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RÉSUMÉ

Les données préexistantes sur les niveaux d’exposition professionnelle constituent des

sources de données privilégiées pour la surveillance de l’exposition ou l’épidémiologie.

Les diverses circonstances dans lesquelles elles sont générées peuvent causer des biais

pour l’évaluation de l’exposition des travailleurs. Dans le but de caractériser ces biais, et

d’établir des portraits historiques de l’exposition professionnelle au formaldéhyde,

récemment classé cancérogène chez l’humain par le Centre international de recherche

sur le cancer, nous avons analysé plusieurs sources de données d’exposition à cette

substance.

Cinq sources de mesures d’exposition au formaldéhyde ont été exploitées. Dans le

secteur des panneaux de bois aggloméré, elles comprenaient les données issues d’une

revue de littérature, les données mesurées au Québec de 1984 à 2002 par des hygiénistes

du gouvernement et en 200 1-2002 par une équipe de recherche. Les mesures de

formaldéhyde enregistrées à partir des années 80 dans les banques de données

d’exposition professionnelle (BDEP) multisectorielles française (COLCHIC) et états

unienne (IMIS) ont également été obtenues. Les sources ont été analysées par

modélisation statistique puis comparées entre elles. Une méthode méta-analytique

permettant l’analyse numérique des données de la littérature a été élaborée.

Les modèles statistiques ont expliqué entre 25 et 61% de la variabilité des mesures.

Pour les panneaux de bois aggloméré, l’emploi, la zone de travail, le procédé, la saison,
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l’année et la durée de mesure étaient déterminants. Les mesures du gouvernement étaient

plus élevées celles de l’équipe de recherche (facteur 2 à 3), indiquant un biais de

stratégie de mesure. Les déterminants mis en évidence dans UvIIS et COLCHIC

incluaient l’industrie, le poste de travail, l’année (-5 à -10% par an), la ventilation, la

saison, la durée et le débit d’échantillonnage associés aux mesures, ainsi que la raison de

la visite, celle dernière indiquant un biais de sélection des établissements. Les niveaux

mesurés sur de courtes durées étaient en moyenne 2 fois plus élevés que ceux de type

valeur d’exposition moyenne pondérée (VEMP). Une corrélation significative (entre 0,2

et 0,8) des mesures prises durant une même campagne d’échantillonnage a été identifiée

dans les données québécoises, COLCHIC et IMIS. Les déterminants communs aux

différentes sources avaient des influences similaires sur l’exposition alors que les

niveaux eux-mêmes différaient par des facteurs de 1,3 à 3. Une réduction importante des

niveaux d’exposition durant les deux dernières décennies a été observée (facteur 3 à 10).

Les secteurs d’activité associés aux expositions de type VEMP les plus élevées

comprenaient les panneaux de bois, les travaux de charpenterie et les analyses

biologiques et anatomopathologiques, avec des moyennes géométriques, estimées entre

2001 et 2003 à partir de IMIS et COLCHIC, autour de 0,2-0,3 mg!m3.

Nos résultats ont montré que des biais sont présents dans les données préexistantes. Ils

peuvent cependant être au moins partiellement contournés si l’information entourant les

mesures est suffisante pour les identifier et les quantifier, et si les estimations sont

corrigées en conséquence. Les portraits rétrospectifs multisectoriels de l’exposition au

formaldéhyde dressés dans cette étude pourront être utilisés pour la surveillance de

l’exposition et l’épidémiologie.
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ABSTRACT

Existing data on exposure levels represent a choice data source for occupational

exposure surveillance or epidemiology. However. the varying circurnstances in which

they are measured may cause biases when assessing the exposure of workers. Airning to

better characterize these biases and establish a historical picture of occupational

exposure to formaldehyde, recently classified as carcinogenic to hurnans by the

International Agency for Research on Cancer, we analyzed and cornpared several

sources of formaldehyde exposure data.

Five datasets of formaldehyde exposure levels were used. In the reconstituted wood

panel industry, they included data from a literature review, data measured in Quebec in

1984- 2002 by governmental hygienists, and data measured in Quebec in 2001-2002 by

a research team. Formaldehyde levels recorded since the 19$Os in the french and U.S.

occupational exposure databanks (OEDB) COLCHIC and IMIS were also obtained. The

datasets were first analyzed with statistical models then compared with one another. A

new meta-analytic method allowing the computational analysis of literature data was

proposed.

The statistical moUds explained between 25 and 61% of the variance of (lie log

transformed exposure levels. In the wood panel industry. the variables job, work zone,

process. season. year. and measurement duration were determinants of formaldehyde

exposure levels. In addition, concentrations measured by governrnental hygienists were
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two to threefold as high as those measured by the research team. suggesting a sampling

strategy-related bias. Exposure determinants in the multi-industry datasets from IMIS

and COLCHIC included industry, task / workstation. year (-5 to -10% per year).

ventilation, season, measurement duration and sampling flow. and the reason for

sampling, the latter suggesting a bias caused by differential selection of the visited

plants. Short-term measurements were on average twice as high as tirne weighted

averaged (TWA) data in IMIS and COLCHIC. Significant correlation (0.2 to 0.8)

between measurernents taken during the same sampling carnpaign was observed in the

Quebec data, COLCHIC, and IMIS. Exposure determinants common to the different

sources had similar influence on exposure but exposure levels differed arnong sources

by factors from 1.3 to 3. An important decrease of formaldehyde exposure levels over

time was observed during the last two decades (factor 3 to 10). Industries associated

with the highest TWA exposure levels included wood panels, carpentry work, and

biological and anatomopathological analyses. The corresponding geometric means,

estimated from COLCHIC and IMIS for 2002-2003, were between 0.2 and 0.3 mg/m3,

Our results confirm that biases are present in existing occupational exposure data.

However they also suggest these biases can be controlled if the available ancillary

information is sufficient to allow their identification and quantification. and if exposure

estimates are corrected accordingly. The historical multi-industry pictures of

occupational exposure to formaldehyde presented in our work can be used for exposure

surveillance and occupational epidemiology.
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1. INTRODUCTION GÉNÉRALE

1.1 Mise en contexte

En santé au travail la connaissance a priori des conditions d’exposition des travailleurs

représente un atout majeur à plusieurs points de vue. Tout d’abord, au sein de la

démarche d’hygiène industrielle, l’étape primordiale d’identification des agents

agresseurs est facilitée par la possibilité d’anticiper la présence de ces agents dans le

milieu de travail à l’étude (Bégin et coil., 1995). Ensuite, dans un cadre plus large de

surveillance en santé au travail, l’existence d’un portrait à l’échelle nationale de

l’exposition des travailleurs à un vaste éventail de substances ou de dangers physiques

pennet de mieux définir les priorités d’intervention et de gestion des risques (Goidman

et coli., 1992;Gomez, 1993;LaMontagne et coli., 2002a). De la même façon cette vision

globale facilite les prises de décision en vue de l’établissement de nonnes en santé et

sécurité du travail (Botkin et Conway, 1995). Enfin, dans un contexte de recherche

scientifique, la possibilité d’associer un type d’emploi ou de tâche professionnelle à une

exposition quantifiée à des agents spécifiques représente un outil de choix lors de la

réalisation d’études de type épidémiologique ou d’analyse de risque toxicologique, en

particulier lors de l’établissement de matrices emploi-exposition (Goldberg et coll.,

1993;Kauppinen et cou., 199$;Stewart et Rice, 1990). À cause des coûts importants

associés à la mesure directe de l’exposition professionnelle d’une population, et de

l’impossibilité de mesurer directement l’exposition passée, les données d’exposition
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préexistantes constituent souvent la seule source d’information disponible pour atteindre

ces objectifs.

La littérature scientifique d’hygiène industrielle et les données rendues disponibles par

des organismes gouvernementaux ou paragouvernementaux, collectées dans le cadre

d’activités de prévention ou de contrôle du respect des normes, constituent les

principales sources de données d’exposition préexistantes accessibles au public. Les

monographies du Centre international de recherche sur le cancer (CfRC) illustrent

l’utilisation de la littérature scientifique pour établir des bilans globaux

d’exposition (voir par exemple (CIRC, 1995)). Les données collectées par les

organismes d’État peuvent se présenter sous plusieurs formes. Par exemple, le National

Institute for Ocupational Safety and Health (NIOSH), aux États-Unis, a rendu

disponibles en ligne les rapports complets d’évaluation de visites industrielles réalisées

par les équipes de cet institut. Dans plusieurs pays, les données d’exposition sont

stockées sous forme de banques de données informatisées, appelées banques de données

d’exposition professionnelle (BDEP), dans lesquelles les concentrations mesurées sont

associées à un certain nombre de variables les caractérisant (par exemple: unité de

mesure, méthode d’analyse, emploi évalué). On peut citer notamment les bases

COLCHIC (Carton et Goberville, 1989) en france, NEDB (Bums et Beaumont, 1989)

au Royaume-Uni, MEGA (Stamm, 2000) en Allemagne, TMIS (Stewart et Rice, 1990)

aux États-Unis et SMEST’ au Québec.

http ://www. sogique.qc .calsysinfo/reponse.asp?pagew9 1
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Le principal obstacle relié à l’utilisation de données préexistantes vient du fait qu’elles

n’ont en général pas été collectées pour représenter la population d’intérêt. Il devient

donc critique de connaître dans quelle mesure les données disponibles reflètent

adéquatement ou non cette population. La problématique peut être abordée selon deux

avenues : la recherche de consensus sur le choix et la standardisation des informations

devant accompagner des données d’exposition, et la conduite d’études visant

spécifiquement à mettre en évidence la présence ou l’absence des biais dans les données

(Olsen et Jensen, 1994;Ulfvarson, 1983).

Suite à une demande de la Commission de la santé et de la sécurité du travail (CSST),

une recherche a été initiée en 2001 à l’Institut de recherche Robert-Sauvé en santé et en

sécurité du travail (JRSST) pour étudier l’impact d’un abaissement de la norme

d’exposition au formaldéhyde en milieu de travail au Québec (Goyer et coil., 2004).

L’établissement d’un portrait provincial de l’exposition au formaldéhyde constituait un

volet majeur de cette recherche. Dans le cadre de cette étude, cinq ensembles de

données de mesures d’exposition au formaldéhyde ont été rendues disponibles: dans le

secteur de la fabrication des panneaux de bois aggloméré, secteur utilisant la plus grande

quantité de fonnaldéhyde au Québec, une campagne de mesures dans les 12 usines

québécoises de ce secteur a été menée en 200 1-2002, les données prises historiquement

dans ces usines par les équipes d’hygiène des Centres locaux de services

communautaires (CLSC) depuis 1984 ont été collectées, et une revue exhaustive de la

littérature sur l’exposition au formaldéhyde a été effectuée. Les procédés inclus dans la

revue de littérature et les données québécoises comprenaient les panneaux de particule

(P3, «Particle board »), les panneaux de fibre (MDF, «Medium density fibreboard >) et
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les panneaux OSB (« Oriented strand board »). De plus, les données multisectorielles

d’exposition au formaldéhyde contenues dans les BDEP française (COLCHIC) entre

1986 et 2003 et états-unienne (fl\41S, «Integrated Information Management System »)

entre 1979 et 2001 ont pu être obtenues auprès des organismes responsables. Ces cinq

sources de données constituaient un terrain privilégié sur lequel élaborer un projet de

recherche visant à étudier l’utilisation des sources de données préexistantes pour évaluer

l’exposition et à améliorer les connaissances sur l’exposition professionnelle au

formaldéhyde.

1.2 Les problématiques reliées à l’utilisation des sources de données préexistantes

Bien que les problématiques des biais et de la qualité des informations entourant les

données d’exposition touchent tant l’utilisation de la littérature que l’exploitation des

BDEP, elles ont été abordées dans la littérature scientifique de façon distincte pour

chacune des deux sources. La présente section est structurée en conséquence.

1.2.1 Utilisation des BDEP pour l’établissement de portraits d’exposition

Utilisations des BDEP rapportées dans la littérature

Les études publiées sur l’utilisation de BDEP ont présenté en général des portraits

multisectoriels de l’exposition à un contaminant particulier (4 études portant sur le

plomb, 3 sur la silice, 1 sur le formaldéhyde et 1 sur les poussières de bois) (Carton,

1995;Carton et Jeandel, 1993;Coble et coll., 2001;Freeman et Grossman, 1995;Froines

et coll., 1990;Froines et coïl., 1986;Oudiz et coli., 1983;Vincent et Jeandel, 2002). Les
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résultats ont été principalement présentés sous forme de moyenne ou de médiane des

valeurs par secteur industriel. Teschke et cou. (1999) ont analysé les données d’IMIS

sur les poussières de bois au moyen de modèles linéaires mixtes. L’emploi de cette

technique a permis d’identifier les variables influentes sur les niveaux d’exposition et de

tenir compte de la corrélation des mesures prises lors d’une même visite.

On retrouve également dans la littérature quelques descriptions d’utilisations plus

spécifiques des BDEP, notamment en matière de surveillance et d’analyse de risque.

Ainsi, Valiante et coll. ont utilisé les niveaux d’exposition à la silice mesurés entre 1980

et 1992 dans l’État du New Jersey et rapportés dans IMIS pour l’identification de

milieux de travail à risque pour la silicose (Valiante et coll.. 1992). Linch et coll. ont

utilisé IMIS pour estimer la proportion des employés exposés à la silice à différentes

fractions d’une valeur limite d’exposition (VLE) dans plusieurs secteurs

industriels (Linch et coll., 1998). La banque de donnée britannique NEDB a été utilisée

au début des années 90 pour développer un modèle d’expert capable de prédire une

fourchette d’exposition en fonction de paramètres reliés à la volatilité et à des

caractéristiques générales de l’utilisation d’une substance (Bredendiek-Kamper, 2001).

Études sur les informations entourant les mesures dans les BDEP

Bien que plusieurs auteurs ou organisations aient émis des recommandations concernant

le degré d’information devant accompagner les mesures d’exposition, celles issues de

deux groupes de travail en Europe et aux États-Unis formés au milieu des années 90

représentent sans doute l’effort le plus systématique dans ce domaine (Joint ACGIH
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ANA Task Group on Occupational Exposure Databases, 1996;Rajan et cou., 1997).

L’expérience québécoise avait d’ailleurs contribué à l’élaboration de ces

recommandations (Rajan et cou., 1997). Le tableau N°1 présente les grandes catégories

d’informations jugées importantes par le groupe européen ainsi qu’une brève description

de leur contenu. Les recommandations états-uniennes sont essentiellement similaires.

Tableau N°1 : Recommandations sur les informations devant accompagner les mesures

dans les BDEP (Rajan et coll., 1997)

Appellation de la catégorie Types d’informations inclus
Situation Description de l’entreprise (activité économique, taille, adresse)

. . Description du lieu de mesure (département, poste de travail, procédéAire de travail
utilisé)

Activité de l’employé Description de la profession et des tâches réalisées par l’employé évalué
Identification du produit I matière première I intermédiaire de productionro ui
qui est la source d’exposition

. . Description de l’agent chimique mesuré (Numéro CAS, nomsAgent chimique
commerciaux)
Informations sur des paramètres déterminants comme la structure de

Éléments influents sur l’exposition l’exposition (continue, intermittente), les moyens de maîtrise (ventilation
locale I générale), ou encore les équipements de protection personnels.
Information sur les objectifs de la mesure (évaluation du pire des cas

Stratégie de mesure pour la conformité aux normes, établissement d’un portrait représentatif,
évaluation de moyens de maîtrise de l’exposition)
Information sur la méthode d’échantillonnage et d’analyse (méthode

Procédure de mesurage analytique, durée d’échantillonnage par rapport à la durée de
l’exposition, date de l’échantillonnage)

Résultats Valeur numérique de la mesure
Référence Référence du rapport d’hygiène correspondant à la mesure

Études sur les biais présents dans les BDEF

Chaque étape conduisant à la mesure puis à l’enregistrement d’un niveau d’exposition

dans une BDEP est susceptible d’introduire des biais dans l’interprétation de cette

mesure par rapport à la population générale (Olsen et colI., 1991). Ce principe peut être

conceptualisé de manière simple et est illustré dans la figure 1. Certains des biais

mentionnés dans cette figure peuvent être éliminés si les informations entourant les
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mesures sont adéquates. Par exemple, si le titre d’emploi est disponible, le biais

potentiellement causé par la concentration des mesures dans les emplois les plus exposés

peut être évité puisque l’utilisateur de la BDEP connaît alors la population représentée

par les mesures. D’autres biais, en revanche, sont plus difficile à identifier et à

contourner, en particulier ceux reliés aux stratégies de sélection des employés et des

périodes mesurées. Ainsi, dans le but d’optimiser l’utilisation des ressources disponibles

pour les mesures, il semble pratique courante en hygiène de concentrer ces dernières sur

des périodes ou des circonstances associées à de fortes expositions (Kromhout, 2002).

Si l’on peut démontrer que les «pires circonstances» (stratégie «worst case ») sont

acceptables vis-à-vis d’une VLE, on peut alors conclure que le milieu de travail dans son

ensemble correspond à des conditions d’exposition acceptables. Bien que cette méthode

permette dans certains cas la maîtrise des conditions d’exposition dans un milieu de

travail, elle ne fournira pas, globalement, une bonne image de l’exposition «moyenne»

dans ce milieu de travail. De plus, même si une mesure est identifiée comme ayant été

prise dans les «pires conditions », l’ampleur de la différence entre ces «pire

conditions » et les conditions normales d’exposition est difficile à évaluer et varie avec

le niveau d’expertise du mesureur. Il devient alors nécessaire d’essayer de qualifier et

de quantifier ce type de biais à partir d’études plus spécifiques (Olsen et coli., 1997).
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tribution des expositions dans la population ac

f’secteur industriel

I -Politique de surveillance
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L’étude des biais peut être abordée selon deux angles l’influence de variables internes

sur les niveaux, et la comparaison avec des sources de données externes. Ainsi, les

BDEP contiennent souvent plusieurs variables descriptives du milieu de travail visité

(jar exemple taille de l’établissement, statut syndical). S’il s’avère que ces variables ont

une influence sur les niveaux d’exposition, un biais sera causé si la distribution des

valeurs de ces variables est différente dans la banque de données et dans la population à

propos de laquelle on désire tirer des conclusions (par exemple sur- ou sous-

représentation des grandes entreprises). De plus, certaines variables internes sont

indicatrices d’approches différentes dans la sélection des conditions d’exposition

évaluées (par exemple évaluation causée par une plainte / évaluation reliée à un plan de

prévention). Encore une fois la mise en évidence d’une influence de telles variables sur

les niveaux pourra être indicatrice d’un biais et permettre de le quantifier. Finalement,

la comparaison avec des sources externes permet de mesurer les écarts systématiques

entre différentes stratégies globales d’évaluation.

Les sept études qui ont été retrouvées dans la littérature portant, au moins partiellement,

sur des biais identifiables par l’étude de paramètres internes aux BDEP concernaient la

banque IMIS. Les aspects de ces études reliés aux biais sont présentés au tableau N°2.

Deux études ont porté spécifiquement sur l’influence des raisons des visites d’entreprise

(incluant les visites planifiées dans les usines de secteurs d’activité jugés à risque, ou

encore causées par des plaintes d’employé ou la recommandation d’un inspecteur en

sécurité du travail), de la portée de ces visites (visite complète de l’établissement par

opposition à visite ciblée sur un département spécifique), et du statut syndical de
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l’établissement visité (Gomez, 1997;Melville et Lippmann, 2001). Gomez, à partir des

données de IMIS dans les secteurs présentés au tableau N°2, a formé 9 groupes

d’exposition constitués de mesures prises sur des employés effectuant

approximativement les mêmes tâches dans les mêmes secteurs industriels dans de

multiples établissements. Les groupes formés contenaient entre 87 et 500 mesures de

type valeur d’exposition moyenne pondérée (VEMP). L’auteur a utilisé quatre

approches de modélisation statistique pour étudier l’influence des variables mentionnées

au tableau N°2 pour chaque groupe d’exposition. Pour les groupes du plomb, les

modèles utilisés ont expliqué entre 22 et 34% de la variance alors que ces chiffres ne

dépassaient pas 9% dans les autres groupes. Melville et Lippman ont utilisé une stratégie

similaire à Gomez pour étudier l’influence des même variables sur les mesures issues de

IMIS pour trois autres groupes d’exposition (voir tableau N°2) (Melville et Lippmann,

2001). Aucun des modèles n’a expliqué plus de 20% de la variance. Les résultats

obtenus (cf. tableau N°2) sont très dépendants des groupes d’exposition et sont dans

certains cas en contradiction avec les observations de Gomez.
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Seules deux études portant sur la comparaison de BDEP avec des données externes ont

été retrouvées dans la littérature. Olsen et coli. ont comparé les résultats de trois

ensembles de mesures d’exposition aux solvants dans l’industrie du meuble au

Danemark (Olsen et cou., 1991). Le premier groupe (groupe A, 453 mesures) était

constitué des mesures enregistrées à partir de 1982 dans la base danoise ATABAS. Le

second groupe (groupe B, 42 mesures) provenait de mesures de courte durée (<20 min.)

prises dans la zone respiratoire de travailleurs au moment d’une tâche impliquant la

manipulation de solvants, dans un échantillon aléatoire d’usines danoises. L’étude

couvrait la période 1985-1986. Le dernier groupe de mesures (groupe C, 240 mesures) a

été constitué durant l’année 1988 lors de l’étude d’un échantillon aléatoire de 200

compagnies du secteur industriel du meuble au Danemark. Dans chaque compagnie, 4

mesures couvrant 1 heure et réparties de façon aléatoire dans la journée ont été prises

dans la zone respiratoire de travailleurs choisis au hasard parmi ceux travaillant dans des

locaux où des solvants étaient présents. Après répartition des mesures dans 3 catégories,

la majorité des mesures du groupe C se retrouvaient dans les catégories «faible» ou

«moyen» alors que les mesures des deux autres groupes étaient principalement

réparties entre les catégories «moyen» et «élevé ». Les auteurs ont également présenté

les courbes cumulatives empiriques des mesures d’exposition au toluène provenant des

trois groupes. Alors que les courbes des groupes A et B étaient approximativement

confondues, la courbe du groupe C était décalée vers des valeurs plus faibles d’un

facteur 5 à 10. Le groupe C correspondant à un design aléatoire, ces résultats

démontrent selon les auteurs les biais introduits par la stratégie d’échantillonnage dans

les groupes A et B. Le groupe B correspond au choix déterministe de périodes

d’exposition dans une journée. Pour le groupe A (banque ATABAS), le biais observé
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peut avoir la même cause que le groupe B, ou encore être dû au choix déterministe de

travailleurs, de secteurs de l’entreprise, ou même d’entreprises pour lesquelles

l’exposition est supposée importante. La comparaison présentée par Olsen n’a pas pris

en compte les différences potentielles entre corps de métiers, départements ou encore

une possible diminution des niveaux d’exposition au cours des aimées.

Vinzents et cou, ont comparé les mesures de xylène dans 5 BDEP nationales

européennes: ATABAS (Danemark), MEGA (Allemagne), COLCHIC (France), EXPO

(Norvège) et NEDB (Royaume-Uni) (Vinzents et coiL, 1995). L’étude a été limitée aux

secteurs industriels suivants : travail du bois, peinture par pulvérisation, et peinture par

pulvérisation à l’intérieur du travail du bois. Les mesures couvraient approximativement

la période 1985-1993. L’analyse s’est limitée à la comparaison des médianes et écart-

types géométriques des mesures des BDEPS pour chaque secteur d’activité. Vinzents et

coll. ont remarqué des médianes plus faibles pour les bases allemandes et françaises

(différence maximale d’un facteur 4), qu’ils attribuent en partie au fait que ces dernières

sont constituées de données prises dans le cadre d’assurances plutôt que de conformité à

des normes environnementales. Ils ont également observé des écarts-types géométriques

élevés (entre 5 et 7), qui seraient expliqués par la définition large des secteurs d’activité.

Globalement, il apparaît que peu d’études se sont attachées à étudier de façon

systématique les biais présents dans les BDEP, et que la majorité de celles qui y ont fait

référence, la plupart à propos de IMIS, ont utilisé des paramètres descriptifs vulnérables

à la confusion par des variables non prises en compte dans l’analyse. Les études ayant
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utilisé des méthodes plus raffinées, quant à elles, n’ont pas permis en général de

conclure sur la présence systématique de biais dans les BDEP analysées, en particulier

ceux reliés à la sélection des entreprises et aux stratégies de mesure.

1.2.2 Utilisation de la littérature pour l’établissement de portraits de l’exposition

Plusieurs articles ont récemment déploré l’absence d’un cadre méthodologique

rigoureux pour l’utilisation de la littérature dans l’évaluation de l’exposition. Comme

Caldwell et coil. ou encore Marquart et coll. le soulignent, de nombreuses études

manquent de détails concernant les déterminants de l’exposition (p.ex. procédé,

ventilation, tâches) et les caractéristiques de la population ou de la situation

évaluée (taille de l’échantillon, échantillons répétés ou pris sur plusieurs postes /

travailleurs, mesures court-terme / sur un quart de travail complet). De plus, les

paramètres de synthèse des mesures sont rarement rapportés de façon adéquate et

diffèrent selon les articles (moyenne arithmétique, moyenne géométrique,

fourchette.. .)(Caldwell et coll., 2001;Marquart et coll., 2001). Ce manque d’information

entourant les données d’exposition compromet l’évaluation de la représentativité d’une

étude vis-à-vis la situation d’intérêt et augmente ainsi le risque d’introduction de biais.

Tielemans et coil., ainsi que Money et Margary ont récemment proposé des lignes

directrices pour rationaliser l’utilisation de la littérature, principalement par

l’établissement de critères objectifs de qualité des articles et par une pondération de

l’influence de chaque article sur l’évaluation finale en fonction de sa qualité (Money et

Margary, 2002;Tielemans et coll., 2002). Les auteurs recommandent notamment la

documentation systématique d’un certain nombre d’informations, très similaires à celles

présentées au tableau N°1. Tielemans et coil. proposent l’évaluation de la qualité d’une
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étude sur quatres niveaux: un premier niveau concernant la documentation des

déterminants de l’exposition, un second niveau se rapportant à la qualité des descripteurs

statistiques utilisés, un troisième niveau à propos de la validité interne, et un dernier

niveau sur la validité externe. Les auteurs soulignent que le premier niveau d’évaluation

est critique puisqu’il détermine la capacité du lecteur à évaluer les trois autres niveaux,

et recommandent l’exclusion des études qui ne respectent pas des critères minimaux de

qualité pour chacun des niveaux d’information présentés. Money et coli. considèrent

plutôt qu’aucune information ne doit être exclue, mais que l’on devrait pondérer les

données en fonction de la qualité des études.

Les cadres méthodologiques proposés par Tielemans et coll. et Money et Margary

représentent des outils de choix pour l’évaluation de la qualité d’une étude, l’exclusion

d’études non pertinentes, ou encore la présentation d’une étude d’hygiène industrielle.

Cependant, ils ne fournissent pas de méthodologie permettant l’intégration des résultats

issus de multiples études rapportant des paramètres différents. Caldwell et coll. ont

résumé la littérature portant sur l’exposition aux hydrocarbures en calculant pour chaque

substance une moyenne de moyennes pondérées par la taille des échantillons. Cependant

leur étude a été limitée par la disponibilité de ces paramètres dans les articles

retrouvés (Caldwell et coll., 2000). Ainsi les études présentant des revues de littérature

sur les niveaux d’exposition se limitent-elles le plus souvent à la présentation de

tableaux de synthèse (voir par exemple (Burstyn et coli., 2000) ou encore les

monographies du CRC) et à une évaluation globale par expertise, qui devient d’autant

plus complexe lorsque de nombreux articles sont disponibles. Il existe donc un besoin
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de développement de méthodes de type méta-analyse pour l’exploitation des données

d’exposition issues de la littérature.

1.3 Le formaldéhyde

1.3.1 Propriétés physicochimigues et utilisations industrielles

Aux conditions normales de température et de pression, le formaldéhyde est un gaz.

hcolore, il possède une odeur piquante et suffocante. Le tableau N°3 présente quelques

caractéristiques physicochimiques ainsi que des propriétés pertinentes en hygiène

industrielle.

Tableau N°3 Principales caractéristiques physicochimiques et de sécurité du travail du

formaldéhyde (Répertoire toxicologique de la CSST, 2005a;Répertoire toxicologique de

la CSST, 2005b)

Formule chimique brute HCHO
Numéro CAS* 50-00-O
Point d’ébullition - 19°C (1 atm)
Température d’auto-ignition 424°C
Limites d’explosivité dans l’air 7% - 73%
Limite de détection olfactive 0,05 ppm - 1 ,O0 ppm
Concentration posant un danger immédiat 20 ppm (24,6 mg/m3)
pour la vie
Masse molaire 30,03 g/mol
Points d’éclairs des solutions aqueuses
à 37% de formaldéhyde
Sans méthanol 83°C (creuset fermé)
15% méthanol 50°C (creuset fermé)
Facteurs de conversion des concentrations 1 ppm = 1,23 mg!m3
dans l’air (20°C, 1 atm) 1 mg/m3 = 0,81 ppm
* Chemical Abstracts Service Registry Number (Arnerican Chemical Society)
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Le fonnaldéhyde est soluble dans l’eau et les solvants polaires comme les alcools et les

éthers. C’est un composé très réactif, réagissant vivement avec les composés oxydants.

Stable therrniquement, il ne se décompose de façon significative qu’au-dessus de 300°C,

formant du dioxyde de carbone et de l’eau (Walker, 1975).

Le formaldéhyde est majoritairement produit par oxydation catalytique du méthanol. Il

est principalement stocké et vendu sous forme de solutions aqueuses de concentrations

variant généralement entre 30% et 56% en masse. Ces solutions contiennent des

proportions variables de méthanol (jusqu’à 36%), ajouté pour inhiber la polymérisation

spontanée du formaldéhyde. Les solutions les plus concentrées ne contiennent en

général pas d’inhibiteurs mais sont conservées et transportées à température élevée

(60°C) (Répertoire toxicologique de la CSST, 2005 a;Répertoire toxicologique de la

CSST, 2005b;Walker, 1975).

Le formaldéhyde est utilisé le plus largement dans la production de résines à base

d’urée, de phénol, et de mélamine. Ces résines servent d’adhésif dans la production de

paimeaux de bois aggloméré, de contreplaqué, de meubles et d’autres produits du bois.

On les retrouve également dans les matières à mouler thermodurcissables et comme

matières premières pour le revêtement de surface et les fertilisants à relarguage contrôlé.

Elles sont aussi utilisées dans les industries du textile et du cuir. Les résines aminées et

phénoliques sont également utilisées comme liant pour les moules de fonderie en sable,

la laine de verre, le papier abrasif, et les garnitures de frein. Le formaldéhyde est aussi

largement utilisé comme intermédiaire pour la synthèse d’autres produits chimiques,
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dans la production de polyuréthane, de polyesters, de lubrifiants, et de plastifiants. La

production des matières plastiques de type polyacétaïs constitue une autre de ses

utilisations industrielles. Finalement, le formaldéhyde est aussi utilisé pour ses

propriétés bactéricides dans de nombreuses formulations de produits désinfectants, de

liquides d’embaumement et de solutions de conservation de tissus biologiques (CRC,

1995;Pichard, 2005).

1.3.2 Propriétés toxicologiques et exposition professionnelle

Le formaldéhyde est une substance puissamment irritante pour les voies respiratoires

supérieures, les yeux, et la peau. Des seuils subjectifs pour l’irritation des voies

respiratoires supérieures et des muqueuses oculaires sont rapportés respectivement à

partir de 0,15 et 0,40 mg!m3 de formaldéhyde dans l’air (Lauwerys, 1999). Les

symptômes de toux, de gêne respiratoire et d’éternuement sont observés à des niveaux

légèrement plus élevés (>0,6 mg!rn3) alors que l’exposition à des concentrations entre

2,5 et 3,5 mg/m3 cause l’irritation aigue du nez, de la gorge et des yeux (Morandi et

Maberti, 2001).

Le formaldéhyde est également reconnu comme une substance allergisante pour la peau,

pouvant provoquer des dermites de contact allergiques. Il est également considéré

comme un allergisant respiratoire pouvant causer de l’asthme mais le risque associé

semble faible (Leroyer et Dewitte, 1999).
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Le formaldéhyde a récemment été classé comme cancérogène pour l’humain (groupe 1)

par le CIRC, sur la base de preuves considérées suffisantes qu’il cause le cancer du

rhinopharynx chez l’humain. Le groupe de travail du CRC a également conclu qu’il y

avait des preuves limitées pour le cancer sino-nasal chez l’humain et des présomptions

fortes mais insuffisantes pour établir une relation causale entre l’exposition

professionnelle au formaldéhyde et la leucémie (CIRC, Sous presse). Le formaldéhyde

a induit le cancer des cavités nasales dans des études chez les rats et a été démontré

génotoxique dans des modèles in vitro, animaux et humains. Dans son document critère

sur le formaldéhyde, le comité formé par le Nordic Expert Group for Criteria

Documentation on Health Risks from Chemicals et le Dutch Expert Committee on

Occupational Standards (DECOS) soutient que les données mécanistiques sur la toxicité

et la cancérogénicité du formaldéhyde suggèrent que des concentrations non

cytotoxiques de formaldéhyde ne peuvent causer le cancer. Les experts concluent que

l’effet critique du formaldéhyde est l’irritation sensorielle, pour laquelle ils considèrent

la concentration 0,3 mg/m3 comme un seuil au-delà duquel l’irritation sensorielle

apparaît chez l’humain dans une proportion faible mais significative de la population

(Wibowo, 2003). Plusieurs auteurs ont également proposé des modèles d’analyse du

risque cancérogène du formaldéhyde. Dès 1987, l’U.S. Environmental Protection

Agency (U.S. EPA) a estimé par extrapolation à partir d’études chez l’animal le risque

cancérogène posé par le formaldéhyde pour une exposition vie-entière. Le modèle a été

mis en jour en 1991 en utilisant des données chez le singe et en prenant en compte des

données relatives aux liaisons ADN-formaldéhyde / formaldéhyde-protéines (« DNA

protein crosslink »). Le risque unitaire était estimé à 2,7.l0 (mg/m3)’ (U.S.

Environrnental Protection Agency, 1991). Pour une exposition à 1,2 mg/m3 (soit 1 ppm,



une valeur utilisée comme limite d’exposition en milieu de travail), cela correspond à un

risque de cancer de 2,7 pour 10 000 pour une exposition vie-entière. En 1999 le

Chemical Industry Institute of Toxicology (CIIT) a proposé des estimations basées sur

des études animales et utilisant un modèle de cancérogenèse qui inclut l’effet mutagène

du formaldéhyde et la prolifération des cellules causée par sa cytotoxicité (dIT, 1999).

Pour une exposition durant la vie active (40 ans. 5 jours par semaine. $ heures par jour) à

une concentration de 1,2 mg/m3, le risque était estimé respectivement à 0,09 pour

10 000, 1,5 pour 10 000 et 2,1 pour 10 000 chez des populations de non fumeurs, mixtes,

et de fumeurs. Pour une exposition à une concentration de 0,6 mg/m3 (0,5 ppm), le

risque était estimé respectivement à 0,00025 pour 10 000, 0,005 pour 10 000 et 0,007

pour 10 000. Conolly et cou, ont récemment présenté une mise à jour du modèle du CIIT

qui intègre une modélisation complète du système respiratoire chez l’humain (Conolly et

coll., 2004). Les scénarios les plus pessimistes présentés dans ces travaux, pour lesquels

plusieurs modèles de régénération cellulaire ont été testés, indiquent un risque de 13,7

pour 10 000 pour une population de fumeurs exposés à 1,2 mg/m3 durant 40 ans (5 jours

par semaines, $ heures par jour) pour un travail comportant une activité physique

importante. Le risque passe à 0,003 pour 10 000 pour une exposition à 0,6 mg/m3. Ces

différents modèles suggèrent un risque cancérogène faible pour des concentrations de

formaldéhydes inférieures à I mg/m3 et négligeable pour des expositions sous le seuil de

0,3 mg/m3 proposé par le DECOS.

L’exposition professionnelle au formaldéhyde par inhalation provient principalement de

trois types de sources s la décomposition thermique ou chimique des polymères à base

de formaldéhyde (par exemple les résines urée-formaldéhyde), l’émission de
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fornialdéhyde par ses solutions aqueuses (par exemple à partir des liquides

d’embaumement), ou la formation de formaldéhyde comme produit secondaire de la

combustion d’une variété de composés organiques (par exemple les gaz d’échappement

ou la fumée de cigarette) (CRC, 1995).

Plusieurs VLE en milieu de travail ont été proposées pour le formaldéhyde. Le tableau

N°4 présente quelques valeurs limites légales ou recommandées au Canada, aux Etats

Unis et en France. Les experts du DECOS proposent une valeur limite d’exposition sur

huit heures de 0,15 mg/m3 accompagnée d’une limite sur 15 minutes de 0,5 mg!m3

(Dutch Expert Committee on Occupational Standards, 2003).
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Tableau N°4 : Valeurs limites d’exposition professionnelle au formaldéhyde en vigueur

au Canada

Juridiction Valeur limite
Canada 0,37 mg/m (0,3 ppm), plafond

Alb
0,92 mg/m (0,75 ppm), VEMP 8h

e a
2,46 mg/m3 (2 ppm), plafond

.
0,37 mgIm(0,3 ppm), VEMP 8h

Colombie-Britannique 31 23 mg/m (1 ppm), plafond

. 1,23 mg/m (1 ppm), VEMP 8h
Ontario 32,46 mg/m (2 ppm), VECD 15 min

Québec 2,46 mg/m (2 ppm), plafond, mentions C2, EM et RP

0,62 mg/m (0,5 ppm), VEMP 8h
France

1 ,23 mg/m3 (1 ppm), VECD 15 min

. . 0,92 mg/m (0,75 ppm), VEMP 8h (intervention: 0,5ppm)Etats-Unis
2,46 mg/m3 (2 ppm), VECD 15 min

ACGIH 0,37 mg/m3 (0,3 ppm), plafond

0,020 mg/m (0,016 ppm), VEMP 8h
NIOSH

0,12 mg/m3 (0,1 ppm), plafond

VEMP = Valeur d’exposition moyenne pondérée; VECD = Valeur d’exposition de courte durée;
C2 : Cancérogène soupçonné; EM: Réduction de l’exposition au minimum; RP: Recirculation
interdite

L’examen de la section de la monographie du CRC de 1995 (la plus récente publiée) sur

l’exposition professionnelle au formaldéhyde montre un manque de données

d’exposition au fornialdéhyde pour les deux dernières décennies, en particulier après

1990. De plus peu d’études ont présenté des portraits historiques multisectoriels de

l’exposition à cette substance. Dans le cadre de la surveillance de l’exposition

professionnelle au formaldéhyde, sa classification comme cancérogène pour l’humain

par le CJRC a créé un besoin en données récentes sur les niveaux d’exposition pour

permettre d’identifier les secteurs d’activité à risque. Elle constitue de surcroît un

incitatif à la conduite d’études épidémiologiques supplémentaires pour préciser le risque
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incitatif à la conduite d’études épidémiologiques supplémentaires pour préciser le risque

relié au cancer. Il existe donc également un besoin en données quantitatives historiques

sur les niveaux « exposition.

1.4 Objectifs de la thèse

1 .4.1 Objectif principal

Objectifgénéral

L’objectif principal de ce travail, de nature méthodologique, est d’analyser plusieurs

catégories de données préexistantes en vue de leur utilisation pour l’évaluation de

l’exposition professionnelle.

Objectifs spécifiques

1. Caractériser les biais présents dans les sources de données préexistantes

2. Proposer une méthode d’exploitation des données de la littérature

1 .4.2 Objectif secondaire

Objectifgénéral

Le second objectif de cette étude, d’intérêt plus inimédiat pour la santé publique, est

d’établir un portrait historique de l’exposition professionnelle au formaldéhyde et

d’identifier les déterminants de l’exposition à cette substance.
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Objectifs spécifiques

1. Établir un portrait de l’exposition au formaldéhyde dans le secteur industriel des

panneaux de bois aggloméré et identifier des déterminants de l’exposition dans

ce secteur d’activité.

2. Établir un portrait multisectoriel historique de l’exposition au formaldéhyde et

identifier des déterminants génériques de l’exposition à cette substance à partir

de banques de données d’exposition professionnelle ÏMIS et COLCHIC.

1.5 Organisation de la thèse

La thèse est organisée autour de la présentation de quatre manuscrits d’articles

scientifiques qui en constituent la contribution principale.

Le présent chapitre a présenté le contexte dans lequel ce travail a été entrepris et la revue

de la littérature portant sur l’utilisation des sources de données préexistantes pour

l’évaluation de l’exposition professionnelle. Il a également énoncé les objectifs de cette

étude.

Le chapitre II, sous la forme d’un manuscrit d’article scientifique publié dans la revue

«Aimals of Occupational Hygiene », présente l’analyse par modélisation statistique des

données d’exposition au formaldéhyde mesurées dans les usines québécoises de

panneaux de bois aggloméré. Ces données comprennent des mesures effectuées par une
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équipe de recherche de l’IRSST en 2001-2002 et des mesures prises de 1984 à 2002 par

des équipes d’hygiène du travail des CLSC dans les mêmes usines dans le cadre de leurs

activités de prévention.

Le chapitre III, sous la forme d’un manuscrit d’article scientifique soumis pour

publication dans la revue «Annals of Occupational Hygiene », présente l’analyse des

données d’exposition au formaldéhyde issues d’une revue de littérature dans le secteur

des panneaux de bois aggloméré. Il comprend également la description d’une méthode

originale d’exploitation des données de la littérature et une comparaison des résultats

avec les données québécoises.

Le chapitre W, sous la forme d’un manuscrit d’article scientifique publié dans la revue

«Annals of Occupational Hygiene », présente l’analyse par modélisation statistique des

données d’exposition au formaldéhyde enregistrées dans la banque de données

d’exposition professionnelle multisectorielle française COLCHIC entre 1986 et 2003.

Le chapitre V, sous la forme d’un manuscrit d’article scientifique soumis pour

publication dans la revue «Journal of Ocupational and Environmental Hygiene »,

présente l’analyse par modélisation statistique des données d’exposition au

formaldéhyde enregistrées dans la banque de données d’exposition professionnelle

multisectorielle états-unienne IMIS entre 1979 et 2001. Il comprend également une

comparaison des résultats avec les données de COLCHIC.
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Le chapitre VI présente la discussion générale des résultats obtenus durant cette étude

ainsi que les conclusions tirées de ce travail.



CHAPITRE II

ÉTUDE DES DÉTERMINANTS DE L’EXPOSITION AU FORMALDÉHYDE

DANS L’INDUSTRIE DES PANNEAUX DE BOIS AGGLOMÉRÉ AU QUÉBEC
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2.1 Abstract

Introdttction

Past and present formaldehyde measurernents made in facilities manufacturing

reconstituted wood panels in Quebec have been collected in order to assess

fomialdehyde exposure and its determinants in this industry.

Methods

Ail 12 plants manufacturing Oriented-strand board (OSB), Medium density fibreboard

(MDf), and Particle board (PB) in Quebec were visited by a research team which took

area and personal measurements. Past measurements taken by governmental

occupational health teams in these plants were also collected. Log-transformed

formaldehyde concentrations were analysed with extended linear mixed-effects models.

Resuits

During 200 1-2002, 275 measurements were taken by the research team, while 590

measurements dating back to 1984 were collected from govermuental files. The area

measurernents had a global geometric mean (GM) of 0.2$ ppm (geometric standard

deviation (GSD): 3.1). The GM of the personal measurernents was 0.17 ppm (GSD:

2.3). The fixed-effects of the models for personal and area measurements explained

61% and 57% of the variance respectively. Job (working area for area concentrations),

process (PB, MDF, OSB), season of sampling, origin of the data (researcli,

govemrnental), and year of sampling were significant deterrninants of exposure.
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Proximity to the press, winter conditions, P3 and MDf processes, and governmental

data resulted in the highest exposures. Significant within-sarnpling campaign correlation

was found for both personal and area models. The final models include different

residual variances by process for personal measurernents and by working area for area

measurements.

Conclusions

Several determinants of exposure to formaldehyde in the reconstituted wood-panel

industry were successfully identified. Higher levels found in governrnental data as

cornpared to research data may be explained by a “worst-case” strategy bias. The

observed intra-sampling campaign correlation supports existing resuits suggesting that

measurements taken in a small time frame tend to be correlated. Exposures in this sector

are low compared to most 8h-TWA occupational exposure limits (e.g 1 ppm) but close

to the most demanding ones (e.g. 0.3 ppm).
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2.2 Introduction

2.2.1 Context

The manufacture ofreconstituted wood panels has long been associated with exposure to

formaldehyde, which is an irritant gas considered by the International Agency for

Research on Cancer (IARC) as carcinogenic to humans (group 1) {IARC, in press

#9 18 }. Most of the processes in this industry involve the use of formaldehyde-based

resins as the binding agent. The recent change in the IARC classification of

formaldehyde from group 2A (probably carcinogenic) to group 1, based on sufficient

evidence that it causes nasopharyngeal cancer in humans, constitutes an incentive for

irnproved exposure surveillance in workplaces where formaldehyde is present.

Furthermore, information on levels and determinants of exposure to this substance are

needed to help improve exposure assessment in epidemiological studies on the

carcinogenicity of formaldehyde at other sites (such as the nasal cavity or the blood

forming system). Within the framework of a more global project aimed at estimating the

economic and health impacts of lowering the occupational exposure limit (OEL) for

forrnaldehyde in Quebec, an exposure assessment was conducted in the reconstituted

wood panels industry (Goyer et al., 2004). Scenarios being studied for full shift

exposure include an 8h-TWA OEL of 1, 0.75, and 0.3 ppm. With nearly 2000 workers in

200 1-2002, this industry constitutes the largest industrial sector with formaldehyde

exposure in Quebec.
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2.2.2 Description ofthe industry

The reconstituted wood panel industry includes severai processes and can be classffied

as either producing plywood products (in which panels are formed by the assembly of

thin layers ofwood) or composition boards (in which wood particles are bonded together

to form the panels) (U.S. Census Bureau, 2002;Zimowski, 1986). The processes

included in this study are iimited to particle board (P3), medium density fibre board

(MDF), and oriented-strand board (OSB), which ail belong to the composition board

category. These three processes involve the mixing of wood chips with a binding agent

and compressing the mixture under high temperature (USEPA, 1998). For PB, the main

raw materials comprise wood chips, saw dust, and planer shavings. In the MDF process

the chips are formed into fibres prior to mixing with the resin. Liquid urea

formaMehyde (UF) and melamine-urea-formaldehyde (MUF) resins are generally used

in the manufacture of MDF and PB. 0SB panels are made from wood wafers produced

on site from logs and mixed with liquid or powder phenol-formaldehyde (PF) resins.

2.2.3 Exposure to fomialdehyde

The main sources of occupational exposure to formaldehyde in this sector include

emissions from resins before pressing, mostly during the formation of the mat and along

the system conveying it to the press, emissions from the press, and emissions from the

newly formed panels in the finishing, storage, and shipping areas. Fomialdehyde

emissions from resins are caused in part by their free formaldehyde content, but most

emissions at the press and from the hot panels arise from the hydrolysis of the cured

resin and condensation reactions between wood cornpounds (Toluriura et al., 2001).
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Tohrnura et al. have observed a decrease in formaldehyde emissions when the melamine

content in MLJF resins is increased, caused by an increased resistance of the cured resins

to hydrolysis (Tohrnura et al., 2001). Wolcott et al. have investigated variables affecting

formaldehyde emissions from the press dunng laboratory production of UF-bonded PB

(Wolcott et ai., 1996). They found that emissions increased when the following

parameters increased: press time, press temperature, mat humidity, mat content in resin,

and formaldehyde / urea molar ratio of the resin. Formaldehyde emissions were

inversely associated with the thickness of the panels.

The OSHA Health Response Team sampled formaldehyde in four facilities in 1986,

three manufacturing P3 and one producing MDF (Zirnowski, 1986). They report

geometric means (GMs) ofpersonal measurements for different jobs ranging from 0.10

to 0.32 ppm and from 0.18 to 1.8 ppm in PB and MDF respectively. Ail measurement

durations were > 250 min. Kauppinen and Niernel, in a review of formaldehyde

exposure levels in facilities manufacturing PB in Finland prior to 1985, report geometric

means of area measurements between 0.4 and 2.3 ppm depending on the localization in

the plant. Ail measurement durations were below 120 min (Kauppinen and Niernelli,

1985). Niernel et al. also report an aritiunetic mean (AM) of 1.15 ppm for 220

measurements made between 1977 and 1979 (Niemeffi and Vainio, 1981). More

recently, Niemel et ai., presenting historical trends in this industry based on

measurements taken in 8 facilities between 1980 and 1994, report successive

measurernent medians of 0.91 (n=21), 0.26 (n=31) and 0.46 ppm (n=9) for the periods

80-85, 86-90, and 91-94 (Niernel et al., 1997). In their review ofoccupational exposure

to formaldehyde, the authors of the 1995 IÀRC monograph, citing the results of a
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Swedish study, report an AM of 0.2 ppm (obtained from 19 values) rneasured between

1980 and 1989 in facilities manufacturing MDF (International Agency for Research on

Cancer, 1995). A value of 0.3 ppm for facilities manufacturing P3 is also reported.
(i’)

Ediing et a7tudied the effects of formaldehyde on the physiology of nasal mucosa in

workers of 3 plants manufacturing P3. They report that measurements taken by in

house hygienists between 1975 and 1983 were in the range 0.08-0.9 ppm with peaks

reaching 4.1 ppm (Ediing et al., 1988). lii a study ofthe effects of formaldehyde on the

mucous membranes and lungs of workers in a P3 facility, Horvath et al. report that area

and personal measurements taken in the plant during the study (supposedly in 1987 or

198$) had a median of 0.62 ppm (Horvath et al., 1988). Herbert et al. studied the effects

of formaldehyde on the respiratory system of workers in the O$B industry in Alberta.

The authors took 21-hour long measurements at different fixed stations in a facility

using a PF resin. Ail 10 reported values were below 0.2 ppm (Herbert et al., 1995).

Imbus et al. report that the results of 15 measurements taken in an OSB facility using PF

resin were ail below 0.05 ppm (Imbus and Tochilin, 1988).

The available literature provides littie information about determinants of occupational

exposure to formaldehyde. A few influential factors seern to modify formaldehyde

emissions but their quantitative influence on occupational exposure is not documented.

Moreover, there is a lack of recent data on exposure levels, most of the few reported

exposure levels being prior to 1990. The present study aimed at documenting current

formaldehyde exposure levels in Quebec in this industry and identifying their

determinants.
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2.3 Methods

2.3.1 Industrial hyiene suweys

The 12 plants manufacturing PB, MDf or OSB in Quebec were visited during the period

from lune 2001 to March 2002. The visits were conducted by a team of 2-4 industrial

hygienists and tecimicians and lasted 1 to 2 days.

A standardized form was created to facilitate and systematize the information gathering

process. One member of the research team completed the form either from observation

of the workplace or from interview with employees. In order to describe industry-wide

exposure trends, lists of standardized jobs and work zones in the plants were created

(Table 1).
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Table I: Standardized jobs and zones in the reconstituted wood panel industry in Quebec

Tirne-weighted type monitoring was performed in each plant at fixed stations (area

sampling) and in the respiratory zone of employees (personal sampling) by using

adsorbent tubes coupled with sampling purnps. Ernployees and locations monitored

were not chosen randomly but were selected with the aim to cover the greatest number

Standardized zones Description
Raw materials Includes the raw material storage area, and wood chips preparation area (different
receiving — Chip for each process) and the resin blending area.
preparation
Resin production Area where the resin is stored and is produced from formaldehyde and other

ingredients.
Main production The mat formation, the press and the panel cooling wheel areas
Finishing The panel aging, sawing, sanding, laminating, and painting areas
Storage — shipping Packaging, storage, and shipping areas
Operator booth — Any operator booth in the plant which is suppiied with air coming from the inside of
internai ventilation the facility
Operator booth — Any operatot booth in the plant which s suppiied with air coming from the exterior
external ventilation of the facility
Other departments Ail non-production areas (administration, labs, maintenance shops)

Standardized jobs
Raw materials Lmployees working from the receiving area to the wood-resin mixture area
receiving and supply
Chip preparation Any empioyee working in the chip preparation area (OSB only)
operator
Resin operator Mixes the ingredients required for the production of the resin and takes samples at

regular intervais for guaiity control purposes
Press operator Operates the press from within an operator booth
Assistant press Spends his shift partly in the press operator booth and partly close to the mat
operator forming, the press, and the cooling wheel, to take readings of process parameters

____________________ for guality control purposes
Finisher includes workers operating the sanding, trimming or painting machines, workers

visually assessing the quality of the panels, and floaters assigned exclusively to the
finishing operations

Flat miii operator Includes ail workers assigned to the operation of laminating the panels with printed
paper overlays

Shipper includes forkiift operators in the shipping area and automatic packing machine
operators

Lab technician inciudes workers responsible for taking and/or analyzing samples of panels and
other_materials_for_guaiity_control_purposes

Cleaner Worker operating the mechanicai sweeper throughout the facility
Foreman Foreman or production supervisor
Mech. Elec. Any mechanic or electrician working inside the faciiity
Press-Miscelianeous inciudes ail workers performing tasks in close proximity to the press during their
tasks shift, mostiy outside operator booths (e.g. surveillance of machinery, cleaning

around the press with compressed air).
Floater inciudes workers assigned to various locations in the facility (mainiy finishing and

main_production_areas),_mostiy_outside_operator_booths
Administration includes empioyees in the administration, management, or engineering

departments

of exposure circurnstances in a facility given the available sampling resources.
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Although ail jobs/areas in the facilities were sampied, more sampling resources were

allocated to those thought to be associated with the highest exposures. Sampling was

flot task oriented but rather aimed at representing full-shift exposure.

2.3.2 Governmental data

In Quebec, ail companies in certain regulated industries are visited by governmental

occupationai health teams that identify health hazards, evaluate health risks, define

required medicai surveillance and devise corrective measures with the employers and

employees. The visits may be conducted severai times in the same plant if periodicai

reassessment is deemed necessary. Ail btit one of the plants identified as manufacturing

P3, MDf or OSB panels in Quebec were visited by these teams, as early as 1984.

During each visit by the research team, ail govemmental exposure data were coiiected

from the corresponding local health center aiong with the available anciliary

information.

Quebec iegislation requires sampling strategies to be designed according to the

recommendations of the Quebec Research Institute for Occupational Health and Safety

(RSST) (IRSST, 2000). While mentioning several types ofstrategies (e.g. ‘worst-case’,

random sampiing), the IRSST guide does not provide precise guidelines to be used by

governrnentai health teams. Moreover, the purpose of sampling may differ from

situation to situation, i.e., hazard identification, follow up, task monitoring, compliance

monitoring, or exposure profihing. Therefore, since the sampling strategies associated
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with the collected exposure data were not explicitly stated in the paper records, they are

mostly unknown and may vary considerably across the exposure data.

2.3.3 Analytical methods

During the visits by the research team, formaïdehyde concentrations were evaluated with

sampling pumps coupled with solid sorbent tubes (type XAD-2) impregnated with 2-

(hydroxymethyl) piperidine. Analysis was conducted by gas chromatography with

Nitrogen Phosphorus detection (GC-NPD) (JRSST, 1995). Govemmental teams used

three different methods sequentially from 1984 to 2002. Before 1985, sampling was

mostly performed with an impinger fihled with a collecting solution containing

dinitrophenylhydrazine and perchloric acid and the analysis conducted with Iiquid

chromatography (RSST, 1985). from 1985 to 1995, the sampling device used was a

solid sorbent tube (type ORBO 22) impregnated with n-benzylethanolamine while the

analysis was conducted by GC-NPD (IRSST, 1988). Since 1995, the sampling and

analytical rnethods have been those used by the research team.

2.3.4 Data formatting

Area and personal measurements were analysed separately, which was motivated by the

fact that area measurements rarely represent personal exposures adequately and may be

influenced by different determinants. Inside the Area and Fersonal datasets, data

originating from the research team and govennnental records were merged for analysis.

This allowed for increased statistical power during the analysis. A variable identifying



41

the source of data was included in the statistical modelling to explore potential

systematic differences.

A limit of detection (LOD) was calculated according to the sampling volume using the

lowest reported formaldehyde mass of each analytical method. Values reported under a

LOD were treated according to the recommendations of Homung and Reed, separately

for the area and personal datasets (Homung and Reed, 1990). This led to assigning the

value of the LOD divided by 2 to the non detected area measurements and the value of

the LOD divided by the square root of 2 to the non detected personal measurements.

2.3.5 Statistical analysis

Based on a graphical assessment of the frequency distributions of area and personal

concentrations, the response variable selected for analysis was the natural logarithm of

formaldehyde concentrations. The data were analysed with extended linear mixed

effects models. Linear mixed-effects models have recently been used successfully to

analyze occupational exposure data (Burstyn et al., 2000;Egeghy et al., 2002;Lagorio et

al., 1997;Leena et al., 1999;Peretz et aï., 2002;Raaschou-Nielsen et al., 2002;Rappaport

et al., 2003;Rappaport et al., 1999;Syrnanski et al., 2001;Teschke et al., 1994;Van

Tongeren and Gardiner, 2001;Weaver et al., 2001). Extended linear mixed-effects

models, in addition to the possibility of modelling correlation pattems, allow exploring

changes in the variability of the response as a function of other variables (Pinheiro and

Bates, 2000). The model ftamework used in this study is described by the following

equation:
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Ln(C)Uk = (fixed.effects) + (Randorn.effectA), + (Random.effectB) + (Error)Uk (1)

j 1,.. .,IV1,j = 1,.. .,IvI, k = 1,.. .,M

where there are M groups for variable A, M groups for variable B in the jth group of

variable A, and observations in thej°’ group of variable B in the th group of variable

M M,

A. The total number of observations is Ln(C)Uk is the logarithm of the kth
1=1 j=1

observation in the th group of variable B in the i group of variable A. The model

assmptions are: (Random.effectA) and (Random.effectB) are distributed normally with

mean O; (Randorn.effectA) , (Random.effectB) , and (Error) are statistically

independent; and (Error) follows a multinormal distribution with mean O and different

possible variance-covariance structures.

Ail fixed effects tested for inclusion in the model are presented in table 2. The year of

sampling was tested as either a continuous variable or a nominal variable representing

different time periods. The facility variable was tested as a random effect for the first

level of grouping, with the sampling carnpaign as a random effect for the second level of

grouping. The facility variable was tested as a random effect to determine the extent of

sirnilarity of exposures among different plants manufacturing the same product with the

same process. The sampling campaign was tested as a random effect to explore potential

correlation of measurements made in a srnall time window after controïling for the fixed

effects. The correlation between measurements taken during the same campaign can be

determined from the estimated inter- and intra-group variances by the calculation of the

intra-class correlation coefficient (1CC, equation 2).
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2 2
(2)

j8 +

2where o is the inter-group vanance and u is the intra-group or residual vanance.

The variance structures tested for the enor terni were: a different residual variance (o-t,)

for each level of one of the available nominal variables (equation 3) and a residual

standard deviation varying linearly (equation 4) or exponentially (equations 5 and 6)

with one of the continuous variables. Because of the unbalanced nature of our datasets

and the limited number ofmeasurernents, interactions were flot tested in the models.

Different models tested for the residual standard deviation (o,):

= ,8. (3), where ,13 is to be estimated, i=1,. . .,n; n is the number ofcategories ofthe

nominal variable

u =C*C6X)(4)

ow =C*exptfiX)(5)

= C * exp(fi ln(X)) (6), where C and fi are to be estimated and X is a continuous

variable.

The S-plus software provides two ways of modelling random effects, which yields to a

slightly different interpretation of the parameters when the residual error is flot rnodelled

as homoscedastic: the bne function provides an estimate of the intergroup variability

(o in equation 2), therefore yielding a variable intra-group conelation (1CC) if the
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residuaÏ (or intra-group) variability (u, in equation 2) has a heteroscedastic structure.

The gis function provides an estimate of the intra-group correlation, therefore yielding a

variable inter-group variability if the residual (or intra-group) variability has a

heteroscedastic structure. The lute function was preferred in our study because it allows

modelling of several levels of nested random effects.

REML optimization was used to choose the random effects and residual variance

structures and estimate the final model parameters. ML optimization was used to

compare models with different fixed effects structures (Pinheiro and Bates, 2000).

Model building was performed by means of the following procedure: The best fixed

effects model was first constructed with a forward stepwise routine using the Bayesian

information criterion (BIC) as a discrimination criterion. Then the best random effect

structure was added by comparing the BIC of the 4 possible models (no random effect,

random effect A, random effect B, random effects A and B). Finally the variance

structure for the residual error was assessed in a similar way. The next step consisted in

retesting the fixed effects for removal or addition of variables. The random effects and

variance structure were adjusted again if the fixed effect model had changed.

In order to illustrate the quantitative influence on exposures of the fixed effects coded as

nominal variables, relative indices of exposure (RIE, equation 7) were calculated.

Hence, for each variable, the category corresponding to the highest number of

observations (the reference category) was assigned the value 100%. The RIE of each of

the other categories of the variable was then calculated by finding the exponent of the
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difference between the estimated coefficient for that category and the one for the

reference category.

RIElevelA (%) = 100* exp(CoefJCVCIA — Coej’Jevei Ref) (7)

where RIEIeVeIA is the relative index of exposure for level A of the variable in question,

Coeffjevej A is the estimated coefficient corresponding to the category A and CoeffieveiRef

is the estirnated coefficient corresponding to the reference category. CoeffieveiRef S O

when the reference category is included in the intercept. Thus, relative to the reference

category, exposure leveÏs associated with other categories are estimated as percentages.

Internai validation was primarily conducted by graphical assessment of residuals and

estimates of random effects regarding the assumptions underiying the estimation. There

was no external validation ofthe final models.

Ail analyses were conducted with the statistical software S-Plus 6.1 professional edition

for Windows Release 1 (Insightful Corp., Seattie, WA).
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2.4 Results

2.4.1 Infonnation on the plants

Among the 12 plants visited, 6 manufactured OSB panels and had a median workforce

of 120. Three plants manufactured PB panels, with a median workforce of 140. Three

plants produced MDf panels, with a median workforce of 71. Ail plants except one OSB

facility had exhaust ventilation systems extracting air above the press. The remaining

plant had only a roof opening above the press. In ail the plants most of the production

jobs were on a 1 2-hour shift stmcture, with 3 different teams working altemately. No

operation requiring the use of respiratory protection was monitored during the visits

performed by the research team.

2.4.2 Data collection

The visits performed by the research team yieided 275 measurements while 590 were

available from the governmental files. Fifiy nine measurements were removed from this

dataset prior to further analysis: 10 conesponding to ajob performed in only one facility

and for only a few months, 7 corresponding to task sampling or infrequent events, 6

samples considered ‘dubious’ by the technician, 1 sample taken directly above the press

beside the exhaust system, 22 because they were labelled ‘other’ regarding the job or

work zone classification, and 13 because the year of sampling was missing. In addition,

47 measurernents were flot included in the modelling datasets because they conesponded

to jobs existing in only one or two of the three processes in the study. Inclusion of these

data in the statistical modelling would have required nesting the variable job inside the
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variable process, which could not be achieved due to the unbalanced nature of our data.

These 47 measurements were nevertheless included in the descriptive analysis. The

variables documented for both sources of data are presented in Table 2.

Table 2: Variables tested in the statistical models

variable Variable type Description
(number of
categories)

Analytical method NominaI (3) Analytical method used for formaldehyde quantification (the three methods are
consecutive over time with some overlap)

Measurement ConUnuous Time covered by the measurement
duration (hours)
Number 0f tubes Continuous Number of sampting tubes used during the measurement
Origin of data NominaI (2) Origin of data, believed to be indicative of differing sampling strategies (the two

categories are: research team, governmental data)
Standardized job Nominal(15) For each personal measurement, the workers were assigned to a standardized

job category based on their job description (e.g. floater, see Table 1)
Standardized Nominal (8) Each area measurement was assigned to a standardized zone corresponding to
zone a broadly defined location in the plant (e.g. finishing area, see Table 1)
Sampling date Continuous Date on which measurement was taken
Plant Nominal(12) Code of the plant sampled
Process Nominalf3) Code of process n operation at the plant (OSB/PB/MDF)
Season of Nominal (4) Season ot sampling as defined by the following cut-off dates: winter (1 2/22 to
sampling 3/20), spring (3/21 to 6/21) summer (6/22 to 9/22) autumn (9/23 to 12/21)
Sampling Nominal(varying A sampling campaign was defined as a group 0f measurements taken <4 days
campaign number of apart in the same plant.

classes)

2.4.3 Area measurements

Surnmary statistics along with the empirical distributions of area measurements stratified

by their origin (research or govemmental) are presented in Figure 1. The percentages of

measurernents below the LOD were 12 and $ for the research measurernents and the

governmental data, respectively. The research and governmental measurements were

taken, respectively, during 11 and 63 sampling campaigns. Concentrations reported by

the research team covered a median duration of 4.9 h (interquartile interval: [2.4-5.9]).

The corresponding values were 2.1 h [2.0-5.6] for the govenirnenta) data. Table 3

presents the GMs, geornetric standard deviations (GSDs), and corresponding number of

measurements stratified by work zone, process, and origin of the data.
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Figure 1: Cumulative distributions of area measurements stratified by origin of the data
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The final ‘whole dataset’ model includes the following fixed effects, which explain 57%

of the total variance: Frocess, Work zone, Season ofsanzpling, Origin ofdata, and Year.

The coefficients of ah fixed effects of the model are presented in Table 4, along with

their standard error. The estimated RETs associated with each work zone are presented

in Figure 2 along with an —95% confidence interval (95% CI). The presented CIs

correspond to the comparison of the levels of each variable to the reference category.

Their exact interpretation is that if they exciude the 100% value, the exposure level

associated with the category is significantly higher (or lower) than the exposure level

associated with the reference category. The REIs corresponding to the other categorical

variables are presented in Figure 3.

The best fit for the sampling year was obtained with a linear spiine structure containing

one bot, the une-break year being 1991. The other tested structures were a nominal

variable with three levels (1984-1989, 1990-1994, and 1995-2002), a hinear, and a

quadratic trend (one 1St order terni and one 2 order term). The une-break year was

determined by graphical assessment and refined by using the BIC. The estimated

coefficient showed a yearly decrease of 19.7% until 1991 followed by a yearly increase

of 9.4%.

A one-level random effect structure with the variable Sampling canzpaign as the random

effect yielded the best fit compared with no random effect, facility alone or Sampling

cctmpaign within facilitv. The best residual variability structure in terms of BIC was

one with different residual standard deviation for each work zone. With the finishing
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zone as the reference (i.e value 100%), the relative residual standard deviations

estimated by the model for the other work zones are as follows: Main production

(153%), Resin production-storage (136%), Storage-sïnpping (131%), Raw materials

(206%), Other department (226%), Operator booths (both interior and exterior) (119%).

The estimated within-sarnpling campaign residual standard deviation is 0.57 for the

reference category finishing zone while the between-sampling campaign standard

deviation is 0.36, giving 1CC values varying between 0.07 and 0.29, with an average of

0.17.

Graphical assessment of the distribution of the normalized residuals yielded satisfactory

fit to the normal distribution. Likewise, the estimates of the random effects indicated

graphical conformity to the normal distribution. No systematic trend was found during

examination of the variations of residuals and estimated random effects stratified by the

different levels of the other available variaMes, indicating satisfactory conformity to the

independence hypothesis.
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Table 4: Coefficient estirnates ofthe final models

Area measurement model Personal measurement model
Fixed effect estimate SE Fixed effect estimate SE

ntercept -0.89 0.29 lntercept -2.48 0.54
Process OSB -1.62 0.19 Process OSB -0.97 0.15
Process PB -0.47 0.17 Process PB 0.01 0.16
Operatorbooth

-1.62 0.19 Job group 1(c) -0.86 0.16(external vent)
Operator booth

-0.25 0.26 Job group 2 -0.16 0.07(internai vent)
Finishing -0.52 0.09 Job group 4(C) 0.62 0.14
Other departments -1.96 0.22 Research data -1 .06 0.23
Rawmaterials-Chip

-1.25 0.28 Automn -0.27 0.16preparation
Resin production

- -0.59 0.17 Spring -0.65 0.17sto rage
Storage-shipping -0.86 0.12 Summer -0.58 0.25

Measu rementResearch data -1.09 0.26 -0.05 0.07duration (h)
Autumn -0.39 0.17 (year-1984) -0.08 0.03

Spring -0.74 0.20 max(year-1984, 11) 0.19 0.06

Summer -0.70 0.19 % total variance explained by the fixed effects
(year-1984) -0.22 0.07 Personal: 61%

max(year-1984,7) 0.31 0.08 Area: 57%
(a) The intercept represents the estimated AM of the Iog-transformed concentrations (ppm) for the tollowing
combination: MDF, main production zone, governmental data, winter, and 1984. Estimates of the AM of the
the log-transformed concentrations for other combinations of the levels of the variables are obtained by
adding the appropriate coefficients, e.g. substracting 1 .82 from the intercept to change the process to OSB.
(b) The intercept represents the estimated arithmetic mean of the log-transformed concentrations for the
following combination: MDF, Job group 3, governmental data, winter, duration of measurement O hour, and
year 1984.
(c) group 1 includes Administration and Foreman, group 2 includes Lab technician, Maintenance worker,
and Cleaner, group 3 includes Press operator, Assistant press operator, Finisher, Shipper, and group 4
includes Floater and Press-miscellaneous.
(d) Coefficient corresponding to the spiine: multiply the coefficient by either (year-1 984) or the given
number (7 or 11) whichever is greater. PracticaHy this corresponds to a constant added to the intercept
until the spiine knot at which point the coefficient increases lineariy with years.
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2.4.4 Personal measurements

$unrnary statistics of the personal measurements are presented in Figure 4. The

percentages of measurements below the LOD were 23 and 9 for the research

measurements and the govemmental data respectively. The research and governrnental

personal measurement were taken during 12 and 67 sampling campaigns, respectively.

Concentrations reported by the research team covered a median duration of 4.8 h

(interquartile interval: [3.3-6.0]). The corresponding value was 5.9 [4.4-8.0] for the

govemmental data. GMs, GSDs, and corresponding number of measurements stratified

byjob, process, and origin ofthe data can be found in Table 3.
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The initial ‘whole dataset’ model included the following fixed effects, which explained

62% of the total variance: Process, Job, Season ofsampling, Origin of data, Year, and

Measurement duration. Further examination of the coefficients for the different jobs led

to the testing of the grouping of jobs into 4 exposure groups: group 1 includes

Administration and Foreman, group 2 includes Laboratoiy technician, Maintenance

worker, and Cteaner, group 3 includes Press operator, Assistant press operator,

finisher, Shtper, and group 4 includes Floater and Press-misceÏlaneous tasks. The

resulting model yielded a better fit than the original one in terms of BIC. The

percentage of total variance explained by the fixed effects was marginally reduced (to

61%). The RIEs associated with each job group are presented in Figure 5 while the

RIEs corresponding to the other nominal variables in the model can be found in Figure

3. The coefficients for the fixed effects of the reduced model can be found in Table 4.

The best fit for the sampling year was obtained with a linear spiine structure containing

one knot, the une-break year being 1995. The estimated trend corresponds to a yearly

decrease of 7% until 1995 followed by a yearly increase of 12.2%. The estimated

influence of the measurement duration on exposure levels corresponds to a decrease of

5.2 % when the duration is increased by 60 min. (95% CI: 2.1-8.2).

A one-level random effect structure with the variable Sampling campa ign as the random

effect yielded the best fit compared with FaciÏity alone or SampÏing campa ign within

Facility. The best residual variance structure in terrns of BIC was one with different

residual standard deviations for each process. With the process PB as the reference (i.e
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value 100%), the relative residual standard deviations estimated by the model for the

other processes are as follows: MDf (68%), OSB (63%). The estirnated within-sampling

campaign residual standard deviation (of the log-transformed concentrations) is 0.53 for

the reference category while the between-sampling campaign standard deviation is 0.46,

giving 1CC values varying between 0.42 and 0.66, with an average of 0.56.

As for the area measurements, graphical assessment of the distribution of the normalized

residuals and of the estirnates of the random effects yielded satisfactory fit to the normal

distribution and satisfactory conformity to the independence hypothesis.
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mode!

Table 5 presents, side by side for Research and Government data, yearly geornetric

means of area and personal levels stratified by work zone/exposure group and estimated

for the year 2002 by the statistical models. for the personal measurernents, the
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estimates were calculated for a duration equal to the median duration of the

measurements (5.6 h)

Table 5: Yearly geometric means (in pprn) for research and governrnent data stratified

by standardized zones and jobs. estirnated by the statistical models for 2002.

OSB PB MDF
Research Government Research Government Research Government

Area measurements
Operator booth

0.01 0.04 0.05 0.16 0.09 0.25
(external vent)
Operatorbooth

0.05 0.16 0.21 0.62 0.34 1.00
(internai vent)
Finishing 0.04 0.12 0.16 0.48 0.26 0.76
Other

0.01 0.03 0.04 0.11 0.06 0.18
departments
Raw materiais -

0.01 0.04 0.05 0.16 0.09 0.25
Chip preparation
Resin ptod -

0.04 0.12 0.15 0.45 0.24 0.71
storage
Storage-

0.03 0.09 0.11 0.34 0.18 0.54
shipping
Main production 0.07 0.21 0.27 0.80 0.43 1.28

Personal measurements
Job group1 0.02 0.05 0.05 0.14 0.05 0.14

Job group2 0.04 0.11 0.10 0.28 0.10 0.28

Job group3 0.04 0.13 0.12 0.33 0.11 0.33

Job group4” 0.08 0.23 0.22 0.62 0.21 0.62
fa) includes adminisuation and foreman
(b) includes iab technician, maintenance worker, and cleaner
(c) includes press operator, assistant press operator, finisher, shipper
f d) incudes floater and press-miscellaneous
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2.5 Discussion

2.5.1 Determinants of exposure to formaldehyde in the reconstituted wood panel

industry

The percentages of total variability explained by the flxed effects of both personal and

area models (respectively 61 and 57%) compare favourably with similar studies in the

field of occupational exposure assessment (ranging between 20 and 70%) (Bakke et al.,

2002;Burstyn and Teschke, 1999;Van Tongeren and Gardiner, 2001). Thus, strong

determinants of exposure to formaldehyde in this industry have been identified.

The estirnated coefficients for the variable Frocess confirm, in both area and personal

models, the iower potential for formaldehyde emissions when PF resins are used (ail

OSB facilities in our study used PF resins). However, whule personal exposures tend to

be sirnilar for MDf and PB, MDf ambient levels seem higher than PB leveis. This

difference rnight be partiy explained by the fact that measures to prevent worker

exposure, such as reducing time spent in proximity to the press, might have been

implernented to a greater extent in MDF. However, confounding by variables not

accounted for in the modelling process cannot be ruled out as an explanation of this

observation.

For both area and personal models, the origin of data was aiso a strong predictor of

formaldehyde levels, research data being lower than governmental data by a factor of 3
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(Figure 3). Several hypotheses may explain this observation also apparent in the

empirical cumulative distributions shown in Figures 1 and 4. Firstly, the research visits

having been plaimed long in advance with the management of the plants and after

several meetings with representatives of this industry, it is possible that ‘favourable’

production conditions were implemented on the days of the visits. This would cause a

negative bias compared to real exposure conditions. Whule Olsen et al., among others,

have mentioned this source of bias as a possibility, it has, to our knowledge, not been

further discussed in the published literature (Olsen et al., 1991). A second explanation is

confounding by the temporal variable in the models. Ail research measurements were

taken in 2001-2002 while some governmental data date back to 1984. This points to a

potential collinearity issue between the two variables. This possibility was further

explored in two different ways. First, the area and personal models were fitted to the

data restricted to years common to both research and governmental datasets (2001 for

the area measurements and 2001 and 2002 for the personal measurements). For the area

analysis, with 109 observations (of which 26 were governmental), the estimated relative

exposure index for the research data (the govemmental data constitutes the reference

category) was 47% compared to 34% for the initial model. For the personal analysis,

with 132 observations (of which 24 were govemmental), the estimated relative exposure

index for the research data was 45% compared to 35% for the initial moUd. These

resuits support the presence, albeit limited, of some confounding by the temporal trends.

Furthermore, the full models were fitted without the ‘origin of data’ variable to datasets

restricted to governrnental data in order to assess the robustness of the observed

temporal trend. For the area analysis, with 341 observations, the coefficients for [year

1984] and /max(year-1984, 7)J (see Table 4) were respectively -0.17 (-0.22 for the initial
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model) and 0.25 (0.31 for the initial model). for the personal analysis, with 171

observations, the coefficients for Lvear-]984J and fmax(year-]984, 7)J were respectively

-0.10 (-0.07 for the initial model) and 0.23 (0.29 for the initial model). These resuits

tend to show that a temporal trend actually exists independently of the origin of the data,

and that the estimated trend is close to that observed in the global models. Thus,

although a degree of overestimation of the difference between research and

governmental data may exist because of confounding, its extent should be small. We

believe that, because of the Ïimited resources that can be devoted to sampling during

industrial visits, the hygienists tend to monitor worst-case scenarios in order to optimize

the interpretation of their resuits. Since, by devoting more sampling resources to

monitor supposedly ‘high’ exposure jobs or area, the strategy used by the researchers

might be regarded as biased if jobs or work-zones are not controlled for, it must be

concluded that within the jobs and area classification used in this study, govemmental

teams tended to sample tasks or sub-areas specifically associated with higli

formaldehyde concentrations.

The ‘worst-case’ bias in data from govemmental sources, often associated with

compliance monitoring, has already been mentioned in the literature (Stewart and Rice,

1990;Vinzents et al., 1995). Olsen et al. reported an actual comparison ofmeasurernents

taken with a random sampling strategy with measurements existing in a governmental

database. The authors found that the govemmental data were higher than the ‘random’

data by a factor from 5 to 10, which is compatible with our interpretation. On the other

hand, a variable identifying the sampling strategy as either ‘research’ or ‘compliance’
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did flot improve the fit of a multiple regression model applied to softwood dust levels in

British Columbia lumber milis (Hall et al., 2002).

It might be argued that research and governrnental data should flot be analysed together

because tliey may flot be influenced by the same deterrninants. In order to explore that

possibility, both area and personal models were fitted to a restricted dataset to allow the

testing of 1st order interactions between On gin ofdata and the other fixed effects, and of

a possible difference of residual variance structure for the research and govemmental

data. With respectively 392 and 236 data available for analysis for the area and personal

measurements, none of the tested additional models improved the fit compared to the

original ones. In addition to the increased statistical power and the fact that the research

and governmental measurements were taken in the same workplace, we believe that the

merged analysis ofboth types of data was justified in our case.

A significant time trend, best modelled by a one knot linear spline, existed both for the

area and personal measurements. The use of linear splines to mode! irregular temporal

trends in occupational exposures has already been reported (Friesen et al.,

2003;Raaschou-Nielsen et al., 2002). Although the spiine knot year was different for the

personal and area measurements (1995 and 1991), both estimated trends show high

exposures at the beginning of the study period, decreasing until 1991-1995 and then

increasing, although moderately, until the end of the study period (2002). Both the

nominal and quadratic coding of the year of sampling yielded the sarne temporal pattem.

This pattem differs from the reported generic occupational exposure decrease over tirne
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reported by Symanski et aï. (Symanski et al., 2001 ;Symanski et aI., 1998). A possible

explanation might be the documented important increase in production in that industry

in Northem America in the middle ofthe 90s (Spelter, 1997).

The other influent variable common to both the area and personal models is the season

of sampling. Thus, winter, and, to a lesser extent, auturnn, are associated with higher

exposures than summer and spring. From direct observation and interviews with the

employees of the visited plants, it appears that during the cold season (in Quebec

temperatures are commonly below -15°C during this period) the ratio of recirculated air

to fresh outside air is increased because of associated heating costs. Thus, the facilities

tend to be in a negative pressure relative to the outside, which in tum causes the exhaust

systems to loose efficiency. furthermore, most doors and windows are open during the

bot season, improving the air replacement rates. Van Tongeren et Gardiner have

reported lower exposure levels during sunirner for some job tities in the carbon black

manufacturing industry (Van Tongeren and Gardiner, 2001).

For the area model, the work zone had a significant influence on exposure levels. The

main production area is associated with the highest exposures, with levels decreasing as

one gets further from the press to the finishing, and then the shipping areas. As

expected, departments separated from the main production area are associated with low

formaldehyde levels. The resuits shown in Figure 2 also demonstrate the importance of

supplying operator booths with outside air. Thus, the exposure levels inside operator
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booths ventilated with air from the plant are comparable to those found outside the

booths (most operator booths with such ventilation were in the finishing zone).

Regarding the personal measurements, the modelling of the variable ‘job’ allowed the

identification of four similar exposure groups, presented hereafter from the least to the

most exposed: group 1 includes ernployees spending rnost of their time outside the

production zone (e.g. foreman), group 2 includes employees spending part of their shifi

in the production zone (e.g. mechanics), group 3 includes workers spending their whole

shift in the production zone but with a variable proportion of time spent in operator

booths (e.g. press operator), and group 4 includes workers spending their whole shifi in

the production zone unprotected by operator booths (e.g. floater).

Higher personal exposure levels were also associated with shorter measurement

duration. This trend was not modified when fitting the model separately to research and

govemmental data. It may be partly explained by the fact that longer measurements may

include unexposed periods such as breaks (Raaschou-Nielsen et al., 2002). Since there

was no significant interaction between duration and the source of data for the personal

measurements, together with the absence of any influence in the case of area

measurernents, we conclude that the upward bias found in govemmental data is flot due

to rnerely shorter measurement durations associated with a task-based strategy.

The significance of the variables identifying work-zones and jobs in both models

underlines the usefulness of the standardized lists created during this study. They
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appeared as potentially strong predictors of exposure to formaldehyde, based on

tecimical literature and field observation: this was validated and refined by the statistical

modelling. Consequently, their use should be explored in other studies of formaldehyde

exposure in the same industry.

The determinants identified in our study wilI be useful from the industrial hygiene

standpoint for devising sampling strategies in this industrial sector, for example to help

identify a priori potential overexposure situations. Within the framework of

epidemiology, the identification of time trends is important for retrospective exposure

assessment, whule determinants such as jobs or process can help in the elaboration of

specialized questionnaires in population-based case-control studies.

2.5.2 Structures of variance-covariance of exposure data

Random effects models have recently been used to explore patterns of correlation among

occupational exposure measurements. However, the studies have mostly focused on

modelling intra- and inter-worker variability (Burstyn et al., 2000;Kromhout et al.,

1993;Rappaport et al., 2003;Rappaport et al., 1999;Van Tongeren ànd Gardiner, 2001).

In our study, information on the identity of workers was flot available in the majority of

governmental files. Moreover, the sampling campaigns performed by the researcli team,

lasting 2 days at the most, did flot allow resampling the same workers because of the

rotating teams work structure. Failing to model intra-and inter-worker variability

constitutes a limitation of the present study in that this hampers rigorous conclusions

about the long term risks posed to workers in this industrial sector. In particular we can
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flot estimate probabilities of overexposure of a random worker as described by

Rappaport et al. (Lyles et al., 1997;Rappaport et al., 1995). However the estimated

yearly GMs that we present in table 5 allow drawing a general picture of exposure levels

in this industrial sector, together with our resuits on the determinants of exposure.

Although the variable Facility was tested as a random effect, the resuits ofboth area and

personal models show no significant intra-facility correlation, indicating similarity of

exposure levels across facilities when ail other variables are taken into account. This

resuit is plausible since during the industrial hygiene visits by the research team, it was

observed that most facilities were quite similar in terms of architecture (the press being

the main emission source inside the plant, contaminating other areas), machinery used,

and exposure control measures.

The variable sampling campaign improved the fit significantly when tested as a random

effect. This corresponds to the fact that after controlling for all fixed effects in the

models, there are systematic differences between fon-naldehyde levels measured during

different campaigns, and is equivalent to the existence of correlation among

measurements taken during the same campaign. The average intra-sampling carnpaign

correlation coefficients estirnated in our study were respectively 0.17 and 0.56,

respectively, for the area and personal measurements. Teschke et al. report a coefficient

of correlation of 0.31 between wood dust levels rneasured during the same inspection in

data taken from OSHA’s occupational exposure database (Teschke et al., 1999). While

other authors have reported evidence of correlation in shift-long measurements taken on
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consecutive days (Buringh and Lanting, 1991;Deadman et al., 1996;Symanski and

Rappaport, 1994), sorne observed no evidence of such correlation (Francis et al.,

1989;George et al., 1995). Our resuits confirm the presence of correlation between

shifi-long exposures measured in short tirne periods in this industrial sector, implying a

potential for underestimation of the day-to-day exposure variability when an assessment

is based only on one sampling campaign conducted over a few consecutive days.

Significant structures of heteroscedasticity of the error term were found in both area and

personal models. Hence, personal exposure appeared more variable for the process PB

than for MDf and OSB. Moreover, ambient formaldehyde levels from the work zones

Main production, Department other than production, and Raw material reception were

much more variable than those measured in other locations in the facilities. The

variability of exposure levels determines the number of samples necessary to assess an

exposure situation with adequate precision. Furthermore, with regard to statistical

modelling, estimates of other parameters in the model depend on the variance

covariance structures in the case of unbalanced data, which is present in rnost datasets in

this field of research. Therefore it appears important to take into account and explore

such structures of variability when modelling occupational exposures (Pinheiro and

Bates, 2000).

2.5.3 formaldehyde exposure levels in the reconstituted wood panel industry in Quebec

The observed (Table 3) and estimated (Table 5) levels of exposure to formaldehyde in

this industry are consistent with the few results reported in the most recent literature
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(posterior to 1985). In particular, the exposure levels reported by Zimowski show very

close agreement with those measured in Quebec. Exposures in the OSB manufacturing

industry are mostly below 0.1 ppm with some work zones / job associated with

somewhat higher levels according to the governmental data. Exposure levels in the

MDF and PB manufacturing industries are similar, with obsewed and estimated GMs of

personal and area levels between 0.1 and 0.4 ppm depending on the source of data. The

highest estimated ambient GM is 0.43 ppm in the main production area of MDF

manufacturing facilities (this estimate is increased to 1.28 ppm when governmental data

are used). The highest personal estimated GM is 0.22 ppm for workers in close

proximity to the press in the PB process (this estimate is increased to 0.62 ppm if the

governmental data are considered). Levels reported prior to 1985 are consistently higher

than those in our database. This maybe explained by the generalized implementation,

around 1985, of low formaldehyde emission resins (OSHA, 1987).

Area measurements are consistently higher than personal measurements. This is

consistent with the fact that the most exposed workers are those who spend the most

time in the production area unprotected by ventilated booths. While none of the

personal measurements in this study was greater than 2 ppm (the current Québec ceiling

OEL), 4 and 6% of the research and govemmental ambient concentrations, respectively,

were greater than this value.

Globally, our results point to generally low personal full-shift exposure to formaldehyde

in this industrial sector. However, the potential for short term high exposures associated

with specific and occasional tasks cannot be ruled out on the basis of our study. Several
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OELs exist for fornialdehyde, varying both in type and level. In the US, OSHA enforces

an 8-h TWA limit of 0.75 ppm with a short terrn exposure limit (STEL) of 2 ppm. The

ACGIH recommends a ceiling limit of 0.3 ppm (ACGIH, 2003).

2.5.4 Validity ofthe statistical modeis

The internai validity of our models appears satisfactory considering the resuits of the

graphical assessments of residuais and estimates of random effects described earlier. In

addition, bootstrapping the model estimates 1000 tirnes (resuits flot shown) resuited in

the observation that among 29 coefficient estimates for the 2 models the absolute

relative difference between the model and the bootstrap estimate was >5% only in 6

cases, with a maximum of 17%. The sign of the difference between the two estimates

was negative almost the same number of times as it was positive. The standard errors

of the bootstrap estimates were on average 30% smaller than the corresponding model

estimates, indicating moderate overestimation of the widths of the confidence intervals

presented in Figures 2, 3, and 5. These results support reliance on the asymptotic

assumptions linked to the estimation by ML or REML of confidence intervals for the

model parameters (Harrel, 2001).

Although there was no formai external validation of the models, severai elements

suggest that our results may be applicable outside the restricted scope of our dataset.

Thus, as seen in Figure 3, the estirnates of the effects of variables common to the area

and personal measurements are similar. Moreover, our estimates of the influence of

several potential determinants of exposure are consistent with published observations.
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Finally, the exposure levels estimated by the models are similar to those reported in the

rnost recent literature. These observations, while not constituting an external validation

per se, provide some insight into the potential for generalization of our resuits.

However, the presence in our dataset of a bias flot accounted for can not entirely be

excluded since the data were flot generated through a randomized sampling process.

2.6 Conclusion

Through statistical modelling of area and personal exposure measurements performed in

the reconstituted wood panel industry in Quebec, several determinants of exposure to

formaldehyde in this industrial sector were identified. The MDF and PB processes were

associated with high exposure levels compared to OSB. Higher exposures also occurred

during winter conditions compared to other seasons. While plant was not a strong

predictor of exposure levels, work zones and jobs were strongly associated with area and

personal measured concentrations, respectively. The highest levels were measured in

areas close to the press and on workers spending most of their time in the press area.

Moderate historical variations in exposure levels were also identified, best modelled by a

one-knot linear spiine. Governmental measurements were consistently found higher than

those measured by the research team, pointing to the probable existence of a ‘worst

case’ bias in governmental data. The use of extended linear mixed-effects models

allowed the identification of a moderate correlation between measurements taken during

the sarne sampling carnpaign. Significant heteroscedasticity structures of the error term

were also identified during modelling, stressing the need to take them into account in



70

similar studies to reduce bias and error in the estimation of other model parameters. The

rneasured and estimated time-weighted average levels of exposure to fonnaldehyde in

this sector can be considered low compared to the 8h-TWA OELs of rnost jurisdictions

(e.g 0.75 ppm) but close to the most demanding ones (e.g. 0.3 ppm). The possibility of

higher short-term exposures can flot be ruled out. The successful identification of

several determinants of exposure to formaldehyde in the reconstituted wood panel

industry will allow for better sampling strategies in this industrial sector. Furthermore,

these determinants may be used in future epidemiological studies to improve prospective

and retrospective exposure assessments.
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3.1 Abstract

Objectives

This study presents a procedure allowing the numerical synthesis of exposure data

reported in different ways in the literature, including summary parameters and single

measurements. The procedure was applied to literature regarding formaldehyde

exposure in the reconstituted wood panels industry, including Oriented-Strand Board

(OSB), Medium Density Fibre board (MDF) and Particle Board (P3).

Methods

For each publication providing summary parameters we estimated geometric means

(GM) and geometric standard deviations (GSD) by assuming lognormality of exposure

levels. Monte Carlo simulation was performed to re-create datasets from the sample

sizes and estimated GMs and G$Ds, allowing their subsequent formatting together with

the single measurements. The precision and bias of the methods used to estimate GMs

and GSDs were evaluated.

Results

Altogether, the 13 articles included in our study yielded a final database of $74 data, of

which 732 were simulated. For both area and personal data, exposures corresponding to

MDF and P3 were similar while OSB levels were lower. The most recent available

personal levels (1985-1994) were highest in PB for jobs performed in the vicinity ofthe

press (GM=O.63 mg/m3). Corresponding area levels were highest for P3 in the main

production zone (GM=O.43 mg/m3). Mixed-effects models fitted to area PB data

explained 38% ofthe total variability. A 6 foïd decrease in exposures from 1965 to 1995
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was estimated. Replication of the simulation process yielded relative standard deviations

of the calculated GMs and GSDs between 10 and 2O9. The relative biases of the

methods used to estimate GMs and GSDs varied across methods and decreased with

higher sample sizes (from -15% for n5 to less than 5% for n30. in absolute value).

The precision also varied across rnethods and improved with higher sample sizes (from

-30% for n=5 to -10% for n=30).

Discussion

This rnethodology constitutes a new meta-analysis tool that should improve the

interpretation of industrial hygiene literature data, but needs to be further validated.



85

3.2 Introduction

lit many exposure assessment situations, either because of a lack of resources for

prospective sampling or because of the need to characterize past exposures, literature is

the main source of information. In addition to information describing exposure

generating processes and tasks, quantitative exposure measurements are reported in a

number of studies. Several authors have underlined the limits of the use of published

data in the scope ofrisk analysis (Caldwell et al., 2001;Marquart et al., 2001;Money and

Margary, 2002;Tielemans et ai., 2002). Hence, some studies lack details about

determinants of exposure, about characteristics of the study population, or about

statistical parameters. It then becomes difficuit to integrate ail the available numerical

data, especially when numerous studies are available and different statistical pararneters

are reported. Thus, rnost literature analyses are reported in the form of tables presenting

the resuits of each individual study and expert opinion is used to make a global

assessment. On the other hand, quantitative assessments of exposure, particuiariy for

occupational epidemiology, become increasingly preferred over qualitative or serni

quantitative assessrnents (Ahrens and Stewart, 2003).

Recently, Caldwell et al., in a review on solvent exposure, calculated averages of the

reported aritbmetic means weighted by the associated sample sizes. The authors had to

exciude numerous studies that did flot report results as arithmetic means (Caldwell et al.,

2000). Tielemans et al. (Tielemans et al., 2002), and Money and Margary (Money and

Margary, 2002) have proposed theoretical frameworks for the use of exposure data



86

available in the published literature, rnainly by presenting quaiity criteria regarding the

internai and external validity ofthe studies.

The main objective of our study was to develop a method to summarize exposure data

reported in different ways in the literature by estimating common statistical exposure

parameters from different types of exposure metrics and by simulating exposure data

from the estimated pararneters to aliow their combined analysis with single

measurements. This paper presents in details the proposed procedure and its application

to fonnaldehyde exposure data in the reconstituted wood panels industry. This study

shouid flot be regarded as a literature review of formaldehyde exposure in this sector,

which would include information of a rnuch wider scope than the summary of exposure

levels presented here.

The reconstituted wood panels industry is part of the larger Veneer, Plywood and

Engineered Wood Product Manufacturing group of the North American Industry

Classification System (NAICS). It includes several processes that can be ciassified as

either plywood products or composition boards. The processes included in this study are

iirnited to particie board (PB), medium density fibre board (MDF), and oriented strand

board (053), which ail belong to the composition board category. Occupational

exposure to formaldehyde in this industry cornes rnainiy from the degradation of the

resins during and after the pressing operation.
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3.3 Methods

An exhaustive literature review of fonnaldehyde exposure levels pubÏished before and

up to 2001 was conducted in the reconstituted wood panels industry. The study was

limited to PB, MDF, and O$B. Ail publications reporting formaldehyde levels

rneasured in workpiaces in this industrial sector were retained for further analysis. The

exposure levels were formatted into a relational database (the ‘initial’ database, see

figure 1) and allocated to specific jobs/work zones based on the work by Lavoué et

al. (Lavoué et al., 2005). The personal measurements were also classified in exposure

groups identified in the same study: group 1 includes administration and foremen, group

2 includes laboratory technicians, maintenance workers, and cleaners, group 3 includes

press operators, assistant press operators, finishers, shippers, and group 4 includes

floaters and press-miscellaneous tasks. The area measurements were classified in 7

zones: Raw materials receiving — Chip preparation, Resin production — storage, Main

production — press, Finishing, Storage — shipping, Operator booth and Other departments

(non production areas).

3.3.1 Step 1 of the procedure: Calcutation of common statistical parameters

The initial database contained two types of exposure data: single exposure

concentrations, each representing one measurement (5M record, see figure 1), and sets

of surnmary parameters, each set summarizing a number of measurements (SS record,

sec figure 1). Each record of this database was associated with values for different

variables such as work zone, job group, source article. The SS records also contain some
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of the following parameters: sample size (N), arithmetic mean (AM), arithmetic standard

deviation (ASD), geometric mean (GM), geometric standard deviation (GSD), range (R,

with minimum a and maximum b), median (M), or an empirical percentile of the

distribution of the measurernents tP, with—-—the cumulative probability associated

with the value of the percentile). The first step of the methodology consisted, for each

of the SS records without GM and GSD, in estimating them from available parameters.

This was performed using the following equations:

Estimation ofGlifrom GSD and AM.

AM

exp
(ln(GSD))

Estimation ofG$Dftom GM and AM.

GSD = exp x in4-- (2)

Estimation of GSDfroin AM ami ASD

G$D=exp1+ (3)

Estimation of GMfrom AM and ASD

GM=
AM

(4)
I ASD2
11+

V AM2



89

Estimation ofGMfrom La,bJ

GM = exp(’h1 + ln(b)

2 J (5)

Estimation of GSDfrom GM and P (see appendix for details)

G$D
= exp[mn -1n(GM)

(6)

with Z the x’ percentile ofthe standard normal distribution.

Estimation ofGSDfrom /à,bJ (see appendix for details)

GSD = exp’’
— 1n(a)

(7)
Wmedian

with Wmedjan the theoretical median standardized range (see appendix)

Equations 1 to 4 are based on the theoretical conespondence between the different

parameters characterizing the lognormal distribution (Rappaport, 2000). Equation 5 is

based on the fact that the expected values of the maximum and minimum of a sample

from a normal distribution are symmetrical around the mean of the distribution

(Zwillinger and Kokoska, 2000). Equation 6 is based on the fact that the xth percentile

of a sample from a normal distribution is a good approximation of the xth percentile of

the parent distribution (see appendix). The assumptions linked to equation 7 are

detailed in the appendix.
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Step two: Creation of single concentrations from the sets of parameters with Monte Carlo simulation

_______________

NI values created

_J

Step three: Unification of the SM and SS data and replication of the simulation:
the measurement database

Simulation 1000

T.]g)1i

_____________

lHi,iI.I

Initial Database

SMI

:HCHO .. .: ‘z:—
UCHO

SM2

SM3

SM4

SSI

SS2

SS3

SS4

IDIHcHO

N’GM fb]

tGM GSD

[ab] ..M

AMGSD,,

Legend
Single measurements (5M)

SMI(a)_________________________

a.Single measurement number 1
b.Documented variables (e.g. process, time period)
c. Formaldehyde concentration (mg/m3)

Sets of summary parameters (55)
SSI(a)________________________

a.Set of summary parameters number 1
b.Documented variables (e.g. process, time period)
c. Available summary parameters

N 0M ja,b] . AMi]

Step one: Determination of GM and GSDs (from equations I through 6)

ssI
SS2

SS3

SS4

GMfa,b], AM
MÇM. GSD

N Cabl AM

AMOSD

ssI
SS2.

SS3i

SS4 I

0M.., $D

‘M. osb

GSO

0M 3SD

ssI

SS2

N1 GM1GSD

N2 GMGSO

HCHO

HCHO

FICHO

HCHO

N2 values created

Simulation 1 Simulation 3

. . .

•HCHO

:cHo

Figure 1: Conceptual schema for the creation of the measurement database from
literature data
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If 0M vas not available but the sample median vas, the latter was used as an estimate

of GM. If neither GM nor the median was reported, GM was estimated from AM and

GSD (equation 1) or from AM and ASD (equation 4). 0M was estimated from the

range (equation 5) only when it was the only available parameter.

GSD, if not available, was deterrnined from AM and ASD (equation 3). from AM and

GM (equation 2), or from 0M and F (equation 6). When none of the previous methods

could be used, GSD was estimated from the theoretical median of the standardized range

(equation 7, see appendix). When the estimation of GSD was not possible, the median

of the GSDs estimated for the other sets of measurements was used.

3.3.2 Steps 2 and 3 of the procedure: Simulation of exposure data and creation of the

measurement database

In step two of the methodology, each SS record was replaced with a number of

concentrations equal to the reported sample size, drawn at random from a lognormal

distribution with the 0M and GSD estimated for that particular SS. In step three of the

methodology, a new measurernent database was created by combining the original single

measurernents and the simulated measurements. Ihe procedure was repeated 1000 times

creating 1000 replicas of the measurement database. Personal and area measurements

were then separated.
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3.3.3 Analysis ofthe measurement database

For personal and area concentrations, GMs and GSDs stratffied by process and by period

of time were calculated for each of the 1000 replicas of the analysis database. For each

stratum, the median of the 1000 resulting GMs was used as the exposure metric and the

relative standard deviations (RSD) of the 1000 GMs was computed as a measure of

variability caused by the simulation.

For the personal measurements 90% of the data were in the PB process. Moreover 70%

of the P3 data corresponded to the ‘unknown’ category of the job classification and the

data for which the job was known were almost entirely (87 out of 96 data) in the most

recent time period category (1984-1995). Therefore we restricted the analysis of

personal data to calculation of stratified GMs for the most populated categories of

process, job group, and time period. For the area measurements, P3 also represented

—90% of the data, but inside the PB process data were approximately evenly distributed

across categories ofwork-zone and time period. Therefore statistical modelling was used

to analyse the area PB data.

A totàl of 200 replicas of the area PB data were randomly selected among the 1000

initially created and linear mixed-effects models were fitted to the log-transformed

concentrations. The models were constructed in a manual forward stepwise procedure

similarly to those described in Lavoué et al. (Lavoué et al., 2005), using the Bayesian

information criterion (BIC) as a discrimination tool. Median values of the BIC were

used to build a model common to the 200 datasets. The fixed effects tested in the models
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included time period (1965-1974, 1975-1984, 1985-1994), work zone and sampling

duration (<1 hour, 1-6 hours, > 6 hours, unknown). The source of the data (i.e. article)

was tested as a random effect to evaluate the extent of the difference between sources

afler taking into account the fixed effects. Since the measurements simulated from $$

records were generated with differing variances, a different residual variance for each

record was modelled. In addition, single measurements were allowed to vary differently

from source to source. The parameters of the final model were computed as the mean of

the 200 restricted maximum likelihood (REML) estimates resulting from fitting the

common model to the 200 replicas of the area PB data. RSDs were also computed to

assess the variability of the resuits. Internal validation of the models was conducted

graphically for a random subsample of 10 models.

During the creation of the measurement database, personal and area single

measurements reported as below a limit of detection were replaced with the limit of

detection divided, respectively, by and 2, based on their global GSD (Homung and

Reed, 1990). Ranges including a limit of detection (e.g. [<0.2-3]) were used for

estimation of GM and GSD only when R was the only available parameter because of

the potential for important bias. In this case, the lower limit of R was replaced by the

limit of detection divided by -J for personal measurement or 2 for area measurements

in equations 5 and 7.
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3.3.4 Partial validation ofthe eguations used to estimate GMs and GSDs

In order to provide some insight on the validity of the estimation tools presented above

(equations 1-7), a limited simulation study was conducted. A total of 500 samples of

sizes 5, 10, and 30 were generated from a lognormal distribution with GM=1 and

GSD=2.5. For each generated sampie, the sample GM and GSD were calculated, as

well as ail the parameters used in equations l-7. From these parameters, four

estimations of the GMs and GSDs were, in tum, determined using the estimators in

equations 1-7. For each estimator, the relative bias was calculated as the average

relative difference between the estimate and the sample GM or GSD, and the relative

precision as the relative standard deviation of the bias. The relative bias and precision

were stratified by sample size.

3.4 Resuits

3.4.1 Simulation procedure

A total of 23 publications were abstracted into the relational database. Ten publications

were excluded ftom the analysis: 2 only reported results from semi-quantitative

colourimetric tubes; one described a plant located in a tropical area; the sample size

could not be estimated in two publications; one was excluded because the facilities

surveyed did not use a formaldehyde-based resin to bond the wood-particles; in another

the results summarized a mix of area and personal measurements, which could flot be

distinguished. Finally three publications were excluded because they used the same

dataset presented in a paper ofwider scope; this Ïeft 13 publications for further analysis.
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Table 1 shows, for each of the 13 publications included in the analysis, the number of

single concentrations (SM records) and of summarized sets of measurernents ($S

records) provided. Arnong the journal articles retained for analysis, 3 presented exposure

data taken by different organizations in several facilities in a country (Kauppinen and

Niemelli, 1985;Niemel et al., 1997;Triebig et al., 1989). Three were epiderniological

studies, mainly on the respiratory effects of fornaldehyde exposure (Herbert et al.,

1994;Horvath et al., 1988;Jrnbus and Tochilin, 1988). One article reported the sumrnary

of formaldehyde levels in the French occupational exposure database COLCHIC

(Carton, 1995) while another reported resuits of different sampling methods for

formaldehyde in a facility manufacturing wood panels (Wentrup et al., 1986).

Table I: Number of single measurements and surnmarised sets of measurements

associated with each study entered in the database.

Reference Publication Number of Number of sets (number
type unique of measurements

measurements summarized)
(Sussell, 1995) HHE(a) 41 -

(Lee, 1988) HHE 4 -

(Mortimer, 1982) HHE - 1(10)
(Horvath et al., 1988) Article 3 1(109)

(Kauppinen and Article 14 17(287)
Niemelâ, 1985)

(Imbus and Tochilin, Article 15 -

1988)

(IARC 1995) lARC - 2(40)
Monograph

(Carton, 1995) Article - 2(81)
(Triebig et al., 1989) Article - 3(581)

(Niemelàetal., 1997) Article - 3(67)
(Herbert et al., 1994) Article 10 -

(Wentrup et al., 1986) Article 24 -

(Centaur Associates, Report 5 20(82)
1986)

ta): NIOSH Health Hazard Evaluation report
(b): International Agency for Research on Cancer
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Neither GM nor GSD were reported in any of the analysed papers. AM was available in

44 of the 49 measurement sets while ASD appeared in 1. M was available in 26 sets. R

was reported in 42 sets and one publication, representing two measurement sets,

reported the sample’s 95111 percentile. This resulted in 53% of the estimated GMs

determined from M, 41% from AM and R (GSD estimated from equation 7 then GM

estimated from equation 1), 4% from AM and GSD set to the median ofthe other GSDs

(equation 1), and 2% from AM and ASD (equation 4). The GSDs were estimated from

the different parameters in the following proportions: R for 59% (equation 7), AM and

M for 26% (equation 2), median of the other G$Ds for 8%, AM and P for 4%

(equation 6), AM and ASD for 2% (equation 3).

Ten of the 49 measurement sets represented less than 10 measurernents each while 20

sets represented more than 10 measurements each. For 19 of the sets, the sample size

was flot provided explicitly in the publication but could be estimated ftorn other

information provided (e.g. sample size of other similar measurement sets in the source

article).

Regarding the final datasets, including sirnulated and actual measurements, the

analytical and sampling methods, and a crude description of the sampling strategy were

reported respectively in 10 and 7 ofthe 13 analysed publications. Most of the reported

sampling strategies were of the type ‘placed in areas representative of normal exposure

conditions’ or ‘presumed maximal exposure jobs’. For 33% of the measurements,

information about the associated work-zone or job was not provided. The sample
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duration was not reported for 20% of the measurements. Twenty percent of

measurement durations were below 1 hour, 52% were between 1 and 6 hours, and 8%

were greater than 6 hours.

3.4.2 Analysis ofthe measurement database

Personal measurements

The final database contains 376 personal measurements, of which 320 were simulated

from 11 SS records. The measurement sets comprised a median of 22 measurements

(range 5-109). The personal database represents data from $ publications. None ofthe

56 single measurements were reported under a limit of detection. The personal

measurements had a median GM of 0.53 mg/m3 (RSD=3%) and a median GSD of 2.80

(RSD=3%). Table 2 shows flue median GMs, 90th percentiles, and their respective R$Ds

for personal measurements after stratification by job group, tirne period and process, for

strata with more than 5 values.
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Table 2: Median GMs and 90th percentiles in rng/m3 of personal measurernents afler

stratification byjob group, time period, and process.

Process PB
Time period Job group Median GM Median 9Qtfl

(sample size) (RSD) percentile
(RSD)

1975-1984 G3 (9) 0.38(18%) 1.28 (25%)
Unknown (77) 0.96 (9%) 3.50 (17%)

1985-1994 G1/G2(46) 0.17 (13%) 0.47 (21%)
G3 (41) 0.63 (7.6%) 1.23 (10%)
Unknown 0.58 (5%) 1 .28 (7%)
(154)

Ail Ail (332) 0.56 (4%) 1.42 (7%)
Process MDF

1985-1994 G2 (14) 0.23 0.47
G3 (22) 037t-) 0.84

Ail Ail (42) 0.41 (2%) 1.46 (26%)
Process OSB

Ail Ail (2) 0,05 Q.Q4
Stratification by time perïod for ail processes

1965-1974 AIl (5) 1.85 3.03
1975-1984 Ail (86) 0.87 (8%) 2.72 (18%)
1985-1994 Ail (285) 0.45 (3%) 0.99 (5%)
(A) Relative standard deviation of the 1000 estimates; (B) group 1

(G1) includes administration and foreman, group 2 (G2) includes
iaboratory technician, maintenance worker, and cieaner, group 3 (G3)
includes press operator, assistant press operator, finisher, and
shipper; (C) Non variable parameters since they were estimated from
single measurements (SM records, see figurel); (D) ail data coming
from one source, labelling the task as ‘chipboard pasting’, which we
interpreted as corresponding to a mix of Gi and G2.

Area n, easurements

The final database contains 498 area measurements, of which 412 were simulated from

38 $$ records which comprised a median of 21 measurements (range 4-61). The area

database represents data from 10 publications. Twelve of the 86 single measurements

were reported under a limit of detection. The area measurements had a median GM of

0.79 rng/rn3 (RSD=3%) and a median GSD of 4.36 (RSD=3%). The median GMs after

stratification by process were: MDF 0.22 mg/rn3 (N=32, RSD=10%, data from 1975 to

1994), PB 0.99 mg/m3 (N443, RSD=r4%) and OSB 0.05 mg/m3 (N=23, 23 original

single measurements, data from 1985 to 1994). The median GMs afler stratification by
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time period were: 1965-1974: 2.52 rng/m3 (N=136, 5 RSD=5%), 1975-1984: 0.68

rng/m3 (N=295, RSD=4 %) and 1985-1994: 0.14 mg/m3 (N=67, RSD=10%).

There were 443 data available for modelling of PB area data. The fixed effects 0f the

final models explained an average of 38% of the total variability (the inter-quartile

interval of the 200 obtained R2 is [0.36-0.39]). A summary of the mean parameters of

the model along with their RSDs for the 200 replications are presented in Table 3. Table

4 presents the GMs for the different tirne periods and work zones predicted from the

models by using the average coefficients presented in table 3. A significant within

source conelation was found in the area data, with an average intra-class correlation

coefficient of 0.23 (RSD=26%). The variable modelling a different variability for the

different sets of measurements was refined in a ‘post hoc’ manner by aggregating

categories with estimates less than 10% different from each other. This aggregation was

performed because the important initial number of categories yielded a non definite

positive approximate variance-covariance matrix in the REML optimization. The refined

variable (from 42 to 9 categories) improved the model fit significantly in ternis of BIC.

This corresponds to within-source GSDs varying from 1.36 to 5.79 (RSDs not shown).

Graphical assessment of 10 randomly chosen models yielded satisfactory conforrnity to

the model assumptions.
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Table 3: Summary ofthe final area model

Fixed effect Estimate RSD(%)

lntercept 0.05 50

Finishing -0.63 13
Other—Unknown -1.24 10
Raw materials — Chip -0.90 20
preparation
Storing-shipping -0.86 29
1965-1974 0.99 8
1985-1994 -0.91 25

% total variance explained by the fixed eftects
38%

Within — source correlation coefficient
0.23

fa) The intercept represents the estimated AM ot the Iog
transformed concentrations f mg/m3) for the following combination of
variable: main production zone, and period 1975-1984. Estimates
of the AM of log-transformed concentrations for other combinations
of levels of the variables are obtained by adding the appropriate
coefficients, for example adding 0.99 ta the intercept to change the
period ta 1965-1974; (b) Arithmetic mean of the estimates tram the
200 fitted models; (c) Relative standard deviation cf the esti mates
from the 200 fitted models

Table 4: Predicted GMs (mg!m3) for P3 area measurernents stratified by time period and

work zone

Work zone 1965-1974 1975-1984 1985-1994

Main production zone 2.83 1.05 0.42

Raw materials — Chip preparation 1.15 0.43 0.17

Finishing 1.51 0.56 0.23

Storing-shipping 1.19 0.44 0.18

Other-unknown 0.82 0.30 0.12

3.4.3 Partial validation ofthe eguations used ta estimate GMs and GSDs

Table 5 shows the relative bias and precision ofthe estimates ofGM and GSDs obtained

with equations 1-7 compared to the sample GMs and GSDs, for sample sizes 5, 10, and

30.
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Table 5: Bias and precision associated with the estimation of GM and GSD from other

summary parameters

Relative bias (¾) Relative precision (%)
N=5 N=10 N=30 N=5 N=10 N=30

Sample GM(A) 14 4 2 55 31 17
GM1(B) 5 5 1 38 22 12
GM2(C) -18 -9 -4 18 10 9
GM3(D) 8 8 5 19 10 7
GM4(E) 4 3 3 30 30 30
Sample GSD (F) -1 -1 0 35 22 12
GSD1 (G) -12 -6 -2 14 8 6
GSD2 (H) -19 -14 -8 26 15 12
GSD3(l) 9 4 2 13 12 11
GSD4(J) -24 -13 -5 21 - 14 11
(A) Relative bias and precision of the sample GM compared to the true GM; (B) GM estimated from M; (C)
GM estimated from equation 1 and GSD in equation 1 estimated from equation 7; (D) GM estimated from
equation 4; (E) GM estimated from equation 5; (F) Relative bias and precision of the sample GSD
compared to the true GSD; (G) GSD estimated from equation 2; (H) GSD estimated from equation 3; (I)
GSD estimated from equation 7; (J) GSD estimated from equation 6

3.5 Discussion

3.5.1 Information available in the literature

The analysis of the literature database revealed several limitations, in the context of

exposure assessment, of the information reported in the publications, similar to those

described by Money and Margary, and Caldwell et al.(Caldwell et al., 2001;Money and

Margary, 2002). Hence although only looking systematically at crude information

(statistical summary parameters, job / work-zone sampled, sample size, crude sampling

strategies and analytical methods), our resuits show higli percentages of data for which

this information was lacking or flot adequate.
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Most available area exposure data carne from the main-production and finishing work

zones (74% of the data for which this information was available). Likewise, only three

job strata had more than 10 measurements available (Press operator, finisher, and

chipboard pasting, representing 71% of the documented data). These resuits underline a

potential for misinterpretation of exposure levels for which no information on the job I

workplace is provided.

3.5.2 Statistical modelling

Our simulation procedure yielded area and personal datasets different from exposure

datasets commonly described in the literature only in that they contain multiple

concentration data ‘columns’ due to the replication of the simulation process. While

these datasets could have been interpreted using several numerical analysis methods, we

initially had planned to use linear mixed-effect models, which are increasingly

considered as the state of the art analysis tool in occupational hygiene (Burdorf and Van

Tongeren, 2003). However, because personal data were severely unbalanced and jobs

were unknown for a majority of data we rather performed a stratified analysis of these

measurements in categories with enough data. Mixed effects models were used to

analyse the area P3 data, in which data was spread approximately evenly between

categories of the different variables.

The fixed-effects of the models constructed for the area data explained an important

fraction of the variability of the simulated data (38%), which indicates the usefulness of

such an analysis even with crude information on potential determinants of exposure.
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The models identified a clear time trend in the data, with an estimated 5 to 6 fold

reduction in exposure levels between the periods 1965-1974 and 1985-1994. The main

production area was also shown as the highest exposure zone, with the zones

corresponding to post- or pre-pressing operations corresponding to lower exposure

levels. These resuits are very similar to those reported by Lavoué et al., who analysed

fonnaldehyde exposure data measured in 12 plants manufacturing wood panels in

Quebec (Lavoué et al., 2005). The ‘unknown-other’ category in our study corresponds to

low exposure levels compared to the other zones. This is due to the fact that a

significant proportion of these data were classified as ‘other’ in the initial database, and,

as such, probably corresponds to very Ïow exposure locations such as administration or

the exterior ofthe facility.

Moderate correlation was found between concentrations coming from the same

publication for area measurements when simple random-effect models were fitted to the

data. This suggests that there were differences among the various sources due to

undocumented factors. Thus, significant bias could be present in any assessment based

on a small fraction of the available publications if sufficient information is flot provided.

3.5.3 Exposure levels estimated / predicted in our study

Personal measurements for the most recent available period (1985-1994) showed

fornialdehyde levels around 0.60 mg/m3 for the most exposed jobs (i.e job group 3

including press operators) in the PB process and slightly lower levels in the MDF

process (0.40 mg/m3). Other job groups corresponded to lower exposures, by a factor of
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1.5 to 2. The presence of a decrease of exposure over time was less clear in the case of

personal measurements than that observed in the area models. There were only 5 values

for 1965-1974, and table 2 shows that although exposures in the ‘unknow’ job category

for PB decreased from 1975-1984 to 1985-1994, they increased in the case ofjob group

3. Non stratified GMs nevertheless show a trend similar to that observed in the area

models. The GM corresponding to the ‘unknown category’ is higher than both group 2

and 3, which suggests that most of the unknown data corne from high exposure jobs,

rnost probably a mix of group 3 and 4 (Group 4 corresponded to the highest exposures in

the study of Lavoué et al.). This confirms the risk of exposure misclassification when

interpreting data with littie ancillary information.

Area measurements were markedly lower in OSB (GM=0.05 rng/m3) than in the two

other processes. This is not unexpected and is due to the fact that phenol-formaldehyde

resins used in OSB are more resistant to hydrolysis than urea-formaldehyde and

melamine-urea-formaldehyde resins, which are used in MDF and PB. MDf

concentrations (GM=0.22 mg/rn3) also seemed lower than P3 levels, but did flot differ

from PB levels afier côrrection by time period and zone (most of the MDF levels

correspond to 1984-1995 and the ‘Other-unluown’ zone). PB concentrations, predicted

for the most recent period, show formaldehyde GMs at 0.42 mg/m3 in the main

production zone, and between 0.12 mg/m3 and 0.23 mg/m3 in the other zones.

The personal and area exposure levels reported above are very similar to predictions

made from the models presented in the study of Lavoué et al. in the sarne industrial
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sector in Quebec for the year 1990 and for what the authors labelied ‘governmentai data’

as opposed to ‘research’ data (calculations not shown). These predictions were generaliy

less than 20% different from the GMs presented in table 2 and 5. In their study, Lavoué

et al. found that levels taken by governmental hygienists were consistentiy higher than

those measured by a research team in the saine facilities after correction for other

determinants of exposure. They concluded that ‘govememental’ data probably

corresponded to ‘worst case’ sampling strategies. Our observations would therefore

imply that such bias also exist in the data we extracted from the literature.

Unfortunately, only 3 of the 7 publications reporting a crude description of the sampling

strategy stated explicitly that it was a ‘worst-case’ strategy; they represented 20 % of ail

the measurements. Moreover these data were flot higher than the rest of the data after

correction for process, time period and job/zone. Thus it remains unclear how the

different and mostiy unknown sampiing strategies used in the iiterature influenced our

resuits.

The data in our study corresponded to variable sampling times (20% <ihour, 52% 1-

6hours, 8%>6 hours, 20% unknown). Several authors have observed an influence of the

sampling duration on exposure levels, generaily a decrease in exposures when the

duration increases (Koistad et al., 2005;Lavoué et ai., 2005;Raaschou-Nieisen et al.,

2002). Including a nominai variable corresponding to the sampling time didn’t improve

the fit of the area models. In the case of personal data, median GMs stratified only by

the sampie time category showed increasing exposures with increasing sample time <1

hour (0.36 mg/m3), 1-6 hours (0.52 mg/m3), >6 hours (0.77 mg/rn3), unknown (0.76

mg/m3). However this trend was inversed when using MDF data from 1984-1995
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stratified by job group and category of sample time. It is therefore difficuit to conclude

on the existence of an influence of the sample time in our data. This may be due to the

classification scheme we used, which was warranted by the lack of precision in the

information provided in the articles.

3.5.4 Validity of the simulation methodology

Monte Carlo simulations used to merge aggregated and single measurements yielded

rnoderately variable results. Indeed the RSDs of the sumrnary parameters (GM5 and

GSDs) calculated from the 1000 replications are between 10% and 20%. These resuits

are confirmed by the similar variability observed in the parameters of the mixed effects

models fitted to the simulated data and point to the possibility of using less replications

in future studies.

The first main limitation of our methodology regards the calculations used to estimate

distribution parameters from very limited information. The simulation study we

performed in order to evaluate the accuracy of the different estimators in equations 1-7

showed moderate bias and precision for most rnethods, with errors decreasing when the

sample size increased. Indeed, the maximum bias for the estimation of GMs decreased

(in absolute value) from 18% for a sample size of 5 to 5% for a sample size of 30. Table

5 also shows that the different methods used are associated with different biases and

precisions (e.g. GM2 in table 5 is negatively biased whereas the other estimators are

positively biased). Since the set of available parameters is often different between

sources of data, the error introduced by the estimation methods will therefore also vary
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across sources. We chose an average value of GSD (2.5) to perform the simulation

(Buringh and Lanting, 1991). Since the GSD we estimated during this study were

slightly lower (median values of respectively 1.7 and 2.2 for personal and area

measurements), the actual error in our estimates should be lower than that observed in

Table 5. Altogether, we believe these resuits are promising since the accuracy of the

estimation methods seems acceptable compared to the uncertainty generally associated

with occupational exposure assessment. However, more extensive simulation studies

should be conducted to fully evaluate the rnethods presented here. Such studies could

permit the determination of a prioritizing scheme for the choice of specific equations and

allow the specification of sample sizes below which some methods should flot be used.

The second main limitation of our methodology regards the assumption that every set of

data summarized in a study follows a lognormal distribution. This assumption is central

in our methodology because it is used in the methods of estimation of GM and GSD and

during the simulation process. It is now welï established that airbome concentrations of

contaminants in the workplace tend to follow, at least approximately, a lognormal

distribution, and most methods of interpretation of exposure levels rely heavily on this

assumption (Mulhausen and Diamano, 1998;Rappaport, 2000). We believe there was

little risk of important departure from the assumption of lognormality in most of our data

since each set of measurements came from the same occupational setting and was further

characterized by process, time period and job/zone. However, we did not quantify the

robustness of our simulation method to such departures, and recommend that other

studies be conducted to evaluate it.
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While we believe that the procedure we propose permitted to recreate exposure data

representative of the data summarized in the articles we analysed, their

representativeness of occupational exposure to formaldehyde in the general population

cannot be assessed directly. It depends on the validity of the publications themselves. In

our study, all data available in the literature was retrieved, and only very crude criteria

were used to discard irrelevant data before analysis. In particular, the authors did flot use

the criteria proposed by Tielemans et al., according to which a large part of the data

summarised in this study would have been excluded (Tielemans et al., 2002). We chose

to include as much data as possible in order to maximize the dataset available to test the

feasibility of our methodology and the variability caused by the aggregation of different

studies. However, it is plausible that the inclusion of multiple studies in the analysis

permitted to compensate to some extent for study-specific biases. Moreover the analysis

of the simulated area datasets with statistical models yielded plausible quantitative

results regarding the influence of the different variables and the models explained an

important percentage of the variability of the simulated data. Finally, the observations

drawn from the analysis of the simulated data were similar to the results obtained in an

analysis made on an extemal source of exposure data in the same industrial sector

(Lavoué et al., 2005).
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3.6 Conclusion

The new method we used in this study allowed the inclusion in the analysis of data that

would have been discarded if conventional methods (e.g. average of the means weighted

by the sample size or variance) had been used. Moreover, single measurements could be

analysed along with sumrnarized measurements. In addition, the equations and

assumptions used to simulate the exposure data are explicit and permit the

computational aggregation of ail available data. This ensures reproducibility of the

resuits by researchers other than the initial assessor(s) and permits quantitative

assessment of the uncertainty, as opposed to the “black box” of expert-only assessments.

Finally the database-like format resulting from the simulation procedure enables to

produce the same kind of analyses one would conduct on a standard exposure dataset, in

particular the use of statistical models to explore potentiai exposure determinants. The

authors would like to emphasize that such ‘ail numerical’ analysis should not be taken as

a replacement for expert analysis of the literature but merely as a tool for industrial

hygiene meta-analyses, available to help the exposure assessor to integrate in a

consistent and transparent way the resuits availabie from several exposure studies.

Further analysis of this methodology, by the use of quality criteria to down-weigh or

exciude sorne data, or by using simulations to assess the accuracy of the estimation

equations, will allow for a better appraisai of the potential of this methodology for

exposure assessment. Similar studies in other industrial settings and for other

contaminants are also warranted to assess the generalizabiiity of our results.
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3.8 Appendix

Let Y be a random variable foliowing a normal distribution with mean h and standard

deviation a. Let y(l ) y(n) be the order statistics of any sample of size n taken from

this distribution, R the range of the sample, and î the empirical x percentile of the

sample.
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Justfication ofequation 6

Usually, P is obtained by finding the th order statistic (usualiy the th smaller value) for

which-- —r---. Formaily, each order statistic follows a distribution of which the
n 100

expected value can be estimated. In particular, Blom proposed the following formula for

samples drawn from a normal distribution (Blom, 195$):

= t — 0.375
x 100 (7) with n the sampie size, j the rank of the value of in the

n +0.25)

sample, and p such that P is an estimate of the th percentile of the population. Thus, in

theory, Z in equation 5 should be replaced by Z, p being calculated from equation 7.

However, the authors found that there was less than 1% difference between p and x

when the sample size is greater than 14. Therefore to simplify calculations, equation 6

was used in our study since ail sample sizes for which this equation was to be used were

greater than 30.

Justification ofequation 7

The standardized range of a random sample from a normal distribution, defined by

w =
=

, follows a specific sampling distribution, described in equation

form by Hartley (Hartley, 1942). The cumulative density function ofthis distribution can

be estimated by numerical integration. This concept is much used in R-charts in process

quality control, where the ranges of sequentiai process samples are plotted against
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control limits. with excessive values indicating departure from the initial distribution and

loss of control. The control limits are cornputed as chosen percentiles of the theoretical

sampling distribution of the ranges. The equations proposed by Hartley show that the

sampling distribution of the range of the standard normal depends only on the sample

size; therefore the sampling distribution of the standardized range of a sample of any

normal distribution depends only on the sample size. If we know the quantity y(n)-y(l)

for one sample of size n from a normal distribution. and we assume that this single value

is close from its theoretical median, we can then estimate as u
= Y(,) Ytu

. Applied

to our situation with a lognormal distribution, we estimate GSDexp(a) from a range

[ln(b),ln(a)Ï and a given sample size.

The determination of Wtiiedjan, the theoretical median of the standardized range was

perforrned with the function qnrange of the S-Plus 6.1 statistical sofiware (Insightfull,

2001). This fttnction solves the equations proposed by Hartley by numerical integration.

As an alternative to this function, a table giving the cumulative probability of the

sampling distribution for values of W ranging from O to 7.25 and for sample sizes

between 2 and 20 can be found in Zwillinger and Kokoska p69-76 (Zwillinger and

Kokoska, 2000).
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4.1 Abstract

Occupational exposure databanks (OEDB) have been cited as sources of exposure data

for exposure surveillance and exposure assessment in epidemiology. In 2003, an extract

was made from COLCHIC, the French national OED3, of ail concentrations of

formaldehyde. The data were analysed with extended linear mixed-effects models in

order to identify influent variables and elaborate a multisector picture of formaldehyde

exposures. Respectively, 1401 and 1448 personal and area concentrations were available

for the analysis. The fixed effects of the personal and area models explained,

respectively, 57 and 53% of the total variance. Personnal concentrations were related to

the sampling duration (short-term higher than TWA levels), decreased with the year of

sampling (-9% per year) and were higher when local exhaust ventilation was present.

Personal levels taken during planned visits and for occupational illness notification

purpose were consistently lower than those taken during ventilation modification

programmes or because the hygienist suspected the presence of significant risk or

exposure. Area concentrations were reiated to the sampling duration (short-term higher

than TWA levels), decreased with time (-7% per year) and when the measurement

sampling flow increased. Significant within-facility (colTelation coefficient 0.4 to 0.5)

and within-sampling campaign correlation (correlation coefficient 0.8) was found for

both area and personal datasets. The industry/task classification appeared to have the

greatest influence on exposure variability while the sample duration and the sampling

ftow were significant in some cases. Estirnates made from the models for year 2002

showed elevated formaldehyde exposure in the fields of anatomopathological and
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biological analyses, operation cf glueing machinery in the wood industry, operation and

monitoring of mixers in the pharmaceutical industry, and garages and warehouses in

urban transit authorities.
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4.2 Introduction

Formaldehyde is an irritant gas recently classified as carcinogenic to humans

(liternational Agency for Research on Cancer, in press). Exposure in a wide array of

workplaces is mainly due to its presence in amino and phenolic resins used in several

products such as vamishes, glues, and plastics. Formaldehyde is also found in sanitizing

products, as an intermediate product in chemical synthesis, in histological fixative

products, and embalming ftuids. The recent change in the IARC classification of

formaldehyde from group 2A (probably carcinogenic to humans) to group 1

(Carcinogenic to humans), based on stfficient evidence that it causes nasopharyngeal

cancer in humans, constitutes an incentive for improved exposure surveillance in

workplaces where formaldehyde is present.

The COLCHIC database is the French national occupational exposure data bank

(Carton and Goberville, 1989). Set up in 1987, it contains the results ofrneasurements

taken since 1986 by eight French regional health insurance fund interregional chemical

laboratories and the laboratories of the Institut National de Recherche et de Sécurité

(INRS). As of 2001, COLCHIC contained more than 400,000 measurement results

taken in 14,000 facilities, corresponding to 600 different substances (Vincent and

Jeandel, 2001). In 1995, Carton presented a succinct sumrnary of the 2700

formaldehyde measurements then available in COLCHIC (Carton, 1995).
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The potential of occupational exposure databases (OEDB) as a source of exposure data

has already been mentioned in the literature for purposes including mainly exposure

surveillance (Goldrnan et al., 1992;LaMontagne et al., 2002), exposure assessment for

epidemiology (Stewart and Rice, 1990), or regulatory impact assessment (Botkin and

Conway, 1995). Several limits of nation-wide OEDBs have also been discussed in the

literature (Gomez, 1997;Stewart and Rice, 1990;Ulfvarson, 1983). The main objective of

our study was to explore the extent to which the ancillary information provided in

COLCHIC allows predicting the exposure levels in this OEDB, in order to gain insight

on the usefulness of this OEDB for exposure assessment and produce a multi-sector

picture of formaldehyde exposures.

4.3 Methods

The COLCHIC database lias been described in details previously (Carton, 1995;Carton

and Goberville, 1989;Vincent and Jeandel, 2001). COLCHIC covers only the

workplaces under the authority of the French national security general insurance

scheme, thus exciuding State services (e.g army, education), agriculture, mines, energy

production, and national mass transit. For the purpose of this study, ail formaldehyde

concentrations recorded in COLCHIC since 1986 up to September 2003 were extracted

from the database. The extract was refined by elirninating data without tlie following

characteristics: quantitative personal or area measurement, sampling device used is a

sampling tube. The analytical method used in the COLCHIC formaldehyde data was

presented previously (INRS, 2003). Resuits reported only as ‘detected’ or ‘superior to’
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were excluded (n=126). A total of 65 records for which the concentration was >10

rng/rn3 were investigated by contacting the institution having made the measurements,

which caused the exclusion or correction of 7 records.

The resulting dataset was spiit into ‘area’ and ‘personal’ datasets. Within each dataset,

values reported as under a detection lirnit (concentration < x) were replaced by the

detection limit divided by 2 (x/2) (Homung and Reed, 1990). Values reported as ‘non

detected’ were replaced by the median of the reported detection limit divided by two

{rnedian(x)/2].

Each measurement in COLCHIC can be related to variables indicative of economic

activity and task. The ECA variable is a codification of economic activities used to

classify companies for occupational illnesses compensation purposes in France. It is

based on the NAF classification with the addition of one character to allow for more

precision. The NAF classification is the French four-character classification of economic

activities (NAF, Rev. 1) (Ministère de lTéconomie des finances et de l’industrie, 2003)

and is related to European NACE classification (European community (EC), 2002). The

TASK variable is a five-character code (with —700 categories), specific to COLCHIC,

which identifies the task or workstation corresponding to a sample (Carton and

Goberville, 1989). In order to improve stratified analyses with these variables a partial

aggregation of data across categories was performed, yielding to the rnodified variables

Mod-ECA and Mod-TASK (see Table 1). Hence, when less <40 values were available

for a five-character category, one character was taken out to create a new, broader
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category. The process was repeated until the category contained 40 values or the code

was reduced to two characters. This procedure allowed maximizing the number of data

per strata while keeping a precise codification for categories with more values. A

peculianty of this classification algorithrn is that when resuits are presented for a

broadened category (e.g. code reduced to 2 characters), the results exciude data in this

broad category which belong to finer categories containing > 40 data. The variable

ECA-TASK was obtained by combining Mod-ECA and Mod-TASK.

4.3.1 Statistical modelling

Separate statistical modeliing was perforrned with the personal and area datasets. The

response variable selected for analysis was the natural logarithrn of formaldehyde

concentrations. The data were analysed with extended linear mixed-effects models,

which allow modelling complex variance-covariance structures in the data (Pinheiro and

Bates, 2000). The model framework used in this study can be described by the

following equation:

Ln(C)/kl = (Fixed .effects) + (Lab.eJfect)1 + (facility.effect) + (Ca1npaign.effect)

+ (Errol-)Uk,

(1)

= 1,. . . ,4, j = 1,. . . ,IvI, k = 1,. . . ,Ilj, 1=1,. . . ,IvI

where there are M regional laboratories, M facilities corresponding to the th Lab,

sampling campaign in the jth facility corresponding to the jth lab, and Mk observations in

the kth sampling campaigns in the th facility conesponding to the lab. The total
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M M, M,,

number of observations is Ln(C),i is the logarithrn of the 1th observation
i=I j=I k=1

in the kth sampling campaigns in the th facility corresponding to the jth lab. The model

assumptions are that 1) (Lab.effect) , (fadllity.effect) and(Campaign.effect) are

distributed normally with mean O with respective standard deviations otab, faci1ity’ and

0campaigu; 2) (Lab.effect) , (faciÏity.effect) , (Carnpaign.effect) and (Error) are

statisticaily independent; and 3) (Error) follows a multinormal distribution with mean

O.

Ail fixed and random effects tested for inclusion in the models are presented in Table 1,

along with descriptive statistics for the continuous variables.

Several modelling approaches were used in order to address specific compiexities in our

data: first, Mod-ECA and Mod-TASK were not tested simultaneousiy for inclusion in

the statistical models. Indeed their simultaneous presence would imply that for each

industrial category, the mode! cou!d predict exposure for every kind of task, which is not

possible since many tasks are industry-specific. Therefore, for both the personai and area

datasets, three models were constructed, one in which Mod-ECA was tested along with

the other potential predictors, one with the variable Mod-TASK and one with the

variable ECA-TASK.

Moreover, depending on the classification used, the number of data belonging to

categories with sufficient data to permit estimation was rnuch variable. To address this
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issue and aliow comparison of the different models, a dataset common to ail industriai

classification schemes was used. This dataset oniy inciuded data belonging to categories

of ECA-TASK with at least 30 values.

Finally, the measurement durations in COLCHIC ranged from a few minutes to several

hours. Peak, short-term and TWA measurements might not be influenced by the same

determinants. Therefore, the predictions of the final models were compared with those

obtained with the same modeis fitted to a dataset restricted to sample durations> 1 h.

The sample duration was tested both as a continuous (LENGTH, Table 1) and nominal

(TYPE, Table 1) variable. The categories of TYPE, initially defined by the cut-points

15, 30, 60, and 120 min. were refined during the modelling by comparison to models

fitted with aggregated categories. For ail nominai variables, estimates of the model

coefficients for categories containing <10 values were flot reported. Data which were

classified in the ‘unknown’ or ‘other’ category of a nominal variable were excluded.

The random effect structure tested in our model was a nested structure “campaign in

facility in lab” (equation 1). The coi-relation between measurements taken in the same

group ofthe 1st 2nd and 3rd levels of classification were estimated as follows

j. Coi-relation of measureinents taken in the saine lab but dfferent fadilities and

sampting campaigns

Plab = 2 2
1ab

2
(2)

tab + + faci1i(y + cnnIpaigPl

u,. is the residual variance.
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ii. Correlation of measurements taken in the saine facitity but during dfferent sampting

campa igns

1ab + Ofacili

Pfacitity = 2 2 2
6iab + + faci1fly + ca,npaigfl

iii. Correlation of measurements taken during the same sampling campa ign

— lab + facjtjty + arnpaigfl (4Pcarnpaign
— 2 2 2 2

lab + + facilù’y +
cangpaigll

The ime function of the S-plus software, which was used in our study, provides

estimates of the different intergroup variabilities (e.g. ,,ipaig,i). This impiies variable

ultra-group correlation coefficients (e.g Pcainpaig,z ) when o, is modelled as dependant on

other variables. The intra-group correlation coefficients presented in the resuits section

were therefore caiculated for an average residual standard deviation.

The potential dependency of u on other variables (i.e heteroscedastic model) was

tested in several ways in our study: o modelled as different for each category of a

nominal variable (ail nominal variables in Table 1 were tested) as illustrated in equation

5; o. varying linearly (equation 6) or exponentially (equations 7 and 8) with a

continuous variable (the response and ail continuous variables in Table 1 were tested).

= /3. (5), with /3. to be estimated, i=nl to the number of categories of the nominal

variable

o =C*(PX)(6)
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uw
=C*exp(pX)(7)

= C * exp(,6 ln(X)) (8), with C and 6 to be estimated and X the continuous variable

tested.

Only first order interactions were tested for inclusion in the models.

Table 1: Variables tested in the statistical models

Variable Type Descritpion
Fixed_effects

SEASON Nominal (4 categories) Season of the sampling as
defined by the following
break dates: winter
(12/22 to 3/20) , spring
(3/21 to 6/21), suwmer
(6/22 to 9/22), autuinn
(9/23 to 12/21)

MOD-ECA Nominal (respectively, 17 and Constructed f rom the
20 categories in the personal aggregation (see Methods)
and area restricted datasets) of the five-character

industrial classification
ECA.

MOD-TASK Nominal (respectively, 15 and Constructed f rom the
19 categories in the personal aggregation f see Methods)
and area restricted datasets) of the five-character

classification of
workstations TASK.

ECA-TASK Nominal f respectively, 27 and Constructed as a
31 categories in the personal combination of MOD-ECA
and area restricted datasets) and MOD-TASK

YEAR Continuous (integer) Year 0f sampling
1966 to 2003

LENGTH Continucus (min.) Sample duration
Interquartile interval:
20-89 min. for personal data
43-111 min. for area data

TYPE Dichotomous Constructed f rom the
Personal dataset : <l5min / continuous variable
>l5min LENGTH
Area dataset : <60min / >60min

FLOW Continuous fL/min.) Sample flow rate
InterquarCile interval : Calculated from the
0.5-l L/min for personal data variables LEMGTH and
0.6-0.1 L/min for area data VOLUNE

VOLUNE Continuous (L) Volume of sampling, only
Interquartile interval t FLOW and LENGTH were
15-60 L for personal data tested in the models
30-77 L for area data

AGMOTIV Nominal (9 categories) Constructed f rom a
1. Suspicion of exposure variable indicating the
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2. Suspicion 0f health risk reason of sampling by
3. Observation of health aggregating categories

effects with similar purposes
4. Occupational illness (reduction from 17 to 9

notification categories)
5. Law enforcement

6. systematic survey
7. Initial survey
8. Modification of the

ventilation_system

ANBTEMP Nominal (4 categories) Information on the
1. <lO2C temperature on the
2. 10-252C sampling site
3. >25C
4._Unknown)

COLPROT Nominal (6 categories) Information on collective
1. No local exhaust exposure control measures

ventilation
2. Local exhaust

ventilation (non
enclosing)

3. Local exliaust
ventilation (enclosing)

4. Ventilated booth
5. Employee far from

emission source
6._Unknown

VENTIL Nominal (4 categories) Information on the
1. No mechanical general pattern of general

ventilation ventilation
2. No mechanical general

ventilation but local
exhaust ventilations
sys tems

3. Mechanical general
ventilation

4. Unknow

Random effects

LAB Nominal (9 categories) Identification of the
laboratory who conducted
the survey

FACILITY Nominal (respectively, 123 and Code identifying
172 categories in the personal anonymously each ±acility
and area modelling datasets) visited

CANPAIGN Nominal (respectively, 223 and Sampling campaign:
240 categories in the personal regrouped all
and area modelling datasets) measurements made in the

same plant during a
period of 4 or less
consecutive days.

REML optimization was used to choose the random effects and residual variance

structures, and estirnate the final model parameters. ML optimization was used to

compare models with different fixed effects structures. Two series of models were

constnicted, one using die Akaike information criterion (AIC), and the other using the
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Bayesian information criterion (BIC). ModeÏ building was performed firstly by means of

a manual forward stepwise routine using the discriminating criterion for the fixed-effects

structure. Then the best random effect structure was added by comparing the criteria of

the possible models. FinalÏy the variance structure for the residual variance was assessed

the same way. The next step consisted in retesting the fixed effects for removal or

addition of variables. The random effects and variance structure were adjusted again if

the fixed effect model had changed.

In order to maximize the power of the analysis, the datasets were not parted between a

‘model building set’ and a ‘validation set’. Rather, the whole datasets were used for the

construction of the models. Internai validation was conducted by graphical assessment

ofresiduals and estimates ofrandom effects.

In order to illustrate the quantitative influence on exposures of the fixed effects coded as

nominal variables, relative indices of exposure (RIE, equation 9) were calculated

(Lavoué et al., 2005). For each variable, the category conesponding to the highest

number of observations (the reference category) was assigned the value 100%.

RJE,CVCIA(%) = 100 *
exp(CoefJevetA — oefJeIejRef) (9)

with RiElevelA the relative index of exposure for level A of the variable in question,

Coeffeve1A the estimated coefficient conesponding to the category A and CoeffevelRef the

estirnated coefficient corresponding to the reference category. Coeffeve1Ref is O when the

reference category is included in the intercept. Thus, relative to the reference category,

exposure levels associated with other categories are estimated as percentages.
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Ail analyses were conducted with the statisticai software S-plus 6.1 professionai edition

for windows Release 1 (Insightfull corp., Seattle, WA).

4.4 Resu its

4.4.1 Descriptive analysis

The extract from COLCHIC contained 7392 formaldehyde measurements corresponding

to the preliminary criteria mentioned in the methods, with 44 and 56% of personal and

area measurements, respectively. These were taken between 1986 and 2003 in 692

facilities covering 259 five-character economic activity codes. Respectively, 52 and

43% of the personal and area data belonged to categories of ECA-TASK with >30

values, ieading to modelling datasets with 1401 and 1448 values.

During the compilation of the datasets, it was found that each resuit in COLCHIC

corresponds to one analytical resuit instead of an ‘exposure’ resilt. Hence, several

resuits may actually correspond to one ‘full shift exposure’ ev1uated with several

consecutive samples (e.g. one personal full shifi exposure evaluated with a ‘morning’

and an ‘afternoon’ sample). Since there is no variable in COLCHIC allowing the

automated pairing of this type of resuit, ail data were taken as separate measures of

exposure. Respectively, 2.7 and 4.3% of the personal and area measurements were

reported as not detected or under a limit of detection.
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4.4.2 Statistical modelling

Six models were developed to accommodate the separate analyses of Mod-ECA, Mod

TASK and ECA-TASK for both personal and area measurernents. Table 2 summarizes

the mains features of the final models and presents the differences between models built

based on AIC and BIC. The AIC models are described in details below.
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for both area and personal measurements the model based on ECA-TA$K explained the

most variance (53 and 57%, respectively) and had the lowest AIC value (it had generally

flot the lowest BIC however because of the substantial number of additional pararneters).

In the foilowing section only numerical results from the area and personal ECA-TASK

models are presented, except when significant differences existed with models based on

only Mod-ECA or Mod-TASK. Table 3 and 4 show, for personal and area

measurements, respectively, the quantitative influence on exposure of ail variables

except the ECA-TASK classification.

In the personal model, both variable representing the sample duration (LENGTH and

TYPE) were related to the response. The best fit was obtained with TYPE as a

dichotomous variable defining short-tenn (<15 mm) and TWA (>15 mm)

measurements, and interacting with LENGTH. This corresponds to different intercepts

for short-term and TWA measurements as well as a different siope for the influence of

the sample duration as a continuous variable. The TYPE variable also interacted with

ECA-TASK, the reason of sampling (AGMOTW) and the type of local exhaust

ventilation (COLPROT). Estimated at 10 min. for the short-term measurements and

100 min for the TWA measurernents (the respective median sample durations for these

categories), the median ratio of short-term to TWA concentrations was 2.5 (varying

between 1 and 4 across categories ofECA-TASK). The variable ECA-TASK explained

the highest proportion of the total variability compared to the other fixed effects (partial

r2 0.32).
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Variable I Category Short-term TWA measurements
measurements

Sample duration (LENGTH)
Rate of reduction cf exposures 18% pet 5 min. [-6;36] 6% per 60 min. [-2:13]
caused by an increase
Year of sampling
Yearly decrease in exposures I 9% per year [5;1 3]
Type of LEV (COLPROT)
No LEV fReference) 100% 100%
Non-enclosing LEV 110% [80:151] 153% [133:176]
Enclosing LEV 143% [79;248] 120% [90:159]
Reason of sampling (AGMOTIV)
Suspicion of exposure (Reference) 100 100
Suspicion of health risk 52% [18;147] 122% [50:301]
Modification ofthe ventilation 103% [55:196] 85% [60;122]]
Systematic survey n.a1 56% [29:110]
Notification of occupational illness n.a 5% [0.4;64J
Observation of health effects n.a 44% [19:101]
(A) Approximate 95% confidence interval (B) The estimates for the models based on ECA and
TASK were, respectively, at 95 and 73% (C) Less than 10 values in the category

for the area model, a structure similar to the personal models was found to best

represent the influence of sample duration on concentrations: a combination of

LENGTH and TYPE. In this case, refining the TYPE variable also led to a dichotomous

variable but the cut point that best differentiated short-term and TWA area

measurernents was 60 min. The TYPE variable interacted with ECA-TASK, LENGTH

and fLOW. Estimated at 30 min. for the short-terni measurements and 100 min. for the

TWA measurements, the median ratio of short-term to TWA concentrations was 1.9

(varying between 0.1 and 20 across categories of ECA-TASK). The variable ECA

TASK explained the highest proportion of the total variability cornpared to the other

fixed effects (partial. r2 0.38).

Table 3: Effects on exposure ofthe fixed effects in the personal ECA-TASK model
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Table 4: Effects on exposure ofthe fixed effects in the area ECA-TASK model

Variable I Category Short-term TWA measurements
meas u rements

Sample duration (LENGTH)
Rate of reduction of exposures 6% per 5 min. [3;8J 13% per 60 min. [7;20]
caused by an increase

Sample flow (FLOW)
Rateofreductionofexposures 2% pero.lumin.[-2:5] 6% pero.lumin.[l;10]

caused by an increase

Year of sampling
Yearly decrease in exposures 7% per year [3:12]
Type of ventilation (VENTILGLOB)
No mechanical ventilation 100%
f Reference)

Mechanical ventilation 70% [50:80]
(A) Approximate 95% confidence interval (B) The estimates for the models based on ECA and

TASK were, respectively, at 42 and 32% per 60min.

Inclusion of a random effect structure resulted in an improvement of the fit for ah

models with an average reduction of the AIC and BIC of 13%. The variabtes identifying

the sampling campaign and the facility were included in personal and area models. The

estimated within-facility conelation coefficients were 0.5 and 0.4, respectively, for the

personal and area models. The within-carnpaign correlation coefficients were 0.8 for

both models. Inclusion of the variable lab as a random effect resulted in an improvement

of the fit only for the area models, with an estimated within-lab correlation coefficient of

0.08.

Addition of a heteroscedastic structure for the enor tenu in the models also improved

the model fits with an average reduction in the AIC and BIC of 5%. For the personal

model the residual variance was different for each category of ECA-TASK and TYPE

(equation 5) and varied exponentially with the sample duration (equation 7). The

residual standard deviation (o) decreased when the sample duration increased at a rate
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of 24% per 5 min. for the short-term measurements and 5% per 60 min. for the TWA

measurements. In addition to a different decrease rate for the two categories. the short

term measurements had their residual standard deviation higher than the TVv’A

measurement by a factor of 2. This resulted in global GSDs, across categories of ECA

TASK. varying between 3 and 4.7 for the short-term measurements, and between 2.9

and 3.3 for the TWA measurements. For the area model o,, was different for each

category of ECA-TASK (equation 5) and varied exponentially with the sample flow

(equation 7). o decreased by different amounts depending on the sample duration

when the sampling flow increased by 0,1L/min.: <l5min. 1.9%, 15-30 min. 6.4%, 30-

60 min. 9.2%, 60-120 min. 9.4, >120 min. 9.9%. This resulted in global area GSDs,

across categories of ECA-TASK, varying between 3.4 and 8.4 for the short-term

measurements, and between 3.4 and 6.7 for the TWA measurements.

The personal and area combined models were selected to predict personal and area

concentrations for different combinations of economic sectors and tasks. They were

chosen because they compare favourably to the other models and because their

interpretation, by allowing taking into account both the industry and task variables,

seems more adequate in the framework of occupational exposure assessment. for the

personal model, annual population GMs and global and within-facility GSDs were

estimated for the short-terni measurements for the year 2002, a sampling duration of 10

min. (the median sample duration of short-term measurements), the influence of the type

of LEV calculated by weighing the coefficients by their corresponding proportion of
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measurements in the modelling datasets, and the purpose of the sampling chosen as

‘systernatic suwey’. This category was chosen because it is believed by the authors to

be associated with the monitoring of more representative and ‘average’ exposure

conditions than the other categories. The TWA personal measurements were predicted

in the sarne conditions but for a sample duration of 100 min. (the median duration of

TWA measurements). For the area model, the GMs and GSDs for the short-term

measurements were estirnated for the year 2002, a sampling duration of 30 min. (median

duration of area short-term samples), a sampling flow rate set at the median ofthe values

of the modelling dataset (0.98 L/min), the influence of the absence/presence of

mechanical ventilation calculated by weighing the coefficients by their corresponding

proportion of measurernents in the modelling datasets. The TWA area measurements

were predicted in the same conditions but for sample duration of 100 min. (the median

duration of TWA area measurements). Population AMs and probabilities of exceedance

ofthe French short-term exposure limit (1.2 mg!m3) for short-term measurements and of

the 8-h exposure limit (0.6 mg/m3) for TWA measurements were also calculated. These

estimates, along with the sample sizes and the raw GMs and G$Ds for each category, are

presented in Table 5 and 6 for short-terrn and TWA personal measurements and in Table

7 and 8 for area measurements, respectively.

For both personal and area measurements 24 and 24 ECA-TASK categories were

available for comparison of the predictions for TWA data of the final model with the

predictions of models fitted to data restricted to >lh. The personal and area ‘>1 h’

models were fitted, respectively, to 628 and 856 values. With the ‘>1’ prediction as the

reference, the comparison for the personal measurement yielded an average bias of 17%
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and a rank correlation of 0.95. These values were, respectively, -13% and 0.91 for the

area measurements.

Table 5: Short-term personal exposure predictions for the year 2002 in combinations of

industries and tasks

(A) Sampie size (B) Sample GM (mg/mj (C) estimated GM (mg/m) for year 2002, sampling duration of
10 min., sampling purpose systematic survey’ and an effect of collective protection chosen as the average
of ail categories weighted by their proportion in the population (D) Estimated global GSD (E) Estimated
within-facility GSDF) Fraction of exposures estimated to be exceeding the French rcommended short
term limit (1.2 mg/m3)

Table 6: TWA personal exposure predictions for the year 2002 in combinations of

industries and tasks

Code Label N(A) GM GEtl
GSDI101 GSD2 Mute F(%)t°1

15 Foodindustry
B6 Agriculture and food industry 36 0.03 0.04 3.1 2.0 0.05 0

202ZA
Wood slicing and rotary cutting, plywood,
manufacture of veneer and blockboard panels

A5440 Operation and monitoring cf gluing machinery 118 0.21 0.09 3.0 1.9 0.11 0

202ZB Manufacture ofwood panels (excluding plywood)
and laminates

Code Label Nt GM
GSD1101 GSD2

F(%)

15 Food industry
B6 Agriculture and food industry 10 0.15 0.15 4.0 2.9 3

202ZB Manufacture ofwood panels (excluding plywood)
and laminates

A3320 Operation and monitoring of press, extruder, injecting
13 0 56 0 09 3 3 2 3 0and thermoforming machinery .

A5440 Operation and monitoring 0f gluing machinery 26 0.61 0.20 3.4 2.3 2

203ZA Manufacture of structural wood members, rough
turning and tree processing

A5440 Operation and monitoring cf giuing machinery 23 0.57 0.21 4.4 3.3 7

452LA Wood carpentry work
A5440 Operation and monitoring of gluing machinery 19 0.81 0.42 3.6 2.5 13

751AA Local public administration (includes public
hospitals)

B8010 Sterilization of examining, surgical equipment 38 0.04 0.02 3.4 2.4 0
B8020 Various biological and bacteriological analyses 17 2.49 0.54 3.5 2.4 19

B8030 Anatomopathological analyses 41 0.44 0.29 4.7 3.6 14

851AA Private health care
B8099 Other tasks performed in operating rooms 16 0.98 0.07 4.4 3.3 1

851CA Medical office
B8030 Anatomopathological analyses 19 1.38 0.86 4.0 3.0 38
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A3120 Operation and monitoring cf moulding machinery 39 1.08 0.08 2.9 1.9 0.10 0
A3320 Operation and monitoring cf press, extruder, injecting

36 0.29 0.07 3.0 1.9 0.09 0and thermoforming machinery
A5050 Operation and monitoring of abrasion machining

38 0.23 0.08 3.0 2.0 0.11 0equipment
A5440 Operation and monitoring cf gluing machinery 45 0.24 0.06 3.0 1.9 0.08 0

A8 Control, sterilization, cleaning, maintenance 44 0.49 0.10 3.0 1.9 0.12 0

203ZA Manufacture of structural wood members, rough
turning and tree processing

A5440 Operation and monitoring cf gluing machinery 31 0.62 0.12 3.1 2.1 0.15 1

24 Chemical industry
A3020 Operation and monitoring cf mixer 31 0.29 0.05 3.3 2.3 0.07 0

252AF Manufacture plastic plates, sheets, tubes and
extruded shapes

A34 Manufacture cf composites 29 0.81 0.16 3.1 2.1 0.21 3

252HJ Manufacture of engineering plastic parts

A34 Manufacture 0f composites 33 0.12 0.06 3.0 2.0 0.07 0

252GK Manufacture of diverse plastic items
A3020 Operation and monitoring cf mixer 28 0.10 0.10 2.9 1.9 0.12 0

275 Foundries
B2110 Operation and monitoring 0f equipment producing

38 0.20 0.06 2.9 1.9 0.08 0Croning-type casting moulds

275AA Cast iron toundries
B21 10 Operation and monitoring cf equipment producing

20 0.24 0.03 3.0 2.0 0.04 0Croning-type casting moulds

361GA Manufacture wood furniture with machinery
A5440 Operation and monitoring cf gluing machinery 32 0.18 0.07 3.0 2.0 0.09 0

452LA Wood carpentry work
A5440 Operation and monitoring of gluing machinery 45 0.52 0.39 3.0 2.0 0.48 26

452LB Manufacture and installation of framing and
associated joinery

A5440 Operation and monitoring cf gluing machinery 50 0.34 0.08 3.0 2.0 0.10 0

T5IAA Local public administration (includes public
hospitals)

B8010 Sterilization of examining, surgical equipment 29 0.02 0.01 3.2 2.1 0.01 0

B8020 Various biological and bacteriological analyses 79 0.74 0.17 3.1 2.0 0.22 4

B8030 Anatomopathological analyses 50 0.52 0.17 3.3 2.2 0.24 6

851AA Private health care
B8020 Various biological and bacteriological analyses 68 0.34 0.10 3.1 2.1 0.13 1

B8030 Anatomopathological analyses 43 0.24 0.07 3.1 2.1 0.09 0

B8099 Other asks performed in operating rooms 24 0.10 0.03 3.1 2.0 0.03 0

851CA Medical office
B8020 Varicus biclogical and bacteriological analyses 32 1.62 0.42 3.1 2.0 0.54 31

B8030 Anatomopathological analyses 11 1.07 0.32 3.0 2.0 0.41 18

851KA Medical laboratories (outside hospitals)
B8020 Various biological and bactericlogical analyses 69 1.42 0.41 3.0 2.0 0.51 28

B8030 Anatomopathological analyses 21 1.39 0.36 3.1 2.0 0.46 24

(A) Sample size (B) Sample GM (mg/m) (C) estimated GM (mg/m) for year 2002, sampling duration cf
100 min., sampling purpose systematic survey’ and an effect of collective protection chosen as the
average cf aIl categoties weighted by their proportion in the population (D) Estimated global GSD (E)
Estimated within-facility GSD (F) Estimated arithmetic mean cf formaldehyde concentrations, calculated
from the estimated gm and global gsd (G) Fraction of exposures estimated to be exceeding the French
recommended 8 h limit (0.6 mglm3)
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Table 7: Short-term area exposure predictions for the year 2002 in combinations of

industries and tasks

Code Label Nt GMtB)
GM GSD110 GSD2

15 Foodindustry

86 Agriculture and food industry 26 0.24 0.10 3.9 2.9 1
155CA Manufacture ofcheese

A8030 Operation and monitoring cf sterilizing machinery 36 0.11 0.10 3.5 2.6 1

17 Textile industry
B4 Textile 22 0.24 0.13 4.8 3.8 5

202ZA Wood siicing and rotary cutting, plywood,
manufacture of veneer and blockboard panels

A3320
Operation and monitoring cf press, extruder, injecting

11 0.32 0.18 4.2 3.2 5and thermoforming machinery

202ZB Manufacture ofwood panels (excluding plywood)
and laminates

A3320 Operation and monitoring of press, extruder, injecting
35 0.67 0.24 3.5 2.6 4and thermoforming machinery

A50 Machining 13 0.61 0.30 3.8 2.9 10

244AC Manufacture of basic pharmaceutical products
A3020 Operation and monitoring of mixer 14 1.17 1.76 3.6 2.6 65

244CA Manufacture of proprietary medicine
A8610 Non specific pollution premises (office, meeting room...) 51 0.50 0.23 3.5 2.6 4

252 Transformation of plastics

A3320 Operation and monitoring cf press, extruder, injecting
16 0.02 0.02 3.5 2.5 0and thermoforming machinery

252HJ Manufacture of engineering plastic parts

A3320
Operation and monitoring cf press, extruder, injecting

23 0.09 0.02 3.9 2.9 0and thermoforming machinery

275 Foundries
821 Manufacture cf casting cores 14 0.11 0.12 3.8 2.9 1

823 Metal casting 20 0.03 0.02 3.9 3.0 0

275AA Cast iron foundries
821 Manufacture cf casting cores 11 0.10 0.03 3.8 2.8 0

452 Civil engineering
833 Operations cf extraction and drilling 22 0.05 0.05 3.5 2.5 0

452L Carpentry
A5440 Operation and monitoring cf gluing machinery 16 0.27 0.21 5.1 4.1 11

602AA Urban public transportation

A1230
Operations cf construction vehicles other than forklift,

43 0.76 0.36 4.3 3.3 16power shovel and jib crane.
Local public administration (includes public
hospitals)

A8610 Non specific pollution premises (office, meeting
14 0.03 0.02 4.1 3.1 0room,...)

B8010 Sterilization of examining, surgical equipment 51 0.07 0.06 3.8 2.9 0

B8020 Varicus biological and bacteriological analyses 46 0.24 0.08 4.4 3.4 1

B8030 Anatomopathological analyses 35 0.36 0.23 3.9 3.0 7

88040 Anaesthesia in operating room 45 0.09 0.02 4.9 3.9 0

751AC External services from local public
administration

B8020 Various biological and bacteriological analyses 13 1.73 1.79 3.9 3.0 64

851AA Private health care

88010 Sterilization cf examining, surgical equipments 25 0.10 0.06 3.4 2.5 0
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B8040 Anaesthesia in operating room 35 0.13 0.07 4.3 3.3 1
851CA Medical office

B8020 Varicus biological and bacteriological analyses 15 0.66 0.33 4.2 3.2 13

851 KA Medical laboratories foutside hospitals)
B8020 Various biological and bacteriological analyses 17 1.35 0.74 5.4 4.4 37

(A) Sample size (B) Sample GM (mgIm) (C) estimated GM (mgIm) for year 2002, sampling flow of
0.98L/min, duration of 30 mm, and effect of ventilation chosen as the average of presence’ and absence’
weighted by their respective proportion in the population (D) Estimated global GSD (E) Estimated within
facility GSD (F) Fraction of exposures estimated to be exceeding the French recommended short-term limit
(1.2 mg/m3)

Table 8: TWA area exposure predictions for the year 2002 in combinations of industries

and tasks

Code Label NIAI GM à1 GSD11°1 GSD2IEI Mu F(%)1°1

15 Foodindustry

B6 Agriculture and food industry 18 0.07 0.05 3.7 2.8 0.08 1

A4020 Operation and monitoring cf ovens and melting pots 18 0.03 0.02 3.4 2.5 0.02 0

202ZA
Wood siicing and rotary cutting, plywood,
manufacture ofveneer and blockboard panels

A3320 Operation and monitoring cf press, extruder, injecting
22 0.17 0.10 3.7 2.7 0.16 4and thermoforming machinery

202ZB
Manufacture ofwood panels fexcluding plywood)
and laminates

A3320 Operation and monitoring of press, extruder, injecting
17 0.39 0.19 3.4 2.5 0.28 10and thermcforming machinery

A50 Machining 15 0.57 0.19 3.6 2.7 0.31 12

A5050
Operation and monitoring 0f abrasion machining

65 0.31 0.13 3.5 2.6 0.21 5eguipment

A5440 Operation and monitoring cf gluing machinery 57 0.31 0.12 3.5 2.5 0.18 4

24 Chemical industry

A32 reactors 20 0.50 0.26 3.7 2.8 0.43 20

244AC Manufacture of basic pharmaceutical products
Aï020 Operation and monitoring ofmixer 17 :.__0.39 0.19 3.4 2.5 0.28 10

244CA Manufacture of proprietary medicine

A8610
Non specific pollution premises (office, meeting

18 1.04 0.17 6.7 5.5 0.74 23room,...)

252 Transformation of plastics

A3320 Operation and monitoring cf press, extruder, injecting
29 0.04 0.01 3.4 2.5 0.02 0and thermoforming machinery

252HJ Manufacture of engineering plastic parts

A3320
Operation and monitoring cf press, extruder, injecting

17 0.02 0.01 3.6 2.7 0.01 0and thermcfcrming machinery

275 Foundries
B23 Metal casting 13 0.03 0.01 3.7 2.8 0.02 0

452L Carpentry
A5440 Operaticn and monitoring cf gluing machinery 21 0.25 0.06 4.0 3.0 0.11 2

602AA Urban public transportation

A1230
Operations cf construction vehicles otherthan forklift,

10 0.64 0.20 3.4 2.5 0.30 11power shovel and jib crane.

751AA Local public administration (includes public
hospitals)

A8610 Non specific pollution premises (office, meeting 54 0.01 0.01 3.8 2.9 0.02 0
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coom,...)

B8010 Sterilization cf examining, surgical equipment 52 004 004 3.6 2.7 0.06 0

B8020 Various biological and bacteriological analyses 49 0 15 0.04 4.0 3.1 0.08

B8030 Anatomopathological analyses 17 0 15 0.09 3.7 2.8 0 16 3

B8040 Anaesthesia in operating room 29 0.02 0.02 4.4 3.4 0.03 0

851AA Private health care
B8010 Sterilization cf examining, surgical equipment 12 0.05 002 3.4 24 0.03 0

B8040 Anaesthesia in operating room 19 0.04 0.02 4.0 3.0 0.03 0

851CA Medical office
B8020 Various biological and bacteriological analyses 15 0.88 0.38 3.9 2.9 0.67 33

851KA Medical laboratories (outside hospitals)

B8020 Varlous biological and bacteriological analyses 22 0.89 0.50 4.8 3.7 1.20 45

(A) Sample size (8) Sample GM (mg/m3) (C) estimated GM (mg/m) for year 2002, sampling flow of
0.98L/min, duration of 30 mm, and effect of ventilation chosen as the average of ‘presence’ and absence’
weighted by their respective proportion in the population (D) Estimated global GSD (E) Estimated within
facility GSD (F) Estimated arithmetic mean of formaldehyde concentrations, calculated from the estimated
gm and global gsd (G) Fraction of exposures estimated to be exceeding the French recommended 8-h limit
(0.6 mg/m3)

4.5 Discussion

4.5.1 Statistical modelling

The industrial classification scheme we used in this study led to the rejection of

approximately 50% of the data for the statistical modelling. This was caused by the use

of the combination of industry and task as the main activity’ classification, the

exclusion ofcategories with <30 values, and, to a lesser extent, to the algorithm used to

refine the classifications. As an illustration, the use of only a two digit industrial

classification would have yielded a sample size of 1925 for the personal data. compared

to the 1401 in our models. However, Tables 5 to $ show several cases (e.g. health

sector) where the need for a combination of industry and task and for a fine

classification is clearly dernonstrated. Moreover. models built by replacing our

classification by two digit variables (4 for the combination of industry and task) always
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showed a worse fit in term of AIC (and in several cases in terms of BIC). Finally.

testing modelling datasets not exciuding categories with few data resulted in hundreds of

additional parameters to estimate, which caused convergence issues for the ML and

REML estimation methods.

As expected, Table 2 shows that BIC models are included’ in the AIC models. We

chose the AIC models as the final models because of the absence of the interaction

between sample type and industry/task in the BIC models. Hence, although the

differences between short-term and TWA samples across industries might not be of

sufficient amplitude cornpared to the number of added pararneters to be retained by BIC,

we thought their inclusion would provide more accurate predictions. Moreover it is

plausible that short-term and TWA measurements do not relate in the same way across

occupational settings

The percentages of total variability explained by the fixed effects of personal and area

models (ranging from 35 to 57%, Table 2) compare favourably with similar studies in

the field of occupational exposure assessment (ranging between 20 and 70%) (Burstyn

and Teschke, 1999).

The measurement duration was a major determinant of exposure levels in our study. The

test of several ways of classifying measurements according to their duration yielded a

dichotomous structure for both personal and area measurements. respectively <15 min

versus >1 5 min. and <60min. versus >60min, with short-term measurements associated
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in average with exposures two times higher than TWA measurements. The difference

between personal and area samples might be related to different strategies used to

choose the sampling duration. Formaldehyde concentrations also decreased continuously

with the sample duration at variable rates (‘—10% per h for TWA measurernents and

—10% per 5 min. for short-term measurements). A similar influence was observed by

Raaschou et al. (a decrease of 50% corresponding to an increase of 10$ min.) and

Lavoue et al. (a decrease of 5% corresponding to an increase of 60 min.) (Lavoué et al.,

2005;Raaschou-Nielsen et aI., 2002). Hence, longer sampling times for personal

measurements are more likely to include ‘no exposure’ periods while for area

measurements it is plausible that hygienists tend to sample for shorter periods in

situations in which they know the ambient levels to be elevated. The higher influence of

duration on short-term measurements can be explained by the progressive inclusion of

‘no peak’ periods in samples lasting from a few min. to more than 10 min. Comparison

of the model predictions with those of similar models fitted to data restricted to sample

durations > 1 h showed good agreement. This suggests that our models adequately

reflect differences between the short-term and TWA measurements in COLCHIC.

However, it rernains unsure how our observations for TWA measurements relate to fijil

shift exposures since 80% ofthe data in COLCHIC correspond to durations <2 h.

A significant decrease of exposure levels over time was present in aIl models, ranging

from 5% per year to 9% per year. This pattem is consistent with the reported generic

temporal trends in occupational exposures reported by Syrnanski et aï. (Syrnanski et al.,

2001;Symanski et al., 199$).
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The variable identifying the type of LEV was influent in the personal models, with

exposures associated with LEV higher than those associated with no LEV. These

observations are explained by the fact that it is likely that LEV is implemented in

contaminated workplaces compared to those without LEV. TWA measurements with

enclosing LEV tended to be lower than those with non inclosing LEV but this trend was

inversed for short-term measurements. The absence ofthis variable from the area models

is plausible since it is likely that personal exposures rather than ambient levels are

prevented by LEV. The variable identifying the presence of mechanical ventilation was

present only in the area models with significantly higher exposure associated with the

absence of any mechanical ventilation. These resuits are plausible and tend to show that

mechanical ventilation is influent, especially since the effect is observed in spite of the

‘selection bias” mentioned for LEV variable. This conclusion is however somewhat

hampered by the absence of any observable effect of the general ventilation on personal

concentrations.

The reason of sampling was related to formaldehyde personal levels. Visits

corresponding to suspicion of health risk, suspicion of exposure and modification of the

ventilation were associated with higher exposure levels than those corresponding to

systematic surveys, notification of occupational illness and observation of health effects.

Suspicion of exposure represented 63% of the analysed data. Higher exposures linked

with modification of the ventilation are flot unexpected since it is plausible that these

changes would take place in contaminated workplaces. A parallel might be made
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between the higher levels observed for ‘suspicion of exposure’ in our study and several

reports that IMIS concentrations measured afier ‘complaints’ are higher than those

obtained during ‘planned visits’(Froines et al., 1990;Melville and Lippmann,

2001;Stewart and Rice, 1990). Hence it is likely that exposure deemed potentially

significant by the hygienist (in the case of COLCHIC) or the employees (in the case of

the liVIIS) would be actually higher than concentrations measured during visits for which

no prelirninary assessment hinted at potentially high exposures. The conclusions that

might 5e drawn from our observations are however limited by the fact that the variable

was absent from the area models and would flot have been included in the personal

models if BIC had been used instead of AIC. Short-term measurement differed notably

from TWA measurements only for the ‘suspicion of health risk’ category, with lower

exposure relative to the ‘suspicion ofexposure’ category.

The sampling flow rate was present in the area models, with an increase of 0.1L/min

associated with a 6% decrease in TWA concentrations and alrnost no influence on short

term measurements. Interpretation of these results is not straightforward, especially

given the fact that the effect was observed independently of the effect of the sample

duration. Indeed, the potential collinearity between these variables was explored in

several ways. Hence, The Pearson correlation coefficient calculated respectively for the

area and personal measurement were -0.30 and -0.37 between duration and ftow.

Taking the variable flow out of the area models containing both flow and duration only

modified marginally the effect of duration. We therefore conclude that the moderate

correlation between the sampling flow and sampling duration did not cause significant

confounding between these variables in our models. The sampling flow varied equally
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between and within laboratories and had an interquartile interval of [0.5-YL!min.]. The

recornrnended sampling flow rates for the analytical method are between 0.2 and 1

L/min. The effects of the sampling flow were flot changed when the anaÏysis was

restricted to sampling ftows within these limits. Since the sampling method for

fonnaldehyde in COLCHIC involves derivatization of formaldehyde with 2,4-

dinitrophenylhydrazine (DNPH), a possible explanation rnight be incompleteness of the

derivatization reaction due to a lirnited reaction rate. However, while this phenomenon

has been documented for the sampling method involving derivatizaton with (2-

hydroxymethyl) piperidine (NIOSH, 1994;U.S. Department of labor, 1994), no similar

observations were found for the DNPH method. The most plausible explanation,

according to the authors, is related to the sampling strategy. Hence, hygienists would

tend to increase the sampling flow rate when they suspect low concentrations in order to

insure that a sufficient quantity of substance is retained on the tube.

The area and personal models yielded very similar nested random effect structures, with

a coefficient of correlation between measurements taken during the same sampling

carnpaign of —0.8, and of 0.4 between measurements taken in the same plant but during

different sampling campaigns. for the area models, a weak conelation of 0.08 was

detected between measurements taken by the same laboratory but in different sampling

campaigns and plants. Lavoué et al. measured within-sampling campaign correlations of

0.17 and 0.56 for area and personal formaldehyde measurements in the wood panel

industry in Quebec (Lavoué et al., 2005). Teschlce et al. report a correlation of 0.31

between wood dust levels rneasured during the same inspection in data taken from

OSHA’s occupational exposure database IMIS (Teschke et al., 1999). The high intra
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sampling campaign observed in our study may be due to the fact that most sampling

campaigns in our study lasted one day. Moreover, it was impossible in our study to

combine ‘analytical resuits’ corresponding to tubes used sequentially to evaluate

exposure for a longer period. This probably also caused an increase of the observed

correlation. The estimated correlation between measurernents taken in the same plant

show that plant specific determinants of exposure flot accounted for by the variables

present in our model are influent on formaidehyde exposures. The very low within

laboratory correlation observed in our study permits to conciude that no strong ‘region’

specific differences exist in the sampling strategies used by the teams collecting data for

COLCHIC.

Significant structures of heteroscedasticity of the error term were found in both area and

personal models. In ail modeis, the variable identifying the industnal activity was

strongly predictive of the residuai variance. Such differences in exposure variabiiity

across industries have aiready been reported (Kromhout et al., 1993). Short-term

personal measurements were more variable than personal TWA measurements. In

addition to this absolute difference, the variability of short-term measurements decreased

continuously witli the sample duration, this influence being alrnost non existant for the

TWA measurements. The influence of sample duration on the variability of exposure

levels has a theoretical basis and has already been observed (Kumagai and Matsunaga,

1995;Preat, 1987). In the area models, an increase of the sampling ftow caused a

decrease of the residuai variability, with a progressively greater influence for longer

measurernents. No plausible interpretation was found for this observation. The

variability of exposure levels deterrnines the number of samples necessary to assess an
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exposure situation with adequate precision. Hence, the estimated within-facility GSDs

presented in Table 5-8 will be useful for industrial hygienists to help determine sample

sizes a priori when devising sampling strategies in the sectors represented. Furthennore,

with regard to statisticai modelling, estirnates of other parameters in the model depend

on the variance-covariance structures in the case of unbalanced data. In our study, not

taking into account the correlation structure wouid have caused an underestimation of

the standard errors on the model coefficients by a factor of 2 to 3. Therefore it appears

important to take into account and explore such structures of variability when modelling

occupational exposures.

4.5.2 Validity ofthe statistical models

The internai validity of our models appears satisfactory considering the resuits of the

graphical assessments of residuais and estimates of random effects. We thus conclude

that the models developed in our study adequately reflect formaldehyde exposure levels

found in the COLCHIC database.

The relevance of our resuits regarding actual exposure conditions in the general

workplace is lirnited by the potential biases present in this OED3, caused by the

differentiai strategies used to seiect the workplaces visited and the jobs, workers, and

tasks monitored. Very few authors have compared OEDBs exposure data to externai

exposure sources to assess the extent of their inherent biases. Olsen et aï. found that the

levels of exposure to solvents in the furniture industry collected with a random sampling

strategy were lower than those found in the Danish OEDB ATABAS, which in tums
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were sirnilar to measurements taken in a random sample of fac ilities but during specific

exposure-generating tasks (Olsen et al.. 1991). Vinzents et al. compared xylene

exposure data from 5 European OEDBs in three industrial sectors (Vinzents et al..

1995). They report lower median levels in the two databases for which the data is

collected for insurance purpose as opposed to compliance to exposure limits for the three

other banks. Lavoue et al. observed that formaldehyde exposure data collected by

governrnental hygienists in the wood panel industry in Quebec were consistently higher

than data collected in the same plants by a research team (Lavoué et al., 2005). Several

studies about the U.S OEDB IMIS have reported insights on the potential biases

contained in this bank, rnostly gained from the analysis of the influence on exposure

levels of variables identifying the purpose of the sampling or characteristics of the

workplace (Coble et al., 2001;froines et al., 1990:Froines et al.. 1986;Gomez.

1997:Oudiz et al., 19$3;Stewart and Rice, l990jeschke et al., 1999). The use of

statistical models in our study allowed estimating the sirnultaneous influence of several

variables on the concentrations stored in COLCHIC. permitting to compensate to some

extent for the strategy’ and ‘selection’ biases in this OEDB.

4.5.3 Estimation of current exposure levels from the models

Table 5 to $ illustrate an attempt to draw a global portrait of exposure levels present in

COLCHIC by taking into account influent variables (e.g. decreasing temporal trend),

and by correcting for the strategy’ biases inherent to this OEDB. The estimated GMs

are consistently lower than raw GMs, by median factors from 2 to 3.5 depending on the
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table. This decrease is expected since exposures were estirnated for year 2002 and a

significant decreasing trend over years ‘vas observed. Personal predicted GMs are

further decreased by our assumption that data collected during systematic surveys is less

prone to upward biases than data collected when potential elevated exposure was

suspected by the hygienists. Therefore the agreement, or lack thereof, between predicted

and raw GMs should flot be seen as a way of evaluating the predictive ability of the

model (which is measured among other by the R2) but rather as an illustration of the

controlling by the models for the variables identifled as determinants.

The predicted exposure levels in tables 5-8 show several industries and activity

associated with elevated exposure levels relative to the French limits, mainly

anatomopathological and biological analyses in the health sector, and several operation

of gluing machinery in the wood carpentry and wood panel industry for personal

exposures. In addition ambient exposures were also elevated for the operation and

monitoring of mixers in the pharmaceutical and chemical industry, and garages in the

urban public transportation. Most of these sectors have been mentioned in reviews on

occupational exposure to formaldehyde (International Agency for Research on Cancer,

1995Niemeli et al., 1997).

While we believe the estimates presented in tables 5 to 8 constitute a step towards the

possibility to use exposure levels in OEDBs for exposure assessment. several limits

prevent their direct use as a job-exposure matrix. Hence, as discussed previously, the

models presented in our study were not validated with exposure data external to the
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COLCHIC database. Moreover, the validity of the correction we used to account for a

potential ‘sampling strategy’ bias stili has to be confirmed with studies on other

substances in COLCHIC. Furthenriore, COLCHIC doesn’t provide identification (even

anonymous) of individuais, which prevents estimation of within- and between-worker

variances. Finally, COLCHIC does flot cover ail workplaces in France and our analysis

was restricted to a subset of the economic activities with formaldehyde data (those with

the most data) in COLCHIC. Other sources would have to be used to complete the

portrait of formaldehyde occupational exposure (Valiante et al., 1992).

Several authors have underlined the potential usefulness of OEDBS for exposure

surveillance, exposure assessment for epidemiology or regulatory impact

assessment (Botkin and Conway, 1995;Goldman et al., 1992;Gomez, 1993;LaMontagne

et al., 2002;Stewart and Rice, 1990). Our resuits support the idea that analysis of

exposure levels stored in OEDBs with refined statistical tools may significantly facilitate

their interpretation within these ftameworks.

4.6 Conclusion

Through statistical modelling of area and personal exposure measurements contained in

the French occupational exposure database COLCHIC, several detenninants of

occupational exposure to formaldehyde were identified and a multi-industry exposure

portrait was elaborated. Short-term measurements were higher than TWA

measurements. Personal exposure decreased over time, were higher in workpÏaces with
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local exhaust ventilation cornpared to no LEV, were inversely correlated witli the

sampling duration, and depended on the reason of sampling, with samples taken during

systernatic surveys lower than those taken because exposure or health risk were

suspected. Area measurements also decreased over time, were inversely correlated with

the sampling flow, and were lower when general mechanical ventilation was present.

The use of extended linear mixed-effects models allowed the identification of a strong

correlation between measurements taken during the same sampling campaign, and a

moderate correlation between measurements taken in the same plant. The elaboration of

a multi-sector picture of formaldehyde exposure from COLCHIC by correcting for

variables potentially linked to the inherent sampling biases present in this OEDB

constitute an important step towards a potential wider use of exposure databanks for

exposure assessment. Further studies using other substances in COLCHIC or comparing

other sources of formaldehyde exposure data to our estimates are needed.
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5.1 Abstract

National occupational exposure databanks (OEDBs) have been cited as sources of

exposure data for exposure surveillance and exposure assessment for occupational

epidemiology. Formaldehyde exposure data recorded in the U.S Integrated Management

Information System (IMIS) between 1979 and 2001 were collected in order to elaborate

a multi-industry retrospective picture of formaldehyde exposures and identify exposure

determinants. The personal measurement resuits were analysed with linear mixed

effects models whule the probability of being flot detected (ND) was rnodefled by logistic

regression. Formaldehyde personal data in IMIS were also compared to data recorded in

the French OEDB COLCHIC. A total of 5266 IMIS exposure measurements were

analysed with linear models which explained 25% of the total variance. Short-term

measurement results were higher than time weighted average (TWA) data and decreased

19% per year until 1987 (TWA data 7% per year) and 4% per year (TWA data 4% per

year) after that. Exposure varied across industries with maximal estimated TWA

geometric means (GM) for 2001 in the Reconstituted wood products, Structural wood

members, and Wood dimension and flooring industries (GM=0.2 rng/rn3). Highest

short-terni GMs estimated for 2001 were in the Funeral service and crematory industry

(GM=O.39 mg/m3). Exposure levels in E\41S were weakly associated to the type of

inspection and the season of sampling. Concentrations measured during the same

inspection were correlated and varied differently across industries and sample type

(TWA, short terni). The probability of formaldehyde data in IMIS being Ni) was related

to the location of sampling (state), the year of sampling, the number of employees in the

facility and the type of inspection. Measurements made in facilities with many

employees, taken around 1995, and measured during complaint inspections were more
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likely to be ND. Comparison between data from IMIS and COLCHIC involved,

respectiveïy, 4625 and 2971 data rneasured between 1986 and 2001. Empirical

cumulative distribution functions stratified by sampling time showed an approximate 2-

fold difference (COLCHIC > IMIS). Adjustment of COLCHIC TWA data to 8 hours

and correction for differences across time and industries by using rnixed-effects models

reduced the difference to a 1.3 COLCHIC to ilvilS ratio.
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5.2 Introduction

Formaldehyde is an irritant gas found in a wide array of workplaces. Occupational

exposure to this substance is mainly due to its presence in amino and phenolic resins

used in several products such as vamishes, glues and plastics. Forrnaldehyde’s other

major uses include as a component in sanitizing products, histological fixative products

and embalming ftuids and as an intermediate in chemical synthesis. The recent change

in the International Agency for Research on Cancer (IARC) classification of

formaldehyde from group 2A (probably carcinogenic to humans) to group 1

(carcinogenic to humans) constitutes an incentive for improved exposure assessment in

exposure surveillance and occupational epidemiology (1)•

Occupational exposure databanks (OEDBs) have been described previously as potential

sources of data for exposure surveillance or occupational epidemiology (24) Several

issues have been raised regarding whether data in OEDBs are representative of

exposures experienced by the general working population. They include potential biases

caused by non random selection of industries, companies, jobs, workers, and working

conditions (e.g. “worst case” scenario) (5) and the lack of comprehensive ancillary

information accompanying measurernents (67)• While several authors have explored the

influence on exposure levels of variables available in OEDBs in order identify biases (4,8

10) only two studies were found that reported a comparison of data from an OEDB to

external exposure data (5,h1)•
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In the U.S., the Jntegrated Management Information System (UVIIS) is an OEDB

maintained since 1972 by the Occupational Safety and Health Administration (OSHA).

It has been described in some detail by Stewart and Rice (4)• Briefly, the IMIS is a

centralized computer database that contains monitoring resuits obtained during industrial

visits by OSHA’s compliance officers in a wide array of industries. Several authors have

reported the use of 1MIS data for exposure surveillance. While Valiante et al. used the

IMIS to identify industries with potential silica overexposure 2) and Linch et al.

estimated the number of employees exposed to different levels of silica in the U.S. (13),

most authors performed descriptive analyses ofIMIS data for a specific contaminant (14

17) or industry 18)• Teschlce et al. used the IMIS as a supplementary source of exposure

data for an epidemiological study on the effects of occupational exposure to wood

dust (19)

The objectives of this study were to explore the extent to which formaldehyde levels in

EVIIS are explained by the available variables, to draw a multi-sector retrospective

picture of formaldehyde exposures in IMIS, and to compare formaldehyde data in EVIIS

to those available in the French OEDB COLCHIC, which we recently analysed f10)

5.3 Methods

5.3.1 The Integrated Management Information System (IMIS)

Each record in E\41S includes information about the company in which the inspection

was made, including name and address, number of employees, and union status.
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Industries are identified by a 4-digit SIC code from the 1987 or 1972 Standard Industrial

Classification (20) Information on the job titie monitored is provided in a free text forrn.

The date, type and scope of the inspection, as well as notification of any violation are

also recorded. Eacli record is associated with the sample characteristics, including type

of exposure monitored (e.g. TWA, STEL) and type of measurement (e.g. Personal,

Area). Quantitative exposure levels are available in IMIS since 1979.

The IMIS extract made availabie for this study incÏuded ail formaldehyde data from

1979 to 2001. It did not include variables identifying companies, the scope of the

inspection and union status. The extract was refined by exciuding screening data

(corresponding to detector tubes) and data with a unit different from mg/m3 or ppm.

There is no variable identifying the analytical method in IMIS. The current OSHA

method uses an XAD-2 adsorbent tube which lias been impregnated with 2-

(hydroxyrnethyl)piperidine. The samples are desorbed with toluene and then analyzed by

gas chromatography using a nitrogen selective detector (21) This method was first

implemented in 1985 and updated in 1989. The former OSHA method used a bubbler

fihled with a 10% methanol aqueous solution and determination by differential pulse

polarography or colorimetry (22)

5.3.2 Statistical modelling

Since personal measurements represented more than 90% of our dataset, statistical

modeling was restricted to these measurements. Two different modelling techniques



170

were used in the analysis of the personai data in IMIS. first, the measurements reported

above a limit of detection were modelled with extended linear mixed-effects models.

We could not use imputation methods to include the non detects (NDs) in the linear

models because the structure of the dataset did flot identify whether a particular NO

corresponded to a time-weighted average (TWA), short-term exposure level (STEL),

peak, or ceiling sample (8) In order to draw some information from the NDs in IMIS, a

second analysis was performed, in which the probabllity of personai data being NO was

modeiied by iogistic regression.

Partial aggregation of data across categories of 4-digit SIC codes was conducted in order

to improve analyses with the industry variable, as follows: when less than 40

measurement resuits were available for a 4-digit SIC category, the more specific digit

was dropped to create a broader category. The process was repeated until the category

contained 40 values or the code was reduced to a SIC major (2-digit) division. With this

classification algorithm, when results are presented for a broadened category (i.e. code

reduced to 2 digits, for example), the resuits exclude ail data within this broad category

that belong to more specific categories with more than 40 values. This process

preserved specific industry codes in well popuiated categories while avoiding an

elevated number of categories with only a few values.

The job variable was not tested in the statisticai models due to its un-standardized text

format. Because of the many different industries in which formaldehyde is found and

since it wouid have required knowledge about each process involved to create adequate



171

standardized lists, manual standardization of the job tities was flot attempted. The

variables tested in the statistical models are listed in table I.

Table I: Variables tested in the empirical statistical models

Variable J Type J Description

Fixed_effect:s

INSPECTYPE Nominal (10 categories) Reason that caused the

inspection

INSPECTYPE.1 Nominal (4 categories) Obtained by aggregation

1. Non prograinmed-other of categories of

2. Non prograimned-referral INSPECTYPE

3. Non progranmed-complaint
4.__Programmed

INSPECTYPE.2 Nominal (3 categories) Obtained by aggregation

1. Non prograrnmed-other of categories of

2. Non prograrnmed-complaint INSPECTYPE

3. Programmed

INSPECTYPE.3 Nominal (2 categories) Obtained by aggregation

1. Non prograrnmed of categories of

2. Prograrnmed INSPECTYPE

XPTYP Nominal (5 category) Type of measurement.

l.TWA Category 5 was excluded

2.STEL from the linear model

3.Peak analysis. This variable

4.Ceiling was flot analysed in the

5.Not detected logistic regression.

XPTYP.l Nominal (3 category) Obtained by aggregation

l.TWA of categories of XPTYP.

2.Short term Category 3 was excluded

3.Not detected from the linear model

analysis. This variable
was not analysed in the

logistic regression.

SEASON Nominal (4 categories) Season of the sampling as
defined by the following
cut-off dates: winter
(12/22 to 3/20), spring

(3/21 to 6/21), sunmer
(6/22 to 9/22), autumn
(9/23 to_12/21)

CLASS Nominal (respectively 59 and 76 Constructed from the

categories in the ‘linear’ and aggregation of the 4-

‘logistic’ datasets) digit SIC category (see
methods)

YEAR Continuous (integer) Year of sampling

1979 to 2001

NP1ANT Continuous tinteger) Nuinber of employees in

the facility. Was also

tested after
logtrans foxation

Random effects

STATE Nominal (respectively 50 and 48 Identification of the

categories in the ‘linear’ and state where the

‘logistic’ datasets) inspection took place.

This variable was set as

a fixed effect in the

logistic regression.

ACTIVITY Nominal (respectively 1769 and Identifies an inspection

2438 categories in the ‘linear’

and ‘logistic’ datasets)
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Linear rnixed effects models

Personal formaldehyde concentrations were analysed with extended linear mixed-effects

models afler logarithmic transformation (1023)• The corresponding model framework can

be described by the following equation:

Ln(C)I/k = (fixed.effects) + (Randorn.effectA) + (Random.effectB) + (Error)/k (1)

i= 1,...,IvI,j = 1,...,1v11,k= l,...,M

where there are M groups for variable A, M groups for variable B in the jth grip of

variable A, and observations in thejth group of variable B in the group of variable

M M1

A. The total number of observations is Ln(C)Ykis the natural logarithm of
i=1 j=1

the kth observation in the th group of variable B in the th group of variable A. The model

assumptions are: 1) (Randorn.effectA) and(Random.effectB) are distributed normally

with mean 0; 2) (Randorn.effectA) , (Random.effectB) , and (Error) are statistically

independent; and 3) (Error) follows a multinormal distribution with mean O and

different possible variance-covariance structures.

The influence of YEAR was tested with potential changes in the siope in 1987, which

corresponded to the implernentation of the OSHA 1 ppm Pennissible Exposure Limit

(PEL) and 2 ppm STEL, and 1992, which corresponds to the implementation ofthe 0.75

ppm PEL. In addition, the data were visually evaluated to see if any other periods were

important. For ah nominal variables, estimates of the model for coefficients

corresponding to categories with less than 10 data are not reported. A hierarchical
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random effect structure ACTWITY in STATE was tested in the models. We also

explored a potential influence of the response, or of the predictor variables on the

residual variance (heteroscedastic model). Ail flrst order interactions between the fixed

effects were tested.

Intra-group correlation was measured as a fraction of the total variance represented by

the variance ofthe random effects as described in Lavoué et al. (10)

The models were fitted using the function Irne of the statistical package S-plus 7.0.

Restricted maximum likelihood (REML) optimization was used to choose the random

effects and residual variance structures and estimate the final model parameters.

Maximum likelihood (ML) optimization was used to compare models with different

fixed effect structures. Model building was perforrned by means of a manual forward

stepwise procedure. The Akaike information criterion tAlC) was used as a

discrimination criterion to build the model used for the exposure predictions . We chose

the AIC because, being more ‘inclusive’ than the Bayesian information criterion (BIC),

it yields models with better predictive ability. A model was also built using the BIC to

identify variables selected by this more ‘stringent’ criterion and illustrate the variability

in the model building process.

In order to illustrate the quantitative influence on exposures of the categorical variables

(i.e season of sampling), relative indices of exposure (RIE, equation 2) were calculated.
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RIE1, (%) = 100 *
exp(CoefJeletA — Coeffel,elRef) (2)

where RiElevelA is the relative index of exposure for level A of the variable in question,

Coeffevei A is the estimated coefficient corresponding to the category A and Coeffieveikef

is the estimated coefficient corresponding to the reference category. CoeffieveiRef 1S O

when the reference category is included in the intercept. for cadi variable, the category

corresponding to the highest number of observations (the reference category) was

assigned the value 100% exposure. The RIE of every other category of the variable was

then calculated. As an illustration, a 30% RIE for a category means that, on average,

exposures in this category are --3 tirnes lower than those in the reference category.

In order to create a picture of formaldehyde exposures from the IMIS data, the AIC

model was used to predict exposure levels for each industry. The model variables other

than industrial category were used to adjust the predictions to account for their influence

on exposure levels.

Internai validation was primarily conducted by graphical assessment of residuals and

estimates of random effects regarding the assumptions underlying the estimation. There

was no external validation ofthe final models.

Logistic regression

The probability for a personal formaldehyde concentration being ND was modeiled in a

standard logistic regression analysis as described in Hosmer and Lemeshow (24)• The

influence of YEAR was tested in the same way as in the linear modeis.
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The model was built in a manual forward stepwise procedure using BIC as a

discriminating criterion and fitted using the gim function of S-plus 7.0. Coefficients

were estimated using iteratively reweighted least squares. Potential correlation between

data taken during the same inspection was evaluated by fitting the chosen fixed effect

structure ta a population average mode! using General estimating equations (GEEs) with

an exchangeable correlation structure with the gee function of S-plus 7.0. Since it was

not possible with this function ta fit a nested correlation structure as in the linear models,

the STATE variable was tested as a fixed effect in the logistic regression.

Interna! validation was primarily conducted by graphical assessrnent of residuals. There

was no extemal validation of the final model. As a general measure of goodness of fit,

the squared Pearson correlation coefficient of the observed outcome (Ni) or flot Ni))

with the predicted probability of being Ni) was calculated as described in equation 5.6 in

Hosmer and Lemeshow (24)•

In order to measure the agreement of the ranking of industrial sectors by the linear

model (by increasing predicted concentrations) and by the logistic regression (by

decreasing probability of being Ni)), the variable CLASS was forced into the logistic

model and the Spearman rank correlation between the coefficients corresponding to a

category of CLASS for the linear mode! and the modified logistic model was calculated.
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5.3.3 Comparison ofIMIS and COLCHIC

The COLCHIC databank is the French national OEDB (25) Set up in 1987, it contains

the resuits ofmeasurements taken since 1986 by eight French Regional Health Insurance

Fund interregional chemical laboratories and the laboratories of the Institut National de

Recherche et de Sécurité (1NRS) (26)• An analysis of formaldehyde measurements in

COLCHIC was presented by Lavoué et al. The analytical method used for the

determine formaldehyde concentrations stored in COLCHIC was described

previously (27)

The IMIS and COLCHIC extracts available for this analysis contained data from,

respectively, 1979 to 2001 and 1986 to 2003. Personal measurements accounted,

respectively, for 90 and 56% of IMIS and COLCHIC data. The comparison was

therefore restricted to personal measurements from both databanks taken between 1986

and 2001. Empirical cumulative distribution functions (ECDF) of data from both

OEDBs were plotted, with stratification by the measurement duration (i.e. short-term vs.

TWA). Since the TWA data in COLCHIC correspond to sample times varying between

l5min. and several hours, and Lavoué et al. observed that TWA exposure levels

continuously decreased with increasing sample time, the COLCHIC TWA data were

further stratified by sample time (15-60 min., 60-120 min. and >120 min.) (b0)•

In order to identify differences between IMIS and COLCHIC exposure levels within

specific industries, data from both databanks were recoded according the International

Standard Industrial Classification (ISIC Rev.3). The 4-digit ISIC codes were obtained
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for COLCHIC data by correspondence with the 4-digit NAF codes (The French

classification). In the case of IMIS, sorne data with 4-digit SIC codes corresponding to

several different ISIC codes were excluded from the comparison. The comparison was

also limited to combinations of ISIC categories and measurement type (i.e. short-term

vs. TWA) for which both databanks contained at least 10 data. The last criterion was

chosen arbitrarily as a compromise between a minimum number of data in each category

for a meaningful comparison and a sizeable dataset. In order to perform the comparison

by accounting for determinants of exposure identified in both databanks, the IIVIIS and

COLCHIC data were merged and analysed with linear mixed-effects model as described

above. The variables common to both databanks and available for the analysis

comprised the source of data (IMIS or COLCHIC), YEAR, SEASON, TYPE (short

terrn, TWA), ISIC code and a variable identifying the sampling visit (ACTWITY for

ilvilS, and CAMPAIGN in COLCHIC (10)) The sampling visit was tested as a random

effect and the other variables as fixed effects. Again the potential influence of the fixed

effects on the residual variance was expiored. BIC was chosen as the discrimination

criterion. To correct for the fact that 50% of COLCHIC TWA data correspond to

sample times between 40 and 100 min. compared to the IMIS full shifi samples, a model

was also constructed after adjusting the COLCHIC data to a sampie time of 8 hours.

This was performed by using the results of Lavoué et al., who estimated a 6% per 60

min. decrease rate for TWA levels (10)

Ail analyses were conducted with the statistical software S-plus 7.0 Professional Edition

for Windows (Insightful corp., Seattie, WA).



178

5.4 Resuits

5.4.1 Descriptive analysis

The IMIS extract contained 7910 formaldehyde exposure measurernents. Table II shows

the number of personal and area data for each type of measurement. These data were

taken in 479 4-digit SIC codes (median of 5 data per code, interquartile interval [2-15]),

during 2750 industrial visits (median of 2 measurements per visit, interquartile interval

[1-4]). The 5 most visited industries (as represented by a 4-digit SIC code) were: Plastic

products, not elsewhere classified (code 3089, n=419), Gray and ductile iron foundries

(code 3321, n=410), General medical and surgical hospitals (code 8062, n=393), Funeral

service and crematories (code 7261, n=360), and Motor vehicle parts and accessories

(code 3714. n=300). The formaldehyde measurements in IMIS were spread amongst the

50 states and Puerto Rico, with a median of 113 data per state (interquartile interval [27-

200]). Figure 1 shows the number of formaldehyde measurements entered each year in

IMIS.



179

0

G)
E
G)

D
0
(13
G)
E
o
G)

E
D
z

Figure 1: Number of personal and area measurement entered each year in IMIS

Table II: Number of area and personal data for each measurement type in the LMIS

databank

Non Ceiling Peak STEL TWA
detected

Area 340 84 14 20 304
Personal 1825 1080 158 745 3340

5.4.2 Statistical modelling

Linear mixed-effects niodel

The modelling dataset, initially defined as including personal detected formaldehyde

levels in IMIS, was further reduced by excluding 28 data reported as <0.002 mg/rn3 (one

tenth of the lirnit of detection of current OSHA’s analyticaï method for formaldehyde
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for life and health). Eleven more data were excluded because the reported SIC code did

flot correspond to any code in the SIC manual. This yielded a modelling dataset of 5266.

The fixed effects of the final model explained 25% of the total variance. The variables

IN$PECTYPE.3, CLASS, YEAR, $EASON, XPTYP.1 and interactions of XPTYP.1

with YEAR and CLASS were included in the model. The influence of YEAR was best

modelled with a change in the siope only in 1987. Graphical assessment of a smoothed

curve of formaldehyde levels by year did flot suggest any other change in the siope. The

estimated influence on exposures of YEAR along with RIEs for TNSPECTYPE.3 and

SEASON are presented in table III. Estimated for 1979, the median ratio of short-term

(including PEAK, CEILING and STEL data) to TWA concentrations across industries

was 5.7 with a minimum of 2.7 and a maximum of 27.2. Estimated for 2001 the median

ratio was 1.7, with a minimum of 0.8 and a maximum of 8.4.

Table III: Effects on exposure of the year of sampling, type of inspection, and season as

estimated by the linear model

Variable I Category Short term TWA measurements
measurements

Year of sampling
Yeatly decrease in exposure (<1987) 19% [16;23] 7% [3:10]
Yearly decrease in exposure (>1987) 4% [2;6] 4% [2;6J
Type of inspection
Not programmed 100%
Programmed 94% [81 :108]
Season ofsampling
Winter (Reference) 100%
Autumn 104% [91;137]
Spring 92% [80;106]
Summer 117% [100;137]
(A) Approximate 95% confidence interval



181

A nested random effect structure ACTWITY in STATE was included in the mode!. A

correlation of 0.71 was estimated between measurernents made during the same

inspection. The correlation between measurements made in the same state across

inspections was estimated at 0.05. The residual variance of the model varied between

categories of CLASS and categories of XPTYP. With the residual standard deviation

for TWA data set at 100%, it was estimated at 107% for the STEL data, 85% for the

Peak data, and 95% for the Ceiling data. This variance-covariance structure resulted in

GSDs varying between 3.2 and 5.8 across industries and types ofsamp!e.

The mode! buiÏt with the BIC criterion included the fixed effects YEAR and XPTYP. 1

with an interaction between these variables. Only ACTWITY was inc!uded as a random

effect. The residua! standard deviation varied with CLASS. The fixed effects of the

model explained 14% of the total variance. The coefficients corresponding to variables

also in the AIC model were much similar to those of the AIC mode! and are not

presented here.

In order to construct a picture of formaldehyde exposure levels useful for exposure

surveillance, GMs and GSDs for short-terrn and TWA measurements were predicted for

the year 2001, stratified by industry. The predictions were made by using an averaged

effect for season and by using the coefficient for prograrnmed inspections. Tables W

and V present the GMs and GSDs, uncorrected for exposure determinants, and the

predicted GMs and GSDs, respectively, for TWA and short-term measurements. In

addition Table IV also presents the estimated arithmetic means of formaldehyde
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concentrations and exceedance fractions for the OSHA PEL (0.92 mg/m3). Table V

presents the exceedance fractions for the ACGIII TLV-Ceiling (0.37 mg/m3).

Table W: Raw and predicted geometric means of TWA fonnaldehyde concentrations in

IMIS

Code Label N GM
GSD Mut F(%)

DIVISI0fl
Construction 27 0.12 0.08 3.8 0.20 4

DIVÏSIOfl
Manufacturing 53 0.11 0.07 3.8 0.16 2

22 Textile Miii Products 0.10 0.06 4.1 0.16 3

226 DyeingAnd Finishing Textiles, ExceptWool
49 009 0.05 3.8 0.13 2

23 Apparel And Other Finished Products Made
0 10 005 3 8 0 12 1From Fabrics And Similar Materials .

2326 Men’s and Boys’ Work Clothing 29 0.24 0.11 3.4 0.23 4

2329 Mens and Boys’ Clothing, NotElsewhere
29 0.13 0.07 3.3 0.13 1Classified

233 Women’s, Misses, And Juniors’ Outerwear 26 0.14 0.06 3.4 0.13 1
239 Miscellaneous Fabricated Textile Products 42 0.13 0.06 3.5 0.13 1
24 Lumber And Wood Products, Except Furniture 36 0.24 0.20 3.8 0.49 13
2431 Miliwork 37 0.12 0.11 3.4 0.23 4
2434 Wood Kitchen Cabinets 77 0.07 0.10 3.6 0.23 4
2435 Hardwood Veneerand Plywood 66 0.16 0.10 4.0 0.26 5
2436 Softwood Veneer and Plywood 64 0.10 0.08 3.8 0.19 3
2493 Reconstituted Wood Products 48 0.28 0.19 4.0 0.50 13
2499 Wood Products, Not Elsewhere Classifled 38 0.15 0.12 3.6 0.29 6
25 Furniture And Fixtures 62 0.14 0.09 3.4 0.20 3
2511 Wood Household Furniture, Except Upholstered 36 0.15 0.09 4.0 0.23 5
2521 Wood Office Furniture 36 0.13 0.07 4.5 0.22 4
254 Partitions, Shelving, Lockers, And Office 33 0.18 0.12 5.1 0.46 11
2621 Paper MilIs 39 0.05 0.03 4.1 0.08 1
2653 Corrugated and Solid Fiber Boxes 38 0.23 0.13 4.1 0.35 8
267 Converted PaperAnd Paperboard Products 46 0.11 0.07 4.0 0.18 3
28 Chemicals And Allied Products 112 0.14 0.09 5.1 0.35 8

2821 Plastics Materials, Synthetic Resins, and
24 0.16 0.07 4.5 0.22 4Nonvulcanizable Elastomers

30 RubberAnd Miscellaneous Plastics Products 60 0.07 0.05 4.5 0.14 2
3089 Plastics Products, Not Eisewhere Classified 168 0.13 0.08 4.1 0.22 4
32 Stone, Clay, Glass, And Concrete Products 57 0.11 0.08 4.5 0.24 5
3296 MineraI Wool 32 0.11 0.06 3.6 0.14 2
33 Primary Metal Industries 46 0.16 0.12 4.5 0.36 8
3321 Gray and Ductile Iron Foundries 209 0.16 0.08 4.0 0.22 4
3325 Steel Foundries, Not Elsewhere Classified 40 0.14 0.11 3.8 0.27 5
3365 Aluminum Foundries 40 0.17 0.12 3.8 0.29 6
3366 Copper Foundries 31 0.13 0.09 4.1 0.24 5

34 Fabricated Metal Products, Except Machinery
118 009 007 35 016 2And Transportation Eguipment .

Industrial And Commercial Machinery And
66 0.18 0.09 3.8 0.21 4Computer Equipment

356 General Industrial MachineryAnd Equipment 30 0.19 0.09 4.5 0.28 6

36
Electronic And Other Electrical Equipment And

80 0 07 0 04 4 1 0 11 1Components, Except Computer Equipment . .

3672 Printed Circuit Boards 30 0.10 0.07 3.8 0.16 2
37 Transportation Equipment 30 0.10 0.08 4.5 0.23 5
3714 MotorVehicle Parts and Accessories 111 0.08 0.05 4.0 0.13 2

38
Measuring, Analyzing, And Controlling

30 006 004 4 5 0 13 2Instruments; Photographic, Medical And Optical . .
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Goods; Watches And Clocks
39 Miscelianeous Manufacturing Industries 30 0.12 0.08 3.6 0.18 3
Division Transportation, Communications,

54 0 07 0 05 3 8 0 12 1E Electric, Gas, And Sanitary Services
DiVIsIofl

WhotesaleTrade 22 0.21 0.11 3.8 0.27 6

51 Wholesale Trade-non-durable Goods 62 0.17 0.09 4.8 0.32 7
DIVIsiofl

Retail Trade 43 0.18 0.07 3.8 0.16 2

DlVISiofl
Services 103 0.07 0.05 3.8 0.12 f

7261 Funeral Service and Crematories 17 0.16 0.10 4.5 0.30 7
7384 Photofinishing Laboratories 25 0.10 0.06 4.5 0.17 3
80 Health Services 60 0.10 0.07 4.2 0.20 4
806 Hospitals 31 0.22 0.11 3.8 0.28 6
8062 General Medical and Surgical Hospitals 142 0.17 0.10 5.4 0.43 10
8071 Medical Laboratories 41 0.14 0.09 4.5 0.28 6
8211 Elementary and Secondary Schools 37 0.02 0.02 3.8 0.06 0
8221 Colleges, Universities, and Professional Schools 22 0.16 0.11 3.5 0.24 4
DiVisiOfl

Public Administration 42 0.05 0.04 3.8 0.09 1

92 Justice, Public Order, And Safety 0.05 0.04 4.2 0.12 2
(A) Sample size (B) Sample GM (rng/n) (C) esmated GM (mg7m) for F2001, prommed vis

average effect of season (D) Estimated GSD (E) Estimated arithmetic mean of formaldehyde
concentrations, calculated from the estimated gm and GSD (F) Fraction of exposures estimated to exceed
OSHA’s PEL(0.92 mg/m3)

Table V: Raw and predicted geometric means of short terni formaldehyde concentrations

in lIvIIS

Code Label N GM
Est.

GSD°1
Ff%)151

Division
Construction 16 0.39 0.17 3.7 28

Division
D Manufacturing 40 0.72 0.15 3.7 25

22 Textile Miii Products 0.17 0.11 4.0 19

226 Dyeing And Finishing Textiles, Except Wool
11 0.34 0.10 3.7 15Fabrics

23 Apparel And Other Finished Products Made From
27 0 16 0 07 3 7 11Fabrics And Similar Materials

2326 Mens and Boys’ Work Clothing 13 0.66 0.15 3.3 23

2329 Mens and Boys’ Clothing, Not Elsewhere
37 0.20 0.08 3.3 10

233 Women’s, Misses’, And Juniors’ Outerwear 27 0.11 0.06 3.4 7
239 Miscellaneous Fabricated Textile Products 12 1.02 0.11 3.5 16
24 Lumber And Wood Products, Except Furniture 19 0.67 0.32 3.7 46
2431 Millwork 23 0.29 0.17 3.4 26
2434 Wood Kitchen Cabinets 23 0.15 0.13 3.6 20
2435 Hardwood Veneer and Plywood 55 0.30 0.21 3.9 34
2436 Softwood Veneer and Plywood 36 0.10 0.08 3.7 13
2493 Reconstituted Wood Products 34 0.58 0.35 3.9 49
2499 Wood Products, Not Elsewhere Classified 21 0.26 0.13 3.6 21
25 Furniture And Fixtures 31 0.35 0.13 3.4 20
254 Partitions, Shelving, Lockers, And Office 27 0.29 0.17 5.0 32
2621 Paper MilIs 19 0.10 0.05 4.0 8
2653 Corrugated and Solid Fiber Boxes 42 0.32 0.15 4.0 26
267 Converted PaperAnd Paperboard Ptoducts 12 0.13 0.12 3.9 20
28 ChemicalsAndAllied Products 74 0.43 0.19 4.9 34

2821
Plastics Materials, Synthetic Resins, and

26 0 52 0 19 4 3 32Nonvulcanizable Elastomers



30 RubberAnd Miscellaneous Plastics Products 26 0.17 0.13 4.3 23
3089 Plastics Products, Not Elsewhere Classifled 109 0.33 0.14 4.0 24
32 Stone, Clay, Glass, And Concrete Products 43 0.19 0.11 4.3 20
3296 MineraI Wool 18 0.24 0.10 3.6 15
33 Primary Metal Industries 26 0.41 0.21 4.3 35
3321 Gray and Ductile Iron Foundries 100 0.29 0.13 3.9 23
3325 Steel Foundries, Not Elsewhere Classified 26 0.29 0.15 3.7 24
3365 Aluminum Foundries 19 0.31 0.16 3.7 27
3366 Copper Foundries 26 0.32 0.14 4.0 24

34 Fabricated Metal Products, Except Machinery And
62 0 17 0 09 3 5 14Transportation Eguipment

rutciaI
MachineryAnd

44 0.39 0.12 3.7 19

356 General Industrial MachineryAnd Eguipment 28 0.47 0.19 4.3 32

36 Electronic And Other Electrical Equipment And
57 0 12 0 07 4 0 11Components, Except Computer Equipment

3672 Printed Circuit Boards 22 0.22 0.12 3.7 20
37 Transportation Equipment 28 0.11 0.10 4.3 18
3714 Motor Vehicle Parts and Accessories 24 0.27 0.11 3.9 18

Measuring, Analyzing, And Controlling
38 Instruments; Photographic, Medical And Optical 15 0.23 0.11 4.3 21

Goods; Watches And Clocks
39 Miscellaneous Manufacturing Industries 13 0.14 0.12 3.6 20
Division Transportation, Communications,

27 0 W 0 08 3 7 13E Electric, Gas, And Sanitary Services
DiviSiOfl

Wholesale Trade 11 1.05 0.19 3.7 31

51 Wholesale Trade-non-durable Goods 0.67 0.16 4.7 30
Division

Retail Trade 14 0.29 0.12 3.7 20

Division Services 37 0.11 0.07 3.7 10

7261 Funeral Service and Crematories 132 0.67 0.39 4.3 52
7384 Photofinishing Laboratories 30 0.22 0.11 4.3 20
80 Health Services 43 0.41 0.21 4.1 35
806 Hospitals 25 0.57 0.20 3.7 33
8062 General Medical and Surgical Hospitals 136 0.45 0.23 5.2 38
8071 Medical Laboratories 43 0.34 0.19 4.3 32
8211 Elementary and Secondary Schools 13 0.44 0.19 3.7 31
8221 Colleges, Universities, and Professional Schools 30 1.32 0.30 3.5 43
DIVIsIofl

Public Administration 14 0.27 0.13 3.7 21

92 Justice, Public Order, And Safety ii 0.27 0.17 4.1 29
(AISample sÏe) Sample GM (mg/m) (C) estimated GM (mg/m) for year 2dbl, programmedvisit,

average effect of season (D) Estimated GSD (E) Fraction of exposures estimated ta exceed the ACGIH
TLV(0.37 mglm3)
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In order to provide the reader with the ability to predict exposure levels in other

conditions, the coefficients of the mode! are provided in the appendix. They allow

predicting the GM of formaldehyde levels for a specific set of conditions. for the

prediction of exposure metrics requiring variability paraineters (e.g. exceedance fraction

or arithmetic mean) the estimated GSDs provided in tables IV and V can be used.
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Logistic regression

In addition to the restriction ofthe analysis ta personal data, 15 data were excluded from

the logistic regression analysis because they corresponded ta 2 states without ND,

yielding a modelling dataset of 7133 exposure measurements.

The variables included in the logistic model comprised STATE, llSPECTYPE.2,

YEAR, and the log-transformed NPLANT. Fitting the fixed effect structure as a

population average model with GEEs yielded a within-ACTIVITY correlation

coefficient of 0.39. The coefficients for the fixed effects were similar ta those of the

simple logistic model.

The effect of YEAR on the probability of being ND was best modelled with changes in

the slope in 1987 and 1996 (the change in 1996 was suggested by a graphical assessment

of the evolution of the fraction of NUs with time). Figure 2 presents actual and

predicted proportion of NUs over time. Inclusion in the model of the variable STATE

represented the greates improvement of the fit cornpared ta the other variables

(rneasured as a decrease of the BIC). The actual proportions of NUs varied across state

between 7 and 91%, whereas the predicted proportion varied between 12 and 91 %. The

measured influence of the number of employees corresponded to an increase of 14%

(95% CI [3-26]) ofthe odds ofbeing ND when the number of employees increased 10

times. Compared to the non-programmed complaint category of INSPECTYPE.2,

measurements corresponding ta non-prograrnmed other and prograrnmed had respective

odd ratios of 0.69 (95% CI [0.56-0.84]) and 0.70 (95% CI [0.60-0.83]).
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The squared Pearson correlation coefficient ofthe observed outcome with the predicted

probability of being ND was 0.08.

The Spearman rank correlation between the coefficients corresponding to a category of

CLASS for the linear model and the logistic model was -0.3 9.

5.4.3 Comparison ofIMIS and COLCHIC

Comparison ofcztniulative probability curves

The comparison dataset comprised 2971 and 4625 COLCHIC and 11vIIS data,

respectively. ECDFs of data from both OEDBs stratified as a function of the

measurement duration (i.e. short-term vs. TWA), are presented in Figure 3 and 4.
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Figure 2: Time trend in the proportion of non detects.
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Figure 3: Empirical cumulative distribution functions ofthe IIVIIS and COLCHIC TWA
data
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Figure 4: Empirical cumulative distribution functions of IMIS and COLCHIC short-terrn
data
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Contparison within industries

Restricting the comparison to common ISIC codes and to categories with at least 10

short-terrn and TWA values yielded a dataset of 2327 measurement resuits, of which

54% came ftom COLCHIC. The IMIS and COLCHIC data contained, respectively, 38

and 14% of short-terni data. There were 7 ISIC categories common to both databanks:

2021, Manufacture of veneer sheets, pÏywood, laminated board, particle board and other

panels and boards; 2520, Manufacture of plastics products; 2731, Casting of iron and

steel; 3610, Manufacture of fumiture; 8511, Hospital activities; 8512, Medical and

dental practice activities; 8519, Other human health activities. There were 26 ISIC

categories present only in the COLHIC dataset while 15 ISIC categories were present

only in the IMIS dataset.

The model using the COLCHIC data unadjusted for sample time explained 8% of the

total variance and contained only SOURCE and TYPE, interacting with each other, as

fixed effects. With the COLCHIC TWA data being set at 100% exposure, COLCHIC

short-tenri data were estimated at 126% (95% CI [111-143]), IMIS TWA data were

estimated at 56% (95% CI [44-72]), and TMIS short-terrn data were estimated at 101%

(95% CI [78-131]). A correlation of 0.75 (common to both datasets) was estimated

between measurements taken during the same sampling visit. The residual variance

varied with SOURCE and ISIC. It resulted in GSDs between 3.9 and 4.6 across

industries for COLCHIC and between 4.2 and 5.6 for IMIS.
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Adjusting the COLCHIC TWA data to an 8 h sampling time caused an average decrease

of 27% compared to the unadjusted levels. The model using the adjusted COLCHIC data

explained 10% of the total variance and contained SOURCE, TYPE, and YEAR as fixed

effects. Witli the TWA data being set at 100% exposure, the sliort-term data were

estimated at 185% (95% CI [166-205]). With the COLCHIC data being set at 100%

exposure, the IMIS data were estimated at 71% (95% CI [57-89]). The yearly decrease

in exposure levels was estirnated at 4% (95% CI [l-6]). A correlation of 0.46 was

estirnated between measurernents taken during the sarne sampling visit. The residual

variance varied with SOURCE and ISIC. It resulted in GSDs across industries between

3.8 and 6.8 for COLCHIC and between 3.3 and 4.8 for IMIS.

5.5 Discussion

5.5.1 Statistical models

Linear mixed-effects modet

The percentage of variabiÏity expiained by the fixed effects in our model (25%) is rather

low compared to similar analyses performed on data from other sources (28) but is

comparable to other studies on IMIS data (8,9,18;19) The generally low performance of

such analyses on LMIS data is probably caused by the small number of variables

documented in ll4IS. As an illustration, much higher values of R2 were obtained by

Lavoué et al. with data from the French OEDB COLCHIC (5 7%), which, among other

information, contains data about tasks and characteristics of general and local

ventilation. The Yack of ancillary infonnation in IMIS sornewhat limits its use for
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occupational exposure assessment, and the addition of new variables in IMIS should be

considered. Vincent and Jeandel recently described the redesign of the COLCHIC

databank, involving optirnization of codification schemes and addition of new

variables (26)

The difference between TWA, STEL, Peak and Ceiling measurernents was best

modelled in our study as a simple dichotomy between TWA and short-term

measurements. STEL measurements exist in IMIS only since the 1987 standard and are

defined as 15 min. samples. Peak and Ceiling samples correspond to former OSHA

standards. Ceiling limits should not be exceeded at any time during the shifi but can be

measured as 15 min. samples if instantaneous samples are flot feasible. The peak value

should flot be exceeded for more than 30 min. during the work-shift, and it is plausible

peak values would correspond to sample times of approximately 30 min. The absence of

significant differences between the STEL, PEAK and Ceiling measurements is therefore

not surprising. The ratios of short-term to TWA exposures in flvIIS varied across

industries and decreased from a median of 5.7 in 1979 to a median of 1.7 in 2001. The

temporal trends estirnated in our model for short-term and TWA measurement show that

this evolution took place mainly between 1979 and 1987 after which both types of

measurements decreased at a similar rate. These results suggest that the rnost extreme

formaldehyde exposures were controlled before the implernentation of the 1987

standard. The 7% per year decrease rate in TWA concentrations prior to 1987 was

reduced to 4% per year until 2001. These time trends are similar to those reported in

other studies on IMIS (9;19) or on formaldehyde exposures
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The type of inspection was a predictor of formaldehyde exposure levels in IMIS and was

best modelled as a dichotomy between ‘programmed’ and ‘non-programrned’

inspections. Programmed inspections were associated with exposures sligthly lower

(6%) than those rneasured during non-progTammed inspection. Prograrnmed inspections

correspond to visits made in a random sample of companies within specific industrial

sectors, selected because of particular safety/health concems, and categories of company

size (29) The majority of non-programmed inspections were visits triggered by

employee complaints (“complaint” inspections) or referral by a safety officer (“referral”

inspection). The influence ofthe type of inspection on exposure levels in IMIS lias been

explored in several studies since the 1980s to gain insight into suspected upward biases

present in this OEDB (4;8;9;15;16;19) It lias been postulated that visits triggered by

complaints or refenal are more likely to correspond to companies with high exposure

within an industry. Altogether, these studies, perforrned for different substances, in

different industries, and with different methodologies, provide no consistent evidence of

the presence or absence of such bias. Our observations add to the weight of evidence

that if complaint and refenal inspections actualÏy bias data in FMIS toward high

exposure companies within industries, the bias is of limited amplitude.

The season of sampling appeared to be a marginal predictor of formaldehyde data in our

model, with summer being counter-intuitively associated with slightly higher exposures

than winter. In other studies this variable was found to be related to exposure (331) with

higher exposures during cold seasons. It is believed to act as a proxy of factors

influencing air-exchange rates and recirculation in facilities. Our observations can be

explained by the high variability of clirnatic conditions across the U.S. The outside
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temperature would have provided a better predictor in this regard. Moreover, while the

studies of Van Tongeren et al. and Lavoué et al. included only one industrial sector, our

study involved many industries for which the season might flot be related to exposures in

the same way.

The within-inspection correlation (0.71) observed in our study is higher than that

observed by Teschke et al. (19) for the analysis of wood dust measurements in IMIS

(0.3 1). It is possible that the between-inspection variance in the model ofTeschke et aï.

was reduced by additional variables (such as job), which would have reduced the

observed within-inspection correlation. Part of the difference might also be attributed to

differences in the variance-covariance structure rnodelled and in the fitting techniques.

Our resuits are similar, however, to those observed by Lavoué et al for the correlation

between formaldehyde measurements in COLCHIC taken during the same sampling

carnpaign (32) Our observations confirm the existence of correlation pattems within

exposure data, which need to be taken into account when analysing these data or during

the design of sampling strategies.

The existence of differences in the variability of exposure levels across industries

observed in our study is plausible and has already been reported (33) TWA

fomialdehyde data in IMIS appeared less variable than STEL data but more variable

than Peak or Ceiling data, albeit by a small margin. Theoretically short-term

measurernents should be more variable than TWA measurernents (34,35) Our
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observations are difficuit to interpret in this regard and might be due to chance or

confounding by factors flot accounted for in our analysis.

Predicted exposure levels

Table W and V provide a picture of formaldehyde exposure levels in IMIS corrected for

determinants. The predictions were made for 2001, an average effect of the season of

sampling, and for programmed inspection. The latter two variables had a relatively

small influence on exposure levels, and therefore the correction for year of sampling is

likely to account for the majority ofthe differences between the raw and estimated GMs.

The picture drawn from Table W shows that for the majority of sectors covered in this

analysis, recent TWA exposure levels show good conformity to the OSHA PEL of 0.92

mglm3 (0.75 ppm). Hence, most estimated GMs are close to or less than 0.10 mg/m3,

corresponding to exceedance fractions rarely over 5-10%. Two categories have

markedly higher estirnated GMs. Category 2493 (reconstituted wood products) had an

estimated GM of 0.19 mg/m3 and the category 24 had a GM of 0.20 mg!m3. The latter

category corresponds to lumber and wood products, except fumiture, exciuding

industries with codes 2431, 2434, 2435, 2436, 2493, and 2499 (Table W). Further

analysis of the data in category 24 showed that rnost measurements came from the SIC

codes 2426: Hardwood dimension and flooring mils, and 2439: Structural wood

members.
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Table V shows that in most industrial categories, estimated short-term GMs are between

0.10 and 0.30 rng/m3, conesponding to exceedance fractions of the ACGN TLV

Ceiling rarely under 20% and reaching 52%. In addition to categories 24 and 2493

mentioned above, SIC 7261 (funeral services and crematories) and SIC 8221(Colleges,

universities, and professionals schools) correspond to exceedance fractions greater than

40%. Exposure to formaldehyde in categories 24 and 2499 are related to its use in

amino resins. In categories 7261 and $221, formaldehyde is present in embalming and

fixative formulations.

The coefficients presented in the appendix, by allowing retrospective prediction of

formaldehyde exposure levels in 1MIS, can serve as supplementary exposure assessment

tools for studies using retrospective designs in occupational epidemiology.

Logistic regression

The logistic regression in our study showed that conditions associated with higher

probability of a resuit being ND (higher number of employees, complairit inspections,

specific states) seem poorly related to those associated with low exposure levels (later

periods, programmed inspections). Moreover, only moderate inverse concordance

between exposure levels and fraction of NDs stratified by industry was observed. The

time trends in figure 2 also show poor concordance, except for the period 1987-1995,

between exposure levels and the fraction cf ND. While part cf our observations might

have been confounded by changes in the lirnits of detection over time (OSHA changed

its method from bubblers te sorbent tubes in 1985 and updated the new method in 1989),
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they globally argue against the hypothesis that ND data in EvIIS are measured and

recorded using similar practices as the detected data. Mendeloffreported the existence of

significant under-recording of the monitoring data in IMIS and his observations suggest

that low and undetected concentrations are less likely to be recorded in IMIS than higher

concentrations (36) The author also reported that the phenomenon is variable across

OSHA offices, which is compatible with our observations of variable fractions of NDs

across states. On the other hand, Jones et al., based on the analysis of data from two

OSHA area offices in one region, report that the under-reporting appeared random with

regard to exposure levels (29)•

The complaint inspections in our dataset were 30% more likely to be ND compared to

referral or programmed inspections. It is plausible that during complaint inspections, the

compliance officer would be inclined to monitor exposures they know are very low or

even not present just to respond to the employees’ concem. Melville and Lippmann

emphasize that the ND codification in IMIS does flot allow discriminating ‘flot detected’

(ND in an environment likely to contain formaldehyde) and ‘not found’ (ND in an

environment unlikely to contain formaldehyde) resuits (8) Whereas exciuding ‘not

detected’ resuits from the analysis would bias the exposure estimates upward, including

‘flot found’ resuits on the other hand, wouÏd introduce a downward bias.

Within-inspection correlation was also identified in the logistic model, confirming the

observations made for the linear models.
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5.5.2 Limitations ofthe industry-exposure matrix

Several limitations hamper the direct use of the prediction model we developed to assess

occupational exposure to formaldehyde in the U.S. first the value of the model itself is

limited by the absence in our analysis of potential influential variables that are in the

databank. Identification of individual companies, union status and scope of the

inspection were flot available in our extract. Jobs, being only available in free text and

often flot reported in a consistent manner, were not tested in the model. Second, several

important exposure-related elements (e.g presence / type of ventilation) are not recorded

in IMIS. Third, while the exclusion of NDs is likely to have caused an upward bias in

our estimates, this issue is complicated by the impossibility to discriminate ‘not

detected’ from ‘not found’ data in TMIS. We believe a significant proportion of NDs in

EvIIS correspond to “not found” since the percentage of ND (—30%) is very high when

considering the exposure levels (—between 0.1 and 0.5 rng/m3) compared to the limit of

detection (0.02 mg/rn3). As an illustration, a lognormal distribution with GSD= 2.7 and

30% of values <0.020 mg/m3 would have a GM of 0.034 mg/m3. Fourth, it has been long

suspected that data in the LMIS does not adequately reflect exposures in the general U.S.

working population (36) The various industries found in IMIS mainly resuit from visits

caused by complaints, referral by safety officers or programs targeted at specific

industrial sectors. As such they might not provide an adequate picture of the presence of

fonnaldehyde in U.S. workplaces. In this regard, Jones et al. advised against the use of

IMIS to detect new ‘problem areas’ (29)• Within industries, a bias toward ‘dirty’

companies can be related to the reason of the inspection. Our observations nevertheless

suggest that such bias should be of small amplitude. Within a company exposure

monitoring is probably oriented toward jobs or task causing the highest exposures. This
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can be accounted for if jobs are part of the analysis or if knowledge of the process

permits to identify such jobs. It is also possible that for a given job an inspector would

try to monitor worst case conditions. However, such conditions are not aiways easy to

identify, and Jones et al. further suggest that, based on interviews, such “worst case”

strategy was not used systematically29. As previously mentioned by Stewart et al. these

limitations are not different from those found in other sources of exposure data and IMIS

has the advantage ofprospectively increasing its dataset 4) They merely require careful

interpretation from the exposure assessor.

5.5.3 Comparison with COLCHIC data

In our study, graphical comparison of ECDFs showed that COLCHIC formaldehyde

data are approximately twice as high as EvIIS data, for both short-term and TWA data

(with COLCHIC TWA data restricted to sample times >l2Omin, see figure 3). Refining

the comparison by considering cornmon industries and using mixed-effects models

yielded a sirnilar ratio for TWA data but a smaller one (1.3) for short-term data.

Adjustment ofthe COLCHIC TWA data (ofwhich 80% are <2 hrs) to 8-h sample times

prior to modelling yielded a ratio of 1.3, common to both short-term and TWA data. The

adjustment of COLCHIC data probably caused artefacts in the estimation of the

variance-covariance structure of the statistical model and prevented any rigorous

inference-based conclusion to be drawn. Nevertheless, we believe that this analysis

provided the most valid comparison. We therefore conclude that formaldehyde data in

COLCHIC are higher than in IMIS by a factor of approximately 1.3 after taking into

account differences in sampling times.
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The observation of higher levels in COLCHIC than in IMIS is somewhat unexpected,

because, with regards to the resuits of Vinzents et al. (lU, COLCHIC is run for insurance

purpose whereas IMIS is run for compliance purpose. Moreover, NDs were flot

included in the IMIS dataset. The observed difference might 5e due to several reasons.

firstly differences in processes or controls associated with formaldehyde in France and

in the U.S. can’t be excluded. Secondly, the exposure limits for formaldehyde in France

(0. 6 mg/m3 as 8-hour TWA and 1.2 mg/m3 as 15-min. STEL (37)) are only

recommendations. As such they might represent a less potent incentive for exposure

control than legal OELs such as the OSHA PELs. Thirdly sampling strategies used to

collect data might differ between the two OEDBs. Hence, of the data in our COLCHIC

dataset, 70% were measured by an occupational health physician or hygienist during

visits triggered by suspicion of exposure. Lavoué et al. observed that levels

corresponding to such visits tended to 5e higher than those corresponding to visits made

in the framework of a systematic survey f10), whereas we found littie differences in IMIS

detected levels taken during programmed or non prograrnmed (e.g. complaint, referral)

inspections.

Overail, the quite moderate difference observed between the two databanks argues in

favour of the possibility of using OEDBs from different countries to supplement one

another as tools for occupational exposure assessment. In particular, the increasing

number of occupational epidemiological studies involving multiple countries provides

an incentive for the investigation of differences arnongst national exposure databanks.



199

5.6 Conclusion

Through statistical modelling of formaldehyde personal exposure levels in the U.S. IMIS

a rnulti-industry retrospective picture of short-term and TWA exposures was drawn.

Recent TWA concentrations in IMIS were highest in the Reconstituted wood products,

Structural wood members, and Wood dimension and flooring industries whule short-term

concentrations were also elevated in the funeral homes and crematories, and education

sectors. Formaldehyde concentrations were marginally higher when measured during

visits caused by employee complaints or referral by a safety officer compared to

programmed visits. Logistic regression analyses showed that the probability of

formaldehyde data being labeÏled “flot detected” was flot inftuenced by the same

variables as the detected exposure levels, suggesting that low and high formaldehyde

exposures were not measured andior recorded in IMIS using the sarne strategies. After

correction for industry, time trend and sampling tirne, formaldehyde concentrations in

IMIS were slightly lower than those available in the French OEDB COLCHIC. Despite

the lack of ancillary information accompanying measurements in IMIS and the presence

of several sources of bias, our study suggests, as have several others, that this databank

stiil represents an invaluable source of insight into occupational exposures in the U.S.

We recoinmend that more information on exposure determinants be recorded in IMIS

and that more studies be conducted that compare national occupational exposure

databanks.
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5.9 Appendix

Coefficients of the linear mixed effect model for the prediction of ÏMIS formaldehyde

exposure levels

Intercept -1.15 Winter O Programmed -0.07

(Year-1 979)-TWA (Year-1 979)-Short-term
Spnng -0.08 Non programmed 0

measurements measurements
<1987 -0.07 <1987 -0.21 Summer 0.16

>1987 -0.04 >1987 -0.04 Autumn 0.04

SIC codes - TWA measurements SIC codes — Short-term measurements
7261 0 3325 0.12 7261 2.57 3325 1.59
22 -0.49 3365 0.22 22 1.26 3365 1.68

226 -0.57 3366 -0.09 226 1.16 3366 1.50
23 -0.66 34 -0.30 23 0.88 34
2326 0.14 35 -0.11 2326 1.63 35 1.36
2329 -0.38 356 2329 0.99 356 1.82
233 -0.46 36 -0.85 233 0.69 36 0.82
239 -0.52 3672 bT 239 1.25 3672 1.41
24 0.72 37 -0.26 24 2.37 37 1.15
2431 0.11 3714 -0.65 2431 1.71 3714 1.27
2434 0.03 38 -0.87 2434 38 1.34
2435 0.04 39 -0.23 2435 1.94 39 1.41
2436 -0.21 51 -0.04 2436 1.02 51 1.70
2493 0.69 7384 2493 2.45 7384 1.27
2499 0.25 80 bT 2499 1.48 80 1.95
25 -0.03 806 25 1.48 806 1.91
2511 -0.08 8062 0.06 2511 (A) 8062 2.02
2521 -0.31 8071 -0.05 2521 (A) 8071 1.82
254 0.20 8211 -1.44 254 1.74 8211 1.86
2621 -1.23 8221 0.10 2621 0.57 8221 2.29

2653 0.29 92 -0.77 2653 1.59 92 1.74

267 -0.35 D.C -0.14 267 1.35 D.C 1.75

28 -0.04 0.0 -0.40 28 1,84 0.0 1.62
2821 -0.30 D.E -0.68 2821 1.84 0.E 1.02

30 -0.75 D.F 0.14 30 H.43 D.F 1.85
3089 -0,19 D.G -0.37 3089 1 O.G 1.40

32 -0.24 D.H (A) 32 1.27 O.K (A)

3296 -0.45 D.I -0.68 3296 1.15 0.1 0.81

33 0.19 D.J -0.95 33 D.J 1.47

3321 -0.15 3321 1.50

(A): Less than 10 measurements available

formulae to make predictions:

For measurements before 1987:

Ïn(GM) = int ercept + CoeffSJCCQdC + Coeffseaso,t + Coeff11110,, + (year —1979) * Coeff<1987

For measurernents afier 1987:

ln(GM) = int ercept + Coeffsic,coue + COCffscaso,1 + Coeffjnspectjo,z + 8 * Coeff<1987

+ (year —1987) * coeff>1987



Note: Due to rounding errors, a difference up to 15% might appear when predicting

GMs compared to values presented in Tables W and V.

20$
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6. DISCUSSION GÉNÉRALE

L’analyse individuelle et comparative des cinq sources de données décrites dans les

précédents chapitres a généré de nombreux résultats en regard des problématiques

abordées dans ce travail. Le tableau N°5 présente un résumé succinct de ces résultats

classés par chapitre. Ils sont discutés dans les sections suivantes, d’abord sur la question

de l’utilisation des données préexistantes pour l’évaluation de l’exposition puis sur le

sujet de l’exposition professionnelle au formaldéhyde.

6.1 Utilisation des données préexistantes pour l’établissement de portraits de

l’exposition professionnelle

6.1.1 Information entourant les données d’exposition

Les analyses conduites durant ce travail confirment les observations retrouvées dans la

littérature selon lesquelles les informations entourant les données d’exposition,

nécessaires pour en évaluer la pertinence, sont généralement documentées de façon

insuffisante (Caldwell et coiL, 2001;Marquart et coll., 2001). Ainsi, en ce qui concerne

la revue de littérature présentée au chapitre III, une proportion importante des données

n’étaient associées qu’à un procédé et une période historique imprécise (fourchette de 10

ans). Selon les critères proposés par Tielemans et coll., la plupart de ces articles auraient

dû être exclus de l’analyse (Tielemans et coll., 2002).
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Pour les données québécoises, plusieurs variables documentées par l’équipe de

recherche de l’TRSST durant les visites d’usines n’ont pas été incluses dans l’analyse car

elles manquaient en général dans les rapports d’hygiène des CLSC (p.ex. type de presse,

épaisseur des panneaux fabriqués, température ambiante, indices de productivité).

L’analyse par modélisation des données des BDEP IMIS et COLCHIC a clairement

donné de moins bons résultats pour la banque IMIS, notamment en terme de proportion

de la variance expliquée par les variables prédictives. COLCHIC possède en particulier

l’avantage sur UvIIS de contenir une classification standard de poste de travail. De plus

COLCHIC comporte plusieurs variables additionnelles comme la température ambiante,

la méthode analytique, ou les systèmes de ventilation.

Plusieurs facteurs sont susceptibles d’expliquer nos observations en regard de cette

problématique. En ce qui concerne la littérature, la revue présentée au chapitre III

incluait des mesures antérieures à 1995, dont la majorité dataient des années 80, bien

avant les propositions de Tielemans et coil. (2002), des groupes de travail européen et

états-unien (1995) (Joint ACGIH-ATHA Task Group on Occupational Exposure

Databases, 1996;Rajan et coll., 1997;Tielemans et coll., 2002), ou encore d’études

soulignant l’importance de l’identification des déterminants de l’exposition (Burstyn et

Teschke, 1999). Il est donc possible que les auteurs d’alors aient jugé suffisantes les

informations fournies. Cependant, l’explication la plus probable selon nous est que la

présentation de données d’exposition, en particulier en vue de leur utilisation a

posteriori, ne constitue pas l’objectif principal de la majorité des études. Ainsi, les

études les moins bien documentées dans la revue présentée au chapitre III étaient des

études épidémiologiques. L’évaluation de l’exposition ne constitue qu’une fraction,
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historiquement négligée (Stewart et Stenzel, 1999;Stewart et Stewart, 1994) des résultats

qui doivent être présentés et discutés dans de telles études. De surcroît, l’incitation de

plus en plus forte des publications scientifiques à la soumission de manuscrits le plus

courts possible n’incite pas les auteurs à fournir des détails qui ne soient pas de nécessité

directe pour l’évaluation de leur travail. En outre, les rapports d’évaluation des équipes

d’hygiène des CLSC, au Québec, sont destinés principalement aux entreprises visitées.

Il en résulte que les auteurs de ces rapports n’ont pas tendance à «encombrer» leurs

résultats d’informations sur les procédés, les tâches, ou les emplois, qui sont

parfaitement connues par les destinataires des rapports. Il existe aujourd’hui un besoin

grandissant en données d’exposition, notamment pour l’épidémiologie professionnelle

qui s’emploie de plus en plus à évaluer des risques de nature chronique causés par de

faibles expositions (Kromhout, 2002;Stewart et Stenzel, 1999). Les coûts reliés à la

mesure de l’exposition étant élevés, il devient selon nous nécessaire, quel que soit

l’objectif principal relié à la prise de mesures d’exposition professionnelle, que leur

utilisation à posteriori dans des cadres plus généraux devienne un objectif secondaire

systématique. Cet objectif requiert la mise à disposition des futurs utilisateurs

d’informations leur permettant d’interpréter au mieux les mesures disponibles.

La problématique associée aux informations entourant les mesures d’exposition est

différente dans le cas des BDEP. Ainsi, l’utilisation des données enregistrées dans ces

banques pour la surveillance de l’exposition, l’épidémiologie professionnelle ou

l’établissement de valeurs limites d’exposition fait partie la plupart du temps des

objectifs visés par les organismes qui les ont mis en place (Bums et Beaumont,

1989;Carton et Goberville, 1989;Starnm, 2000). L’utilisation a posteriori des données
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enregistrées fait donc partie explicitement des objectifs des BDEP. Les problèmes

viennent dans ce cas de la quantité d’information enregistrée avec les mesures et de la

façon dont cette information est enregistrée. Les recommandations des groupes de

travail européen et états-unien, résumées au tableau N°1, englobent un nombre important

de caractéristiques, qui peuvent impliquer un travail laborieux de collection et

d’enregistrement. Lamontagne et cou, soulignent la nécessité de faire des compromis

entre l’abondance d’information et la simplicité d’enregistrement d’une mesure,

notamment en regard de la difficulté d’obtention de certaines informations et de la

quantité de travail requise de la part du personnel saisissant les données (LaMontagne et

coli., 2002a;LaMontagne et coll., 2002b). Le risque est ainsi d’obtenir un faible taux

d’enregistrement des informations si leur quantité est trop importante. Vincent et

Jeandel on décrit la réorganisation récente de la banque COLCHIC. Les auteurs ont

souligné la nécessité de simplifier la saisie des informations et de permettre au personnel

générant les données d’obtenir un retour sur l’information qu’ils ont enregistrée pour

améliorer les taux d’enregistrement et minimiser les erreurs de saisie (Vincent et

Jeandel, 2001). La difficulté d’utilisation de la variable indiquant l’emploi dans la

banque ilvIIS (champs de texte non standardisé) illustre bien la problématique de la

façon dont les informations sont enregistrées. L’existence d’une codification standard

n’est pas sans écueils puisqu’il faut faire des compromis entre une codification précise

mais vulnérable aux classements erronés et une classification trop large pour être

utilisable. La récente réorganisation de la banque COLCHIC représente selon nous un

exemple d’amélioration continue à suivre dans le domaine des informations entourant

les mesures dans les BDEP (Vincent et Jeandel, 2001).
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6.1.2 Identification des biais dans les sources de données préexistantes

Si l’on se réfère au schéma conceptuel de la figure 1, nos analyses ne fournissent pas

directement d’information sur la représentativité des secteurs industriels inclus dans les

données sur le formaldéhyde dans COLCHIC et IMIS par rapport aux secteurs où le

formaldéhyde est réellement présent (Case 1 de la figure 1). En effet, ne disposant pas

de liste de référence à laquelle comparer la liste des secteurs identifiés dans ces banques,

toute validation est impossible. Les variables indiquant les raisons des visites

industrielles ayant donné lieu à des mesures, qui varient de plaintes d’employés,

soupçon de la présence d’exposition ou de risque, à la sélection quasi aléatoire

d’établissements dans des secteurs identifiés comme prioritaires (voir les chapitres IV et

V), pointent vers la possibilité à la fois d’inclusion de secteurs où il n’y aurait pas

d’exposition au formaldéhyde (p.ex. plainte d’employés non formés en hygiène) et de

l’inclusion de secteurs pour lesquels les niveaux d’exposition sont élevés (indication par

un hygiéniste, secteur préalablement identifié comme étant à risque). De plus certains

secteurs sont explicitement hors de la juridiction des organismes responsables de ces

banques (par ex. Défense nationale pour COLCHIC, et le secteur des mines pour IMIS).

L’étude la plus informative à ce sujet est probablement celle de Valiante et coli., qui ont

observé que les secteurs industriels associés à des niveaux d’exposition à la silice dans

IMIS représentaient 54% des emplois retrouvés chez les cas de silicoses du registre de

cette maladie au New Jersey aux Etats-Unis (Valiante et cou., 1992). Les auteurs

concluent que l’utilisation de plusieurs sources de données est nécessaire pour identifier

des industries à risque.
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Notre étude fournit également une bonne illustration de la problématique de la case 2 de

la figure 1 (Sous-procédés associés à des expositions différentes dans un même secteur

d’activité). Ainsi, à la fois dans COLCHIC et IMIS, le secteur des panneaux de bois

aggloméré est représenté par une seule catégorie. Or les données de ce secteur

présentées aux chapitres II et III montrent que l’un des trois sous-procédés de cette

industrie (les panneaux 053), est associé à des niveaux plus faibles que les deux autres

(P3 et MDF). Dans la mesure ou tous ces procédés sont représentés par une même

catégorie dans une BDEP, le niveau moyen calculé sur l’ensemble du secteur des

panneaux de bois fournira une infonnation biaisée sur les niveaux d’exposition (dans ce

cas, sous-estimation des niveaux pour PB et MDF et surestimation des niveaux pour

OSB). Il est également possible que les données présentes dans la BDEP ne concernent

que les sous-procédés associés à de fortes expositions. Dans ce cas, l’application des

données à l’ensemble du secteur d’activité causera une surestimation des expositions

réelles dans l’ensemble du secteur. Cette problématique peut être partiellement

contournée par une connaissance approfondie des procédés à l’intérieur d’un secteur

d’activité, en particulier par l’identification de ceux qui sont associés à des expositions

très faibles ou nulles, si l’on fait l’hypothèse qu’ils ne sont pas ou peu représentés dans

la BDEP.

Les biais causés par la sélection non aléatoire des usines d’un secteur (case 3 dans la

figure 1) ont fait l’objet de la majorité des études publiées sur IMIS (voir chapitre I

tableau 1). Étant donné qu’une proportion importante des mesures dans IMIS provient

de visites causées par des plaintes d’employés, l’hypothèse la plus souvent énoncée

suppose que les usines visitées dans ce cadre correspondent à des milieux où
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l’exposition est moins bien maîtrisée. Ces données seraient donc biaisées vers le haut

par rapport à celles prises lors de visites planifiées à l’avance, qui correspondent à une

sélection aléatoire d’usines à l’intérieur d’un secteur d’activité. De façon générale, les

études utilisant des mesures descriptives (p.ex. médiane des expositions par secteur

d’activité) ont rapporté de plus fortes expositions pour les visites causées par des

plaintes (voir chapitre I tableau N°2). En revanche les études ayant cherché à tenir

compte de l’influence d’autres variables (emplois, tendances temporelles) n’ont mis en

évidence que des effets faibles voire non détectables. Nos résultats d’analyse des

données d’exposition au formaldéhyde dans IMIS ont montré une influence marginale

(différence de 5%) du type de visite sur les niveaux d’exposition détectés. Cependant

les mesures causées par une plainte avaient significativement plus de chance de donner

un résultat non détecté que les autres types de visite. Dans le cas de COLCHIC, nos

analyses montrent des différences plus importantes reliées à la raison de la visite. Ainsi,

les visites causées par le soupçon d’exposition ou de risque, ou encore l’implantation de

systèmes de ventilation, correspondaient à des expositions plus élevées d’un facteur 2

que celles associées à des campagnes systématiques. Ces résultats sont cependant

mitigés par le fait que nous n’avons observé une influence de la raison de la visite que

pour les mesures individuelles. Finalement, il apparaît important d’étudier de façon

systématique les variables reliées au stratégies de mesure dans une BDEP afin de

pouvoir corriger les estimations de niveaux d’exposition en conséquence. À la fois dans

le cas d’IMIS et de COLCHIC, l’identification de la raison de la visite comme

déterminant et son inclusion dans les modèles statistiques ont permis d’effectuer de

telles corrections.
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Dans cette étude, une tendance nette à la concentration des mesures disponibles dans un

nombre limité d’emplois et de postes de travail (case 4 de la figure 1) a été mise en

évidence dans les données issues de la revue de littérature dans le secteur des panneaux

de bois et dans COLCHIC. Cette tendance n’était pas présente dans les données issues

des dossiers des CLSC et ne pouvait pas être évaluée dans IMIS puisque cette dernière

ne contient pas de variable identifiant un emploi standardisé. De plus, les emplois cités

dans la revue de littérature correspondaient aux deux groupes d’exposition identifiés

dans les données québécoises comme associés aux plus fortes expositions. Ces résultats

confirment le danger d’interprétation erronée des données d’exposition pour lesquelles

aucune information n’est disponible concernant l’emploi ou le poste de travail évalué,

notaniment si l’on applique les niveaux d’exposition à tous les corps de métiers. Le

problème est cependant contourné si l’information est disponible.

Dans le schéma conceptuel des biais présenté à la figure 1, les biais correspondant aux

cases 5 et 6, qui englobent le choix des employés et des périodes échantillonnées, sont

probablement les plus complexes à évaluer car ils dépendent à la fois de la stratégie

d’échantillonnage utilisée et de l’expertise du mesureur. Ainsi, l’hygiéniste peut avoir

visé à mesurer les conditions normales d’exposition, à identifier l’employé le plus

exposé, ou encore à évaluer une période particulière associée à une forte exposition. Il

peut également avoir réalisé une sélection aléatoire de l’employé et de la période

mesurée. De plus, la capacité de l’intervenant en hygiène à identifier les conditions qu’il

vise à mesurer (p.ex. les conditions «normales» d’exposition, ou encore les pires

conditions) détermine l’amplitude du biais par rapport à un échantillonnage purement

statistique (Olsen et coli., 1997). La problématique est en outre compliquée par le fait
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que les stratégies d’échantillonnage sont rarement définies de façon explicite. Au

Québec, selon le Règlement sur la santé et la sécurité au travail (Gouvernement du

Québec, 18 juillet 2001), le Guide d’échantillonnage des contaminants de l’air en milieu

de travail (Direction des opérations, 2000) doit servir de référence aux équipes

d’hygiène des CLSC pour les stratégies de mesure. Cependant ce document, bien qu’il

décrive les différentes approches possibles, ne recommande pas de stratégie spécifique.

Aux États-Unis, il est plausible de penser que les inspecteurs de l’Occupational Safety

and Health Administration (OSHA) utilisent la stratégie proposée par NIOSH, qui

recommande la sélection des employés les plus exposés pour évaluer la conformité aux

normes (Leidel et coil., 1977). Cependant Jones et coil., sur la base d’entrevues avec

des inspecteurs d’OSHA, rapportent que cette stratégie n’est pas systématiquement

employée (Jones et cou., 1926). Vincent et Jeandel ont précisé dans chacun de leurs

articles sur COLCHIC que les données correspondent probablement à des stratégies de

type «pire des cas» (Vincent et Jeandel, 2001;Vincent et leandel, 2002). Nos

observations sur les données québécoises, sur COLCHIC et sur IMIS indiquent que les

moyennes géométriques estimées des concentrations de formaldéhyde diminuent lorsque

la durée de mesure augmente, les données court terme étant plus élevées que les données

de type VEMP. En théorie, un échantillonnage aléatoire de périodes plus courtes à

l’intérieur d’un quart de travail devrait donner lieu à des moyennes arithmétiques

identiques pour les mesures, quelles que soient leur durée (Rappaport et coll., 1988).

Les mesures à court terme étant en général plus variables que les mesures plus longues

(Kurnagai et Matsunaga, 1995;Kumagai et Matsunaga, 1999), ceci implique que les

moyennes géométriques des mesures devraient diminuer lorsque la durée de mesure est

plus courte. Nos résultats, contraires à ce principe, suggèrent donc que les mesures que
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nous avons analysées représentent des tâches ou des moments de la journée où

l’exposition est présente ou plus élevée que la moyenne de la journée plutôt qu’une

fraction représentative de cette journée. Ils rejoignent les constatations d’Olsen et cou.,

qui ont observés des résultats plus élevés pour des mesures prises durant des tâches

générant de l’exposition par rapport à des mesures prises de façon aléatoire durant la

journée (Olsen et coil., 1991). De plus, les mesures effectuées par les équipes

d’hygiène des CLSC (voir chapitre II), étaient plus élevées que celles prises par l’équipe

de recherche de l’RSST après correction pour la durée d’échantillonnage, indiquant,

pour une même durée d’échantillonnage, la sélection de périodes d’exposition élevées.

Globalement, notre étude appuie l’hypothèse énoncée notamment par Olsen et coil.

(Olsen et coll., 1997), selon laquelle, dans le cadre de la vérification de l’acceptabilité

des conditions d’exposition dans un milieu de travail visité, les intervenants en hygiène

privilégient la mesure des situations spécifiques, en particulier par l’évaluation de tâches

générant de fortes expositions, dans le but d’optimiser l’utilisation des ressources

disponibles pour le mesurage.

Il existe des indices suggérant l’existence dans la banque IMIS d’un sous-enregistrement

des résultats mesurés par les inspecteurs d’OSHA (Jones et coil., 1986;Mendeloff,

1984), qui correspond à la problématique de la case 7 dans la figure 1. Les deux études

disponibles rapportent cependant des résultats contradictoires sur l’existence d’un sous

enregistrement préférentiel des résultats faibles ou non détectés. Notre analyse des

mesures de fornialdéhyde dans EVIIS ne permet pas de conclure dans ce sens. Nous

avons plutôt observé une proportion importante de non détectés par rapport aux niveaux

moyens enregistrés, ce qui indiquerait plutôt une surreprésentation de mesures



221

correspondant à des milieux dont l’atmosphère n’est pas contaminée par le

formaldéhyde. Une partie importante de ces mesures ont probablement été prises lors de

visites durant lesquelles les inspecteurs mesurent des «zéro » à la suite de

préoccupations d’employés (voir chapitre V). Nos résultats tendent cependant à

confirmer qu’il existe une variabilité dans les pratiques d’enregistrement, notamment en

fonction des différentes unités géographiques de OSHA.

En résumé, grâce à l’étude conjointe de plusieurs sources de données d’exposition

professionnelle au formaldéhyde, cette étude a montré l’existence de biais reliés à la

sélection des entreprise où des mesures sont effectuées, aux systèmes de classification

employés pour les secteurs d’activité, les emplois / postes de travail, et aux stratégies de

mesure employées. De plus nos résultats suggèrent que ces biais peuvent être au moins

partiellement compensés si les informations accompagnant les mesures sont adéquates et

si des études de validation sont conduite avec des données mesurées dans des contextes

contrôlés.

6.1.3 Comparaison entre les différentes sources de données

Lors de la comparaison des données d’exposition au formaldéhyde québécoises et issues

de la revue de littérature dans le secteur des panneaux de bois aggloméré, les

déterminants commun aux deux sources de données (emploi, poste de travail, procédé)

avaient une influence très semblable sur l’exposition. Les niveaux d’exposition estimés à

partir de la littérature, après correction pour la période temporelle et l’emploi! zone de

travail étaient similaires à ceux estimés à partir des données des CLSC, eux-même étant
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plus élevés que les données mesurées par l’RSST d’un facteur 2,5 à 3. La comparaison

entre IMIS et COLCHIC a également révélé plusieurs déterminants communs de

l’exposition et de sa variabilité. Ainsi, les tendances temporelles, les différences court-

terme / VEMP, l’influence des secteurs d’activité et la corrélation estimée entre les

mesures effectuées durant la même visite étaient similaires dans les deux banques. En

terme absolu, nous avons estimé, après correction pour plusieurs facteurs confondants,

que les niveaux d’exposition au formaldéhyde étaient 30% plus élevés dans COLCHIC

que dans ilviIS. Vinzents et coll. ont observé de plus grandes différences entre plusieurs

banques de données européennes (rapport maximal de 4), mais les analyses étaient

restreintes à la comparaison de moyennes géométriques de mesures agglomérées sur une

période de 10 ans sans correction pour l’emploi ou la durée d’échantillonnage. Les

différences observées dans notre étude entre IMIS et COLCHIC, ainsi qu’entre les

données de la littérature et québécoises, sont comparables à celles mesurées lors d’autres

exercices de comparaison rapportés dans la littérature (Burstyn et coil., 2002;Stewart et

coll., 2003). Globalement, nos résultats indiquent un bon accord entre les différentes

sources analysées, d’autant plus satisfaisant que les données proviennent de pays

différents, ont été mesurées dans des contextes réglementaires distincts en utilisant des

stratégies de mesures variables. S’ils sont confinriés par d’autres études de comparaison,

impliquant notamment d’autres substances, ces résultats suggèrent la possibilité

d’utiliser conjointement différentes sources de données pour augmenter le nombre de

résultats disponibles pour une évaluation.
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6.2 Exposition professionnelle au formaldéhyde

6.2.1 Niveaux d’exposition estimés à partir des différentes sources de données

Grâce à l’emploi de la modélisation statistique, des portraits de l’exposition

professionnelle au formaldéhyde prenant en compte l’influence de variables

déterminantes ont pu être élaborés à partir de chacune des sources de données

disponibles, fournissant des informations à la fois sur les niveaux d’exposition, leurs

déterminants, et leur variabilité. Les portraits élaborés comportaient de plus une

dimension historique puisque des tendances temporelles dans les niveaux d’exposition

ont été également identifiées et quantifiées.

Les analyses réalisées dans le secteur des panneaux de bois aggloméré, présentées aux

chapitres II et III ont mis en évidence une diminution importante des niveaux

d’exposition des années 60 à nos jours. L’analyse des données québécoises, couvrant la

période 1984-2002, a néannoins montré une stabilisation, et une ré-augmentation des

niveaux mesurés à partir de 1995 (niveaux le plus récent équivalents à ceux des années

1987-1988). À l’intérieur du secteur, les procédés MDf et PB sont associés à des

niveaux plus élevés que le procédé OSB (d’un facteur 2 à 5), pour lequel les résines

employées sont plus résistantes à l’hydrolyse. Nous avons également pu établir des

groupes d’exposition similaires à partir des emplois de ce secteur. Ainsi les emplois

impliquant une proportion importante du quart de travail passée hors des salles de

contrôle dans la zone de production principale sont associés aux plus fortes expositions.

Estimée pour l’année 2002, la moyenne géométrique correspondant à ce groupe
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d’exposition est 0,22 mg/m3 pour les données mesurées par l’équipe de recherche

de l’WSST. À titre de comparaison, les moyennes géométriques estimées à partir de

l’analyse de COLCHIC, pour les données individuelles de type VEMP et l’année 2003,

variaient de 0,06 à 0,10 mg/m3 entre les différents postes de travail dans le secteur de la

fabrication de panneaux de bois et de laminés. Pour IMIS la moyenne géométrique

estimée pour 2001 dans le même secteur était 0,19 mg/m3 pour les données individuelles

de type VEMP. Dans les deux derniers cas, la codification industrielle ne permettait pas

d’identifier le sous-procédé (OSB, PB, MDf ou autre).

Les analyses multisectorielles présentées aux chapitres W et V ont également mis en

évidence une diminution importante des niveaux d’exposition au fornialdéhyde au fil des

années dans les banques JMIS et COLCHIC. Ainsi pour COLCHIC les niveaux

individuels et d’ambiance, à la fois pour les mesures court-terme et de type VEMP, ont

diminué en moyenne de 75% entre 1986 et 2003. Pour fMIS, entre 1979 et 2001, les

concentrations individuelles ont diminué respectivement de 68% et 90% pour les

données de type VEMP et court ternie. Ces tendances sont compatibles avec celles

observées par Symanski et coil. pour plusieurs ensembles de données à partir d’une

revue de littérature (Symanski et coll., 1998a;Symanski et coll., 199$b). Elles indiquent

globalement une amélioration significative des conditions d’exposition au fornialdéhyde

du début des années $0 à nos jours.

Les deux analyses multisectorielles ont également permis de mettre en évidence des

niveaux correspondant aux mesures court-terme supérieurs à ceux correspondant à des
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mesures de type VEMP, d’un facteur moyen de 2, variable selon les secteurs d’activité.

Ces résultats montrent que des expositions de courte durée significativement plus

élevées que la moyenne de la journée ont lieu dans de nombreux secteurs d’activité.

Le tableau N°6 présente une synthèse des niveaux d’exposition estimés à partir de

l’analyse de COLCHIC et EVIIS dans les secteurs d’activité correspondant aux plus

fortes expositions. Pour chacune des banques les moyennes géométriques des mesures

individuelles de type court-terme et VEMP sont estimées pour l’année la plus récente,

pour les 3 secteurs d’activité correspondant aux estimations les plus élevées.

Tableau N°6 Moyennes géométriques estimées des concentrations individuelles de

formaldéhyde pour les secteurs d’activité associés aux plus fortes expositions dans IMIS

et COLCHIC.

, . . . MG
Secteur U activite 3(mglm

IMIS — mesures de type VEMP
Fabrication de planchers et de pièces dimensionnées de bois de feuillus et de

0 20
pièces de charpenterie
Produits de bois reconstitué 0,19
Fabrication de caisses en fibres solides ou en carton ondulé 0.13

IMIS — mesures de type court-terme
Salons funéraires et crématorium 0,39
Produits de bois reconstitué 0,35
Fabrication de planchers et de pièces dimensionnées de bois de feuillus et de

0 32
pièces de charpenterie
Collèges, Universités et écoles professionnelles 0,30

COLCHIC — mesures de type VEMP (ajustées pour une durée de 8 heures)
Analyses biologiques et bactériologiques 0,28
Travail de charpenterie 0,26
Analyses anatomopathologiques 0,22

COLCHICtt — mesures de type court-terme
Analyses anatomopathologiques 0,86
Analyses biologiques et bactériologiques 0,54
Travail de charpente 0,42
(A) Moyenne géométrique

(B) Estimation pour le poste de travail correspondant à la moyenne géométrique la plus élevée
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Le tableau N°6 révèle les concentrations les plus élevées autour de 0,3 mg/m3 pour les

mesures de type VEMP et entre 0,5 et 0,9 mg/m3 pour les mesures court-terme. Si l’on

se réfère aux analyses de risques évoquées au chapitre I, ces résultats suggèrent un très

faible risque cancérogène pour les niveaux d’exposition existant actuellement dans

l’industrie. En revanche ils n’excluent pas, en particulier durant de courtes durées, la

survenue d’irritation.

Parmi les sources de données analysées dans ce travail, les données québécoises, issues

de la littérature et de COLCHIC incluaient des mesures d’ambiance en plus des mesures

individuelles. En règle générale, les mesures d’ambiance ne constituent pas une

alternative adéquate aux mesures individuelles pour estimer l’exposition de travailleurs

(Perkins, 1997). Nos analyses ont permis d’identifier des déterminants communs aux

deux types de mesures (en particulier des tendances historiques similaires) et d’autre

spécifiques à l’un ou l’autre (p.ex. la ventilation locale ou générale). Les mesures

d’ambiance étaient plus variables que les mesures individuelles. De façon générale,

elles étaient également plus élevées que les mesures individuelles dans des secteurs

d’activité où l’exposition est causée par la contamination de l’atmosphère de la zone de

production entière (en particulier dans le secteur des panneaux de bois aggloméré). Les

mesures individuelles, en revanche, étaient plus élevées dans des secteurs où

l’exposition est plutôt reliée à des tâches spécifiques (p.ex. secteur des analyses

biologiques et anatomopathologiques). Nos résultats confinnent le besoin de connaître

en détail les mécanismes de génération de l’exposition pour pouvoir utiliser les mesures

d’ambiance comme substitut de données individuelles.
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6.2.2 Limites des portraits de Fexposition au formaldéhvde présentés

Les estimations des niveaux d’exposition au formaldéhyde. présentées à la section 6.2. 1

et détaillées dans les précédents chapitres. comportent plusieurs limites quant à leur

interprétation directe comme matrice ernploi/secteur-exposition pour l’analyse du risque

à la santé posé par le formaldéhyde ou pour une étude épidémiologique.

Les données que nous avons analysées ne permettaient pas d’évaluer des différences

entre les travailleurs, qui sont plausibles et ont été mises en évidence dans plusieurs

études (Krornhout et coll., 1993;Symanski et cou.. 2001:Symanski et cou.. 2006;Van

Tongeren et coll., 2006). L’ampleur des différences entre travailleurs détermine

notamment l’importance de l’atténuation de la courbe dose-réponse causée par l’erreur

de classement de l’exposition dans les études épidémiologiques qui utilisent un système

de classification par groupe d’exposition (par ex. par emploi) (Heederick et coll.,

1991;Werner et Attfield, 2000). De plus, ainsi que discuté dans la section 6.1. les

sources disponibles ne représentent pas un échantillon aléatoire des populations

exposées et un certain nombre de biais sont susceptibles d’avoir faussé nos estimations.

FinaLement, la plupart de nos résultats concernent des données de type VEMP. En terme

d’indice d’exposition. si l’on considère le risque dirritation posé par le formaldéhyde.

c’est la distribution à long terme des concentrations instantanées subies par un

travailleur. en particulier la fraction de ces expositions dépassant le seuil d’irritation qui

apparaît comme le meilleur indicateur du risque. De plus. bien que l’exposition

cumulative soit considérée en général comme le meilleur indice d’exposition pour le
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risque cancérogène, il semble que pour le formaldéhyde ce risque soit plutôt associé à sa

cytotoxicité et donc que la fréquence de dépassement du seuil de cytotoxicité soit

l’indice d’exposition le plus appropriée (Wibowo, 2003). Or les données de type VEMP

ne permettent pas de caractériser directement les distributions d’exposition instantanées.

À ce titre, même s’il est logique de considérer comme de meilleurs indicateurs de risque

les estimations pour les mesures court-terme, disponibles dans le cas de COLCHIC et

IMIS, nos analyses suggèrent que les mesures court-terme dans ces banques représentent

des évènements particuliers associés à de fortes expositions. Ils ne sont donc pas

représentatifs de la distribution réelle des mesures court-terme mais plus probablement

de la partie droite de cette distribution. Rappaport et Roach ont proposé un outil

permettant d’estimer les distributions de mesures court-terme à partir de la distribution

des mesures de type VEMP, basé sur le fait que ces distributions possèdent

théoriquement la même moyenne arithmétique (Rappaport et coll., 198$). À titre

d’illustration, d’après ces résultats, au plus 5% des valeurs d’une distribution

lognormale dépassent 4 fois sa moyenne arithmétique, quelque soit l’écart type

géométrique de cette distribution. En l’absence de meilleur indicateur, cet outil pourrait

être utilisé à partir des estimations de moyennes arithmétiques présentés dans les

tableaux N°6 et N°8 du chapitre IV et dans le tableau N°4 du chapitre V pour estimer les

fractions maximales de dépassement d’une valeur seuil par les expositions court-terme.

Les estimations de niveaux d’exposition présentées dans ce travail ont été réalisées à

partir de modèles statistiques de régression multiple, plus précisément les modèles

linéaires mixtes (Pinheiro et Bates, 2000). Cette méthode représente un outil de choix

pour l’analyse des données d’exposition puisqu’elle permet d’évaluer l’influence
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conjointe de multiples variables sur les niveaux d’exposition tout en tenant compte de

l’existence de structures de variance-covariance complexes dans les données (Burdorf et

Van Tongeren, 2003). En particulier, nos analyses ont permis de mettre en évidence la

présence d’une corrélation significative entre les mesures prises durant une même

campagne d’échantillonnage. Elles indiquent l’importance d’évaluer ce type de

corrélation lors de l’analyse de données d’exposition puisque ne pas en tenir compte

conduit généralement à une sous-estimation de l’incertitude et, dans le cas de données

sévèrement non compensées (« unbalanced data» en anglais), peuvent causer un biais

dans l’estimation. Ces résultats confirment de plus les recommandations d’autres

auteurs de réaliser des évaluations d’hygiène industrielle sur des période de temps

supérieures à quelques jours consécutifs (Buringh et Lanting, 1991;Deadman et cou.,

1996;Francis et coli., 1989;Symanski et Rappaport, 1994). Cependant, l’analyse par

modélisation statistique est limitée par la quantité d’information disponible entourant les

données et par l’influence des variables disponibles sur les données d’exposition. Les

modèles développés à partir des données québécoises (chapitre II) et des données de

COLCHIC (Chapitre IV) ont permis d’expliquer plus de 50% de la variance des

concentrations de formaldéhyde, ce qui laissent penser que les principaux déterminants

de l’exposition au formaldéhyde dans ces sources de données ont été identifiés. En

revanche, les modèles construits à partir des données de la littérature et des données de

IMIS n’ont expliqué respectivement que 38 et 25% de la variabilité des niveaux

d’exposition, suggérant que d’importants déterminants n’ont pu être inclus dans

l’analyse, ce qui réduit la valeur des prédictions présentées. De plus, malgré le nombre

important de données dans la plupart des sources (de plusieurs centaines à plusieurs

milliers), la variabilité importante des niveaux d’exposition a limité la puissance
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statistique disponible pour détecter les effets de certaines variables. À titre

d’illustration, les tendances tempoi-elles estimées par les modèles présentés aux chapitres

IV et V correspondent à des tendances moyennes sur F ensemble des secteurs industriels.

Il est plausible et même probable que ces tendances varient en réalité d’un secteur

d’activité à l’autre. Cependant les différences n’étaient pas d’ampleur suffisante et les

données en nombre suffisant pour que cette interaction entre le secteur d’activité et la

variable identifiant l’année de mesurage soit incluse dans les modèles. finalement, les

modèles utilisés, bien que validés de façon interne au moyen d’outils diagnostiques

graphiques, n’ont pu être validés de façon externe. La généralisation directe des

résultats obtenus à l’extérieur des ensembLes de données analysées n’est donc pas

possible.

Les limites présentées dans cette section ne sont pas différentes de celles évoquées dans

d’autres analyses (voir p.ex. (Burstyn et coIl., 2002)). En particulier elles apparaissent

modérées par comparaison à l’incertitude importante associée à l’évaluation de

l’exposition professionnelle dans les études épidémiologiques (Ahrens et Stewart, 2003).

Dans notre étude, les pourcentages de variance expliquée par les variables prédictives

étaient comparables à ceux obtenus en général dans ce type d’analyse (Burstyn et

Teschke. 1999), les estimations ont été corrigées pour atténuer des biais reliés aux

stratégies de mesure et les différences observées entre les cinq sources de mesures

disponibles étaient modérées.



231

Nous concluons donc que le travail présenté fournit un portrait utile de l’évolution des

conditions d’exposition au formaldéhyde durant les deux dernières décennies. Il

pourrait être utilisé en surveillance de l’exposition pour identifier des secteurs où les

niveaux d’exposition sont encore élevés, où d’autres pour lesquels l’exposition semble

avoir été maîtrisée à un niveau acceptable. En épidémiologie du travail, les portraits

historiques élaborés pourraient être utilisés dans des études cas-témoin de population

(Gérin et coll., 1985;Siemiatycki, 1984). Dans ces études les sujets proviennent de la

population générale et ont pu être employés dans de multiples secteurs d’activité. Nos

données pourraient être utilisées dans ce contexte pour aider à l’élaboration d’une

matrice emploi-exposition historique. D’autre part, l’identification de groupes

d’exposition similaire dans le secteur des panneaux de bois aggloméré à partir des

données québécoises et de la littérature pourrait servir à l’élaboration de questionnaires

spécifiques à cette industrie utilisés par les experts chargé d’évaluer l’exposition

(Stewart et cou., 1998). Dans les études de cohorte les sujets sont sélectionnés permis un

nombre limité d’établissement dans un secteur industriel spécifique. Les méthodes

d’évaluation de l’exposition dans ce type d’étude sont en général constituées de

plusieurs procédures utilisées en fonction de disponibilité de mesures d’exposition

(Stewart et coU., 1996). Les estimations préseitées dans notre travail pourraient servir

dans les circonstances où aucune mesure n’est disponible pour assister les experts.
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6.3 Conclusion générale

À partir de l’analyse approfondie de cinq sources de données d’exposition au

formaldéhyde, nous avons démontré que plusieurs biais sont présents dans les

différentes sources si l’on cherche à caractériser l’exposition moyenne dans la

population active. Nos résultats suggèrent cependant que si les mesures sont

accompagnées d’informations adéquates, il est possible de quantifier certains biais et de

corriger les estimations en conséquence. Nous recommandons donc que l’utilisation

future des données soit envisagée systématiquement lorsque l’exposition professionnelle

est mesurée, pour garantir l’enregistrement de l’information nécessaire à leur

interprétation correcte. La concordance entre les différentes sources de données

analysées, en particulier au niveau des déterminants de l’exposition, est rassurante en

regard de l’utilisation de sources de données mesurées dans des contextes variables.

D’autres études devraient êtres réalisées pour explorer les différences entres les BDEP

accessibles au public et pour mieux caractériser le biais relié aux pratiques usuelles en

hygiène par rapport au design aléatoire. Les différents portraits d’exposition présentés

dans ce travail fournissent une mise à j ouï importante des connaissances sur l’exposition

professionnelle au formaldéhyde, en particulier de son évolution durant les deux

dernières décennies. Bien que non interprétables directement comme des matrices

emploi-exposition, ils constituent néanmoins des outils utilisables à la fois pour la

surveillance de l’exposition et l’épidémiologie professionnelle.
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À notre connaissance, le présent travail est le premier dans lequel les modèles

empiriques dits linéaires mixtes ont été employés pour établir des portraits historiques et

multisectoriels de l’exposition professionnelle à une substance chimique à partir de

BDEP, et pour modéliser non seulement les concentrations mesurées mais aussi leur

variabilité et leurs structure de corrélation. L’utilisation de l’analyse détaillée de cinq

sources de données d’exposition à une même substance puis de leur comparaison pour

identifier et quantifier d’éventuels biais confère également un caractère d’originalité à

notre travail, finalement, une nouvelle méthode d’interprétation des données

d’exposition issues de la littérature a été élaborée dans le cadre cette étude.
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