exposure, and smoking (pack-years). 

Statistical analysis 

Statistical analyses were performed using Minitab Statistical Software (Minitab, release 10 Xtra) (Minitab Inc. 1995). In order to allow calculation of geometric means, zero values were changed to half the limit of detection (35 ﬁbres/mg for asbestos ﬁbres and 25 AB/g for AB concentrations). 

Statistical analysis was performed separately for each ﬁbre length category in three steps: 

1.
Shape of distributions of data, including dependent variable (i.e. ﬁbrosis score) and independent variables (i.e. concentrations and dimensions) were examined using Koumogorov–Smirnov test (KS test) and nor​mal plots (Sprent 1993). Concentrations and dimen​sions were found to be log-normally distributed for all variables (KS test P <0.05). For this reason, log​arithmic values (loge) of these variables were used for the calculation of geometric mean concentration and geometric mean dimension of ﬁbre data. Logarithmic values were also used as independent variables in the regression models (Green et al. 1997; Nayebzadeh et al. 2001). 

2. To identify the determinants of the ﬁbrosis
score, simple regression analysis was initially used. Within Table 2 Number of tissue blocks and histology slides prepared for histological examination of pulmonary ﬁbrosis for 86 subjects from Thetford mines and Asbestos region 

	Table 2
	Asbestos region (n=41)
	Thetford Mines  (n=45) 

	Type of specimens 
	Wet tissue 
	Paraﬃn block 
	Wet tissue 
	Paraﬃn block 

	Number of specimens 
	34 
	7 
	45 
	– 

	Number of tissue blocks made 
	204 
	7a 
	270 
	– 

	Number of slides 
	612 
	21 
	810 
	– 

	Total slides for each group 
	633 
	
	810 
	

	Total number of slides for 86 subjects 
	1,443 
	
	
	

	A One paraﬃn block was available for each case 


each size category, and for each type identiﬁed, associations for both concentration and dimension, with ﬁbrosis score were evaluated. Residual plots were used to evaluate adequacy of the log-normal transformation. 

3.

To evaluate possible interaction or confounding ef​fects of exposure variables, multiple regression anal​ysis was performed. Fibre concentrations having demonstrated statistically signiﬁcant linear associa​tion with ﬁbrosis score from the previous stage were examined for possible interaction and confounding eﬀects. The regression coeﬃcient (b1) and its signiﬁ​cance level (P value) were used for interpretation of the results. A confounding eﬀect was considered present when a change of more than 10(%) was ob​served on the regression coeﬃcient (b1) from the simple model (e.g. model containing only one con​centration variable X1 such as: concentration of short tremolite ﬁbres among subjects from TM) to the multiple model (e.g. model containing concentration and one or more exposure variables X2 such as con​centration of short tremolite ﬁbres plus time since last exposure). Several combinations of variables were used to examine the confounding and interaction ef​fects. However, a maximum of four variables was included in each model. 

[image: image2.png]Simple model:
Y (fibros

= By + by (log, (X) (concentration variable)—

ore)

Multiple model:

Ya(fibros
+ by (log, (X)) (concentration variable)—
+ by (exposure variable) —

ore) = By

-+ -+ An interaction effect was concluded
present when the regression coefficient
(b3 )for the interaction term
(concentration variable

X exposure variable X3)—

was significant at 5%

Interaction model:
Yi(fibros
= By + by (log, (X) (concentration variable)—

ore)

+ ba(exposure variable)
+ by(log, (X) x (exposure variable)





Results 

Information on work history and smoking habits ex​tracted from autopsy reports and employment records were presented in our previous publication (Nayebzadeh et al. 2001). In summary, the average years of exposure were 36.8 and 37 years for AR and TM miners and millers, respectively (range 14–50.5 years). AR and TM subjects were comparable in calendar year of date of birth and ﬁrst year of exposure. Minor but statistically signiﬁcant diﬀerences were found for calendar year of death (AR 1988 vs. TM 1990 P<0.01) and for ﬁnal year of exposure (AR 1977 vs.. TM 1979; P<0.05). The number of years since last exposure (available for clearance) was also comparable. Exposure intensities for the jobs worked by our subjects were not available, so cumulative exposures could not be calculated from duration. There were 10 non-smokers among the 45 TM workers as compared to 6 of the 41 AR men, but the average packs/year of smoking was no diﬀerent for the two groups (P>0.1). 

A total of 6,982 single ﬁbres were sized and analysed for the 86 subjects (Nayebzadeh et al. 2001). Seventy-two percent of ﬁbres among subjects from TM were tremolite whereas 34.5% of ﬁbres from AR were trem​olite. A larger number of chrysotile ﬁbres were identiﬁed in the lungs of AR subjects. Also, much larger numbers of amosite and crocidolite ﬁbres were detected in the lungs of AR workers. Geometric mean concentrations of tremolite ﬁbres among subjects from TM were 28,854, 5,166, 1,124 ﬁbres/mg dry lung tissue for short, inter​mediate, and long ﬁbres. Corresponding concentrations among subjects from AR were 6,355, 2,277, 517 ﬁbres/ mg dry lung tissue. The concentrations of six types of ﬁbres within three length categories are presented in Table 3 for both groups. Geometric mean concentration of chrysotile ﬁbres was much lower in the lungs of both groups. 

Workers from the two mining areas were similar with respect to the proportion of short (<5 um), intermedi​ate (5–10 um) and long (>10 um) ﬁbres out of total ﬁbres detected. Slightly more than 50% of ﬁbres were short. Intermediate and long ﬁbres constituted 31 and 18% of total ﬁbres, respectively. For the concentration of six ﬁbre types readers are referred to our previous publication in which the concentration and dimension of the same groups of workers were described and com​pared in detail (Nayebzadeh et al. 2001). 

Geometric mean concentrations of asbestos ﬁbres of all types and sizes among both groups departed from a normal distribution (Koumogorov–Smirnov P<0.01). Normal plots showed a log-normal distribution. Inspection of normal plots after loge transformation showed that the concentration and dimension values were appropriately normalised. 
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Fibrosis grading 

Among the subjects from TM a single section out of six for eight subjects and two sections out of six for two subjects were not gradable due to the presence of excessive atelectasis, carcinoma, or haemorrhage. In TM subjects lower lobe, peripheral sub-pleural sections (section 6), had the highest mean ﬁbrosis score (4.7) followed by lower lobe, mid-parenchymal (section 5) (4.2) (Table 4). Upper lobe, mid-parenchymal lung (section 1) had the lowest mean ﬁbrosis score (3.2). Every subject from each of the two mining regions had some degree of pulmonary interstitial ﬁbrosis, regardless of the presence of ABs in routine sections (see Discus​sion). Fibrosis score ranged from 1 to 11 and 1 to 11.5 for TM and AR workers, respectively. AB score ranged from 0 to 3 among subjects from both groups. Mean ﬁbrosis score was highest among AR workers (5.4 vs. 4.3 for TM workers, P=0.06). 

The results of simple regression and correlation analysis for the concentration of various ﬁbre types within three size categories are summarised in Table. 5 and 6. Regression coeﬃcients, correlation coeﬃcients, and respective P values are shown for each analysis. 

Thetford Mines 

For the subjects from the TM (Table 5), the regression coeﬃcient (b1) for tremolite < 5 um showed that the ﬁbrosis score increases 0.74 units when the ﬁbre con​centration increased one unit on a logarithmic scale (or 10 on the arithmetic scale). The second largest regression coeﬃcient was for total short ﬁbres (b1=0.73, P < 0.05) followed by that for intermediate-length chrysotile (b1=0.6,  P < 0.01) and that for intermediate-length tremolite ﬁbres (b1=0.48, P<0.05). 

Chrysotile ﬁbres (<5 um) and talc/anthophyllite ﬁ​bres (>10 um) showed positive associations with the ﬁbrosis score, approaching statistical signiﬁcance (r=0.28, P=0.06). Both the lung-digest concentration and the grade of ABs also showed some positive linear relationship with the ﬁbrosis score (r=0.4 and 0.45, respectively, P<0.05). The histological grade of the AB also had a signiﬁcant correlation with the ﬁbrosis score (r=0.45, P<0.05). 
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Asbestos region 

Table 6 shows the results of simple regression and cor​relation analyses for the subjects from AR. The severity of asbestosis increased 1.67 units (on a 0–12 scale) for one unit increase on the long amosite concentration (b1=1.67, P<0.01). The second largest regression coeﬃcient was found for short tremolite ﬁbres (b1=0.6, P<0.01). The concentrations of the intermediate-length crocidolite ﬁbres, other silicates (<5 um), and talc/ anthophyllite ﬁbres (>10 um) showed a linear correla​tion with the ﬁbrosis score approaching statistical sig​niﬁcance (r=+0.25 to +0.28, P=0.08). The regression coeﬃcients and correlation coeﬃcients of other con​centration variables including chrysotile and other sili​cates (all size categories) did not show any correlation with the pulmonary ﬁbrosis score (r<0.25 and P>0.1 for all types/sizes). The regression coeﬃcients for the concentration and grade of ABs were small and non​signiﬁcant, indicating no statistical relationships with the ﬁbrosis score (b1=0.21 and b=0.18 for lung-digest concentration, and b1=0.18 for histological grade, P>0.1 for both variables). 

No ﬁbre dimension parameter of any kind showed a signiﬁcant linear relationship with ﬁbrosis score in either occupational group. The regression and correlation coeﬃcients were small and were signiﬁcantly diﬀerent from zero. Generally, large standard deviations were observed for the regression coeﬃcients. The probability values for regression and correlation coeﬃcients were non-signiﬁcant (P>0.1) for all variables. For workers from TM, no exposure variable (including smoking) showed statistically signiﬁcant relationship with ﬁbrosis score. For the AR workers, only ‘age’ showed any association with the ﬁbrosis score (r=+0.3 and 0.1>P>0.05). The regression and correlation coeﬃ​cients of other variables such as duration of exposure, smoking, and years since last exposure, were small and non-signiﬁcant (P>0.1). Concentration of ﬁbres including tremolite and chrysotile; and some exposure parameters, in particular age, smoking, and duration of exposure were included in multiple models. The result of the regression models did not indicate the presence of any interaction or confounding eﬀects between concen​tration and exposure variables in any of the study groups. Various combinations of two concentration and dimension variables were also tried, and the result did not show any statistically signiﬁcant association (P>0.1). It should be noted that although the results of the regression analyses are provided for all ﬁbre types within all ﬁbre categories, the statistical parameters for some ﬁbre type and length category given in Table. 5 and 6 may not be statistically meaningful, since they may be based on a low number of ﬁbres. 

Discussion 

Unlike previous studies, in the current work we attempt to demonstrate the relationships within three discrete ﬁbre length categories. We found a stronger correlation between the lung tremolite concentrations and ﬁbrosis score than that for chrysotile with ﬁbrosis score in both the TM and AR groups of subjects. The tremolite con​centration showed a better correlation with the ﬁbrosis score among subjects from TM than that among sub​jects from AR. The correlation coeﬃcients for tremolite concentrations in our study were somewhat smaller than the coeﬃcients reported by Churg et al. (1989) and Green et al. (1997). The observed diﬀerences were more likely related to diﬀerent exposure patterns among occupational groups. Also, the observed diﬀerences are likely due in part to methodological variations such as diﬀerent counting and tissue selection criteria. Correla​tion was absent for long tremolite ﬁbres among both groups (P>0.1). Correlation coeﬃcients of tremolite had a decreasing trend from short to long ﬁbres in both groups, this trend being more apparent among TM workers. This shows that short tremolite ﬁbres are better statistical predictors of the ﬁbrosis score than are long tremolite ﬁbres. However, we cannot conclude that short ﬁbres are more ﬁbrogenic than long ﬁbres based simply on these concentration data. It should be emphasised that short ﬁbres always outnumber long ﬁbres regardless of the number of length categories used. Also, in a method based on combined magnetic alignment and light microscopy Timbrell et al. (1988) concluded that chrysotile produced a similar degree of ﬁbrosis to cro​cidolite for equal ﬁbre mass concentrations in the lungs and that the ﬁbrogenicity of the chrysotile per unit of surface area was similar to that of the amphiboles.

Forty-six percent of tremolite ﬁbres detected in the lungs of TM workers were shorter than 5 um, 36% were 5–10 um, and only 18% were longer than 10 um. Short tremolite ﬁbres were detected in the lungs of all TM subjects. However, ﬁbres sized 5–10 um were not found in the lung of two or 4% of subjects, and ﬁbres longer than 10 um were not found in the lung of ﬁve or 11% subjects. This trend however, should not, in our view, be taken to imply the presence of a decreasing ﬁbrogenicity of tremolite from short to long ﬁbres, as the smaller numbers evaluated in the longer categories are more subject to variation, as implied by Churg et al. (1989). It is also unknown to what extent short ﬁbres are actually derived from longer ﬁbres which have fragmented dur​ing their residence in the lung (Case 1994). Because of this less accurate estimation of long ﬁbre concentrations, we prefer to base our conclusion on the biological eﬀects of dimension on the actual ﬁbre dimension data. Thus, interpretation of concentration data should be limited to the relationship between the ﬁbre type and the ﬁbrosis score. The issue of length will be discussed below by the use of the overall distribution of dimension data, in which direct correlation of ﬁbre length, diameter, and aspect ratio to ﬁbrosis score is addressed. 

Correlation of the ﬁbrosis score with tremolite con​centration was stronger than the correlation of chryso​tile concentration for both mining locations. Lung tremolite concentration is thus a better predictor of both past exposure and extent of disease than is chrysotile concentration. This observation should not be taken to imply that tremolite is necessarily more ﬁbrogenic than chrysotile (McDonald et al. 1980, 1999). It is known that the chrysotile miners and millers, including the study subjects, were exposed principally to chrysotile ﬁbres, and tremolite constituted only a small fraction of the original airborne dust to which they were exposed. Short (<5 um) chrysotile asbestos ﬁbres are cleared from the lungs more rapidly than amphibole ﬁbres, although there is some evidence that longer chrysotile ﬁbres have a longer half-life (Finkelstein and Dufresne 1999). 

The same method of examination of data obtained from two populations, one exposed to chrysotile and tremolite and the other exposed principally to amosite led Churg and co-workers (1989, 1990) to conclude that amosite is more ﬁbrogenic than chrysotile or tremolite. However, in this study we did not attempt to make any ﬁbre-to-ﬁbre comparison with regard to ﬁbrogenic po​tency. Some of our subjects had some exposure to amosite in a nearby factory. The geometric mean con​centration of long amosite ﬁbres was 71 ﬁbres/mg dry lung; almost at the detection limit of our analytical method. More importantly, the correlation coeﬃcient (r=0.5) applied to all 41 subjects from AR, among which only 19 or 41% subjects had any long amosite ﬁbres in their lungs. The correlation between ‘long amosite ﬁbre concentration’ and the ﬁbrosis score was not signiﬁcant when the data were reanalysed only for those 19 subjects who had long amosite ﬁbres in their lungs (r=0.32, P=0.11). 

In the current study, a positive correlation between total lung asbestos ﬁbres and ﬁbrosis score was found among TM workers but absent among AR workers. A between-workforce diﬀerence was also observed for ﬁbrosis grade and concentration of ABs. This between-workforce diﬀerence may be due to the diﬀerent pro​portion of tremolite in the two geographic locations. While 72% of the total ﬁbres were tremolite among TM workers, tremolite ﬁbres constituted only 34% of those detected in the lungs of AR workers. The geometric mean concentrations of tremolite ﬁbres among TM workers in all length categories were higher than the corresponding concentrations for AR workers. It is also known that tremolite ﬁbres form ABs more readily than do chrysotile ﬁbres (Roggli 1990). This stronger repre​sentation of tremolite among TM workers results in each ﬁbre length group in a higher proportion of tremolite ﬁbres in the lung. When the correlation between total ﬁbre concentrations in the three size categories and the corresponding tremolite concentrations are compared between the two work locations, the correlation coeﬃ​cients were higher among subjects from TM than those among subjects from AR in all size categories. When the correlation between tremolite concentrations and AB concentrations are compared between the two groups, correlation coeﬃcients were systematically larger among TM workers than those for AR workers. 

For each work location (TM and AR) the result of regression and correlation analyses on three dimension parameters (i.e. length, diameter, and aspect ratio) within the three ﬁbre length categories showed no association with the ﬁbrosis score. This ﬁnding is in disagreement with previous ﬁndings among 21 TM workers (Churg et al. 1989) and shipyard workers (Churg et al. 1990). None of the 21 cases studied pre​viously (Churg et al. 1989) had a geometric mean ﬁbre length of more than 5 um. In the previous study by Churg et al. (1989, 1990) the geometric mean length and aspect ratio of tremolite ﬁbres ranged between 2 and 4.5 um and 12:1 to 22:1, respectively, indicating a cov​erage of a very narrow range of length and aspect ratio, at the lower end of the total length distribution. In our analysis, using the three length categories theoretically provided a more sensitive approach to characterising dimension. By counting and enumerating mineral ﬁbres in three separate steps, long ﬁbres could be better rep​resented. This method eﬀectively permitted the evalua​tion of the relationship between ﬁbre size and ﬁbrosis score for ﬁbres up to approximately 20 um. The geo​metric mean length of tremolite ﬁbres detected in the lungs of TM workers ranged from 1.25 um (in category <5 um) to as high as 18.5 um (in category >10 um). Nevertheless, the results of dimension data do not sup​port our hypothesis that there might be a positive cor​relation between the ﬁbre length and the ﬁbrosis score. Even our approach has a limited ability to evaluate the eﬀects of very long ﬁbres (e.g. >20 um). Only 5–6% of the total ﬁbres detected for both groups had a length of more than 15 um and 2–3% had a length of more than 20 um. The results of animal experiments suggest the possible eﬀects of ﬁbre length at ranges above our size categories (20–50 um) (Miller et al. 1999a, b; Adamson and Bowden 1987a, b; Wagner et al. 1982, 1988). This issue requires further research for very long ﬁbres. 

The correlation between exposure variables and concentration variables selected for multiple regression was small and non-signiﬁcant. Duration of exposure did not have any predictive value for either group, indicating that this variable alone may not be an adequate surro​gate for cumulative asbestos exposure. 

Morphological studies comparing the lungs of asbes​tos workers who smoked and non-asbestos workers who smoked have shown that the contribution of cigarette smoking to pulmonary ﬁbrosis is small (Churg 1983; Wright and Churg 1984) or absent compared with the eﬀect of asbestos exposure (Wright and Churg 1984; Churg et al. 1990). Smoking and asbestos exposure have been associated in some studies with small airway disease (Churg 1983; Wright and Churg 1984). If this were so, smoking might inﬂuence the pathological grade of asbestosis among workers exposed to asbestos ﬁbres. Correlation between pack-years smoking and asbestosis grade is, however, not certain (Churg et al. 1984; Roggli et al. 1986). Possible inﬂuence of cigarette smoking on the histological grade of asbestosis, if any, is likely to be minor (Green et al. 1997). Absence of a correlation be​tween smoking and the ﬁbrosis score in both our study groups supports this view. Any eﬀect of smoking on ﬁbrosis among our workers, who were exposed heavily to asbestos ﬁbres for a long time, is absent. In a study of Quebec miners and millers, Churg et al. (1984) found no relationship between pack-years of smoking and the parenchymal ﬁbre concentration in the lung. The results of the present study similarly did not show any correla​tion between pack-years smoking and lung ﬁbre concen​trations (r<0.25, P>0.1 for tremolite and chrysotile). 

Conclusion 

Concentration of ﬁbres as measured by TEM/EDS, in particular short tremolite ﬁbre concentration, has better predictive ability for pulmonary interstitial ﬁbrosis than either AB concentration or duration of exposure. It is possible that detailed estimates of cumulative exposure based on industrial hygiene sampling methods could provide results better than lung ﬁbre concentrations. Although miners and millers of the chrysotile mining regions in Quebec were principally exposed to chrysotile asbestos, tremolite concentration in lung tissue provides better prediction for the pulmonary ﬁbrosis score, which is derived from ﬁbrosis severity and extent. Fibrosis may nevertheless have resulted from concomitant exposure to chrysotile ﬁbres since short chrysotile ﬁbres may be cleared from the lung years before the time of death. High lung tremolite content among subjects from TM appears to be responsible for the correlation of ﬁbrosis score with grades of ABs present on routine histological slides, lung-digest concentration of ABs, and total asbestos ﬁbre concentration as measured by TEM/EDS. 

There is no association between ﬁbre dimension and ﬁbrosis grade for asbestos ﬁbres at least up to 20 umin these populations. Our study was limited to concentra​tion and dimensions of mineral ﬁbres shorter than 20 um, especially shorter than 10 um. Future work may emphasise the possible contribution of very long ﬁbres which require separate assessment due to their rarity in ﬁbre distributions. 

Smoking, age, duration of exposure, and time since last exposure did not show any interaction with tissue ﬁbre concentrations and did not show any signiﬁcant modifying or confounding eﬀects on the relation be​tween tissue ﬁbre concentration and severity of ﬁbrosis. 
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