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1 	 | 	 INTRODUCTION

In	the	agricultural	workplace,	exposure	to	mixtures	of	
organic	 and	 inorganic	 dust	 is	 common.	 Organic	 dust	

originating	 from	 plant	 and	 animal	 sources	 commonly	
causes	 allergic	 diseases	 such	 as	 asthma.	 Inorganic	
dust	 originating	 predominantly	 from	 the	 soil	 tends	 to	
cause	non-	allergic	reactions	in	the	lungs.	Soil	contains	
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Abstract
Objectives: This	study	aimed	to	assess	the	risk	to	farmers	from	handling	pelleted	
seeds	that	include	crystalline	silica	and	attapulgite.
Methods: We	measured	personal	exposure	levels	to	respirable	crystalline	silica	
and	attapulgite	in	the	experimenter	representing	a	farmer	in	a	simulated	work-
place.	From	these	values,	the	annual	occupational	exposure	levels	were	estimated	
and	compared	with	the	established	occupational	exposure	limits.	To	assess	the	
toxicity	 of	 respirable	 crystalline	 silica	 and	 attapulgite,	 digital	 chest	 images	 of	
workers	in	a	factory	producing	pelleted	seeds	were	examined.
Results: The	personal	exposure	measurement	results	showed	that	the	concen-
trations	of	total	dust,	respirable	dust,	and	respirable	crystalline	silica	generated	
during	work	handling	of	pelleted	seeds	were	0.27,	0.06,	and	0.00043 mg/m3,	re-
spectively.	The	estimated	annual	occupational	exposure	level	to	total	dust,	respir-
able	dust,	and	respirable	crystalline	silica	in	farmers	was	103	to	104	times	lower	
than	established	occupational	exposure	 limits.	Attapulgite	was	not	detected	by	
analysis	of	 the	pelleted	seeds	 themselves	or	dust	collected	during	 the	personal	
exposure	measurements.	No	pulmonary	parenchymal	or	pleural	lesions	were	de-
tected	in	the	digital	chest	images	of	the	factory	workers.
Conclusion: We	found	 that	 farmers	handling	pelleted	 seeds	would	not	be	ex-
posed	to	levels	of	total	dust,	respirable	dust,	respirable	crystalline	silica,	and	atta-
pulgite	derived	from	pelleted	seeds	exceeding	occupational	exposure	limits.	These	
results	suggest	that	the	risk	to	farmers	of	handling	pelleted	seeds	is	negligible.
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two	 chemicals	 associated	 with	 lung	 disease.	 Silica	 is		
associated	 with	 respiratory	 conditions	 in	 people	 in		
agricultural	 occupations,1–	3	 and	 the	 fibrous	 mineral		
attapulgite	 can	 cause	 fibrotic	 changes	 in	 human		
lungs.4

Seeds	 of	 various	 shapes	 and	 sizes	 are	 coated	 with	
clay	 minerals	 and	 processed	 into	 spherical	 shapes	 of	
uniform	 size	 suitable	 for	 efficient	 seeding	 by	 sow-
ing	 machines.	 These	 pelleted	 seed	 products	 contain	
both	 crystalline	 silica	 and	 attapulgite.	 In	 Japan,	 an	
amendment	to	the	Industrial	Safety	and	Health	Law	in	
2016 made	risk	assessment	mandatory	 for	640	chemi-
cals,	including	crystalline	silica,	and	for	products	con-
taining	 those	chemicals.	 In	addition,	because	 the	 risk	
from	attapulgite-	containing	products	has	not	been	pre-
viously	assessed	by	manufacturers,	the	risk	due	to	the	
attapulgite	contained	in	pelleted	seeds	also	needs	to	be	
assessed.

In	the	present	study,	we	aimed	to	investigate	whether	
farmers	handling	pelleted	seeds	are	exposed	to	respira-
ble	dust,	respirable	crystalline	silica,	and	attapulgite	and	
whether	 they	 are	 therefore	 at	 risk	 for	 developing	 lung	
parenchymal	 and	 interstitial	 lesions.	The	 study	 results	
will	provide	benchmarks	useful	for	future	occupational	
risk	assessments	related	to	grain	dust	exposure	in	Japan	
and	 other	 countries	 where	 exposure	 conditions	 are	
similar.

2 	 | 	 METHODS

2.1	 |	 Study design

Because	 it	 is	 difficult	 to	 evaluate	 the	 risk	 posed	 by	 ex-
posure	 to	pelleted	seeds	 themselves	 in	 farmers,	who	are	
also	exposed	 to	soils	containing	crystalline	silica	and	at-
tapulgite,	 the	 exposure	 assessment	 was	 conducted	 in	 a	
simulated	workplace,	and	a	separate	 toxicity	assessment	
was	 conducted	 in	 workers	 in	 pelleted	 seed	 factories	 in	
Japan	(Figure 1).	Annual	occupational	exposure	levels	in	
farmers,	estimated	from	the	results	of	personal	exposure	
measurements	 conducted	 in	 the	 simulated	 workplace,	
were	then	compared	with	annual	occupational	exposure	
levels	in	factory	workers	and	annual	exposure	limits	cal-
culated	 using	 various	 established	 occupational	 exposure	
limits	such	as	the	occupational	exposure	limit	for	chemi-
cal	 substance	 (OEL)	 established	 by	 the	 Japan	 Society	
for	 Occupational	 Health	 (JSOH),	 the	 threshold	 limit	
value–	time-	weighted	average	(TLV-	TWA)	established	by	
the	 American	 Conference	 of	 Governmental	 Industrial	
Hygienists	 (ACGIH),	and	the	permissible	exposure	 limit	
(PEL)	 established	 by	 the	 U.S.	 Occupational	 Safety	 and	
Health	Administration	(OSHA).	Pelleted	onion	seeds	were	
used	 in	 this	 study	 because	 onion	 farmers	 handle	 them	
in	 large	 amounts	 in	 closed	 workplaces	 (Figure  2A,B).	
Prior	 to	 the	 personal	 exposure	 measurements,	 airborne	

F I G U R E  1  Schematic	diagram	representing	study	design	for	risk	assessment	for	farmers	handling	pelleted	seeds.	Exposure	to	and	
toxicity	from	attapulgite,	total	dust,	respirable	dust,	and	respirable	crystalline	silica	generated	from	pelleted	seeds	were	assessed.	To	assess	
exposure	levels	to	silica	and	attapulgite	from	pelleted	seeds	rather	than	from	the	soil,	workplace	and	personal	exposure	levels	were	measured	
in	a	simulated	workplace.	For	the	toxicity	assessment,	workers	in	pelleted	seed	factories	who	had	been	exposed	to	specific	dusts	in	large	
amounts	over	a	long	period	of	time	were	studied	as	surrogate	of	farmers.	The	exposure	levels	in	farmers	were	then	compared	with	those	in	
factory	workers	and	various	established	occupational	exposure	limits
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concentrations	 during	 handling	 pelleted	 seeds	 in	 the	
simulated	workplace	were	measured	to	determine	the	ex-
perimental	conditions	(Figure S1).	Toxicity	was	assessed	
in	factory	workers	producing	pelleted	seeds	as	a	surrogate	
of	 farmers.	 The	 exposure	 level	 of	 the	 factory	 workers	 to	
dust	was	estimated	by	using	working	environment	meas-
urement	data	provided	by	the	factory.	From	these	values,	
the	annual	occupational	exposure	levels	of	factory	work-
ers	were	estimated	and	compared	with	those	of	farmers.	
To	assess	the	health	of	the	factory	workers,	chest	X-	rays	of	
workers,	obtained	during	their	general	health	checkups,	
were	evaluated	for	interstitial	or	pleural	abnormalities.

2.2	 |	 Materials and subjects

There	were	altogether	five	palleted	seeds	production	com-
panies	in	Japan,	denoted	as	A–	E.	We	obtained	pelleted	seed	
samples	from	all	the	companies,	analyzed	the	silica	and	at-
tapulgite	contents	 in	 the	coating	materials,	 and	measured	
the	 airborne	 concentration	 in	 the	 simulated	 workplace.	
After	comprehensive	consideration	of	distribution	amounts	
of	the	pelleted	seeds,	the	amount	of	dust	generated	during	

their	handling,	and	the	silica	content	of	the	dust,	we	used	
pelleted	seed	samples	from	two	companies	(A	and	B)	for	the	
personal	 exposure	 measurements	 in	 the	 simulated	 work-
place.	At	the	time	this	study	was	conducted,	one	company	
stopped	production.	Therefore,	31 male	workers	who	work	
at	pelleted	seed	production	departments	from	the	remain-
ing	four	companies	were	enrolled	in	the	toxicity	assessment.

2.3	 |	 Exposure assessment in the 
simulated workplace

Pelleted	seeds	samples	were	crushed	to	analyze	their	sil-
ica	and	attapulgite	contents	(Figure 2B).	In	the	classifica-
tion	system	of	the	International	Agency	for	Research	on	
Cancer	(IARC),	attapulgite	is	a	Group	2B	substance	that	
is	possibly	carcinogenic	 to	humans,	but	only	 if	 the	 fiber	
length	is	longer	than	5 µm.5 The	presence	of	attapulgite	in	
the	coating	materials	was	determined	following	the	stand-
ard	 method	 for	 asbestos	 analysis	 (JIS	 A1481-	2;	 2016)	 by	
using	dispersion	staining-	phase	contrast	microscopy	(BX-	
51 microscope;	Olympus	Corporation)	and	X-	ray	diffrac-
tometer	(X'pert3	Powder;	PANalytical)	(Table S1).6	In	the	

F I G U R E  2  Experimental	setting	and	
observational	subject	for	risk	assessment.	
(A)	Farmer	handling	pelleted	seeds	in	
the	equipment	garage,	the	subject	of	risk	
assessment	in	this	study.	(B)	Appearance	
of	pelleted	seeds	and	original	onion	seeds.	
(C)	Airborne	concentration	measurement	
with	a	high-	volume	sampler.	(D)	Personal	
exposure	measurement	with	personal	
samplers.	(E)	Factory	workers	working	in	
the	pelleting	process	of	the	seeds	wearing	
disposable	masks.	Local	air	exhausters	
installed	over	the	head	is	operated	during	
the	pelleting	work
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dispersion	 staining-	phase	 contrast	 microscopy	 analysis,	
the	immersion	oil	with	a	refractive	index	of	1.550,	which	
is	the	same	as	that	for	chrysotile,	was	used	for	attapulgite	
detection	 because	 the	 refractive	 index	 of	 the	 immersion	
oil	 in	 which	 the	 attapulgite	 shows	 a	 dispersion	 color	 is	
1.500–	1.560.6,7 The	silica	content	of	the	coating	materials	
of	pelleted	seeds	was	analyzed	by	X-	ray	diffraction	with	an	
X’pert	PRO	MPD	system	(PANalytical).

For	the	assumption	on	the	side	of	safety,	a	small	meeting	
room	in	a	factory	with	an	air	volume	of	67.2 m3	(room	area	
28.0 m2;	ceiling	height	2.4 m),	where	the	temperature	and	
humidity	were	set	at	20–	25°C	and	40%–	70%	during	mea-
surements,	was	used	to	simulate	a	relatively	larger	garage	
where	 farmers	 handle	 pelleted	 seeds.	 The	 pelleted	 seed	
samples	from	the	five	factories	were	tested	independently.	
In	each	test,	a	total	of	330 000	pelleted	seeds	were	placed	
in	a	pseudo-	device	simulating	a	standard	seeding	machine	
(High	Speed	Onion	Spreader	OSE-	110;	Minoru	Industrial	
Co.	 Ltd)	 (Figure  2C,	 Figure  S1A,B)	 for	 1  h	 under	 inter-
mittent	 operation	 in	 multiple	 batches.	 During	 each	 test,	
respirable	dust	was	collected	and	measured	at	a	height	of	
1200 mm	and	at	a	distance	of	300 mm	from	the	dust	source,	
with	 the	 operator	 in	 a	 standing	 position	 (Figure  S1C).	
To	 avoid	 cross-	contamination	 errors,	 after	 each	 test,	 the	
next	test	was	not	begun	until	the	respirable	dust	level	was	
0.001 mg/m3	or	less,	as	measured	by	a	digital	dust	indicator	
(LD-	3K2;	Sibata	Scientific	Technology	Co.	Ltd).	The	dust	
generated	by	each	sample	was	collected	by	a	high-	volume	
air	 sampler	 (HVS;	 HV-	500F,	 Sibata	 Scientific	Technology	
Co.	Ltd)	using	an	air	sampling	volume	of	30 m3	in	1 h	test	
(Table  S1).	 A	 particle	 size	 separator	 (HV500PM4;	 Sibata	
Scientific	Technology	Co.	Ltd)	was	attached	to	the	HVS	to	
separate	respirable	dust.	The	airborne	concentration	of	re-
spirable	dust	was	calculated	by	dividing	the	weight	of	the	
collected	dust,	measured	by	a	gravimetric	electronic	scale	
(HM202;	A&D	Co.	Ltd),	by	 the	sampled	air	volume.	The	
silica	content	of	the	respirable	dust	was	analyzed	by	using	
the	X’pert	PRO	MPD	(PANalytical).

Personal	 exposure	 to	 attapulgite,	 total	 dust,	 and	 re-
spirable	 dust	 was	 measured	 in	 the	 same	 experimental	
setting	 as	 the	 airborne	 concentration	 measurement	 by	
using	 personal	 samplers	 (Figure  2D	 and	 Table  S1).	 The	
experimenter	 representing	 a	 farmer	 placed	 the	 pump	 at	
waist	level	and	the	sampler	in	the	neck	area,	near	where	
the	 air	 is	 breathed	 in	 (Figure  S1D).	 A	 personal	 sampler	
(MP-	W5P;	Sibata	Scientific	Technology	Co.	Ltd)	was	used	
for	 the	 sampling	 of	 attapulgite,	 total	 dust,	 and	 respira-
ble	dust.	Attapulgite	was	collected	using	a	disposable	as-
bestos	 sampling	 filter	 holder	 (225–	321;	 SKC	 Ltd)	 with	 a	
membrane	filter	with	an	effective	diameter	of	25 mm	and	
pore	size	of	0.8 μm.	Total	dust,	and	respirable	dust	were	
collected	using	a	 filter	holder	with	an	effective	diameter	
of	 19–	20  mm	 (NWPS-	254;	 Sibata	 Scientific	 Technology	

Co.	Ltd)	separating	particles	by	inertial	collision	particle	
size	selection	(4 μm,	50%	cut).	The	sampling	flow	rate	was		
1 L/min	for	attapulgite	and	2.5 L/min	for	total	dust,	and	re-
spirable	dust.	The	sampling	time	in	each	case	was	8 h,	which		
was	estimated	to	be	sufficient	for	dust	sampling	above	the	
detection	limit	based	on	the	previous	airborne	concentra-
tion	measurement	results	obtained	in	the	simulated	work-
place.	Total	dust	was	calculated	by	combining	the	weight	
differences,	before	and	after	sampling,	of	the	impact	plate	
and	 the	 filter	 (TF98R;	 Sibata	 Scientific	 Technology	 Co.	
Ltd).	Before	sampling,	grease	applied	impact	plate	and	fil-
ters	were	placed	in	an	environment	controlled	by	tempera-
ture	and	humidity	and	then	weighed	with	the	gravimetric	
electronic	scale	(MC-	5;	Sartorius	AG).	After	sampling,	the	
impact	 plates	 and	 filters	 were	 placed	 for	 one	 day	 in	 the	
same	 environment	 before	 weighing.	 For	 measurement	
of	 respirable	 dust,	 the	 filter	 was	 weighed	 again	 one	 day	
after	weighing.	Since	the	respirable	dust	quantity	was	very	
minute	 and	 the	 effect	 of	 moisture	 was	 bigger	 than	 total	
dusts,	 the	 measured	 weight	 within	 measurement	 error	
±0.003 mg	from	the	previous	day	was	taken	as	the	weight	
of	 respirable	 dust.	 The	 personal	 exposure	 levels	 of	 total	
dust	and	respirable	dust	were	calculated	by	dividing	 the	
weight	of	 the	collected	dust	by	 the	 sampled	air	volume.	
The	presence	of	attapulgite	in	the	air	was	determined	fol-
lowing	 the	standard	method	 for	asbestos	analysis	 (JIS	K	
3850-	1;	2006)	by	using	dispersion	staining-	phase	contrast	
microscope	(BX-	51 microscope;	Olympus	Corporation).7

2.4	 |	 Estimation of the annual 
occupational exposure level of farmers and 
annual exposure limits

The	 annual	 exposure	 levels	 of	 farmers	 to	 attapulgite,	
total	dust,	and	respirable	dust	were	estimated	separately	
by	 multiplying	 the	 personal	 exposure	 concentration	 of	
the	experimenters	representing	farmers	by	the	estimated	
respiratory	volume	and	the	estimated	annual	number	of	
working	hours	of	farmers.	The	respirable	crystalline	silica	
concentration	was	calculated	by	multiplying	the	respirable	
dust	concentration	by	the	silica	content	of	the	respirable	
dust	sampled	in	the	airborne	concentration	measurement.

Applying	the	tidal	volume	of	1.25 L	and	breathing	fre-
quency	 of	 20  cycles/min	 occurred	 in	 light-	work	 breath-
ing,8	 the	 respiratory	 volume	 of	 a	 farmer	 was	 calculated:	
1.25 L × 20	cycles/min × 60 min = 1500 L	(=1.5 m3).

The	annual	number	of	working	hours	of	farmers	was	
estimated	 as	 follows.	 The	 estimated	 cultivated	 area	 of	
10 ha	per	onion	farmer	requires	about	3.2 million	pelleted	
seeds.9,10	Because	the	amount	of	seeding	in	one	hour	by	
the	high	speed	seeding	machine	was	330 000,	which	is	al-
most	equal	to	the	number	of	seeds	required	for	1 ha,	the	
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annual	number	of	hours	that	farmers	work	with	pelleted	
seeds	was	estimated	to	be	about	10 h.

Annual	exposure	limits	were	calculated	by	multiplying	
the	established	limits	(OEL,	TLV-	TWA	and	PEL)	by	annual	
respiratory	volume.	Respiratory	volume	was	set	as	1.5 m3,	
then	the	annual	respiratory	volume	can	be	calculated	as:

2.5	 |	 Working environment 
measurement in pelleted seed production 
departments of factories

Although	 the	worldwide	 standard	method	used	 to	ensure	
the	 protection	 of	 workers	 from	 exposure	 to	 chemicals	 re-
quires	 personal	 exposure	 assessment	 in	 the	 workplace,	 in	
Japan,	to	protect	the	health	of	workers	and	promote	envi-
ronmental	improvement,	work	environment	measurements	
are	carried	out.11 To	evaluate	the	concentration	of	floating	
dust	in	the	air	in	the	work	environment,	two	types	of	meas-
urement,	Type	A	and	Type	B	 sampling,	were	carried	out.	
Type	A	sampling,	which	was	used	to	assess	average	spatial	
and	temporal	variations	in	the	airborne	dust	concentration	
in	 the	 workplace,	 provides	 two	 evaluation	 concentrations	
called	1st	and	2nd	evaluation	values,	i.e.,	the	95th	percen-
tile	concentration	and	the	arithmetic	mean	concentration,	
respectively.12,13  Type	 B	 sampling	 was	 used	 to	 assess	 the	
concentration	at	the	place	and	time	when	the	exposure	of	
workers	was	considered	to	be	maximum,	because	Type	A	
sampling	may	miss	exposures	of	a	worker	to	high	concentra-
tions	due	to,	for	example,	the	emission	of	a	toxic	substance	
or	an	individual's	work	posture	or	methodology.

The	pelleted	seed	production	process	comprises	seed	se-
lection,	pelleting,	drying,	sizing,	checking,	and	packing	steps.	
Pelleting	is	a	wet	operation	during	which	moist	powdered	
materials	are	sprayed	onto	the	seeds.	Afterward,	the	pellets	
must	be	dried	to	complete	the	pelleting	process.14	In	the	case	
of	onion	seeds,	the	dried,	pelleted	seeds	are	put	into	a	sorting	
apparatus	to	select	pelleted	seeds	in	a	diameter	range	of	3.5–	
4.5 mm.	During	 the	pelleting	and	sizing	processes,	which	
generate	dust,	local	air	exhausters	are	installed	and	operated	
(Figure  2E).	 The	 airborne	 concentration	 of	 the	 "floating	
dust"	in	the	work	environments	where	these	processes	take	
place	is	measured	twice	a	year	following	Japanese	protocols	
of	working	environment	measurement.12,13

2.6	 |	 Estimation of annual occupational 
exposure levels of workers producing 
pelleted seeds

When	 the	 value	 of	 the	 working	 environment	 measure-
ment	is	used	as	a	substitute	value	for	the	personal	exposure	

concentration,	it	is	reasonable	to	use	the	Type	B	sampling	
value,	which	is	higher	on	the	safe	side.11,15	However,	in	this	
paper,	the	hazard	is	estimated	together	with	the	results	of	
workers’	health	checkups.	 If	we	use	 the	Type	B	sampling	
value	which	may	be	a	higher	concentration	than	the	actual	
exposure	concentration,	as	a	result,	the	health	hazard	will	
be	underestimated.	Therefore,	in	this	paper,	the	2nd	evalu-
ation	value	of	the	Type	A	sampling	(arithmetic	mean	value)	
is	used	as	the	estimated	value	of	8-	h	TWA.15,16 The	annual	
exposure	 of	 workers	 to	 respirable	 dust	 was	 estimated	 by	
multiplying	the	2nd	evaluation	values	by	the	annual	num-
ber	of	working	hours	of	workers	producing	pelleted	seeds	
in	a	factory.	We	considered	"floating	dust"	measured	in	the	
work	environment	to	be	synonymous	with	"respirable	dust".

2.7	 |	 Toxicity assessment in pelleted 
seed factories

The	toxicity	of	pelleted	seeds	to	workers	in	pelleted	seed	
factories	was	evaluated.	Four	companies	provided	 infor-
mation	on	31	workers,	including	their	age,	sex,	job	tenure,	
and	digital	chest	images.	All	of	these	workers	had	previ-
ously	worked	or	currently	worked	in	the	pelleted	seed	pro-
duction	department	of	the	companies	and	had	had	chest	
X-	rays	taken	between	2017	and	2019	during	their	annual	
health	checkups.	At	present,	workers	in	pelleted	seed	pro-
duction	departments	of	these	factories	work	2–	6 h	per	day,	
4–	5 days	a	week.	While	they	work,	they	wear	disposable	
masks	 specifically	 designed	 for	 protection	 against	 dust	
during	dust-	producing	processes.	The	most	recent	digital	
chest	images	of	each	worker	were	independently	reviewed	
by	 two	 occupational	 health	 physicians:	 a	 U.S.	 National	
Institute	 for	 Occupational	 Safety	 and	 Health	 (NIOSH)-	
certified	B	Reader	with	over	20 years	of	experience	and	an	
AIR	Pneumo-	certified	reader	with	over	5 years	of	experi-
ence.17 The	presence	of	dust-	related	interstitial	or	pleural	
abnormalities	was	recorded	using	the	International	Labor	
Office	 Classification	 of	 Radiographs	 of	 Pneumoconiosis	
system.18

3 	 | 	 RESULTS

The	 silica	 contents	 of	 bulk	 pelleted	 seeds	 ranged	 from	
4.3%	to	17.2%,	and	no	attapulgite	was	detected	(Table 1).	
The	respirable	dust	concentration	of	the	air	ranged	from	
0.02	to	0.06 mg/m3	(Table 1).	The	silica	content	of	the	res-
pirable	dust	sampled	during	the	work	handling	of	the	pel-
leted	seeds	was	<3%,	and	it	was	classified	into	Class	2	dust	
according	to	the	JSOH	classification.19 The	OELs	for	Class	
2	dust	are	4 mg/m3	(total	dust)	and	1 mg/m3	(respirable	
dust).

1.5 m3∕h × 8 h∕day × 5 days∕week × 48 weeks = 2880 m3
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Personal	 exposure	 levels	 were	 measured	 using	 sam-
ples	from	companies	A	and	B	for	two	reasons.	First,	 the	
sample	 provided	 by	 company	 A	 showed	 the	 relatively	
highest	 respirable	dust	 concentration	and	 silica	 content.	
Second,	 of	 the	 remaining	 samples	 showing	 similar	 re-
spirable	 dust	 concentrations	 and	 silica	 content	 below	
the	 detection	 limit,	 the	 sample	 provided	 by	 company	 B	
had	a	high	market	 share	of	pelleted	 seeds.	As	 shown	 in	
Table 1,	the	highest	concentrations	of	total	dust,	respira-
ble	dust,	and	respirable	crystalline	silica	generated	during	
the	work	handling	of	pelleted	seeds	were	0.27,	0.06,	and	
0.00043  mg/m3,	 respectively.	 These	 concentrations	 thus	
did	not	exceed	their	respective	OELs.

As	shown	in	Figure 3,	dispersion	staining-	phase	con-
trast	 microscopy	 indicated	 that	 a	 few	 particles	 showed	
the	 dispersion	 color	 of	 red-	purple	 or	 blue	 (refractive	
index = 1.550),	but	no	fibrous	particles	showing	the	dis-
persion	color	were	detected	in	both	samples.

The	 work	 environment	 measurement	 results	 used	 to	
estimate	the	exposure	levels	of	factory	workers	to	respira-
ble	dust	and	respirable	crystalline	silica	are	summarized	
in	Table 2.

The	estimated	annual	occupational	exposure	levels	of	
farmers	were	lower	than	both	those	of	the	factory	workers	
and	the	annual	exposure	limits	calculated	from	the	various	
established	occupational	exposure	limits.	The	highest	esti-
mated	annual	occupational	exposure	levels	of	farmers	for	
products	of	the	two	companies	were	4.1 × 100,	9.0 × 10–	1,	
and	6.5 × 10–	3 mg/year	for	total	dust,	respirable	dust,	and	

respirable	 crystalline	 silica,	 respectively.	 The	 estimated	
annual	 occupational	 exposure	 levels	 of	 factory	 work-
ers	 calculated	 using	 2nd	 evaluation	 values	 ranged	 from	
4.0 × 100	to	6.6 × 102 mg/year	for	respirable	dust	and	from	
0.0	 to	 8.1  ×  100  mg/year	 for	 respirable	 crystalline	 silica.	
Among	the	annual	exposure	limits	calculated	using	OEL	
(JSOH),	 TLV-	TWA	 (ACGIHP),	 and	 PEL	 (OSHA)	 values,	
the	lowest	indicated	limits	for	total	dust,	respirable	dust,	
and	respirable	crystalline	silica	were	1.2 × 104,	2.9 × 103,	
and	7.2 × 101 mg/year,	respectively	(Table 3).

Among	 the	 personal	 exposure	 levels	 to	 attapulgite,	
total	 dust,	 respirable	 dust,	 and	 respirable	 crystalline	 sil-
ica,	only	that	of	attapulgite	was	below	the	detection	limit.	
Annual	exposure	of	 farmers	 to	attapulgite	was	 therefore	
estimated	 using	 the	 lower	 limit	 of	 quantification	 of	 the	
personal	exposure	measurements.	Because	 the	detection	
limit	was	0.5  fibers/L,	 the	actual	concentration	could	be	
as	high	as	0.48 fibers/L	or	as	low	as	0 fibers/L,	but	0.5 fi-
bers/L	was	used	to	calculate	the	annual	exposure	for	the	
safety	 assessment.	 The	 estimated	 annual	 occupational	
exposure	 level	 of	 farmers	 to	 attapulgite	 was	 <7.5  ×  103  	
fibers/year	(Table 3).	Because	there	is	no	OEL	for	attapulg-
ite,	 this	 estimated	 value	 was	 compared	 to	 the	 reference	
value	of	chrysotile,	which	is	classified	as	a	Group	1 sub-
stance	(carcinogenic	to	humans)	by	the	IARC	and	has	the	
same	fibrous	nature	as	attapulgite.	The	reference	value	of	
chrysotile	set	by	the	JSOH,	which	is	defined	as	the	excess	
lifetime	risk	of	cancer	attributable	to	exposure	to	chryso-
tile	during	40 years	of	work,	is	150 fibers/L.19 This	means	

F I G U R E  3  Morphological	features	of	attapulgite	particles	collected	on	the	filters	used	in	the	personal	exposure	measurement.	Samples	
were	examined	using	an	immersion	oil	with	a	refractive	index	of	1.550.	The	images	were	observed	using	dispersion	staining-	phase	contrast	
microscopy	with	×100	(upper)	and	×400	(lower)	lenses.	Left	and	right	images	show	the	samples	provided	by	company	A	and	B,	respectively.	
White	bars	in	the	upper	and	lower	images	indicate	80	and	20 μm,	respectively.	The	rectangles	in	the	upper	images	are	the	visual	fields	of	the	
lower	images.	The	white	arrows	in	the	lower	images	indicate	examples	of	particles	showing	the	dispersion	color	of	blue

×
10

0
×

40
0
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that	exposure	to	150 fibers/L	of	chrysotile	during	40 years	
of	work	would	result	in	one	excess	cancer	case	per	1000	
workers.20 The	annual	exposure	limit	estimated	by	using	
the	JSOH	definition	for	 the	carcinogenicity	of	chrysotile	
was	4.3 × 108 fibers/year,	whereas	the	limits	estimated	by	
using	TLV-	TWA	and	PEL	values	for	chrysotile	were	both	
2.9 × 108	fibers/year.

The	toxicity	assessment	results	showed	that	the	mean	
age	of	the	31	workers	was	37.7 years,	and	their	mean	job	
tenure	 was	 8.6  years	 (Table  2).	 All	 of	 the	 workers	 were	
male,	 and	 no	 parenchymal	 or	 pleural	 lesions	 were	 de-
tected	on	their	digital	chest	X-	ray	images.

4 	 | 	 DISCUSSION

To	our	knowledge,	this	is	the	first	study	to	show	that	the	
risk	to	farmers	handling	pelleted	seeds	containing	crystal-
line	silica	and	attapulgite	evaluated	by	personal	exposure	
measurement	 is	 negligibly	 small.	 The	 estimated	 annual	
exposure	levels	of	farmers	were	first	compared	with	those	
of	factory	workers	and	then	with	the	annual	occupational	

exposure	 limits	derived	from	various	exposure	 limit	rec-
ommendations.	 We	 estimated	 the	 annual	 exposure	 lev-
els	 of	 respirable	 crystalline	 silica	 to	 be	 6.5  ×  10–	3	 and	
<4.2  ×  10–	3  mg/year	 in	 farmers,	 whereas	 the	 level	 was		
0.0–	8.1  ×  100  mg/year	 in	 factory	 workers	 (Table  3).	
Therefore,	 the	annual	exposure	 levels	of	 farmers	are	ap-
proximately	 1000–	2000	 times	 lower	 than	 that	 of	 factory	
workers.	 No	 factory	 workers	 revealed	 parenchymal	 or	
pleural	abnormalities,	suggesting	the	risk	of	adverse	res-
piratory	 health	 was	 lower	 in	 farmers	 handling	 pelleted	
seeds.	The	annual	exposure	to	respirable	crystalline	silica	
estimated	 from	 the	 measurement	 results	 was	 104	 times	
lower	 than	 the	 annual	 exposure	 level	 estimated	 using	
OEL	(JSOH)	and	TLV-	TWA	(ACGIH)	values,	suggesting	
that	 the	 health	 risk	 to	 farmers	 of	 respirable	 crystalline	
silica	derived	from	pelleted	seeds	is	very	small	(Table 3).	
We	noted	a	discrepancy	of	silica	contents	in	the	bulk	and	
respirable	dust	samples	between	pelleted	seeds	provided	
by	A	and	E	companies.	A	possible	explanation	might	be	
non-	inhalable	crystalline	silica	with	an	aerodynamic	par-
ticle	size	of	4 μm	or	larger	does	not	fly	in	the	air	for	a	long	
time	and	falls	quickly	by	gravity.

The	lifetime	excess	cancer	risk	from	attapulgite	fiber	de-
rived	from	pelleted	seeds	was	also	negligible.	In	our	anal-
ysis	 results,	 no	 attapulgite	 with	 a	 fiber	 length	 exceeding	
5 μm	("possibly	carcinogenic"	according	to	the	IARC)	was	
detected	in	the	pelleted	seeds.	Because	fine	fibrous	materi-
als	such	as	attapulgite	tend	to	disperse	in	the	atmosphere,	
when	a	large	amount	of	pellets	are	handled,	dispersed	at-
tapulgite	may	be	present	even	though	no	attapulgite	was	
detected	by	the	analysis	of	the	pellet	itself.	Therefore,	we	
measured	 the	 personal	 exposure	 concentration	 for	 8  h	
during	the	simulated	sowing	of	pelleted	seeds.	However,	
no	attapulgite	was	detected	 in	these	measurements.	 It	 is	
possible	 that	 attapulgite	 contained	 in	 the	 raw	 material	
lost	its	fibrous	structure	as	a	result	of	heating	and	stirring	
during	the	manufacturing	process.	Because	the	possibility	
that	attapulgite	was	present	at	concentrations	below	the	
detection	 limit	could	not	be	ruled	out,	we	estimated	 the	
annual	exposure	level	to	attapulgite	by	comparing	the	de-
tection	limit	for	the	personal	exposure	measurement	with	
the	estimated	allowable	exposure	to	chrysotile	(asbestos),	
which	 is	 a	 fibrous	 mineral	 with	 higher	 carcinogenicity	
than	 attapulgite.	The	 resulting	 estimated	 excess	 lifetime	
cancer	risk	due	to	exposure	to	attapulgite	was	0.002	cases	
per	 105	 persons.	 This	 lifetime	 excess	 cancer	 risk	 is	 well	
below	the	target	of	one	case	per	105	workers	established	
by	Japanese	Ministry	of	the	Environment.21 Therefore,	the	
health	risk	to	farmers	from	attapulgite	derived	from	pel-
leted	seeds	can	be	considered	to	be	very	small.

To	 assess	 the	 risk	 to	 farmers	 handling	 pelleted	 seeds	
containing	 crystalline	 silica	 and	 attapulgite,	 we	 believe	
that	 measurement	 of	 personal	 exposure	 is	 the	 most	

T A B L E  2 	 Toxicity	assessment	of	workers	in	pelleted	seed	
factories

Factory workers 
(n = 31)

Respirable	dust	concentration	in	workplace

1st	evaluation	value	(mg/m3):	median	
(min–	max)

0.26	(0.02–	1.11)

2nd	evaluation	value	(mg/m3):	median	
(min–	max)

0.10	(0.01–	0.46)

B-	sampling	value	(mg/m3):	median	
(min–	max)

0.14	(0.01–	0.97)

Respirable	crystalline	silica	concentration	in	workplace

1st	evaluation	value × silica	content	
(mg/m3):	median	(min–	max)

0.0028	(0–	0.0151)

2nd	evaluation	value × silica	content	
(mg/m3):	median	(min–	max)

0.0011	(0–	0.0056)

Type	B	sampling	value × silica	content	
(mg/m3):	median	(min–	max)

0.0009	(0–	0.0092)

Age	(years):	mean	(SD) 37.7	(7.9)

Male	sex,	n	(%) 31	(100%)

Job	tenure	(years):	mean	(SD) 8.6	(6.7)

Pulmonary	parenchymal	lesions:	n	(%) 0	(0%)

Pleural	lesions:	n	(%) 0	(0%)

Note: 1st	evaluation	value,	estimated	value	that	is	the	95th	percentile	
concentration	of	airborne	toxic	substances	during	working	hours	at	all	
possible	points	in	the	work	area;	2nd	evaluation	value,	estimated	arithmetic	
mean	concentration	of	airborne	toxic	substances	in	the	work	area;	Type	B	
sampling	value,	concentration	at	the	place	and	time	when	the	exposure	of	
workers	was	considered	to	be	a	maximum.12,13
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appropriate	 assessment	 method.	 There	 are	 several	 risk	
assessment	 methods,	 but	 the	 accuracy	 of	 the	 evaluation	
differs	depending	on	the	method.	Control	banding	is	one	
of	the	risk	assessment	methods	that	does	not	need	the	ex-
pert's	exposure	measurement,	but	it	has	the	disadvantage	
of	estimating	results	of	shifting	to	a	safer	side	rather	than	
actual	risk.22–	24	For	this	reason,	in	evaluations	using	con-
trol	banding,	many	substances	are	subject	 to	restrictions	
on	the	amount	and	time	used	or	consideration	of	alterna-
tive	substances.22	In	the	case	of	biological	monitoring,	it	
is	not	possible	 to	assess	 the	exposure	 level	of	hazardous	
substances	 if	hazardous	 substances,	 their	metabolites	or	
related	adducts	in	human	urine	or	blood	cannot	be	qual-
ified	 or	 quantified.	 Moreover,	 specialized	 knowledge	 is	
required	 to	 obtain	 and	 analyze	 the	 requisite	 biological	
samples.	 In	 the	case	of	crystalline	silica	and	attapulgite,	
the	 metabolites	 that	 should	 be	 evaluated	 by	 biological	
monitoring	have	not	been	identified.	In	risk	assessments	
using	personal	exposure	measurements,	the	assessed	risk	
is	based	on	the	actual	exposure	of	workers,	so	more	accu-
rate	evaluation	of	the	actual	health	risk	is	possible.

The	toxicity	assessment	results	for	factory	workers	pro-
ducing	pelleted	seeds	strengthen	 the	risk	assessment	re-
sults	 obtained	 by	 personal	 exposure	 measurements.	The	
absence	of	parenchymal	and	interstitial	lesions	might	be	
attributable	 to	 low	 dust	 levels	 in	 the	 factory	 workplace	
and	the	short	job	tenures	of	the	factory	workers	(Table 2).	
At	 the	 factory,	 workers	 wore	 nationally	 certified	 dispos-
able	 masks.	 The	 disposable	 masks	 used	 in	 the	 pelleted	
seed	factories	have	an	assigned	protection	factor	of	10,25,26	
and	mask-	wearing	is	expected	to	reduce	exposure	to	respi-
rable	crystalline	silica	to	one-	tenth	or	less	of	the	airborne	
concentration.	 As	 a	 result,	 the	 annual	 exposure	 level	 of	
factory	 workers	 producing	 pelleted	 seeds	 to	 crystalline	
silica	 (0.0–	8.1 × 100 mg/year)	was	100	 times	 lower	 than	
the	annual	exposure	 limit	based	on	the	TLV-	TWA	value.	
Silicoproteinosis	 is	known	 to	occur	after	 exposure	 times	
ranging	from	a	few	weeks	to	<5 years	when	the	annual	ex-
posure	levels	to	respirable	crystalline	silica	are	very	high,	
on	the	order	of	1–	10 mg/m3	(approximately	2.9 × 103 mg/
year	based	on	our	estimated	annual	respiratory	volume),	
but	these	exposure	levels	are	unlikely	to	occur	in	the	stud-
ied	population.27

This	study	has	several	strengths.	First,	risk	assessment	
of	farmers	who	handle	pelleted	seeds	was	based	not	only	
on	 the	 results	 of	 personal	 exposure	 measurement	 in	 a	
simulated	work	environment	but	also	on	the	toxicity	as-
sessment	 results	 of	 factory	 workers	 producing	 pelleted	
seeds	 and	 work	 environment	 measurements.	 Factory	
workers	 producing	 pelleted	 seeds	 are	 expected	 to	 be	 ex-
posed	 to	 higher	 concentrations	 of	 dust	 for	 longer	 time	
periods	 than	 farmers.	 Second,	 this	 study	 assessed	 spe-
cific	pollutants,	namely,	attapulgite,	 respirable	dust,	and	T
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respirable	crystalline	silica.	Third,	toxicity	assessment	was	
conducted	on	almost	all	workers	previously	or	currently	
working	 in	 the	 production	 department	 of	 pelleted	 seeds	
factories	in	Japan.	These	factories	were	among	the	world's	
top	10	factories.	Fourth,	the	digital	chest	images	were	in-
dependently	examined	by	two	occupational	health	physi-
cians	with	long	experience.

Nevertheless,	our	study	also	has	some	limitations.	First,	
the	exposure	levels	of	farmers	were	not	directly	assessed	
in	the	simulation	study,	although	the	estimated	exposure	
levels	to	respirable	crystalline	silica	and	attapulgite	derived	
from	 pelleted	 seeds	 were	 negligible.	The	 applicability	 of	
the	present	results	to	farmers	should	be	carefully	consid-
ered.	Since	the	working	environment	of	farmers	may	not	
be	a	completely	closed	environment,	but	is	subject	to	wind	
effects,	 which	 can	 alter	 local	 airborne	 concentrations.	
In	addition,	 the	 temperature	and	humidity	 in	 the	actual	
condition	might	differ	from	our	experiment.	For	example,	
farmers	 usually	 sow	 onion	 seeds	 in	 March	 in	 Hokkaido	
and	September	in	Hyogo	and	Saga	where	are.	According	
to	the	Japan	Meteorological	Agency,	the	average	tempera-
ture	and	humidity	 for	 the	past	30 years	 in	September	 in	
Hyogo	and	Saga	prefectures	are	23.5–	24.5°C	and	72%–	78%.	
In	the	case	of	Hokkaido,	the	respective	figures	in	March	
are	−1.3°C	and	70%,	but	the	temperature	inside	the	garage	
may	vary	because	heating	appliances	are	sometimes	used.	
Second,	 some	may	argue	 the	 reliability	of	 the	measured	
personal	 exposure	 levels	because	each	 sample	was	mea-
sured	only	once.	However,	independent	measurements	of	
airborne	 concentrations	 and	 personal	 exposure	 levels	 of	
respirable	 dust	 were	 similar,	 which	 assured	 the	 reliabil-
ity	of	our	measurements.	Third,	the	toxicity	of	crystalline	
silica,	and	attapulgite	derived	from	pelleted	seeds	was	not	
evaluated	in	farmers	but	in	factory	workers,	because	the	
latter	are	exposed	only	to	dust	derived	from	pelleted	seeds.	
Although	 the	 number	 of	 factory	 workers	 evaluated	 was	
small,	 almost	 all	 workers	 in	 production	 departments	 of	
pelleted	seed	factories	in	Japan	were	evaluated,	so	the	se-
lection	bias	was	likely	limited.	Fourth,	the	smoking	status	
of	 the	 factory	workers	 is	unknown.	However,	no	 lesions	
attributable	 to	 lung	disease	caused	by	smoking	were	ob-
served	on	the	chest	X-	ray	images,	possibly	because	the	fac-
tory	workers	were	young.	Their	mean	age	was	37.7 years;	
their	mean	job	tenure	was	8.6 years.	In	contrast,	the	mean	
age	of	 farmers	 in	Japan	 is	57.2 years28	and	 farmers	who	
begin	farming	at	age	20 might	work	for	as	long	as	about	
37 years.	Because	lung	disease	progression	is	irreversible,	
and	the	disease	progresses	even	after	exposure	ceases,3	a	
follow-	up	study	of	older	workers	who	have	worked	longer	
than	8 years	might	yield	different	results.	Fifth,	since	the	
OEL	set	by	JSOH	was	aiming	at	preventing	pneumoconi-
osis	progression,	not	the	occurrence,	the	annual	exposure	
limit	derived	was	not	the	best	choice	as	a	reference.

In	 conclusion,	 in	 the	 present	 study,	 we	 found	 that	
farmers	 handling	 pelleted	 seeds	 would	 not	 be	 exposed	
to	 levels	of	 total	dust,	 respirable	dust,	 respirable	crystal-
line	silica,	and	attapulgite	derived	from	pelleted	seeds	ex-
ceeding	established	limits	(OEL,	TLV-	TWA	and	PEL)	for	
these	 substances.	 Therefore,	 we	 consider	 the	 risk	 from	
these	substances	to	farmers	handling	pelleted	seeds	to	be	
negligible.
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